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Human induced pluripotent stem cells (iPSCs) have the potential to repair/regenerate smooth muscle cells
(SMCs) in different organs. However, there are many challenges in their translation to clinical therapies. In this
study, we describe our observations of in vitro SMC differentiation in three iPSC lines derived from human
fibroblasts using retroviral, episomal, and mRNA/miRNA reprogramming methods. We sought to elucidate
correlations between differentiation characteristics and efficiencies that can facilitate large-scale production of
differentiated cells for clinical applications, and to report differences in pluripotency marker expression in
differentiated cells from different iPSC lines. A standardized SMC differentiation protocol was used to induce
the CD31+/CD34+ vascular progenitor cell phenotype. These were sorted by magnetic-activated (MACS) and
fluorescence-activated cell sorting (FACS), and then treated with PDGF-BB and smooth muscle growth medium for further differentiation into smooth muscle progenitor cells (pSMCs). The expression of SMC and
pluripotency markers in early- and late-passage (P1 and P4) pSMCs was analyzed. A total of 36 differentiation
runs was performed on the three patient iPSC lines. All pSMC populations expressed SMC markers and Ki67
consistent with the progenitor phenotype. Initial iPSC density correlated positively with the sorted cell FACS
efficiency, and this correlation could be fit to a quadratic equation. We also observed that a specific ‘‘honeycomb’’ pattern of the starting cultured iPSCs cultured correlated with higher efficiency in all three iPSC lines.
Pluripotency marker expression decreased significantly to nearly undetectable levels in all three lines. There
was no significant change in SMC and pluripotent marker expression between passage 1 and 4. In summary, our
observations suggest that the method of iPSC reprogramming does not affect iPSC differentiation into pSMCs.
Protocol efficiency can be modeled mathematically and coupled with the initial ‘‘honeycomb’’ cell pattern to
optimize production of large cell numbers for clinical therapies.
Keywords: iPSCs, smooth muscle cell progenitors, differentiation efficiency, cultured iPSC pattern, pluripotency markers
Smooth muscle cells (SMCs) originating from the mesoderm during embryogenesis make up the nonstriated
muscle network in major blood vessels, lung, as well as the
central layers of many hollow organs [2]. They are essential
for the proper maintenance of organ function and blood
pressure. Many studies on iPSC-derived smooth muscle
progenitor cells (pSMCs) in tissue regeneration are under
way. To date, published data support the concept that these
progenitor cells may have the potential to repair the dysfunction of smooth muscle in many different systems, including the urinary system [3,4].

Introduction

H

uman induced pluripotent stem cells (iPSCs) derived from adult somatic cells by genetic reprogramming methods are capable of self-renewal and differentiation
[1]. iPSCs, like embryonic stem cells, can be induced to
differentiate into different types of mature functional cells in
vitro. Thus, iPSCs can be used to produce homogenous
populations of any cell type necessary for regenerative therapies, specifically, progenitor cells, which are difficult to
harvest from adult tissues.
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While these patient-specific stem cells and their derivatives may be able to bypass immunological limitations and
ethical issues regarding pluripotent stem cells, many challenges must be addressed before clinical use.
The generation of therapies from pluripotent stem cells
employs laboratory methods for cell generation, maintenance, and expansion that increase the risk of genetic instability, epigenetic modification, and generation of tumorigenic
cells. iPSCs were initially established by introducing transcription factors, such as OCT4, SOX2, NANOG, and KLF4
or LIN28, by retrovirus or lentivirus transfection [5,6]. This
method risks incorporation of foreign genes into the cell,
which increases the risk of mutation and tumorigenicity [7].
One strategy to minimize this risk is to use nonviral and
nonintegrative methods of reprogramming, such as episomal
and mRNA/miRNA reprogramming, to generate iPSCs from
somatic cells [8–11].
Cell purification methods, such as magnetic-activated cell
sorting (MACS) [12] and fluorescence-activated cell sorting
(FACS) [13], can also be applied to minimize tumorigenic potential and generate homogenous cell populations. We have
tested combinations of reprogramming and cell sorting methodologies to produce homogenous pSMC populations [14,15].
However, the yield from the starting population of iPSCs was
inconsistent and insufficient for large-scale clinical production.
Given these significant barriers to clinical translation,
tumorigenicity, and inconsistent differentiation yield, we
sought to correlate differentiation characteristics with differentiation efficiency of an established smooth muscle
differentiation protocol and examine tumorigenic impurities
in pSMCs derived from three different iPSC reprogramming
methodologies (retrovirus vector transfection, episome, and
mRNA/miRNA), to better inform ongoing efforts in translation of stem cell technologies into therapies.

