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Abstract

Background: Existing evidence has shown that mesenchymal stem cells (MSCs) can undergo malignant
transformation, which is a serious limitation of MSC-based therapies. Therefore, it is necessary to monitor malignant
transformation of MSCs via a noninvasive imaging method. Although reporter gene-based magnetic resonance
imaging (MRI) has been successfully applied to longitudinally monitor MSCs, this technique cannot distinguish the
cells before and after malignant transformation. Herein, we investigated the feasibility of using a tumor-specific
promoter to drive reporter gene expression for MRI detection of the malignant transformation of MSCs.

Methods: The reporter gene ferritin heavy chain (FTH1) was modified by adding a promoter from the tumor-specific
gene progression elevated gene-3 (PEG3) and transduced into MSCs to obtain MSCs-PEG3-FTH1. Cells were induced to
undergo malignant transformation via indirect coculture with C6 glioma cells, and these transformed cells were named
MTMSCs-PEG3-FTH1. Western blot analysis of FTH1T expression, Prussian blue staining and transmission electron
microscopy (TEM) to detect intracellular iron, and MRI to detect signal changes were performed before and after
malignant transformation. Then, the cells before and after malignant transformation were inoculated subcutaneously
into nude mice, and MRI was performed to observe the signal changes in the xenografts.

Results: After induction of malignant transformation, MTMSCs demonstrated tumor-like features in morphology,
proliferation, migration, and invasion. FTH1 expression was significantly increased in MTMSCs-PEG3-FTH1 compared
with MSCs-PEG3-FTH1. Prussian blue staining and TEM showed a large amount of iron particles in MTMSCs-PEG3-FTH1
but a minimal amount in MSCs-PEG3-FTH1. MRl demonstrated that the T2 value was significantly decreased in MTMS
Cs-PEG3-FTH1 compared with MSCs-PEG3-FTH1. In vivo, mass formation was observed in the MTMSCs-PEG3-FTH1
group but not the MSCs-PEG3-FTH1 group. T2-weighted MRI showed a significant signal decrease, which was
correlated with iron accumulation in the tissue mass.
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Conclusions: We developed a novel MRI model based on FTH1 reporter gene expression driven by the tumor-specific
PEG3 promoter. This approach could be applied to sensitively detect the occurrence of MSC malignant transformation.

Keywords: Promoter of progression elevated gene-3, Ferritin heavy chain, Magnetic resonance imaging, Stem cells,

Malignant transformation

Background

In recent years, mesenchymal stem cells (MSCs) have
attracted increasing interest in tissue engineering and
cell-based therapy owing to their self-renewal ability,
multipotent differentiation potential, and paracrine
effects [1-5]. However, existing evidence shows that
MSCs can undergo malignant transformation, although
the exact underlying mechanism remains unclear [6-10].
This has made the safety of MSC-based therapeutic
strategies questionable and seriously impeded their ap-
plication. Therefore, it is especially important to detect
tumor formation as early as possible by tracing trans-
planted stem cells in vivo.

At present, optical, nuclear medicine, and magnetic
resonance imaging (MRI) have been used in the field of
stem cell tracing in vivo [11, 12]. Among these imaging
modalities, MRI has the most potential due to its advan-
tages, including nonionizing radiation, high spatial
resolution, and deep tissue penetration [13, 14]. MRI
tracing of stem cells includes two methods: direct
imaging by labeling cells with magnetic nanoparticles
in advance and indirect imaging by using an MRI
reporter gene. For the former method, intracellular
magnetic nanoparticles can diminish with cell div-
ision, which limits the potential of this approach for
long-term monitoring [15-17]. For the latter method,
an MRI reporter gene can be expressed persistently
and recruit iron particles into cells, which enables
longitudinal monitoring of the labeled cells [18-21].

In previous studies, we used ferritin heavy chain
(FTH1) as an MRI reporter gene to detect transplanted
MSCs in vivo and confirmed the feasibility of tracing
cells in a sustained mode [18, 20]. However, this reporter
gene-based monitoring strategy could not be used to
distinguish malignantly transformed cells from the
originally transplanted stem cells. The key to solving this
problem is to find a gene that is differentially expressed
before and after stem cell malignant transformation, that
is, a gene highly expressed in tumorigenic cells but not
in stem cells or normally differentiated tissue cells. By
using such a differently expressed gene promoter to
drive the specific expression of the reporter gene in
tumorigenic cells, it would be possible to detect the
occurrence of malignant stem cell transformation.

