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ABSTRACT

Mesenchymal stemcells (MSCs) are currently themost established cells for skeletal tissueengineering
and regeneration; however, their availability and capability of self-renewal are limited. Recent dis-
coveries of somatic cell reprogrammingmay be used to overcome these challenges.Wehypothesized
that induced pluripotent stem cells (iPSCs) that were differentiated intoMSCs could be used for bone
regeneration. Short-term exposure of embryoid bodies to transforming growth factor-bwas used to
direct iPSCs towardMSC differentiation. During this process, two types of iPSC-derivedMSCs (iMSCs)
were identified: early (aiMSCs) and late (tiMSCs) outgrowing cells. The transition of iPSCs toward
MSCswas documented usingMSCmarker flow cytometry. Both types of iMSCs differentiated in vitro
in response to osteogenic or adipogenic supplements. The results of quantitative assays showed that
both cell types retained their multidifferentiation potential, although aiMSCs demonstrated higher
osteogenic potential than tiMSCs and bone marrow-derived MSCs (BM-MSCs). Ectopic injections
of BMP6-overexpressing tiMSCs produced no or limited bone formation, whereas similar injections
of BMP6-overexpressing aiMSCs resulted in substantial bone formation. Upon orthotopic injection
into radial defects, all three cell types regenerated bone and contributed to defect repair. In conclu-
sion,MSCs can be derived from iPSCs and exhibit self-renewalwithout tumorigenic ability. Compared
with BM-MSCs, aiMSCs acquire more of a stem cell phenotype, whereas tiMSCs acquire more of a
differentiated osteoblast phenotype, which aids bone regeneration but does not allow the cells to
induce ectopic bone formation (even when triggered by bone morphogenetic proteins), unless in
an orthotopic site of bone fracture. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1447–1460

SIGNIFICANCE

Mesenchymal stem cells (MSCs) are currently the most established cells for skeletal tissue engineer-
ing and regeneration of various skeletal conditions; however, availability of autologous MSCs is very
limited. This study demonstrates a new method to differentiate human fibroblast-derived induced
pluripotent stem cells (iPSCs) to cells withMSC properties, which we comprehensively characterized
including differentiation potential and transcriptomic analysis. We showed that these iPS-derived
MSCs are able to regenerate nonunion bone defects in mice more efficiently than bone marrow-
derived human MSCs when overexpressing BMP6 using a nonviral transfection method.

INTRODUCTION

Mesenchymal stem cells (MSCs) are currently the
most established cells for skeletal tissue engi-

neering and regeneration of various skeletal con-

ditions. The embryonic origin of MSCs remains

unclear, although some studies indicate a possi-

ble origin for MSCs in a supporting layer of the

dorsal aorta in the aorta-gonad-mesonephros

region [1, 2]. Consistent with these findings,

MSC-like cells have been found circulating in fetal

human blood [3]. In adult humans, MSCs appear
to be resident inmany tissues, functioning in nor-

mal tissue turnover. MSCs have been isolated

from various adult tissues, including bone mar-

row and adipose tissue. These cells have been

shown to differentiate successfully into osteo-

genic, chondrogenic, and adipogenic lineages in

vitro [4–6]. When tissue repair is required, MSCs

can be stimulated to proliferate and differentiate.

When genetically modified, these multipotent

cells have been shown to form and regenerate
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bone in vivo inmultiple animalmodels, providing a gene- and cell-
mediated therapeutic platform for multiple potential clinical
orthopedic applications [7–11]. Although the frequency of autolo-
gous MSCs with aging does not change much [12, 13], un-
fortunately self-renewal ability and functionality in tissue
regeneration of these cells is impaired [13].

The prevalence of musculoskeletal disorders in older popula-
tions, together with the challenge of an aging world population,
has motivated researchers to investigate the impact of aging on
the regenerative properties of MSCs, given their potential as an
autologous treatment [14]. Although conflicting results exist, in
a variety of organs the regenerative potential of MSCs appears
to decline with age [15–17]. Therefore, there is a need for an al-
ternative inexhaustible source ofMSCs to treat skeletal disorders.
Recently discovered induced pluripotent stem cells (iPSCs) [18]
provide a feasible solution to this problem.