Materials and Methods
Reprogramming and maintenance of iPSC
Institutional Review Board of the Stanford University
School of Medicine and the Stanford University Stem Cell
Research Oversight Committee approved this study. Written
informed consents were obtained from all subjects. Three
human iPS cell lines derived with their fibroblasts were investigated in this study. The fibroblasts—isolated from a 41year-old healthy woman (episomal iPSC line), a 46-year-old
healthy woman (retroviral iPSC line), and a 18-year-old woman (mRNA/miRNA iPSC line)—were each cultured in 80%
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, CA) and 20% fetal bovine serum (Invitrogen) at
37C in an atmosphere of 95% air and 5% CO2, as described
previously [3]. Luciferase (Luc)-tagged retrovirus iPSC line
was reprogrammed to iPSCs through viral transduction of the
transcription factors Oct3/4, Sox2, Klf4, and c-Myc, and the
episomal iPSC line was reprogrammed to iPSCs using nonintegrating episomal plasmids (Invitrogen) [4].
The mRNA/miRNA iPSC line was reprogrammed with
modified miRNA reprogramming method as described by Bilousova et al. (unpublished). mRNA encoding Oct4, Klf4,
Sox2, c-Myc, and Lin28 were co-transfected with a mixture of
several miRNAs into the fibroblasts to induce iPSCs. Briefly,
human fibroblasts were seeded at a density of 3,000 cells/well
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in a six-well dish, precoated with recombinant human Laminin521(rhLaminin521, BioLamina, Matawan, NJ) in a reprogramming medium composed of DMEM/F12 (DMEM/
Nutrient Mixture F-12), 20% knockout serum replacement
(Thermo Fisher, Waltham, MA), 0.05 mM NEAA, 1 mM
glutamax (Gibco, Waltham, MA), 55 mM 2-mercaptoethanol,
50 mg/mL ascorbic Acid, and Pen/Strep. The reprogramming medium was supplemented with 100 ng/mL bFGF and
200 ng/mL B18R (eBioscience, Waltham, MA) throughout the
protocol. The next day, the medium was replaced with reprogramming medium equilibrated at 5% O2 overnight before
use. RNA transfections were carried out using Lipofectamine
RNAiMAX (Invitrogen) cationic lipid delivery vehicles;
100 ng/mL of mRNA was diluted 5· in Opti-MEM basal
media (Invitrogen) and mixed together with 5 mL of RNAiMAX per microgram of mRNA, while 5 mM miRNA was
diluted 8.33· and mixed with 1 mL of RNAiMAX per 6 picomoles of miRNA. These complexes were then incubated
for 15 min at room temperature (RT) before being dispensed
into the culture media. Transfections were repeated every
other day for seven total transfections, and media were
changed 20–24 h after each transfection. Individual colonies
were selected approximately 15–18 days after the first
transfection for further clonal expansion. G-banded karyotyping of mRNA-iPSCs was performed as previously
described by WiCell [4] (Supplementary Fig. S1; Supplementary Data are available online at www.liebertpub.com/
scd). The pluripotency markers, octamer binding transcription factor 4 (OCT4), sex-determining region Y box 2
(SOX2), stage-specific embryonic antigen 3 (SSEA3), stagespecific embryonic antigen 4 (SSEA4), TRA-1-60, and TRA-181 in mRNA-iPSCs were determined by quantitative PCR and
immunochemistry [16]. iPSCs were maintained on Matrigelprecoated dishes (BD Biosciences, San Diego, CA) in mTeSR
medium (StemCell Technologies, Vancouver, BC).

Cell culture and differentiation
Human bladder SMCs (bSMCs) (Lonza, Allendale, NJ)
were cultured in 90% DMEM and 10% fetal bovine serum at
37C in an atmosphere of 95% air and 5% CO2.
Human pSMCs were differentiated from the three iPSC
lines using a modified, feeder cell-free, vascular progenitor
protocol as previously described [3,4,14,17]. Briefly, the
iPSCs were seeded at a density of 5,000–20,000 cells per cm2
of a 10-cm dish precoated with Matrigel in mTeSR supplemented with Thiazovivin (2 mM; Cayman Chemical Company, Ann Arbor, MI). After 24–72 h in culture, images were
recorded. The iPSCs were then cultured in chemically defined
media (RPMI 1640 with 1 mM glutamax, 1% nonessential
amino acids, 0.1 mM b-mercaptoethanol, 1% penicillin and
streptomycin [Life Science Technology, Inc.], 1% ITS [SigmaAldrich]) supplemented with Activin A (50 ng/mL), BMP4
(50 ng/mL; PeproTech, Rocky Hill, NY), and 2.5 mM/mL GSK
3 inhibitor, CHIR99021 on day 0, 2.0 mM/mL CHIR99021 on
day 1 (Cayman Chemical Company), followed by basic fibroblast growth factor (50 ng/mL) and vascular endothelial growth
factor (40 ng/mL; PeproTech) from day 2 to 12–14 days.
The differentiated cells were dissociated with Accutase
(Innovative Cell Technologies, San Diego, CA) and prepared for MACS and FACS of CD31+/CD34+ vascular
progenitor cells (VPCs) as described previously [3]. Briefly,
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the cells were first immunolabeled with CD34 microbeads for
MACS (Miltenyi Biotec, Auburn, CA), and magnetic labeling was performed strictly according to the manufacturer’s
instructions. The magnetically labeled CD34+ VPCs were
obtained by positive selection. The CD34+ VPCs sorted by
MACS were immediately blocked with mouse IgG (R&D
Systems, Inc., Minneapolis, MN) for 10 min and stained with
FITC mouse anti-human CD31 and PerCP-Cy5.5 mouse antihuman CD34 antibodies (BD Biosciences) for 30 min at 4C.
The CD31+/CD34+ cells were sorted on a FACS Aria II
(BD Biosciences) (Supplementary Fig. S2). Postsorting, the
smooth muscle progenitor cells (pSMCs), passage 0 (P0),
were expanded on collagen IV-precoated plates (BD Biosciences) in smooth muscle cell growth medium (SMGS; Invitrogen) supplemented with recombinant human plateletderived growth factor-BB (10 ng/mL, PDGF-BB; PeproTech)
to yield pSMCs. The pSMCs were passed with 0.05% Trypsin
with EDTA (Thermo Scientific, Fremont, CA) when they
reached 80–90% confluency. Each passage of pSMCs was
divided into two groups during passing, one of them was for
pluripotency and SMC marker detection, and the other one
was for cell expansion. One group of P4 cells was prepared for
pluripotency and SMC marker detection, and the other one
was terminally differentiated to mature SMCs by culturing in
smooth muscle differentiation medium (Invitrogen) for further SMC characterization and contraction assay (below).

