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Inhibition of stearoyl-coA desaturase selectively
eliminates tumorigenic Nanog-positive cells

Improving the safety of iPS cell transplantation
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Induced pluripotent stem cells (iPS) can differentiate into cardiomyocytes (CM) and represent a promising form of
cellular therapy for heart regeneration. However, residual undifferentiated iPS derivates (iPSD), which are not fully elimi-
nated by cell differentiation or purification protocols, may form tumors after transplantation, thus compromising thera-
peutic application. Inhibition of stearoyl-coA desaturase (SCD) has recently been reported to eliminate undifferentiated
human embryonic stem cells, which share many features with iPSD. Here, we tested the effects of PluriSin#1, a small-
molecule inhibitor of SCD, on iPS-derived CM. We found that plurisin#1 treatment significantly decreased the mRNA and
protein level of Nanog, a marker for both cell pluripotency and tumor progression; importantly, we provide evidence that
PluriSin#1 treatment at 20 uM for 1 day significantly induces the apoptosis of Nanog-positive iPSD. In addition, PluriSin#1
treatment at 20 uM for 4 days diminished Nanog-positive stem cells in cultured iPSD while not increasing apoptosis of
iPS-derived CM. To investigate whether PluriSin#1 treatment prevents tumorigenicity of iPSD after cell transplantation,
we intramyocardially injected PluriSin#1- or DMSO-treated iPSD in a mouse model of myocardial infarction (MI). DMSO-
treated iPSD readily formed Nanog-expressing tumors 2 weeks after injection, which was prevented by treatment with
PluriSin#1. Moreover, treatment with PluriSin#1 did not change the expression of cTnl, a-MHC, or MLC-2v, markers of
cardiac differentiation (P > 0.05, n = 4). Importantly, pluriSin#1-treated iPS-derived CM exhibited the ability to engraft
and survive in the infarcted myocardium. We conclude that inhibition of SCD holds the potential to enhance the safety of

therapeutic application of iPS cells for heart regeneration.

Introduction

Somatic cells can be reprogrammed to induced pluripotent
stem (iPS) cells by the transduction of 4 transcription factors:
Oct4, Sox2, Klf4, and c-Myc.! iPS cells can differentiate into
cardiomyocytes (CM) and are effective for cardiac regenera-
tion."* Methods for differentiating iPS and embryonic stem cells
(ES) into CM are continuously improving.® Ye et al. developed a
novel CM differentiation protocol that consistently yields a high
percentage of cardiomyocyte differentiation (>85%) in 2 human
iPS cell lines.®* However, a crucial hurdle for therapeutic appli-
cation of iPS cells or iPS derivates (iPSD) is their potential to

*Correspondence to: Yaoliang Tang; Email: yaotang@gru.edu

form tumors in vivo.”® To achieve tumor-free iPS cell treatment,
investigators have developed genetic and non-genetic approaches
to enrich and purify stem cell-derived CM;® however, the proce-
dures are tedious, inefficient, and only partially efficacious.
Recently, Ben-David et al." demonstrated that inhibition of
stearoyl-coA desaturase (SCD1) with PluriSin#1 could selec-
tively eliminate undifferentiated embryonic stem (ES) cells;
they found that human ES cells are highly sensitive to PluriSIn
#1, while differentiated cells are completely resistant to it, sug-
gesting ES require oleate for their survival and are thus highly
sensitive to SCDI inhibition, which activates a cascade of events
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that culminates in the death of these cells. Ben-David’s finding
suggests a previously unrecognized and specific requirement for
oleate biosynthesis in pluripotent cells. Accumulation of SCD1
substrate and depletion of SCD1 product can induce ER stress,
generating reactive oxygen species (ROS), leading to cell death;"
however, the mechanism of SCD1 inhibitor-induced ES death is
still unclear yet.

Like ES cells, iPS cells exhibit pluripotency and the ability to
self-renew, suggesting that inhibition of stearoyl-coA desaturase
could potentially eliminate residual undifferentiated iPSD and
thus prevent tumorigenesis. However, iPS and ES cells exhibit
important differences in gene and protein expression,' suggest-
ing that data obtained with PluriSin#1 in ES cells may not be
readily extrapolated to iPSD. Moreover, it is unclear whether
PluriSin#1-treated, iPS-derived CM can engraft and survive in
ischemic myocardium.

Prior studies have reported that Nanog positively corre-
lates with tumor cell progression, as well as drug and immune
resistance.!*"> Here, we aimed to test whether PluriSin#1 can
eliminate Nanog-positive iPSD and prevent tumorigenicity of
transplanted cells in a mouse model of myocardial infarction. We
further evaluated the survival and differentiation of PluriSin#1-
treated iPSD both in vitro and in vivo.