Progression elevated gene-3 (PEG3) is a tumor-specific
gene derived from rodents. Studies have revealed that

PEG3 promoter activity is regulated by two transcription
factors, PEA3 and AP-1, which are highly expressed in
human cancer cell lines but rarely expressed in normal
tissue cells [22, 23]. At present, the PEG3 promoter has
been applied in the research field of targeted cancer
therapy and investigation of the mechanism of tumori-
genesis [24-28]. However, MRI monitoring of the
tumorigenicity of stem cells by using tumor-specific
promoter-triggered expression of a reporter gene has
not been reported.

In this study, we combined the promoter PEG3 and
MRI reporter gene FTH1 to construct the lentiviral vec-
tor (LV) PEG3-FTH1-LV and transferred the PEG3-
FTH1 system into bone marrow-derived MSCs. In the
process of inducing malignant transformation of MSCs,
reporter gene expression and the resulting MRI signal
were observed and assessed (Fig. 1). The aim of the ex-
periment was to explore the feasibility of using the
tumor-specific promoter PEG3 to drive the expression
of the reporter gene FTH1 for MRI detection of the ma-
lignant transformation of bone marrow-derived MSCs.

Methods

Ethics statement

All animal protocols used in this study were reviewed
and approved by the Animal Care and Use Committee
of Chonggqing Medical University, and the experimental
procedures were performed in accordance with the Na-
tional Institutes of Health guidelines. All efforts were
made to minimize animal suffering.

Culture and identification of MSCs

Four-week-old Sprague-Dawley (SD) rats (40-60 g) from
the Experimental Animal Center at Chongqing Medical
University were used for isolation and culture of MSCs ac-
cording to previous methods [29]. Briefly, the long bones
of the four limbs of rats were isolated under pathogen-free
conditions. The bone marrow cavity was washed with
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Grand Island, NY, USA), and the cells were centrifuged,
resuspended in a washing solution and then cultured in
DMEM/F12 supplemented with 10% fetal bovine serum
(FBS; HyClone, Logan, UT, USA), 100 units/ml penicillin,
and 100 g/ml streptomycin at 37°C under 5% CO,. Third-
generation cells with an excellent growth status were
digested with 0.25% trypsin, collected, centrifuged at 4°C
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(1000 r/min, 5 min), washed with phosphate-buffered sa-
line (PBS) thrice, and stored for future use.

To identify the phenotypic characteristics of stem cells,
monoclonal antibodies specific for CD29, CD34, CD45,
and CD90 (Beyotime, Nanjing, Jiangsu, China) were sep-
arately added to cells and incubated in the dark for 30
min. The cells were washed with PBS thrice and resus-
pended in 200 pl of PBS; they were then detected and
analyzed using a flow cytometer (BD Biosciences, Frank-
lin Lakes, NJ, USA).

Construction of recombinant lentiviral vectors and
production of viruses

The rat-derived PEG3 promoter (-101 to +190 bp) was
amplified by polymerase chain reaction (PCR) using rat
genomic DNA as the template with the following primer
pair: forward, 5-TCCGGTGAATTCGCCACCATGACG
ACCGCGT-3; and reverse, 5-GCAGATCCTTACTA
GTATCGATGGATC-3". The human FTH1 gene (acces-
sion number BC000857) was amplified by PCR with the
following primer pair: forward, 5-AACCGTCAGA
TCGCACCGGTGCCACCATGACGACCGCGTCCA
CCTC-3’; and reverse, 5-TCCTTGTAGTCCATGAAT
TCGCTTTCATTATCACTGTCTC-3. The PEG3 pro-
moter and FTH1 were inserted into the lentiviral vector
pHBLV-CMV-MCS-3flag-EF1-ZSgreen-puro by using
two Clal sites (2180 and 2942) to generate the recom-
binant lentiviral vector pHBLV-PEG3-FTH1-3flag-EF1-
ZSgreen-puro (LV-PEG3-FTH1); FTH1 alone was
inserted into the lentiviral vector pHBLV-CMV-MCS-
3flag-EF1-ZSgreen-puro by using a Xba and BamHI
double-digestion system to generate pHBLV-CMV-FTH1-
3flag-EF1-ZSgreen-puro (LV-CMV-FTH]1) as the positive
control. FTH1 gene and PEG3 promoter cDNA sequences
were verified by PCR and DNA sequencing. Plasmids of

each group were validated by agarose gel electrophoresis
and DNA sequencing. Lentiviruses were generated by
cotransfecting LV-CMV-FTH1 or LV-PEG3-FTH1 to-
gether with pSPAX2 and pMD2G into 293T packaging
cells (Invitrogen, Carlsbad, CA, USA). Fresh medium con-
taining 10% FBS was added 6 h after transfection, and
then, the viral medium was collected at 48 and 72 h. Cell
debris was removed by centrifugation at 4°C and 2000xg
for 10 min. Viruses were enriched by centrifugation at 4°C
and 82,700xg for 120 min and stored at —80°C.