Comparative relative quantification real-time PCR
The expression of representative mRNA in cells was analyzed by quantitative real-time PCR. RNA extraction was
carried out with RNA-STAT-60 reagent (Tel-Test, Inc.,
Friendswood, TX). cDNA was generated from total RNA as
described previously [18]. PCR primers used to amplify
cDNA are shown in Table 1 [3,18,19]. QPCR (real-time
quantification PCR) was carried on the Mx3005P Mutiplex
Quantitative PCR System with MxPro QPCR software
(Stratagene, La Jolla, CA). Brilliant SYBR Green QPCR
Master Mix (Stratagene) was used to perform PCR. The

Table 1. Primers for Quantification Real-Time
Polymerase Chain Reaction
Primers
SMTN
SMA
SM22
CNN1
MYH11
ELN
OCT4
SOX2
NANOG

Sequences
F: GATGATGGCCTTGCCAAACTG
R: CTGGATGCGTCCTAGGTCAT
F: AAAAGACAGCTACGTGGGTGA
R: GCCATGTTCTATCGGGTACTTC
F: ATCCCAACTGGTTCCCTAAGAA
R: CCCATCTGTAACCCGATCACG
F: TGTGCAGACGGAACTTCAG
R: GGTTGAAGTGAGCAGAGGAC
F: CGCCAAGAGACTCGTCTGG
R: TCTTTCCCAACCGTGACCTTC
F: AGGCAAACCTCTTAAGCCAGTTCC
R: CAGACACTCCTAAGCCACCAACTC
F: TCGAGAACCGAGTGAGAGG
R: GAACCACACTCGGACCACA
F: AGCTACAGCATGATGCAGGA
GGTCATGGAGTTGTACTGCA
F: ATGCCTCACACGGAGACTGT
R: AAGTGGGTTGTTTGCCTTTG

3

amplifications were done following a 10-min hot start at 95C
in a three-step protocol with 30 s denaturation (94C), 1 min
annealing (55C), and extension at 72C for 30 s. Forty cycles
were performed. GAPDH was used as an endogenous reference against which the different template values were normalized. All PCR were performed in duplicate. Ct (cycle of
threshold) method was used for quantification. Relative
quantification of the representative gene, corrected for the
quantity of normalizer gene (GAPDH), was divided by one
normalized control sample value (calibrator, bSMCs for
pSMCs and H9-ESCs for iPSCs) to generate the relative
quantification to calibrator (Rel.Quant. to Cal.). MxPro
QPCR software was used for the calculations.