Results

Generation and phenotypic characterization of cardiac
fibroblast (CF)-derived induced pluripotent stem (iPS) cells

To generate iPS cells, we use lentiviral vectors that express
OCT4, SOX2, KLF4, and ¢-MYC to reprogram purified CF.
Colonies with mouse ES dome-shaped morphology were selected
and expanded. The colonies exhibited large nuclear—cytoplasmic
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ratios, defined borders, and prominent nucleoli (Fig. 1A).
Although Nanog is not necessary for iPS cell production,'
Nanog activation has been used as a marker for iPS cell identi-
fication and selection.'® Thus, we evaluated the ES-like colonies
and found that they all express Nanog (Fig. 1B). To investigate
whether CF-derived iPS cells have the capacity to differentiate
into cell types representing the 3 germ layers, 5 x 10° iPS cells
were injected into the hind limb musculature of NOD/SCID
mice. After 3 wk, we observed that tumor mass (teratoma) forma-
tion (Fig. 1C), in which the iPS§ cells differentiated into cells rep-
resentative of all 3 germ layers in vivo, including neuronal cells of
ectoderm (Fig. 1D), muscle cells of mesoderm (Fig. 1E), and gut
epithelial cells of endoderm (Fig. 1F).

Cardiomyocyte differentiation of CF-derived iP$ cells

We employed the commonly used embryoid body (EB) forma-
tion protocol for cardiomyocyte (CM) differentiation of iPS cells
(Fig. 2A), which has 2 stages: (1) formation of EB by suspen-
sion culture for 4 d (Fig. 2B); and (2) differentiation and expan-
sion by adhesive culture for 14 d. Yue et al. reported that BMP4
treatment can enhance cardiomyocyte differentiation from ES
cells;" thus, we added BMP4 from days 1-4 during suspension
culture. Cardiomyocyte differentiation of iPS cells is character-
ized by positive immunostaining for cardiac troponin I (cInl),
a specific CM marker. The efficiency of CM differentiation can
reach up to about 70%, as demonstrated by positive staining for
¢Inl (Fig. 2C).

PluriSin#1 eliminates Nanog-positive cells in cultured iPSD

Inhibition of stearoyl-coA desaturase with PluriSin#1, as
compared with vehicle (DMSO), decreased the size and number
of iPSD spheroids. Nearly all spheroids disappeared after 4 d of
treatment with 20 pM PluriSin#1 (Fig. 3, Al and A2). This
was associated with a marked increase in TUNEL-positivity,
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Figure 1. Characterization of CF-derived iPS cells. (A) Mouse iPS cells cultured on feeder free matrigel coated dish; (B) Immunostaining of iPS cells for
the classic ES cell marker Nanog (red). Nuclei were stained with DAPI (blue); (C) Image of an explanted teratoma; (D-F) Hematoxylin and eosin staining
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consistent with enhanced apoptosis (Fig. 3, B1 and B2). As
Nanog is a marker for pluripotency and tumorigenicity,'® we ana-
lyzed the mRNA expression of Nanog by real-time RT-PCR to
determine whether PluriSin#1 eliminates Nanog-positive iPSD.
Figure 3C shows that Nanog level was downregulated ~16-fold
by PluriSin#1 treatment in comparison to DMSO. The specific
elimination of Nanog-positive iPSD by PluriSin#1 treatment was
also shown by immunoblots indicating that the level of Nanog
protein was greatly reduced in comparison to DMSO control
(Fig. 3D). Confocal immunofluorescence microscopy further
confirmed that residual Nanog-positive iPSD are completely
eliminated after 4 d of PluriSin#1 treatment (Fig. 3, E1 and E2).

To confirm that the reduced Nanog expression was due to
PluriSin#1-induced apoptosis of Nanog-positive iPSD, we treated
iPSD with 20 pM PluriSin#1 or DMSO for 1 d; the reason to
choose 1 d rather than 4 d is that most of Nanog positive cells
disappeared after 20 pM PluriSin#1 treatment for 4 d. We com-
bined TUNEL and immunofluorescent Nanog staining to deter-
mine the fate of Nanog-positive iPSD after PluriSin#1 treatment,
as shown in Figure 3F and G; PluriSin#1 treatment induced the
apoptosis of Nanog-positive iPSD, while DMSO treatment does
not cause apoptosis of Nanog-positive cells, suggesting PluriSin#1
specifically induced apoptosis of Nanog-positive iPSD.