Recombinant lentiviral transfection of MSCs

MSCs at 30-40% confluence were infected with lentivi-
ruses using 5-pg/ml polybrene (Sigma-Aldrich, St. Louis,
MO, USA). In the experimental and positive control
groups, MSCs were infected with LV-PEG3-FTH1 or LV-
CMV-FTH]1, respectively, at a multiplicity of infection
(MOI) of 5, 10, 15, 20, or 30. In the negative control
group, MSCs were treated with an equal volume of PBS.
The fresh medium containing 10% FBS was refreshed at
12 h. Green fluorescence was viewed with fluorescence
microscopy to evaluate the expression of GFP at 24 h, 48
h, and 72 h after infection. The best MOI was determined
from the fluorescence intensity and cell state results. The
infected MSCs were cultured in medium supplemented
with puromycin (Sigma-Aldrich, St. Louis, MO, USA) at a
concentration of 0.1, 0.5, 1.0, 1, 2, 3, 4, or 5 pug/ml to iden-
tify the minimum lethal concentration at 7 days. The
medium was supplemented with a minimum lethal con-
centration of puromycin for 7 days to generate clonal cell
lines (MSCs-PEG3-FTH1 and MSCs-CMV-FTH1).

Malignant transformation induction and assessment
MSCs, MSCs-PEG3-FTH1, and MSCs-CMV-FTH1
were induced to undergo malignant transformation by
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indirect coculturing with C6 glioma cells as described
previously [30]. Briefly, rat C6 cells were cultured in
DMEM/F12 supplemented with 10% FBS for 24 h,
and then, the culture medium was collected and fil-
tered through a 0.4-pm filter. The collected culture
medium was added to fresh culture medium at a ratio
of 1:1. The mixed medium was used to culture MSCs,
MSCs-PEG3-FTH1, and MSCs-CMV-FTHI1. The cul-
ture medium was changed every day. After 2 weeks
of induction, the cells were collected and named
MTMSCs, MTMSCs-PEG3-FTH1, and MSCs-CMV-
FTH1, respectively.

To identify the phenotypic characteristics of the in-
duced cells, the expression of the surface antigens CD34,
CD45, CD29, and CD90 on MTMSCs, MTMSCs-PEG3-
FTH1, and MTMSCs-CMV-FTH1 was detected by flow
cytometry as described before.

Cell viability was assayed with Cell Counting Kit-8
(CCK-8; Dojindo Laboratories, Kumamoto, Japan) accord-
ing to the manufacturer’s protocols. Cells were divided into
6 groups: the MSC, MSC-PEG3-FTH1, MSC-CMV-FTH]1,
MTMSC, MTMSC-PEG3-FTH1, and MTMSC-CMV-
FTH1 groups. Each group of cells was seeded in 96-well
plates (1 x 10® cells/well, 6 wells per group). At 1 days, 2
days, 3 days, 4 days, 5 days, and 6 days after seeding, the
cells were incubated with 100 pl of serum-free DMEM/F12
containing 10% CCK-8 at 37°C for 4 h, and then, the optical
density (OD) at a wavelength of 450 nm was measured with
an absorbance microplate reader. All measurements were
repeated at least three times.

Cell invasion was assessed with a Transwell chamber
assay (Matrigel-coated membrane, Corning Costar
Corp., Cambridge, MA, USA). According to the manu-
facturer’s instructions, a total of 1x 10° cells in each
group (6 groups, as in the CCK-8 assay) were inoculated
into the upper layer of an 8-pm Transwell chamber with
100-150 pl of serum-free DMEM/F12. The lower layer
of the Transwell chamber was supplemented with DF12
medium containing 20% FBS. After 12 h of routine cul-
ture, the cells on the surface of the upper chamber were
carefully removed with a cotton swab, and the cells that
passed through the membrane were fixed with 4%
polyformaldehyde for 30 min, followed by staining with
crystal violet at 37°C for 1 h; the cells were then ob-
served and counted using a CK40 inverted microscope
(Olympus, Tokyo, Japan). The ratio of the number of
cells that passed through to the total number of origin-
ally inoculated cells was defined as the invasion ratio.