Immunofluorescence staining
SMC markers for immunofluorescence staining were
chosen from previous publications (Marchand et al. [14] and
Bajpai et al. [20]). The cells were plated on an eight-well
chamber slide for 24–48 h. The cells were fixed with 4%
PFA/PBS (paraformaldehyde/phosphate buffer solution) for
10 min at room temperature and then washed with PBS
thrice and treated with 0.5% Triton X-100in PBS for 5 min.
The slides were then washed twice with 0.01% Tween in Trisbuffered Saline (TBS-T). After blocking with 1% bovine serum albumin (BSA) in TBST, the slides were incubated
overnight at 4C with primary antibody for Ki-67 (1:50, rabbit
monoclonal antibody; Novus); SMC markers (SM-22, 1:20,
goat monoclonal antibody; Abcam), a smooth muscle actin (aSMA, 1:200, rabbit monoclonal antibody; Abcam), CNN1
(1:100, rabbit monoclonal antibody; Abcam), and smoothelin
(SMTN, 1:50, rabbit monoclonal antibody; Santa Cruz); and
pluripotent markers (TRA-1-60, 1:200, mouse monoclonal
antibody, IgM; Millipore), TRA-1-81 (1:200, mouse monoclonal antibody, IgM; Millipore), SSEA3 (1:200, rabbit
monoclonal antibody; Millipore), SSEA4 (1:200, mouse
monoclonal antibody; Millipore), SOX2 (1:25, rabbit monoclonal antibody; Santa Cruz), and OCT4 (1:80, rabbit monoclonal antibody; Abcam). After washing with TBST for
10 min, thrice at room temperature, the slides were incubated
with secondary antibody for 1 h at room temperature: Alexa
594-conjugated goat anti-rabbit IgG (1:300; Invitrogen), FITCconjugated donkey anti-goat IgG (1:300; Santa Cruz), Alexa
488-conjugated goat anti-rabbit IgG (1:300; Invitrogen), and
Alexa 594-conjugated goat anti-mouse IgM (1:300; Invitrogen). The slides were washed with TBST for 10 min thrice and
then counterstained with DAPI (0.5 mg/mL DAPI/TBST) for
10 min. The slides were mounted with VECTASHIELD (H1000; VECTOR, Inc., Burlingame, CA) and photographed
with AxioCam (Zeiss, Oberkochen, Germany). The deletion of
the primary antibody from the blocking buffer was used as a
negative control. The pSMCs were characterized by staining
for a-SMA, CNN1, SM22a, SMTN, and desmin. Ki67 staining
was used to show proliferation.
Terminal SMCs were characterized by staining for SMTN,
a-SMA, CNN1, SM22a, desmin (1:40, mouse monoclonal
antibody; Sigma), and elastin (1:20, rabbit monoclonal antibody; Millipore)

Contraction assay
Terminal SMCs were characterized functionally with a
carbachol contraction assay as described previously [14]. In

4

brief, P4 pSMCs were cultured for 7 days in smooth muscle
differentiation medium (SMDS; Invitrogen), supplemented
with 2.5 ng/mL TGFb1 (Santa Cruz Biotechology, CA) to
achieve terminal SMC differentiation. The cells were then
treated with 100 mM carbachol (Sigma-Aldrich) in SMDS to
induce cell contraction. The images of contraction were recorded with a Nikon Biostation IM (Nikon, Tokyo, Japan) every
minute for 10 min. Percent change in cell surface area with
carbachol treatment compared to no treatment was calculated.
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Statistics
Data were analyzed using SPSS version 21 (SPSS, Inc.,
Chicago, IL). Results are shown as mean – SEM. One sample
Kolmogorov–Smirnov test was used to verify a normal distribution. Double-sided Student’s t test and Kruskal–Wallis
one-way ANOVA on ranks, followed by Wilcoxon–Mann–
Whitney test were used to compare variables. Pearson and
Spearman correlation coefficient were used to analyze the
relationship between two groups of data. Curve fitting was
applied to FACS efficiency data. P < 0.05 was considered to
be statistically significant.

Results
Generation and characterization of iPSC
lines from fibroblasts
Three iPSC lines were successfully generated by using
either single polycistronic retroviral vector or episome, encoding Oct4, Klf4, Sox2, and cMyc, or mRNA encoding
Oct4, Klf4, Sox2, cMyc, and Lin28. All three methods produced normal karyotype iPSCs. Immunofluorescence staining
showed that the pluripotency markers, OCT4, SOX2, SSEA-3,
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SSEA-4, TRA-1-60, and TRA-1-80, were all positive. In addition, the mRNA expression level of pluripotency markers
(NANOG, SOX2, OCT4, cMYC, KLF4, and hTERT) in all
three iPSC lines was similar to that of H9 human embryonic
stem cells (H9 hESCs, positive control). Taken together,
these tests confirmed successful reprogramming of patient
fibroblasts into iPSCs for each of the methods used.

Generation of smooth muscle progenitor
cells from the iPSC lines
Each of the three patient iPSC lines was expanded and
subjected to the same pSMC differentiation protocol as illustrated in Fig. 1. Several differentiation batches were performed
for each line (16 batches using the retroviral reprogrammed
iPSC line, 14 batches using the episomal reprogrammed line,
and 6 batches using the mRNA/miRNA reprogrammed line).
Proper differentiation into the SMC phenotype was confirmed
for all lines by positive immunofluorescence staining of SMC
proteins, SMTN, a-SMA, transgelin (SM22), and calponin
(CNN1), and negative staining of the pluripotency markers,
OCT4, TRA-1-60, and TRA-1-81 (Fig. 2A–C). Ki67, a marker
for cell proliferation, was also positive in all the pSM cells,
consistent with the progenitor, proliferative phenotype.
In addition to smooth muscle marker expression, functional testing was done to further confirm proper SMC differentiation. The pSMCs derived from each iPSC line were
further differentiated into terminal SMC and tested for their
ability to contract with carbachol stimulation compared to
positive control (human bSMCs). SMCs differentiated from
all three iPSC lines contracted similarly during the 10-min
period after carbachol treatment (Fig. 3A), and when compared to human bSMCs (positive controls, bSMCs). More