Elimination of Nanog-positive cells by PluriSin#1 prevents
in vivo tumorigenicity of iPSD in a mouse myocardial infarc-
tion model

PluriSin#1- and DMSO-treated iPSD were intramyocardi-
ally injected into wild-type C57BL/6 mice following induction
of myocardial infarction. As shown in Figure 4, we observed
tumor formation in hearts injected with DMSO-treated iPSD (6
of 6 mice) at 2 wk after cell transplantation (Fig. 4, Al and B1),
whereas no tumor formation was detected following injection
of PluriSin#1-treated iPSD (0 of 6 mice) (Fig. 4, A2 and B2).
These findings suggest that inhibition of stearoyl-coA desaturase
with PluriSin#1 prevents tumor formation consequent to iPSD
injection into the myocardium.

To determine whether Nanog-positive cells underlie the
tumorigenicity of iPSD, we use a lentiviral GFP vector to
label the iPSD, achieving a transfection efficiency of ~90%.
Immunohistochemistry with double staining was performed to
detect both GFP and Nanog in cardiac tumors. We observed
diffuse GFP expression, and focal Nanog expression, in tumors
following iPSD transplantation in the vehicle (DMSO) group.
Importantly, GFP was consistently co-localized with Nanog
(Fig. 4C1-3). By comparison, we detected focal GFP expres-
sion, and no Nanog expression, in cardiac tissues following iPSD
transplantation in the PluriSin#1 group (Fig. 4D1-3). These
findings suggest that Nanog-positive cells are associated with
tumorigenicity of iPSD and can be eliminated by PluriSin#1.

PluriSin#1 treatment does not hamper cardiac differentia-
tion of iPSD

The effect of PluriSin#1 on cardiac differentiation of iPSD was
evaluated by real-time RT-PCR. We observed that the mRNA
levels of ¢Inl, a-myosin heavy chain (a-MHC), and myosin
light chain 2v isoform (MLC-2v), markers of differentiated CM,
were slightly but non-significantly (7 > 0.05, n = 4) increased in
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the PluriSin#1-treated iPSD relative to the DMSO-treated con-
trol (Fig. 5A—C). These findings suggest that PluriSin#1 treat-
ment does not hamper the CM differentiation of iPS in vitro.

Since PluriSin#1 treatment induced apoptosis of Nanog-
positive iPSD, we investigated the impact of PluriSin#1 treatment
on apoptosis of iPS-derived CM. PluriSin#1-treated iPSD were
immunostained for both ¢Inl and Tdt-mediated-dUTP biotin
nick end labeling (TUNEL). While TUNEL-positive cells were
readily detected, few of these cells expressed cInl, suggesting that
PluriSin#1 treatment does not significantly increase apoptosis of
CM-differentiated iPS (Fig. 5D1-4). Thus, PluriSin#1 exhib-
its preferential cytotoxicity against Nanog-positive tumorigenic
iPSD.

For therapeutic application, it is important to know whether
pluriSin#1 treatment in vitro will make CM within iPSD lose
their capacity of survival and engraftment of following trans-
plantation into ischemic myocardium. The survival and engraft-
ment of cardiac differentiation in the engrafted iPSD was thus
determined by double staining for GFP and cInl (to detect
differentiated CM) in myocardial sections 2 wk post-cell trans-
plantation. We detected expression of GFP and cTnl in both
DMSO- and PluriSin#1-treated groups (Fig. 5E and F), sug-
gesting PluriSin#1-treated iPSD-CM can survive and engraft
into ischemic myocardium. Importantly, GFP expression in the
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Figure 2. Cardiomyocyte differentiation of mouse iPS cells.
(A) Schematic diagram of protocol used for cardiac differentiation of
mouse iPS cells; (B) Appearance of iPS-derived EB in suspension cul-
ture; (€) Immunostaining for cardiac troponin | (cTnl) in iPS-derived cells
(IPSD); nuclei were counterstained with DAPI.
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PluriSin#1 group appeared to be more localized to cells with a
morphological appearance of CM.

It is necessary to mention the reason for us to choose 2 wk,
rather than 6 wk, as endpoint for this study, it is based on 2 obser-
vations: (1) We intramyocardially injected DMSO-iPSD directly
into heart, and most mice with huge heart tumors cannot sur-
vive up to 6 wk; however, Ben-David injected ES subcutane-
ously to the back of NOD-SCID IL2Ry™'~ mice, and these mice