Evaluation of intracellular reporter gene expression

To determine the expression level of the reporter gene
FTHI in cells before and after malignant transformation,
Western blotting (WB) was performed in each group of
cells according to previously reported protocols [31].
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Briefly, cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer (Beyotime) and then clarified by cen-
trifugation at 14,000 rpm at 4°C for 15 min. The total
protein concentration was determined by using the
bicinchoninic acid (BCA; Beyotime) method. Then, 30
pug of protein was separated via 15% gradient SDS-
polyacrylamide gel electrophoresis (SDS-PAGE; Beyo-
time) and transferred to polyvinylidene fluoride (PVDEF)
membranes (Millipore, Madrid, Spain); the membranes
were blocked with 5% bovine serum albumin (BSA;
Beyotime) in Tris-buffered saline containing Tween 20
(TBST) and then incubated with primary antibodies spe-
cific for FTH1 (rabbit anti-FTH1, 1:1,000; Abcam, Cam-
bridge, MA, UK) or B-actin (rabbit anti-B-actin; Nanjing
Zoonbino Biotechnology Co., Ltd., Nanjing, Jiangsu,
China) overnight at 4°C. After washing three times with
TBST, the membranes were incubated with secondary
antibodies (anti-rabbit 1:5,000; anti-mouse 1:1,000;
GenScript, Nanjing, Jiangsu, China) for 2 h and visualized
using an enhanced chemiluminescence kit (Beyotime).
FTH1 expression was quantified and normalized to -actin
expression using Quantity One 4.4 software (Bio-Rad,
Hercules, CA, USA).

Cellular MRI

Each group (six groups) of cells was cultured in medium
supplemented with 0.5 mmol/L ferric ammonium citrate
(FAC; Beyotime). After 72 h of culture, the cells were
washed three times with PBS, trypsinized and collected
by centrifuging at 1000 rpm for 5 min. A total of 4x10’
cells in each group were resuspended in 0.1 ml of PBS
and carefully placed in 0.5-ml Eppendorf tubes for MRI.
T2-weighted imaging (T2WI) was performed by using a
clinical 3.0 T MRI scanner (Phillips, Eindhoven,
Netherlands) with a knee coil; the parameters were as
follows: time of repetition (TR)=2000 ms, time of echo
(TE)=80 ms, field of view (FOV)=150 mm x 100 mm,
imaging matrix = 380 x 311, and slice thickness=0.5
mm. A multiecho sequence was also performed with the
following parameters: TR=2000 ms; TE=13~78 ms with
a step size of 13 ms (six-point T2 mapping); and FOV,
matrix, and slice thickness parameters that matched
those used for T2W1I. T2 maps were obtained on a post-
processing workstation, from which the T2 values were
measured.

Intracellular iron detection

Each group of cells was cultured in medium supple-
mented with 0.5 mmol/L FAC for 72 h, harvested and
washed twice with PBS. For Prussian blue staining, cells
were fixed in 4% paraformaldehyde (PFA) for 30 min
and then stained with Prussian blue. Intracellular iron
particles were visualized under a light microscope. For
transmission electron microscopy (TEM) observation,
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cells were fixed in 2.5% glutaraldehyde cacodylate buffer
at 4°C overnight, incubated in 1% OsO4 for 1 h,
dehydrated in a graded ethanol series, and embedded in
artificial EPON resin (Hexion, Shanghai, China). An H-
7500 transmission electron microscope (Hitachi, Tokyo,
Japan) was used to detect intracellular iron particles. For
quantification of the intracellular iron content, 1x10°
cells per group were centrifuged and dried at 110°C
overnight. The cells were then digested in 500 pl of a ni-
tric acid-perchloric acid mixture (3:1) at 60°C for 3 h.
The iron concentration was measured using an atomic
absorption spectrophotometer (Huaguang HG-960 2A,
Shenyang, China). Each sample was measured 3 times.
The concentration values are presented in units of pg/cell.

In vivo experiment

Cell xenografts

At least 2x10° cells in each group (six groups, as in the
CCK-8) were separately inoculated subcutaneously into
nude mice (8 weeks, 18+3 g, male), and three mice were
used in each group. The inoculation site in the nude
mice was observed continuously at 1 week, 2 weeks, 3
weeks, and 4 weeks after cell inoculation. If a mass oc-
curred, its diameter was recorded, and a mass growth
curve was made. At 4 weeks, the mass was removed and
observed under a microscope after hematoxylin and
eosin (HE) staining. If no mass occurred, the observation
period was extended to 8 weeks.

MRI of xenografts

To facilitate iron accumulation in cells for FTH1-based
MRI detection in vivo, mice were fed 5 g/L FAC each
day after cell inoculation. At 1 weeks, 2 weeks, 3 weeks,
and 4 weeks after cell inoculation, MRI was performed
after the mice were anesthetized by intraperitoneal injec-
tion of pentobarbital sodium at a dose of 30 mg/kg. A
3.0 T clinical MRI system with an animal coil was ap-
plied to perform T2WI and obtain a T2 map. The T2W1I
parameters were as follows: TR=2200 ms, TE=80 ms,
FOV=180 mm x 150 mm, imaging matrix = 380 x 311,
and slice thickness=1.2 mm. T2 mapping was performed
by using a six-point multiecho T2WI sequence. The
scanning parameters were the same as those used for
cellular MRI, except the FOV was 180 mm x 150 mm,
and the slice thickness was 1.2 mm. T2 values were mea-
sured from T2 color maps.