FIG. 1. Process of differentiation from iPSCs (day 2) to mature SMCs. (A) Cell pattern of iPSC 2 days before differentiation. (B) Cell pattern of iPSC on the differentiation day. (C) Cell pattern on the FACS day (14 days after differentiation).
(D) Sorted CD31+/CD34+ cells after MACS and FACS. (E) Passage 4(P4) pSMCs were obtained after sorted cells being
passed 4 times. (F) After culturing in smooth muscle differentiation medium mature SMCs were harvested. Scale bar = 100
mm. iPSC, induced pluripotent stem cell; pSMC, smooth muscle progenitor cells; SMCs, smooth muscle cells.
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FIG. 2. (A–C) Characterization of pSMCs derived from MACS and FACS sorted VPCs. (A) pSMC derived from
retroviral iPSC-differentiated VPCs, (B) pSMC derived from episomal iPSC-differentiated VPCs, (C) pSMC derived from
mRNA/miRNA iPSC-differentiated VPCs. All three groups of cells were positive for SMTN, aSMA, SM22, calponin, and
Ki67. Scale bar = 50 mm. pSMC, smooth muscle progenitor cells; FACS, fluorescence-activated cell sorting; MACS,
magnetic-activated cell sorting; VPCs, vascular progenitor cells that are CD31+/34+.
5
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FIG. 3. Functional characterization of mature SMCs derived from iPSC. (A) SMCs treated with 100 mM carbachol demonstrated ability to contract, (B) retroviral iPSC-derived SMCs, episomal iPSC-derived SMCs, and mRNA/miRNA iPSCderived SMCs showed a 20–30% change in surface area after contraction, human bladder SMC served as control. Scale
bar = 100 mm. Arrow shows the change of a SMC cell surface before and after being treated with carbachol in the same group.
than 50% of the cells contracted with carbachol, resulting in
a 20–30% change in surface area after contraction (n = 50)
(Fig. 3B).

Relationship between the initial iPSC density
before differentiation and the CD31+/CD34+
cell FACS efficiency
One of the intermediate steps in the differentiation protocol is the establishment of a population of VPCs characterized by the co-expression of CD31 and CD34. These cells
are sorted out from the general cell population by FACS and
are then treated with the smooth muscle growth medium for
further differentiation into pSMCs. We used the percentage
yield of CD31+/34+ cells sorted by FACS as parameter for
differentiation efficiency, that is, higher CD31+/34+ yield
represents higher differentiation efficiency.
The distribution of CD31+/CD34+ cell FACS efficiencies for
all the differentiation runs using the retroviral and episomal
iPSC lines conformed to a normal distribution according to the
one sample Kolmogorov–Smirnov test. Spearman correlation

tests indicated a positive correlation between starting iPSC
density before differentiation and CD31+/CD34+ cell FACS
efficiency in the retroviral iPSC group (n = 16, correlation coefficient = 0.528, P < 0.05) and in the episomal iPSC group
(n = 14, correlation coefficient = 0.694, P < 0.05) (Table 2).
Curve fitting for starting iPSC density and efficiency (Table 3)
revealed that the quadratic curve was the best fit (retroviral
iPSC line, P < 0.05; episomal iPSC line, P < 0.05, Fig. 4).
Curve fitting was not performed for the mRNA/miRNA iPSC
group due to the small number of differentiation runs (Table 2).

Correlation between initial cultured iPSC pattern
and CD31+/CD34+ cell FACS efficiency
We observed that a ‘‘honeycomb-like’’ growth pattern of
the cultured iPSCs that correlated with increased efficiency of
CD31+/CD34+ conversion and, therefore, yield (Fig. 5). To
assess the relationship between this pattern and CD31+/CD34+
FACS efficiency, the FACS efficiencies from each iPSC
group were grouped into lower efficiency and higher efficiency subgroups. The cutoff for each group was determined

Table 2. Description of Correlation Between Initial Density Before Differentiation and C31+/CD34+
Cell Fluorescence-Activated Cell Sorting Efficiency in Three Induced Pluripotent Stem Cell Lines
Mean – SEM
Groups
Retroviral iPSC differentiation (n = 16)
Episomal iPSC differentiation (n = 14)
mRNA/miRNA iPSC differentiation (n = 6)
iPSC, induced pluripotent stem cell.