can survive more than 6 wk with huge tumor'®; (2) The major
obstacle in the clinical application of committed cell therapy is
the poor viability of the transplanted cells due to harsh micro-
environments, like ischemia, inflammation, and/or anoikis in
the infarcted myocardium;"® in our experiments, we transplanted
PluriSin#1-iPSD to ischemic heart muscle of immunocompetent
mice; at 4 wk post-PluriSin#1-iPSD treatment, most transplanted
cells had died; there were very rare survival donor cells (GFP-
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Figure 3. Effects of PluriSin#1 on Nanog-positive iPSD. (A1 and A2) Mouse iPSD were incubated with
DMSO or PluriSin#1 for 4 d; note the appearance of cell death in the central region of iPSD treated with
PluriSin#1; (B1 and B2) DMSO- and PluriSin#1-treated iPSD were assayed for apoptosis using TUNEL
staining; note extensive TUNEL positivity in the center of PluriSin#1-treated iPSD; (C) Real-time RT-PCR
analysis demonstrating the effect of PluriSin#1 on Nanog mRNA expression; (D) Protein was isolated
from DMSO or PluriSin#1 treated IPSD and then used forimmunoblotting; (E1 and E2) Immunostaining
for Nanog demonstrating elimination of Nanog-positive iPSD cells by PluriSin#1. Nuclei were counter-
stained with DAPI; (F and G) Mouse iPSD were incubated with DMSO or PluriSin#1 for 1 d, a combined
TUNEL and Nanog immunofluorescent staining demonstrating apoptosis of Nanog-positive iPSD cells
by PluriSin#1. Nuclei were counterstained with DAPI.
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positive) in infarcted myocardium;
however, we still found some GFP(+)
PluriSin#1-iPSD at mouse heart slice
at 2 wk, which allowed us to compare
cell differentiation of engrafted cells.

Discussion

In this study, we have found that
inhibition of stearoyl-coA desaturase
with PluriSin#1 efficiently eliminated
Nanog-positive tumor-initiating cells
from iPSD without detrimentally
impacting iPSD-derived cardiomyo-
cyte differentiation or engraftment.
Thus, inhibition of stearoyl-coA desat-
urase could potentially enhance the
safety of iPSD transplantation into the
heart without compromising thera-
peutic efficacy.

The efficiency of spontaneous car-
diomyocyte differentiation of pluripo-
tent stem cells is generally low. Stem
cells isolated from cardiac tissues may
exhibit enhanced cardiac differen-
tiation due to “epigenetic memory”
inherent to somatic stem cells. Xu et al.
reported that ventricular cardiomyo-
cyte-derived iPS cells can spontane-
ously re-differentiate into beating CM
more efficiently (-4-7% of cells) than
genetically matched embryonic stem
cells or iPS cells derived from tail-tip

fibroblasts.?
conditions of embryonic cardiac devel-

Protocols mimicking
opment have been developed to boost
the efficiency of cardiomyocyte gen-
eration from iPS cells.?! These include
3-dimensional aggregates of pluripo-
tent stem cells in suspension, known as
embryoid bodies (EBs),****?* mono-
layer differentiation combined with
extracellular matrix with growth fac-

9

tors,” and inductive co-culture with

mouse visceral endoderm-like cell line
(END-2)%3'.

iPS cells are therapeutically attrac-
tive given the lack of ethical or
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immune-rejection concerns. Beneficial effects of iPS cells in tissue
repair have been demonstrated in pre-clinical models of ischemic
heart injury.’ However, the risk of tumorigenicity is a major obsta-
cle hindering clinical application of iPS cells.””** Zhang et al.
reported that intramyocardial transplantation of undifferentiated
rat iPS cells causes tumorigenesis in the heart.” Previous studies
demonstrated that the residual undifferentiated iPSD can form
teratomas after cell transplantation, and Fu et al.? reported that
even extended periods of cell differentiation do not fully eliminate
residual undifferentiated iPS cells. Thus, improving cardiac dif-
ferentiation alone might not prevent iPS cell tumorigenicity. Prior
studies suggest that Nanog is both a marker for pluripotency and
tumorigenesis,” and that it plays an important role in advanced
tumor progression'? and chemoresistance.”® We observed that
Nanog-positive cells are the primary tumor-initiating cells form-
ing iPSD-derived tumors in the heart (Fig. 4C1-3). Therefore,
elimination of residual pluripotent stem cells appears to be essen-
tial in order to prevent ectopic tissue formation, tumor develop-
ment, and/or malignant transformation after implantation.