Human embryonic stem cells (ESCs) are capable of inducing
mesenchymal tissue formation in vivo [19, 20]. Although ESCs
were believed to be immunoprivileged, they have been shown
to possess immunogenicity after differentiation [21]. In addition,
many ethical questions and debates have arisen from the use of
ESCs [22], whereas the use of autologous iPSCs poses no ethical
dilemmas. By overcoming the immunologic and ethical problems
associated with ESCs, the use of iPSCs opens a new avenue
for cell transplantation-based regenerative medicine [23]. Thus
iPSCs, which are aged cells that possess properties of young/
embryonic cells, could solve one of the bottlenecks for clinical cell
therapy, which is the shortage of functional autologous MSCs.
iPSCs have been shown to be able to differentiate into skeletal
muscle [24, 25], contribute to cardiovascular repair [26, 27],
and induce adipogenic differentiation in vitro [23]. Gene-modified
cell therapy has been established for bone [11] and other target
tissues [28]. Recently, Levi et al. showed that iPSCs can be directed
towardosteogenicdifferentiation in thepresenceofbonemorpho-
geneticprotein2 (BMP2) [29]. In thatstudy,no teratomaformation
was observed, despite the fact that no differentiation of iPSCs was
induced before implantation. However, tumorigenicity of pluripo-
tent stem cells is still an open question [30], and it is less likely that
iPSCs will be used in the clinical setting unless there is a well-
controlled differentiation procedure that rules out any chance of
tumor formation.

The transforming growth factor (TGF)-b family has more
than 30 members, including TGF-b-s, activins, nodal, BMPs, and
growth differentiation factors. These multifunctional cytokines
are involved in the morphogenesis of many organs as well as in
the homeostasis of adult tissues [31, 32]. Interestingly, TGF-b
has been found to be involved not only in suppressing iPSC gen-
eration [33], but also inmaintaining pluripotency in iPSCs [32, 34].
On theonehand, inhibitionof TGF-b in iPSCswas shown todrive the
cells toward theMSC-like phenotype [35]; on the other hand, treat-
ment of cells with TGF-b along with other factors reprogrammed
the cells toward the osteogenic lineage [36, 37].

The BMP family and its 20 identified members play an impor-
tant role in osteogenesis [38, 39]. We previously showed that
MSCs that have been genetically modified to overexpress a
BMP gene can regenerate bone defects and induce bone forma-
tion in vivo without the need for massive quantities of BMP pro-
tein or harvested bone grafts [7–10, 40, 41]. To date, a number of
studieshavebeenconducted todetermine themost suitableBMP
for osteogenic differentiation in vitro and in vivo. Most of these
studies have been conducted with the aid of viral gene delivery

[38, 42–47]. Experiments involving MSCs infected with adenovi-
ruses carrying 14 different human isoforms of BMP revealed
that BMP2, BMP6, and BMP9 are themost potent inducers of os-
teoblast differentiation in MSCs [43, 47]. We previously showed
that BMP2 gene overexpression in MSCs induces bone formation
and heals bone defects in vivo [10, 41, 48–50]. Although less
popular, BMP6 is another prominent candidate for use in bone
regeneration. Our studies have shown that nonviral genetic en-
gineering of bone marrow-derived MSCs (BM-MSCs) [48, 51]
and adipose–derived stem cells [8, 51, 52] with BMP6-encoding
plasmid DNA leads to potent bone formation in vivo [8, 9, 52]. In
the present study, overexpression of BMP6 was induced in
iMSCs and BM-MSCs to aid ectopic bone formation. BM-MSCs
were used as the gold standard for bone stem cell therapy.
Wedeveloped a new reproduciblemethod to differentiate iPSCs
into cells that possess MSC characteristics (iMSCs) and discovered
two separate cell populations with different morphologies and ex-
pression profiles, separated basedon the timing of their outgrowth
from embryoid bodies (EBs). We hypothesized that these cells
would differ in MSC characteristics and potential for bone forma-
tion. To pursue this hypothesis, we characterized the cells, evalu-
ated their bone formation capacities in both ectopic and radial
segmental defect models, and compared them to BM-MSCs.