Iron detection in xenografts

After MRI, animals were sacrificed with an overdose of
anesthesia, and the mass was removed, fixed with 4%
PFA for more than 24 h, dehydrated with alcohol and
xylol, embedded in paraffin, and cut into 4-um sections.
According to our previous protocols, Prussian blue
staining was performed to confirm the existence of iron
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in the mass tissue. TEM was also used to observe iron
particles in the mass tissue. In addition, the intratumoral
iron content was quantified according to the protocols
used for intracellular iron quantification and are pre-
sented in units of mg/g.

Statistical analysis

Each experiment was repeated more than three times,
and all quantitative data are expressed as the mean *
standard deviation. Statistical analyses were performed
by using Statistical Package for the Social Sciences
version 13.0 (SPSS Inc., Chicago, IL, USA). One-way
analysis of variance (ANOVA) and Student’s ¢ test were
used for comparisons among groups or between two
pairs. Differences were considered significant when the
P value was less than 0.05.

Results

Identification of MSCs

Microscopic observation demonstrated that the evalu-
ated MSCs had a long spindle-shaped or fibroblast-like
morphology, with a characteristic whirlpool arrangement
(Fig. 2a). In addition, flow cytometry analysis showed
that the CD29- and CD90-positive rates were 99.9% and
99.8%, respectively, while the CD34- and CD45-negative
rates were 99.6% and 98.4%, respectively (Fig. 2b). These
results confirmed that the cells used in this study were
MSCs.

Lentiviral construction and transduction

The FTH1 gene and PEG3 promoter in the target
plasmid were verified to match the correct sequences.
The observation of green fluorescence in 293T cells
after infection suggested that viral packaging was suc-
cessful. The best MOI for infection of MSCs with
CMV-FTH1 and PEG3-FTH1 was determined to be
25. At the best MOI, the recombinant lentiviruses
CMV-FTH1 and PEG3-FTH1 were transduced into
MSCs, and MSCs-CMV-FTH1 and MSCs-PEG3-FTH1
were established successfully.

Evaluation of malignant transformation

Morphology and surface antigens of cells

Compared with MSCs, MTMSCs displayed a small
spindle-like shape, with a decreased cytoplasmic volume
and an increased nucleocytoplasmic ratio, which are
similar to the morphological features of tumor cells
(Fig. 2a). Further flow cytometry analysis showed that
the positive rates of the cellular surface antigens
CD29 and CD90 for MTMSCs were 100% and 16.8%,
respectively, while the CD34- and CD45-negative rates
were 98.5% and 80.9%, respectively. The expression of
CD90 was significantly decreased (P<0.01) and that of
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CD45 was moderately increased (P<0.05) after malig-
nant transformation (Fig. 2b).

Cell proliferation and invasion

CCK-8 assay results showed that cell proliferation was
significantly faster in the MTMSC, MTMSC-PEG3-
FTH1, and MTMSC-CMV-FTH1 groups than in the
MSC, MSC-PEG3-FTH1, and MSC-CMV-FTH1 groups,
respectively, beginning on the 3rd day after cells were
seeded (Fig. 3a). Furthermore, a Transwell chamber
assay showed that the number of cells migrating though
the membrane was notably larger in the MTMSC,
MTMSC-PEG3-FTH1, and MTMSC-CMV-FTH1
groups than in the MSC, MSC-PEG3-FTH1, and MSC-
CMV-FTHI groups, respectively (Fig. 3b). There were
significant differences in the cell invasion ratio between
the corresponding pre- and post-malignant transform-
ation groups (Fig. 3c¢).

Cellular reporter gene expression

WB results showed that FTH1 expression in MTMS
Cs-PEG3-FTH1 was significantly higher than that in
MSCs-PEG3-FTHI1. However, there was no significant
difference in FTH1 expression between MTMSCs and
MSCs or between MTMSCs-CMV-FTH1 and MSCs-
CMV-FTH1 (Fig. 4a, b). These results showed that
the promoter PEG3 could drive the expression of the
downstream reporter gene specifically after malignant
transformation, in contrast to the CMV promoter,
which constitutively drove the reporter gene before
and after malignant transformation.