To achieve tumor-free ES- and iPS-derived CM transplan-
tation, many labs are focused on enriching and/or purifying
CM from stem cells’ using genetic and non-genetic approaches.
(1) Genetic approaches (which typically involve expression of
selective proteins under the control of a cardiomyocyte-specific
promoter, such as a-MHC, MLC-2v) yield CM that can reach
about 99% purity.”” However, genetic modification using viral
or non-viral vectors is generally unsafe for clinical application.
(2) The most widely employed non-genetic approach to enrich
CM is manual microdissection. This approach yields an average
CM purity of about 70%, however, and the risk of tumorigenic-
ity still persists. In addition, this procedure is tedious and not
ideal for cell transplantation, which requires large numbers of
cells. To purify CM on a larger scale, Hattori et al.* used tet-
ramethylrhodamine methyl ester perchlorate (TMRM), a fluo-
rescent dye that labels mitochondria, to selectively mark mouse
and human pluripotent stem cell (PSC)-derived CM, and these
cells were subsequently enriched (>99% purity) by FACS. Using
this method, purified CM transplanted into testes did not induce

teratoma formation; however, this method only

-PluriSin#1 &

+PluriSin#1

fits mature CM with high mitochondrial den-
sity.! FACS sorting to enrich cardiomyocytes
which express specific cell surface markers, such
as SIRPA, has also been employed, but these cell
surface proteins may not be entirely specific for
cardiomyocytes.”! Taken together, these stud-
ies suggest that purification approaches have
significant limitations that are difficult to over-
come in the clinical application of iPS cell trans-
plantation to myocardium.

Elimination of undifferentiated stem cells
from iPSD is another strategy to achieve tumor-
free iPS cell treatment. This has been accom-
plished using tumor suppressors (p53 or Ink4a/
ARF) and suicide gene strategies (caspase-9) to

GFP DAPI Nanog
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reduce the tumorigenic potential of iPS cells in
vitro and in vivo.*># Safety-enhancing strategies
that can selectively ablate undifferentiated cells
without introducing viral infection or inser-
tional mutations may greatly aid in translating
stem cell therapies to humans in the future.*
In this regard, some laboratories have focused
on screening small molecules for the ability to
selectively induce pluripotent stem cell death,
which could potentially be employed clinically
to eliminate undifferentiated cells. Lee et al.%®
recently reported that chemical inhibitors of
survivin (e.g., quercetin or YM155) induced

selective and complete cell death of undifferen-

treated iPSD, which is prevented by treatment with PluriSin#1.

Figure 4. PluriSin#1 treatment inhibits tumorigenic potential of iPSD in vivo. (A1 and A2)
DMSO- or PluriSin#1-treated iPSD cells were injected intramyocardially into the border zone
of infarcted hearts of C57BL/6 mice. Mice were anesthetized and sacrificed on day 14 after
injection. Hearts were harvested and photographed (tumor in A1 is outlined by broken
line); (B1 and B2) H&E staining of heart sections showing tumor in hearts transplanted with
DMSO-treated iPSD, tumors are indicated by arrows; (C and D) Immunostaining for Nanog
(red) in hearts transplanted with DMSO- or PluriSin#1-treated iPSD (green). Note the diffuse
GFP expression and co-localization with Nanog in tumors of hearts injected with DMSO-

tiated pluripotent stem cells. Quercetin-induced
selective cell death is caused by mitochondrial
accumulation of p53 and is sufficient to pre-
vent teratoma formation after transplantation
of PSCs. Recently, Ben-David et al."® performed
a high-throughput screen of over 52000
small molecules and identified 15 pluripotent
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cell-specific inhibitors (PluriSIns); among these molecules,
PluriSIn #1, a SCD inhibitor, showed high efficacy in induc-
ing cytotoxicity of human ES cells, thereby preventing teratoma
formation following ES cell transplantation. Like ES cells, iPS
cells exhibit pluripotency and the ability to self-renew; however,
iPS cells can be derived autologously and thus present no ethical
or rejection concerns for use clinically. Because iPS cells and ES
cells differ significantly in terms of gene and protein expression,'!
data regarding the effects of PluriSin#1 on tumorigenicity of ES
may not be directly extrapolated to iPSD. Here, we studied the
effects of PluriSin#1 on Nanog-positive iPSD cells. We found
that PluriSin#1 can efficiently eliminate Nanog-positive iPSD
and reduce Nanog expression about 16-fold in comparison with
control, suggesting that monounsaturated fatty acid synthesis is
obligatory for Nanog-positive cells. PluriSin#1 has been show to
induce ER-stress, impairment of the ER-to-Golgi trafficking,

and lead to apoptosis.”*® Importantly, the pluriSin#1-treated

iPSD do not form tumors in vivo when transplanted into the
mouse myocardium post-infarction, suggesting that the anti-
tumor effects of PluriSin#1 are directly related to elimination of
Nanog-positive cells.