Initial density before
differentiation (k/cm2)

Efficiency (%)

Correlation
coefficient (q)

P value

9.64 – 1.13
13.31 – 1.21
30.10 – 1.49

32.29 – 3.03
19.05 – 1.07
16.31 – 1.95

0.528
0.694
-0.178

<0.05
<0.05
= 0.1
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Table 3. Curve Fitting Analysis to Examine the Determinant of Efficiency as Measured
by Initial Induced Pluripotent Stem Cell Density
P value
iPSCs groups

Linear Logarithmic Inverse Quadratic Cubic Compound Power

Retroviral (n = 16)
<0.05
Episomal (n = 14)
<0.05
mRNA/miRNA (n = 6) 0.4

<0.05
<0.05
0.4

<0.05
<0.05
0.4

<0.05
<0.05
0.6

0.1
<0.05
0.6

<0.05
<0.05
0.4

S

Growth Exponential Logistic

<0.05 <0.05 <0.05
<0.05 <0.05 <0.05
0.4 0.4
0.4

<0.05
<0.05
0.4

<0.05
<0.05
0.4
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The bold P value means the quadratic curve was fit for the relationship between iPSC density and efficiency and in compliance with
the fact.

by ranking all the efficiencies from low to high and splitting
the group in half—the lower half was classified as the lower
efficiency group and the higher half, the higher efficiency
group.
The difference in CD31+/CD43+ FACS efficiency between lower and higher efficiency subgroups was significant in retroviral, episomal, and mRNA/miRNA (P < 0.05,
P < 0.05, and P < 0.05) iPSC groups. The starting cell density was similar for all iPSC groups that underwent the
pSMC differentiation protocol. Greater than 50% of higher
efficiency subgroups exhibited the ‘‘honeycomb-like’’ pattern, while none of the lower efficiency subgroups exhibited
this pattern. This behavior was also observed among the
mRNA/miRNA iPSC differentiation runs, but the number of
runs was too few for statistical analysis (Table 4).

There was no significant difference in the expression of
SMC markers between passage 1 and 4 in pSMCs derived
from the three patient iPSC lines, suggesting stability of cell
phenotype regardless of iPSC reprogramming method.
For the pluripotency marker comparison, the gene relative
expression of the three pluripotency markers in the original
iPSCs served as calibrator (Fig. 6). Pluripotency marker expression in all pSMC groups, regardless of passage number,
was significantly decreased compared to the expression in
their original iPSC state (retroviral group, n = 9, episomal
group, n = 6, and mRNA/miRNA group, n = 3, P < 0.05).
While most pluripotency markers diminished significantly
to undetectable levels, NANOG persisted at low levels in
retroviral and episomal iPSC groups at P4. The mRNA/miRNA iPSC group showed disappearance of all pluripotency
markers by P4.

Persistence of smooth muscle progenitor cell
phenotype over time

Discussion

pSMCs expressed SMC markers (SMTN, SMA, SM22, and
CNN1) at passage 1 and passage 4. This was consistent for
all pSMCs differentiated from the retroviral (n = 9), episomal (n = 6), and mRNA/miRNA (n = 3) iPSC lines. We
also evaluated the gene expression of pluripotency makers
(OCT4, SOX2, and NANOG) by quantitative polymerase
chain reaction in a representative number of pSMC batches
to examine the change with increasing passages. Human
bladder SMCs (bSMCs) served as the calibrator (Fig. 6).

The generation of iPSCs has enabled researchers to bypass the ethical concerns related to ESCs. Additional advantages of iPSCs include the ability to differentiate in vitro
and produce large numbers of specific cell types and their
progenitors. Therefore, there is great interest in their potential application in regenerative therapies. However, like
ESCs, the tumorigenic potential of iPSCs is still a major
obstacle to their application in the clinic. Generation of
iPSCs from somatic cells by a delivery method without

FIG. 4. Relationship between initial cell density (D) before differentiation and CD31+/CD34+ cell FACS efficiency (E) in
retroviral iPSC group (A) and episomal iPSC group (B). (A) Curve fitting treating density as variable and efficiency as
dependent conformed to the quadratic equation: E = 1.89 + 4.78 · D-0.14 · D2. When the density was 16.97 k/cm2, the
efficiency might reach its maximum 42.57% (n = 16, P < 0.05). (B) Curve fitting conformed to the quadratic equation:
E = -7.07 + 3.50 · D-0.10 · D2. When the density was 16.81 k/cm2, the efficiency might reach its maximum 22.31% (n = 14,
P < 0.05).
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FIG. 5. The relationship
between the cultured iPSC
pattern on differentiation day
0 and the CD31+/CD34+ cell
FACS efficiency. The differentiation runs that started
out with initial cultured iPSC
exhibiting the ‘‘honeycomb’’
pattern resulted in significantly higher FACS efficiency
compared to those without this
pattern. Scale bar = 100 mm.