MATERIALS AND METHODS

Human iPSC Generation

Healthy control dermal fibroblastswere obtained from theCoriell
Institute forMedical Research (Camden, NJ, https://www.coriell.
org) or derived from healthy donors at Cedars-Sinai Medical Cen-
ter. Reprogramming of the lines was performed using plasmid
vectors (Addgene, Cambridge, MA, http://www.addgene.org),
adapted from a previously published protocol [53–55]. Briefly,
aHumanDermal FibroblastNucleofectionKit (Lonza, Portsmouth,
NH, http://www.lonza.com) was used to make the virus-free
iPSC lines. Briefly, fibroblasts (0.8 3 106 cells per nucleofection)
were harvested and centrifugedat 200g for 5minutes. The cell pel-
let was resuspended carefully in Nucleofector Solution (VPD-1001;
Lonza) and combinedwith the episomal plasmid expression of six
factors—OCT4, SOX2, KLF4, L-MYC, LIN28, and p53 shRNA—by
plasmid nucleofection. This method has a significant advantage
over viral transduction, because the genes do not integrate and
are instead expressed episomally in a transient fashion. The
cell/DNA suspensionwas transferred into theNucleofection so-
lution (Lonza), and a fibroblast-specific program was applied.
All cultures were maintained under normal oxygen conditions
(5%O2) during reprogramming, which further enhanced the ef-
ficiency of iPSC generation. The culture medium was maintained
for 48 hours and gradually changed to human iPSC (hiPSC) me-
dium containing small molecules to enhance reprogramming
efficiency. These small molecules included the following: (a)
sodium butyrate; (b) a glycogen synthase kinase 3b inhibitor
of the Wnt/b-catenin signaling pathway (CHIR99021, EMD
Millipore, Billerica, MA, http://www.emdmillipore.com); (c)
a mitogen-activated protein kinase pathway inhibitor; and
(d) a selective inhibitor of TGF-b type I receptor ALK5 kinase,
type I activin/nodal receptor ALK4, and type I nodal receptor ALK7.
Colonies with an embryonic stem/iPSC-like morphology appeared
25 to31days later. Subsequently, colonieswith thebestmorphology
were picked and transferred to layers of a standard hiPSC medium
and Matrigel matrix (BD Biosciences, San Jose, CA, http://www.
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bdbiosciences.com) for feeder-independent maintenance of
hiPSCs in chemically defined mTeSR1 medium (Stemcell Tech-
nologies, Vancouver, BC, Canada, http://www.stemcell.com).
Independent iPSC clones were picked from each reprog-
rammed fibroblast sample, further expanded, and cryopreserved.
The iPS phenotype was established and characterized in previous
publications [54–56].

BM-MSC Isolation

Fresh human bone marrow samples were purchased from Lonza,
and human BM-MSCs were isolated according to a standard pro-
cedure [48]. Briefly, bone marrow was washed with phosphate-
buffered saline (PBS) and centrifuged at 900g for 10 minutes.
The pellet was resuspended in PBS, after which it was layered
on lymphocyteseparationmedium(ValeantPharmaceuticals Inter-
national, Laval, QC, Canada, http://www.valeant.com) and centri-
fugedat900g for 30minutesat25°Cwithoutabreak.Mononuclear
cellswere collected andplated at a density of 23105 cells per cm2.
Media were changed twice per week.

iMSC Derivation

To reprogram iPSCs into iMSCs, iPSCs were dissociated with the
aid of Versene EDTA (Thermo Fisher Scientific Life Sciences,Wal-
tham,MA, http://www.thermofisher.com) and seeded into non-
adherent 384-well conical polymerase chain reaction plates,
10,000 cells per well, with Iscove’s modified Dulbecco’s medium
(IMDM) (MDMbasal media, 17% KnockOut Serum Replacement,
1%minimal essentialmediumnonessential amino acids, 110mM
2-mercaptoethanol, and 1% PSA antifungal-antibacterial solu-
tion [Thermo Fisher Scientific Life Sciences]). On day 2, the
EBs were transferred to nonadherent 2.4-mg/cm2 poly-HEMA-
coated flasks and cultured for 3 more days. On day 5, the EBs
were transferred to 1% gelatin-treated flasks for 3 more days
of culture. On day 8, some EBs attached to the surface and cells
grew outward from the EBs. The nonattached EBs were trans-
ferred to another 1% gelatin-coated flask. During this process
(Fig. 1A), two populations were identified: cells that migrated
out of the EB during days 2–5 (attached cells) and cells that grew
out of the EB during days 5–8, after the EB had been transferred
to another plate (transferred cells). Both cell types were fed with
medium supplementedwith 10 ng/ml TGF-b1 (R&D Systems,Min-
neapolis, MN, http://www.rndsystems.com) on days 8–10, after
which the medium was switched to standard DMEM culture me-
dium containing 10% fetal bovine serum, 2 mM L-glutamine, and
100 U/ml penicillin/streptomycin (Thermo Fisher Scientific Life Sci-
ences). Themediumwas changed twice aweek, and the cells were
split upon confluence in a 1:3 ratio. The sameprotocol of iMSCder-
ivation was performed using three different iPSC control lines.