Suzuki et al.® reported that Nanog blocks BMP-induced
mesoderm differentiation of ES cells by physically interacting
with Smad1 and interfering with the recruitment of coactivators
to the active Smad transcriptional complexes. It might explain
why PluriSin#1 decreases Nanog expression while slightly
increasing cardiac differentiation of iPSD. SCD is involved in the
control of cell proliferation.’® Inhibition of SCD with PluriSin#1
induced apoptosis of proliferative Nanog-positive iPSD, but not
terminally differentiated (non-proliferative) iPS cell-derived CM.
Dobrzy P et al’' demonstrated that gene knockout of SCD-1
improved cardiac function in obese leptin-deficient mice. We
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Figure 5. Effects of PluriSin#1 on cardiac differentiation and survival of iPSD in vitro and in ischemic myocardium in vivo. (A-C) Real-time RT-PCR
detection of cTnl, a-MHC and MLc-2v in DMSO- and PluriSin#1-treated iPSD. Four biological replicates were analyzed for each sample. The relative gene
expression values represent the level of gene expression for PluriSin#1-treated samples compared with DMSO control; (D1-4) Apoptotic cardiomyo-
cytes expressed as cTnl positive (green) and TUNEL positive (red) cells; (E and F) Engrafted iPSD (green) cells in ischemic myocardium 2 wk after trans-
plantation. CTnl-positive (red) iPSD indicate iPS-derived cardiomyocytes. Nuclei were stained with DAPI (blue).
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also found that PluriSin#1-treated iPS cell-derived CM can
engraft and survive in ischemic myocardium at 2 wk after cell
transplantation. Thus, pluriSin#1 treatment enhances the safety
of iPS therapy while not compromising the engraftment and dif-
ferentiation of iPS-derived CM.

Conclusions and perspectives

In summary, our studies provide evidence that PluriSin#1, a
SCD-1 inhibitor, can eliminate Nanog-positive tumor-initiating
cells from iPSD, thus preventing tumor formation after transplan-
tation in mouse ischemic myocardium. In addition, PluriSin#1
treated iPS cell-derived cardiomyocytes can engraft in ischemic
myocardium. We conclude that PluriSin#1 pretreatment can be
a highly efficient strategy to enhance the safety while preserving
efficacy of iP$ cell transplantation.

Materials and Methods

Production of lentiviruses and cardiac fibroblast cell
infection

Lentiviral constructs of pSin-EF2-Oct4-Pur and pSin-
EF2-Sox2-Pur were purchased from Addgene (Addgene 16579
and 16577). Psin-EF2-KIf4 was produced by cloning Klf4
fragment from pMXs-KIf4 (Addgene 17219) into EcroRl
and Spel in pSin-EF2-Lin28-Pur (Addgene 16580, 5" PCR
primer: CGCTCTGAAT TCGCCAGCAT GGCTGTCAGC
GACGCGCTG. 3" PCR  primer: GGCTGTACTA
GTTTAAAAAT GCCTCTTCAT GTG). Psin-EF2-c-myc
was produced by cloning c-myc fragment from pMXs-c-Myc
(Addgene 17220) into EcoR1 and Spel in pSin-EF2-Lin28-
Pur (5" PCR primer: CGCTCTGAAT TCGCCAGCAT
GGATTTTTTT CGGGTAGTGG AA. 3 PCR primer:
GGCTGTACTA GTTTACGCAC AAGAGTTCCG TAG).
Viral particles for each reprogramming factor were produced by
transfection of 293F T cells (Life Technologies), with the expres-
sion plasmids together with an envelope plasmid (pMD2.G,
Addgene 12259) and a packaging plasmid (psPAX2, Addgene
12260) with Fugene HD (Roche Diagnostics GmbH). Virus-
containing medium was collected 48 h after transfection on 2
consecutive days, passed through a 0.45-pm filter to remove cell
debris, and concentrated by ultracentrifugation.

Collection of adult mouse cardiac fibroblasts (CF)

To collect cardiac fibroblasts, adult mouse hearts from
C57Bl/6 mice (The Jackson Laboratory) were minced into
small pieces and subjected to enzymatic dissociation with a mix-
ture of 0.2% trypsin and 0.1% collagenase IV (Worthington
Biochemical Corp). The explants were plated on gelatin-coated
dishes and cultured for 10 d in CF culture medium (Dulbecco
modified Eagle medium [DMEM] with 10% fetal calf serum
[EBS], 100 U/mL penicillin G, 100 pg/ml streptomycin, 2 mM
L-glutamine, and 0.1 mM B-mercaptoethanol) at 37 °C and
5% CO,. Attached fibroblasts were harvested and filtered with
40-pm cell strainers (BD Falcon) to remove contaminated heart
tissue fragments. To remove cardiac progenitor cells, we sorted
c-kit and sca-1- cells from collected cells by negative selection
with anti-c-kit-microbeads and anti-sca-1-microbeads (Miltenyi
Biotec) using a magnetic cell sorting device from Miltenyi Biotec.
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Isolated cardiac fibroblasts were cultured using CF culture
medium, and the medium was replaced every 3 d.