MRI signal contrast of cells

MRI was performed to evaluate the signal contrast of
MSCs before and after malignant transformation. As
shown in Fig. 5, the cellular signal intensity on T2WI
was markedly decreased in MTMSCs-PEG3-FTH1
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Fig. 3 Cell proliferation and invasion before and after malignant transformation. Cell proliferation was significantly faster in the MTMSC, MTMSC-
PEG3-FTH1, and MTMSC-CMV-FTH1 groups than in the MSC, MSC-PEG3-FTH1, and MSC-CMV-FTH1 groups, respectively, beginning on the 3rd day
after the cells were seeded (a). The number of cells that migrated though the membrane was notably larger in the MTMSC, MTMSC-PEG3-FTHT,
and MTMSC-CMV-FTH1 groups than in the MSC, MSC-PEG3-FTH1, and MSC-CMV-FTH1 groups, respectively (b). There were significant differences
in the cell invasion ratio between the corresponding pre- and post-malignant transformation groups (c)

compared with MSCs-PEG3-FTH]1, and there was a sig-
nificant difference in the T2 value between these two
groups. Neither the T2WI signal intensity nor the T2
value was found to be different between MTMSCs and
MSCs or between MTMSCs-CMV-FTH1 and MSCs-
CMV-FTHI.

Intracellular iron accumulation

Prussian blue staining (Fig. 6a) and TEM (Fig. 6b) were
used to evaluate the presence of intracellular iron parti-
cles. A large amount of intracytoplasmic iron particles
was detected in the MTMSC-PEG3-FTH1, MSC-CMV-
FTH1, and MTMSC-CMV-FTH1 groups but not in the
MSC, MTMSC, or MSC-PEG3-FTH1 group. These
results showed that the promoter PEG3 triggered FTH1
expression in a specific context, which caused iron
collection in cells after malignant transformation. Quan-
tification of the intracellular iron content (Fig. 6¢) showed
that the iron content in the MTMSCs-PEG3-FTH1 was
1.24 + 0.18 pg/cell, significantly higher than that in MSCs-
PEG3-FTHI1 (0.10 + 0.02 pg/cell) (P<0.001). There was no
difference between the MTMSC-CMV-FTHI1 (1.29 + 0.17
pg/cell) and MSC-CMV-FTH1 (1.18 = 0.20 pg/cell)
groups or between the MTMSC (0.10 + 0.02 pg/cell) and
MSC (0.12 + 0.02 pg/cell) groups.

Tumorigenicity of xenografted cells

In the MSC, MSC-PEG3-FTH1, and MSC-CMV-FTH1
groups, no mass formation was found during the 8-week
observation period after the cells were xenografted. In
the MTMSC, MTMSC-PEG3-FTH1, and MTMSC-
CMV-FTHI1 groups; however, all mice were observed to
grow a mass at the cell injection site. During the 1st
week, the mass was palpable and similar to a granule.
Then, the mass grew rapidly and could be detected by a
clinical 3.0 T MRI system during the 2nd week.

MRI of xenografts

As shown in Fig. 7, the T2WI signal intensity and T2
value of masses were both significantly decreased in the
MTMSC-PEG3-FTH1 and MTMSC-CMV-FTH1 groups
compared with the MTMSC group. There was no sig-
nificant difference in the T2 value between the MTMS
C-PEG3-FTH1 group and the MTMSC-CMV-FTHI1

group.

Pathological examination of xenografts

HE staining of masses showed that the cells were
arranged closely and that the cytoplasmic ratio was
relatively large (Fig. 8a), which conformed to the
morphological characteristics of tumor tissue.
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Fig. 4 Cellular FTH1 expression before and after malignant transformation. Western blotting (a) and quantitative analysis (b) showed that the
FTH1 expression in the MTMSCs-PEG3-FTH1 was significantly higher than that in the MSCs-PEG3-FTH1 (***P<0.001). However, there was no
significant difference in FTH1 expression between the MTMSCs and MSCs or between the MTMSCs-CMV-FTH1T and MSCs-CMV-FTH1

Both Prussian blue staining (Fig. 8b) and TEM
(Fig. 8c) showed massive iron particles distributed in
the mass tissue in the MTMSC-PEG3-FTH1 and
MTMSC-CMV-FTH1 groups but not in the MTMSC
group. The intratumoral iron content (Fig. 8d) was
not significantly different between the MTMSC-PEG3-
FTH1 group (1.81 + 0.19 mg/g) and the MTMSC-CMV-
FTHI group (1.72 + 0.23 mg/g). However, the intratumoral
iron content in both of these groups was significantly
higher than that in the MTMSC group (0.30 + 0.04 mg/g).
These results showed that iron accumulation resulting from
expression of the reporter gene FTH1 contributed to the
T2WI signal decrease in cell xenografts. FTH1 expression
driven by the promoter PEG3 could cause iron collection
equivalent to that driven by the CMV promoter.