MSC Marker Expression: Flow Cytometry

The transition of cells toward theMSC stagewasmonitored using
flow cytometry of MSC surface markers CD105, CD90, and CD44.
Adherent cells were cultured until confluence had been reached,
and MSC surface marker expression was analyzed longitudinally
up to passage 6. At a confluence of 70%, the cells were detached
using trypsin-EDTA, washed with phosphate-buffered saline
(PBS), and resuspended in fluorescence-activated cell sorting
buffer consisting of 2% bovine serum albumin and 0.1% sodium
azide in PBS. The cells were stained with mouse antihuman
CD90-FITC (BD Biosciences), mouse antihuman CD29-PB (Exbio

Antibodies, Vetec, Czech Republic, http://www.exbio.cz), and an-
tihuman CD105-PE (Ancell Corp., Stillwater, MN, http://www.
ancell.com), and bonded primary antibodies were detected using
the following isotypes: mouse IgG2a-FITC (Miltenyi Biotec, Cam-
bridge, MA, http://www.miltenyibiotec.com), mouse IgG1-PB
(AbD Serotec, Raleigh, NC, http://www.abdserotec.com), and mouse
IgG1-PE (BD Biosciences), respectively. Cells were analyzed for expres-
sion of the antigens using an LSRFortessa cell analyzer (BD, Heidelberg,
Germany,http://www.bd.com/de/)andBDDivasoftwareversion6.1.3
for data collection.Gatingwas done to include all live cells. Nonspe-
cific fluorescence was detected using isotypes alone and sub-
tracted from the experiment’s detection values. The analysis
was repeated separately using three different cell types: attached
iMSCs (aiMSCs), transferred iMSCs (tiMSCs), and BM-MSCs.

In vitro cell proliferation was assessed using cell counts and the
trypan blue exclusion test. Cells were seeded at a density of 5 3
103 cells per cm2, then grown for 4–6 days, trypsinized, and counted
using the Countess automated cell counter (Thermo Fisher Scientific
Life Sciences). The cells were reseeded at the above density and la-
beled as passage 2. This processwas repeateduntil the cells reached
passage 8. The doubling rate was calculated by dividing the counted
number of cells per well by 2 times the number of initially seeded
cells times the number of days in culture. The result represents
the number of doublings per cell per day.

Cell tumorigenic potential was tested by performing a soft
agar assay, as previously published [57] and in accord with the
protocol provided by the manufacturer (Cytoselect; Cell Biolabs,
San Diego, CA, http://www.cellbiolabs.com).

Gene Expression: RNA Sequencing

Correlation With Tissues and Cell Lines

The RNA sequencing-based gene expression profile of BM-
MSCs, aiMSCs, and tiMSCs was compared against reference
expression profiles downloaded from Medicalgenomics (http://
medicalgenomics.org/). Both next-generation sequencing-based
expression profiles of 11 cell lines and tissues and microarray-
based profiles of 101 cell lines and tissues were used as references.
All expression datawere preprocessedwith quintile normalization,
after which pairwise global correlations among cell lines aiMSCs,
tiMSCs, BM-MSCs, and others were calculated. To adjust for amul-
tiplicity problem in statistical tests, a small p value (.00001) was
used for detecting real correlations among the cell lines.

Functional Gene Analysis

The gene expression profile in both types of iMSCs was studied
using RNA sequencing and compared with that of BM-MSCs.
Three pairwise comparisons of gene expression were made for
the three cell populations. For each comparison, significantly
upregulated genes were defined as having a log2(fold change) .2
and a p value ,.05, whereas significantly downregulated
genes were defined as having a log2(fold change) less than –2
and a p value ,.05. Therefore, for each comparison, two lists
of significantly differently expressed genes were generated. Each
list was ranked from the greatest absolute log2(fold change) to
the smallest absolute log2(fold value). Each ranked list was de-
posited into DAVID software for a comparison against aHomo sa-
piens background [58]. The functional annotation clustering
analytic module was used with an enrichment score.1.3 cutoff
to define statistically significantly enriched terms for each list
[58]. In addition to thedefault annotation categories, thepathways
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and tissue expression categories were selected for analysis, which
resulted in a list of enriched terms, pathway enrichment, and tissue
expression pattern resemblance for each list. The six lists were
combined to create a table reflecting the differences in gene ex-
pression between (a) BM-MSCs and tiMSCs and (b) BM-MSCs
and aiMSCs.