Generation of iPS cells from CF

Fifty thousand cardiac fibroblasts were plated per well on a
6-well plate the day before infection, and medium containing
1:1:1:1 mix of lentiviral vectors expressing Oct4, Sox2, Klf4,
and c-myc with 8 pg/mL polybrene (Sigma-Aldrich) was applied
to cells. At 72 h after infection, the medium was replaced with
mouse ES cell culture medium (DMEM high glucose with 15%
FBS, 0.10 mM nonessential amino acids [Life Technologies], 100
U/mL penicillin G, 100 pg/ml streptomycin, 2 mM Glutamax
[Life Technologies], and 0.1 mM B -mercaptoethanol, and
1000 units/ml Leukemia Inhibitory Factor [LIF] ESGRO®
[Millipore]). The putative iPS cell colonies were identified and
chosen using morphological selection criteria.

Teratoma formation

To assess the pluripotency and tumorigenic potential of iPS
cells generated from mouse CF, iPS cells were collected by col-
lagenase IV treatment and injected into hind limb muscles of
8-wk-old immunocompromised NOD/SCID mice (the Jackson
Laboratory, 5 x 10° cells per mouse). After 3 wk, teratomas were
dissected and fixed in 4% paraformaldehyde. Samples were
OCT-embedded and cut into ~5-pm sections using a cryostat
(Thermo) and processed with hematoxylin and eosin staining.

Differentiation of iPS cells to cardiomyocytes (CM) via
embryoid body (EB) formation

The differentiation of iPS cells to CM was induced by EB
formation.’*>* When iPS cells reached 70% confluency in 10-cm
dishes, cells were digested using 0.25% trypsin/EDTA. Cell
pellets were re-suspended in differentiation medium (DMEM
with 20% FBS and 10 ng/ml BMP4) to a final concentration of
200000 cells/ml. Cell suspensions were added to 6-well plates
with Ulta-Low Attachment surfaces (ThermoFisher) for 4 d to
initiate EB formation. On day 5, EBs were cultured on 0.1%
gelatin-coated dishes for 14 d using CF culture medium for the
outgrowth of cardiac structures. At this stage, iPS cells undergo-
ing EB formation are termed iPS derivates (iPSD). PluriSin#1
(Xcessbio Inc) was prepared by diluting 10 mM stock solution
to cell culture medium to obtain a final concentration of 20 pM.
IPSD were incubated with PluriSin#1 or vehicle (DMSO) for 1
d or 4 d, after which the media were replaced with CF culture
medium for 24 h.

Quantitative reverse transcription polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted from cells using RNAzol®RT
(Molecular Research Center, Inc) following the manufacturer’s
instructions. Approximately 1 pg of total RNA was used for
cDNA synthesis using BluePrint 1st Strand cDNA Synthesis Kits
(Takara Bio Inc) following the manufacturer’s instructions. The
cDNA synthesized was used to perform quantitative RT-PCR
using SensiMix SYBR Low-ROX kits (Bioline) on an Mx3000P
Real-Time PCR System (Agilent Technologies) according to
the manufacturer’s instructions. Gene expression was compared
between iPSD treated with PluriSin#1 or DMSO. For each
sample, the gene of interest was normalized to glyceraldehyde

3-phosphate dehydrogenase (GAPDH) before calculation of
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Table 1. Prime lists

Prime

Forward

Reverse

cTnl (Tnni3) (NM_009406.3)

5' TGGGCTTTGA AGAGCTTCAG GACT 3’

5" ATGGCATCTG CAGAGATCCT CACT 3’

a-MHC (Myh6) (NM_001164171.1)

5' TGCCAATGAC GACCTGAAGG AGAA 3/

5' TCTTCTGGTT GATGAGGCTG GTGT 3’

MLC-2v (Myl2) (NM_010861.3)

5" AGATGCTGAC CACACAAGCA GAGA 3’

5' TCCGTGGGTA ATGATGTGGA CCAA 3’

Nanog (NM_028016.2)

5' TTTGGAAGCC ACTAGGGAAA G 3’

5" CCAGATGTTG CGTAAGTCTC ATA 3/

GAPDH (NM_008084.2)

5" TCAACAGCAA CTCCCACTCT TCCA 3/

5" ACCCTGTTGC TGTAGCCGTATTCA 3’

relative fold up- or downregulation in transcription levels com-
pared with iPSD with DMSO treatment. The primer sequences
are listed in Table 1.