exogenous tumorigenic sequences [8,21] and further differentiation into specific cell types needed for tissue regeneration [22] are strategies used to reduce the risk of
tumorigenesis. However, differentiation into specific cell
types is associated with inconsistent yields, which limit
large-scale cell production for clinical applications.
In this study, we describe the characteristics in the differentiation of progenitor SMCs from three human iPSC lines
that were reprogrammed using three different methods, in-

cluding recent nonintegrative reprogramming methods. Our
goals are, first, to elucidate correlations between differentiation characteristics and efficiencies that could facilitate reliable and consistent large-scale production of differentiated
cells for clinical applications, and second, to examine the
change in pluripotency markers in pSMCs over different
passages in different iPSC lines.
We found significant correlations between starting iPSC
density and differentiation efficiency that can be fitted into

Table 4. Percentage of Cultured Induced Pluripotent Stem Cells with ‘‘Honeycomb’’
Pattern in Groups with Different Efficiency
Lower efficiency group (n = 5 in retroviral
and episomal, n = 3 in mRNA/miRNA)

Higher efficiency group (n = 6 in retroviral
and episomal, n = 3 in mRNA/miRNA)

iPSC groups

Efficiency (%)

Density (k/cm2)

Honeycomb
pattern (%)

Efficiency (%)

Density (k/cm2)

Honeycomb
pattern (%)

Retroviral
Episomal
mRNA/miRNA

20.02 – 2.69a
12.44 – 1.50a
11.63 – 4.37a

6.18 – 0.73b
10.18 – 1.58b
30.30 – 5.25b

0
0
0

38.28 – 3.02a
21.10 – 0.95a
20.00 – 6.09a

9.64 – 1.65b
13.03 – 1.44b
30.91 – 6.30b

50
50
33

a

Retroviral iPSC: P < 0.05, episomal iPSC: P < 0.05, mRNA/miRNA iPSC: P < 0.05.
Retroviral iPSC: P = 0.1, episomal iPSC: P = 0.1, mRNA/miRNA iPSC: P = 0.8. Mann–Whitney test was used to verify the significance.

b
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FIG. 6. Gene expression of SMC markers and pluripotency markers in passage 1 and passage 4 pSMCs and iPSCs. (A) Gene
expression of SMC markers, including SMTN, SMA, SM22, and CNN1, in passage 1 and passage 4 pSMCs versus adult
human bSMC (calibrator). Retroviral iPSC-derived pSMC, n = 9, episomal iPSC-derived pSMC, n = 6, and mRNA/miRNA
iPSC-derived pSMC, n = 3. (B) Gene expression of pluripotency markers, including OCT4, SOX2, and NANOG, in passage 1
and passage 4 pSMCs versus parental iPSC (calibrator). Retroviral iPSC-derived pSMC, n = 9, episomal iPSC-derived pSMC,
n = 6, and mRNA/miRNA iPSC-derived pSMC n = 3. *P < 0.05. bSMC, adult human bladder smooth muscle cell.
quadratic equations. Interestingly, we also observed a characteristic pattern of the initial cultured iPSCs that correlates
with increased differentiation efficiency. In addition, pluripotency markers decreased significantly to nearly undetectable levels in all differentiated populations, regardless of
iPSC line. We believe these findings could be further optimized to facilitate large-scale production of cells and ongoing
efforts to translate stem cell technologies into regenerative
therapies.
The CD31+/CD34+ cell FACS efficiency is defined as the
percentage yield of CD31+/CD34+ cells from the cell population undergoing differentiation. Higher efficiencies are essential for the production of large cell doses required for clinical
applications. In this study, we found that the CD31+/CD34+
cell FACS efficiency increased with starting iPS cell density up
to an optimum limit. This relationship was best described by a
quadratic curve. This quadratic equation, which is specific to
each iPSC line, can be used to predict the efficiency at a given
starting iPSC density for process surveillance. More importantly, these equations can be used to predict the most suitable
initial cell density range to obtain maximum yield of differentiated cells for large-scale production.
In addition to initial cell density, CD31+/CD34+ cell FACS
efficiency was also associated with the iPS cell growth pattern
(‘‘honeycomb-like’’ appearance) on Matrigel on day 0 of the
differentiation process. We observed that cell cultures exhibiting this honeycomb-like pattern differentiated more efficiently with higher yields (significant difference compared
to those cultures without this pattern), suggesting that this