In Vitro Differentiation

Cultured iMSCs were assayed for their mesenchymal lineage dif-
ferentiation potential [59]. Adipogenic differentiation was in-
duced by culturing the cells for 2 weeks in adipogenic medium
[10, 60], after which differentiation was assessed using Oil Red
O stain as an indicator of intracellular lipid accumulation and
quantified using spectrophotometry [60].

Chondrogenic differentiation of iMSCs and BM-MSCs was
achieved using chondrogenic supplements, as previously de-
scribed [59, 61, 62]. Briefly, aliquots of 53105 cellswerepipetted
onto dry 6.5-mm-diameter, 0.4-mm pore size polycarbonate
Transwell filters (Corning Life Sciences, Tewksbury, MA, http://
www.corning.com/lifesciences) and spun in a 24-well plate (200g,
5 minutes). The culture was continued in the 24-well plate, and
the medium was replaced every second day for up to 21 days.
Chondrogenic differentiation was assessed by measuring the ex-
pression of cartilage-specific Collagen type II, Aggrecan, and Sox9
marker genes.

Osteogenicdifferentiationwas inducedbyculturing iMSCs for
1 or 2 weeks in osteogenic medium, after which the cells were
quantitatively tested for alkaline phosphatase (ALP) activity and
Collagen type I gene expression [51, 52, 59].

Figure 1. Transformation of iPSCs into iMSCs. (A): Schematic differentiation protocol of iPSCs to iMSCs and formation of two different pop-
ulations: aiMSCs and tiMSCs. (B): aiMSCs, tiMSCs, and BM-MSCs at passages 1 through 6 were immunostained for CD105, CD90, and CD44
expression andanalyzed using flowcytometry. (C): aiMSCs, tiMSCs, andBM-MSCswere countedwhile passaging to estimate theproliferation
rate. (D): iMSCs, tiMSCs, andBM-MSCswere grownon soft agar, and their ability to formcolonieswas evaluatedusing colorimetric Cytoselect
assay for tumorigenicity. Results are presented as means6 SE. p, p # .05; pp, p # .01; ppp, p # .001; pppp, p # .0001. Abbreviations:
aiMSC, attached iMSC; BM-MSC, bone marrow-derived MSC; EB, embryoid body; HEMA, hydroxyethyl methacrylate; iMSC, iPSC-derived
MSC; iPSC, induced pluripotent stem cell; MSC, mesenchymal stem cell; OD, optical density; TGF, transforming growth factor; tiMSC, trans-
ferred iMSC.
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Nonviral Transfection

The overexpression of the reporter gene EGFP or the osteogenic
gene BMP6 was achieved using the pCMV-EGFP-N1 and pCMV-
cDNA3-rhBMP-6 plasmids, respectively, with the aid of theNucle-
ofector device (Amaxa Biosystems, Cologne, Germany, http://
www.amaxa.com) and an MSC-specific nucleofection buffer, as
reported elsewhere [8, 48, 51, 52]. Immediately after nucleofec-
tion, the cellswereplated in complete growthmediumcontaining
20% fetal bovine serum; theywere thenmaintained in culture for
24 hours, and nucleofection efficiency was analyzed by flow
cytometry for GFP expression using an LSR-II FACS (BD Biosci-
ences) and BD Diva software for data collection and analysis.
The transfection efficiencywas evaluatedbydetermining theper-
centage of GFP-expressing cells of the total viable cells as well as
the mean fluorescence intensity per cell. The efficiency of BMP6
nucleofection was determined by evaluating the secretion of
BMP6 into media detected by performing an enzyme-linked im-
munosorbent assay (ELISA) for BMP6 (R&D Systems) [51, 52].

In Vivo Bone Formation

The Cedars-Sinai Institutional Animal Care and Use Committee
approved all procedures described in this study. For in vivo stud-
ies, the cells were transfected with BMP6, lifted 24 hours later,
and prepared for implantation.