Protein extraction and western blot analysis

Cells were lysed in RIPA buffer (50 mM TRIS-HCI, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
pH 8.0) supplemented with a protease inhibitor cocktail (Roche
Applied Science). The protein concentration was measured
using a Bradford protein assay kit (Coomassie Plus Protein Assay
reagent, Thermo). Protein samples were separated by 10% SDS-
PAGE (Bio-Rad) and electroblotted onto 0.45-pm Immobilon
polyvinylidene difluoride (PVDF) membrane (Millipore). The
membranes were blocked with 5% Blotting-Grade Blocker (Bio-
Rad) in PBST for 1 h at room temperature. The membrane was
incubated with the respective antibodies: rabbit anti-mouse
Nanog (D2A3) XP (1:1000; Cell Signaling) and mouse anti-
GAPDH antibody (1:4000; Millipore) overnight at 4 °C. Then,
they were incubated for 1 h at room temperature with Amersham
ECL peroxidase-lined secondary antibodies: sheep anti-mouse
IgG (1:10000, GE Healthcare) or donkey anti-rabbit IgG
(1:10000, GE Healthcare). Western blot immunoreactivity was
detected using a Super Signal West Femto Maximum Sensitivity
Substrate Kit (Thermo) in C-DiGit Blot Scanner (LI-COR
Biosciences).

Cell labeling, myocardial infarction (MI), and intramyocar-
dial cell delivery

To track the cells after injection in the heart, iPSD were genet-
ically engineered to express GFP via transduction with a lenti-
viral vector packaged from pRRLSIN.cPPT.PGK-GFPWPRE
(Addgene 12252). Male C57/BL6 mice were anesthetized with
ketamine/xylazine (100 mg/kg/10 mg/kg, i.p.) and mechanically
ventilated. Myocardial infarction was induced via ligation of the
left anterior descending coronary artery 2 mm from the tip of
the normally positioned left atrium as we described previously
(n = 6/group).”*>* A 30-pl solution containing 5 x 10 cells in
DMEM was injected intramyocardially 1 mm above the liga-
tion site immediately after induction of MI. Two weeks post-cell
therapy, hearts were harvested and analyzed by hematoxylin and
eosin staining to identify tumor formation. Animals were han-
dled according to approved protocols and animal welfare regula-
tions of the Institutional Animal Care and Use Committee of the
University of Cincinnati and the Medical College of Georgia.

www.landesbioscience.com

Histological examination

For cell staining, cells were plated on 8-well chamber slides
(Millipore) and fixed with 4% paraformaldehyde. After blocking
nonspecific binding with 10% goat serum in PBS and avidin/
biotin blocking kit (Vectorlabs), cells were incubated with rab-
bit anti-Nanog (1:1000; Cell Signaling) or rabbit anti-cardiac
troponin I (1:50, Santa Cruz Biotechnology) at 4 °C overnight.
TUNEL assays on cells were formed using DEAD End TUNEL
kit (Promega) according to the manufacturer’s instruction with
modification. Primary antibodies were resolved via secondary
staining with goat anti-rabbit Alexa Fluor 488/555-conjugated
(1:400, Life Technologies) or Steptavidin Alexa Fluor 555 con-
jugate (1:400, Life Technologies). Slides were mounted using
VECTASHIELD HardSet Mounting Medium with DAPI
(Vector Laboratories). The staining was analyzed by Zeiss 510
Laser Scanning Microscope (Catl Zeiss).

For tissue staining, 2 weeks after surgically induced MI and
intramyocardial injection of iPSD, mouse hearts were harvested,
embedded in OCT compound, snap frozen, cut into 5-pm sec-
tions, and immunostained with anti-cardiac troponin I (1:50;
Santa Cruz Biotechnology Inc), anti-Nanog (1:1000; Cell
Signaling), or biotinylated anti-GFP (1:500, Vector Labs) anti-
bodies. Primary antibodies were resolved via secondary staining
with goat anti-rabbit Alexa Fluor 555-conjugated and Steptavidin
Alexa Fluor 488 conjugate (1:400, Life Technologies). Nuclei
were counterstained with DAPI (Vector Laboratories). The stain-
ing was analyzed by Zeiss 510 Laser Scanning Microscope (Carl
Zeiss).

Statistical analyses

Data are expressed as mean + standard error of the mean
(SEM). Comparison was evaluated by Student # test between
2 groups. In all analysis, P < 0.05 was considered statistically
significant.
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