Discussion

The goal of this study was to develop an MRI monitor-
ing system that could sensitively detect the potential
malignant transformation of stem cells as early as
possible. For such a purpose, two conditions should be
satisfied. One is that the MRI reporter gene should be

incorporated into cells in advance. The other is that the
reporter gene should be expressed in a tumor-specific
manner. Previous studies have revealed that FTHI,
which can be transduced into stem cells and cause intra-
cellular iron accumulation allowing for MRI signal
change via overexpression, can be used as an ideal gen-
etic MRI reporter for longitudinal monitoring of stem
cells [18-20, 32]. However, this strategy cannot be used
to detect the occurrence of malignant stem cell trans-
formation because the reporter gene is continuously
expressed regardless of how the cells transform. To solve
this problem, we modified the reporter gene FTH1 by
adding the tumor-specific promoter PEG3 upstream and
successfully transferred the modified reporter gene into
stem cells with a recombinant lentivirus. When stem
cells were induced to undergo malignant transformation,
the PEG3 promoter was activated and automatically trig-
gered the expression of the reporter gene FTH1, which
allowed for MRI detection. This study realized the auto-
matic switching function of the MRI reporter gene, that
is, the reporter gene remained silent in normal stem
cells but turned on when stem cells transformed into
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Fig. 5 Cellular MRI before and after malignant transformation. The T2WI signal (@) and T2 value (b) were significantly decreased in the MTMSCs-
PEG3-FTH1 compared with the MSCs-PEG3-FTH1 (***P<0.001), while no difference was found between the MTMSCs and MSCs or between the

MTMSCs-CMV-FTHT and MSCs-CMV-FTH

tumor cells. This MRI tracing system could be applied
to detect unexpected tumorigenicity in stem cell-based
therapeutic strategies and could even be extended to
monitor the elimination of malignantly transformed cells
in combination with a therapeutic gene.

PEGS3, a rodent-derived gene, was identified by using
the subtraction hybridization method while searching for
genes involved in malignant transformation and tumor
progression [22]. Because of its tumor-specific nature
and activity in most human tumors, PEG3 has been ap-
plied as a potential tumor-specific promoter for diagnos-
tic and therapeutic purposes. Studies have shown that
the PEG3 promoter can drive the expression of the lucif-
erase gene in tumor cells, allowing detection with bio-
luminescence imaging, which indicates that the PEG3
promoter has the ability to drive specific expression of
downstream reporter genes in cancer cells or tissues

[33]. In previous studies, many tumor-specific pro-
moters, such as the mucin-1 promoter for breast cancer
[34], the prostate-specific antigen (PSA) promoter for
prostate cancer [35], and the mesothelin promoter for
ovarian cancer [36], have been investigated for use in the
detection or treatment of primary tumors and their
metastatic lesions. In contrast to those promoters, the
PEG3 promoter has been broadly tested and found to be
active in a variety of tumors, including breast, brain,
prostate, and pancreatic cancers [22]. Although some
other promoters, such as hTERT, hiwi, and survivin,
have been reported to be expressed across a relatively
broad spectrum of cancers [37-39], these promoters are
also active in stem cells, in which they are considered to
maintain the self-renewal and proliferative features
[40-42]. Therefore, these promoters are not suitable
for this study design, which required differential
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Fig. 6 Intracellular iron observation. Prussian blue staining (a) and transmission electron microscopy (b) showed a large amount of intracytoplasmic
iron particles in the MTMSCs-PEG3-FTH1, MSCs-CMV-FTH1, and MTMSCs-CMV-FTH1 but not in the MSCs, MTMSCs, or MSCs-PEG3-FTH1. Quantification
of the intracellular iron content (c) showed that the iron content was significantly higher in MTMSCs-PEG3-FTH1 than in MSCs-PEG3-FTH1T (***P<0.007).
There was no difference between the MTMSC-CMV-FTH1 and MSC-CMV-FTH1 groups or between the MTMSC and MSC groups

expression of the promoter before and after malignant
stem cell transformation. In addition to its specificity
for tumors, another advantage of the PEG3 promoter
is its high activity in tumor cells. In comparison with
hTERT and survivin, PEG3 is directly responsive to

transcription factors unique to tumor cells rather than
requiring reliance on the transcriptional level of a
marker gene. The high activity of the PEG3 promoter
in human cancer cells can be attributed to the co-
operation of the two transcription factors AP-1 and
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Fig. 7 MRI of xenografts. The T2WI signal intensity (@) and T2 value (b) of masses were significantly decreased in the MTMSC-PEG3-FTH1 and
MTMSC-CMV-FTH1 groups compared with the MTMSC group. There was no significant difference in the T2 value between the MTMSC-PEG3-FTH1