Ectopic Model

To evaluate the in vivo osteogenic potential of the cells after
nucleofection, we first anesthetized immunodeficient (NOD/
SCID)mice byadministering 2%–3% isoflurane andplacing the an-
imals on a 37°C heating pad. Aliquots of 33 106 cells were resus-
pended in 50 ml fibrin gel (Tisseel kit; Baxter, Vienna, Austria,
http://www.baxter.com) and injected into the thigh muscles of
the animals (n = 5). Each mouse received one injection of MSCs
(aiMSCs, tiMSCs, or BMSCs) that had been nucleofected with
BMP6. Bone formation was evaluated after 4 weeks using micro-
computed tomography (mCT). The mice were euthanized, and
their limbs were harvested for histologic analysis.

Radial Defect Model

A nonunion radial fracture was created as previously described
[50, 63]. Briefly, NOD/SCID female mice (n = 7 per group), ages
6–8 weeks, were each anesthetized by an intraperitoneal injec-
tion of a ketamine-xylazine mixture, and the skin of the forelimb
was swabbedwith isopropyl alcohol (70%) and chlorhexidine glu-
conate (0.5%). The skinwas cut, and a 1.5-mmdefect in the radius
was created. For microscopic cell identification, the cells were
trypsinized and labeled with Vibrant-CM-DiI (Thermo Fisher Sci-
entific Life Sciences), as previously described [9]. Aliquots of
106 cells were seeded on precut 1 3 1 3 1.5-mm collagen type
I biodegradable scaffolds (DuraGen; Integra LifeSciences, Plains-
boro, NJ, http://www.integralife.com), and the scaffolds were
implanted into the defect site. In control mice, a defect was cre-
ated, but only an acellular collagen spongewas implanted. Ortho-
topic bone formationwasmonitored using in vivomCTonce every
4 weeks for 8 weeks.

Analysis of Bone Formation In Vivo Using mCT

In vivo bone formation was evaluated over time by performing
mCT analyses. All mCT procedures used in this study were

previously described in detail by Kallai et al. [64]. Themice under-
went in vivo mCT scanning while anesthetized 4 weeks after ec-
topic cell implantation and during day 0, week 4, and week 8
after radial defect creation using a preclinical cone-beam in vivo
mCT system (vivaCT 40; ScancoMedical, Brüttisellen, Switzerland,
http://www.scanco.ch). Microtomographic slices were acquired
using an x-ray tube potential of 55 kVp and reconstructed at
a spatial nominal resolution of 35 mm. A constrained three-
dimensional (3D) Gaussian filter (s = 0.8 and support = 1) was
used to partly suppress noise found in the volumes. The bone
was segmented from bone marrow and soft tissue using a global
thresholding procedure [65]. Newly formed bone in the ectopic
modelwas separated fromtheanimal’s femurand tibiabymanual
contouring [66]. Defect margins were located on day 1 scans and
aligned to a standard position [64]. Then, newly formed bone
(3.15 mm along the length axis) was segmented using a manual
contouring procedure and analyzed using 3D histomorphometric
evaluation. The following morphometric parameters were evalu-
ated: bone volume density, calculated as the ratio between the
bone volume (which represents the volumeofmineralized tissue)
and the total volume of the volume of interest analyzed; connec-
tivity density (1/mm3), describing theporosity of thebone sample
and showing how branched the bone tissue structure is; average
trabecular thickness (mm), calculated as average thickness of all
bone voxels and bone mineral density, which is based on stan-
dardization of scans of hydroxyapatite samples, determined for
newly formed bone on the basis of microtomographic data sets
by using direct 3D morphometry [66].