pattern may also be used to predict efficiency. We hypothesize that there are underlying reasons such as cell-to-cell interaction and matrix biomechanical properties that contribute
to this pattern. Further studies to elucidate these mechanisms
are needed.
For therapeutic application of stem cell-derived cells, purification methods should also be considered. Differentiation
of iPSCs into pSMCs invariably results in subpopulations that
may include undifferentiated cells and different stages of
muscle cells [22]. Quantitative PCR was used to detect relative gene expression of SMCs and pluripotency markers to
examine SMC phenotype of cells differentiated from the
different iPSC lines after purification, and whether this phenotype changed over time with cell expansion.
SMTN is found only in the tissue of internal organs, urogenital tract, and vascular SMCs [23,24]. It co-localizes with
a-SMA stress fibers in the cytoskeleton and plays an important role in SMC contractility [25]. The expression of
SMTN distinguishes the contractile SMCs from myofibroblasts, which only express SMA [26]. The expression of
smoothelin in retroviral and episomal iPSC-derived pSMCs
in our study was similar to that in adult human bladder SMCs.
The expression of smoothelin and SMA in mRNA-/miRNAderived pSMCs was lower than that in adult bladder SMCs.
This variability in SMC marker profile expression suggests
that the pSMCs from different lines may not be at the same
stage of progenitor differentiation at the same passage. Further studies are needed to determine if this variability is due
to reprogramming method or patient-to-patient differences.
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SMA is reported to be an early marker in SMC development and its expression was detected after 3 weeks of
differentiation in conjunction with SMTN [27]. Our differentiation protocol uses PDGF-BB to induce CD31+/CD34+
VPCs seeded on collagen IV-coated plates into smooth
muscle progenitor cells [14]. PDGF-BB is a potent mitogenic factor and has been demonstrated to suppress expression of a-SMA with IL-1 in mature SMCs [28]. This
function keeps pSMCs from completing their differentiation
to mature functional SMCs by inhibiting the expression of
SMC markers [29]. In this study, we found that the relative
expression of SMA in all iPSC-derived pSMCs was significantly lower than in adult bladder SMCs. This finding and
the presence of Ki67, a marker for proliferation, are consistent with a progenitor phenotype.
Pluripotency markers are indicators for maintenance of
pluripotency, which increases the potential for tumor formation. Published data suggest that OCT4, SSEA3, and
TRA-1-60 are the most sensitive to differentiation signals
and can be used to validate pluripotent stem cell pluripotency [30]. SSEA3, SSEA4, TRA-1-60, and TRA-1-81
are cell surface pluripotent markers for stem cells, while
OCT4, NANOG, and alkaline phosphatase (AP) are intracellular markers. We used these markers to evaluate if there
are cell populations with pluripotency phenotypes in our
final pSMC populations.
In our study, TRA-1-60 and TRA-1-81 were negative in
all pSMCs regardless of iPSC line. This was accompanied
by successful differentiation, confirmed by the positive expression of SMC markers (SMTN, SMA, SM22, and CNN1)
in pSMCs. SOX2 is an essential transcription factor for
keeping stem cells in a pluripotent state. It is suggested that
the presence of SOX2 forces the expression of OCT4 protein indirectly, which activates the OCT-SOX enhancer next
to keep stem cells in the pluripotent state [31]. OCT-SOX
enhancers can promote the expression of OCT4, SOX2, and
NANOG [32,33]. Therefore, NANOG is not an essential
gene for generation of iPSCs, but acts as a core factor in the
pluripotency regulatory network [7]. Ramirez, et al. documented that, during mesoderm differentiation of human
ESCs, the expression of SSEA3, OCT4, and TRA-1-60 is
lost earlier and more rapidly than the other markers, while
other pluripotent markers such as CD24, AP, and NANOG
persisted on day 9 [30]. Our data are consistent with this, in
that, the intracellular pluripotency markers OCT4, SOX2,
and NANOG were detected in extremely low levels in the
P4 pSMC groups from retroviral and episomal reprogrammed
iPSC lines. However, these were all nondetectable in the
mRNA-/miRNA-reprogrammed iPSC-derived P4 pSMCs,
suggesting that mRNA/miRNA iPSCs may be more efficient
at losing pluripotency characteristics during differentiation.
In vivo studies will be needed to determine whether these
low-level differences in NANOG have a tumorigenic effect.
There was no difference in SMC marker expression
(SMTN, SMA, SM22, and CNN1) between P1 and P4
pSMCs. The same held true for pluripotency marker expression (OCT4, SOX2, and NANOG) between passages 1
and 4. Thus, the SMC phenotype did not change through
extensive passaging of pSMCs. Taken together, it appears
that different iPSC reprogramming methods did not affect
the cell’s ability to differentiate in vitro or the stability of the
resulting pSMC population. Differences in iPSC starting

ZHOU ET AL.

density and differentiation efficiency curve fitting formulas
may be related to patient-specific genetic determinants.
Larger numbers of iPSC lines are needed to confirm this.

Conclusion
Human iPSC lines, each derived with different iPSC reprogramming methods, differentiated into smooth muscle
progenitor cells using the same protocol. The iPSC density at
the start of differentiation correlated with the CD31+/CD34+
cell FACS efficiency. In addition, a ‘‘honeycomb’’ pattern of
the cultured iPS cells at the beginning of differentiation was
associated with higher differentiation efficiency. Expression
of pluripotency markers in early- and late-passage pSMC
populations was minimal and similar between the three iPSCderived groups, suggesting stable cell populations through
cell expansion methods. These findings can be used to optimize large-scale production of iPSC-derived cells for clinical
therapies.
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