J

PEA-3 [23]. In a recent study that investigated the
targeted therapeutic effect of the apoptosis-inducing
gene sTRAIL on teratocarcinoma, the cancer cell-
specific promoter PEG3 or hTERT was applied to
drive therapeutic gene expression, and the results
demonstrated that both promoters could drive target
gene expression and enable effective gene therapy
against teratocarcinoma but that the promoter activity
of the PEG3 promoter was more robust than that of
the hTERT promoter [25]. In this study, we compared
PEG3 with the CMV promoter in the context of
triggering a reporter gene in malignantly transformed
stem cells. The WB results showed that the expres-
sion of FTH1 in MTMSC-PEG3-FTH1 cells was
significantly upregulated compared with that in MSC-
PEG3-FTH1 cells, indicating that the PEG3 promoter
activates and drives FTH1 expression during the

transformation of MSCs-PEG3-FTH1 into MTMSCs-
PEG3-FTH1, with a driving capability as strong as
that of the CMV promoter.

MSCs have the potential risk of undergoing malignant
transformation, which may impede the application of
stem cell-based therapeutic strategies. It has been re-
ported that MSCs can be recruited to tumors and par-
ticipate in the formation of the tumor stroma [43-47].
Recent studies have shown that MSCs can undergo ma-
lignant transformation when they are cultured for a long
period of time or in a tumor-like environment, although
the underlying mechanism remains unknown [10, 30, 48,
49]. In this study, we induced MSCs to undergo
malignant transformation by indirectly coculturing them
with C6 glioma cells. After 2 weeks of induction, the
cells showed tumor cell features in terms of morphology,
proliferation, migration, and invasion. In addition, flow
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Fig. 8 Pathological characteristics of xenografts. HE staining showed that the cells in the mass were arranged close together and that the

cytoplasmic ratio was relatively large (a), which conformed to the morphology of tumor tissue. Prussian blue staining (b) and TEM (c) showed a
large amount of iron particles in the mass tissue in the MTMSC-PEG3-FTHT and MTMSC-CMV-FTH1 groups but not in the MTMSC group. The
intratumoral iron content (d) was not significantly different between the MTMSC-PEG3-FTH1 and MTMSC-CMV-FTH1 groups but was significantly

higher in both of these groups than in the MTMSC group (***P<0.001)

cytometry revealed that the expression of CD90, a cell-
surface marker of MSCs, was significantly decreased
after malignant induction. This observation was in line
with the results of a study in which MSCs were induced
to spontaneously undergo malignant transformation by
long-term culture [10]. To further evaluate the in vivo
tumorigenicity of MTMSCs, these cells were injected
subcutaneously into immunodeficient mice. After a short
period of time, all the induced cell grafts developed into
masses at the injection site. The above evidence sug-
gested that the MSCs had undergone malignant trans-
formation. Using this MSC malignant transformation
model, we investigated the difference in the expression
of the reporter gene FTH1 driven by the promoter PEG3

before and after malignant transformation. The results
showed that PEG3 could trigger reporter gene expres-
sion only after cells underwent malignant induction, not
before malignant induction. This tumor-specific expres-
sion of the reporter gene could potentially be applied to
monitor the malignant transformation of stem cells,
which are usually used as therapeutic cells targeting the
tumor environment in vivo.

Unfortunately, we did not detect malignant transform-
ation of stem cells in vivo during 8 weeks of observation
in the MSC xenograft group, which could be due to the
variability in MSC tumorigenesis. Although induced
stem cells (MTMSCs) implanted into nude mice
successfully formed masses, in which the ability of the
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triggered reporter gene expression to drive iron collec-
tion and allow subsequent MRI detection was confirmed,
these cells could not truly mimic the natural tumor
transformation process that occurs after stem cell trans-
plantation. This was one of the main limitations of the
study. In the future, attempts should be made to use
stem cells derived from different sources to establish a
more suitable tumorigenicity model for verifying the
feasibility of using the PEG3 promoter-triggered genetic
reporter imaging system in vivo to monitor the malig-
nant transformation of stem cells after transplantation.

In conclusion, we developed a novel reporter gene-
based MRI monitoring system for the detection of the
malignant transformation of stem cells by modifying the
genetic reporter FTH1 to be under the control of the
tumor-specific promoter PEG3. For the imaging system,
the reporter gene remained silent in stem cells, while its
expression was triggered by the promoter when the stem
cells underwent malignant transformation. This enabled
the reporter gene to have a “switching on” function and
allowed MRI to sensitively detect the occurrence of stem
cell tumorigenicity. The tumor-specific MRI monitoring
system could potentially enhance the safety of stem cell-
based therapeutic strategies by detecting malignantly
transformed stem cells as early as possible or even by
eliminating transformed cells in combination with some
therapeutic genes.
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