Histologic and Immunofluorescence Analysis

The harvested limbs were fixed in 4% formalin, decalcified using
0.5M EDTA solution (pH 7.4), dehydrated, and embedded in par-
affin. Standard hematoxylin and eosin staining was performed on
the paraffin-embedded sections in a manner previously reported
[8, 9]. For immunofluorescent staining, tissues were deparaffi-
nized, and theantigenswere retrievedby incubation inpreheated
Target Retrieval Solution (Dako, Carpinteria, CA, http://www.
dako.com) for 45 minutes at 37°C. Nonspecific antigens were
blocked by applying blocking serum-free solution (Dako). Slides
were stained with primary antibodies against human bone sialo-
protein (BSP) and osteocalcin (OC) to examine osteogenic differ-
entiation. The primary antibodies were applied to the slides,
incubated at 4°C overnight, andwashedwith PBS; the slides were
then incubated with secondary antibodies (supplemental online
Table 1) for 1 hour at room temperature, after which they were
washed (supplemental online Table 1) with PBS. The slides were
stained with 49,6-diamidino-2-phenylindole dihydrochloride
(DAPI, 1mg/ml) for 5minutes in the dark, after which they were
again washed three times with PBS. VectaMount mounting me-
dium (Vector Laboratories, Burlingame, CA, http://vectorlabs.com)
was applied to the tissue. The slides were imaged using a four-
channel Laser Scanning Microscope 780 (Zeiss, Pleasanton, CA,
http://www.xradia.com) with 320 magnification, z-stacking,
and 33 5 tile scanning. For zoomed images, a single z-stacked
image was generated using 340 magnification. All samples
were scanned using the same gain and exposure settings.

Statistical Analysis

GraphPad Prism 6.0b software (GraphPad, San Diego, CA, http://
www.graphpad.com) was used to analyze the data. Results are
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presented as means 6 SE. Longitudinal data analysis was con-
ducted using one- or two-way analysis of variance with repeated
measures and the Bonferroni posttest. To assess significance, p,
.05 was considered statistically significant.

RESULTS

Characterization of iMSC Proliferation and
Surface Markers

To monitor the transition of iPSCs to theMSC-like phenotype, a
longitudinal study comparing MSC surface marker expression
in aiMSCs, tiMSCs, and BM-MSCs at passages 1–6 was done us-
ing flow cytometry (Fig. 1B). After a few passages in culture,
iMSCs express CD44, CD90, and CD105 similarly to BM-MSCs.
Although both aiMSCs and tiMSCs reach 96% CD44+ cells as
early as passage 2, they appear to differ in their rate of CD90
and CD105 acquisition. aiMSCs had a consistently greater rate
of CD90+ compared with tiMSCs until both reached 94% at pas-
sage 6, whereas CD105 was mostly expressed in more of the
tiMSCs until passage 4, when all three cell populations were
∼96% CD105+.

The proliferation analysis showed that both types of iMSCs
have an overall significantly increased proliferation rate com-
paredwith BM-MSCs over the first eight passages (p, .01), with
no significant differencebetweenaiMSCand tiMSCsoverall or at
any specific time point (p . .05) (Fig. 1C). aiMSCs and tiMSCs
reached amaximumof∼1.8 doublings per day at passage 5 com-
pared with ∼0.5 doublings per day for BM-MSCs. The doubling
rate decreased after passage 5 for iMSCs, reaching a rate similar
to that of BM-MSCs,∼0.8 doublings per day, at passage 8. Given
the increased proliferation rate of iMSCs (Fig. 1C), we sought to
exclude the presence of residual undifferentiated cells using
a soft agar assay that was performed as previously reported
[57]. Interestingly, BM-MSCs displayed significantly (p , .05)
(Fig. 1D) higher colony formation rates in soft agar than both iMSC
types despite having a lower doubling rate. The soft agar assaywas
performed instead of the teratoma formation assay because of
higher accuracy, lower variability, and reduction in animal use.

Gene Expression Profiling

Gene expression was profiled using RNA sequencing and showed
that in tiMSCs and aiMSCs, 1,563 and 1,290 genes were sig-
nificantly up- or downregulated, respectively, compared with
BM-MSCs, and that 582 genes were significantly different in their
expression between aiMSCs and tiMSCs (Fig. 2A). All three pair-
wise global correlation coefficients between aiMSCs, tiMSCs,
and BM-MSCs were high (r. .92) (Fig. 2B). The strongest corre-
lation found was between aiMSCs and tiMSCs. The gene expres-
sion profiles of BM-MSCs, tiMSCs, and aiMSCs were not found to
have any significantly similar expression profiles among the 112
tested cell lines and primary tissues (r, .4). The largest correla-
tion found was to the transcriptome of bone and connective tis-
sue, but it was not significant.

Functional gene expression analysis showed that the signifi-
cantly up- and downregulated genes were involved in many key as-
pects of the therapeutic potential of iMSCs, such as proliferation,
differentiation, and inflammatory response (Fig. 2C). In addition, this
analysis also indicated three principal signal transduction path-
ways: Wnt, TGF-b, and tumor necrosis factor, whose differen-
tial expression could mediate the aforementioned differences.

Differentiation Potential

Both types of iMSCswere differentiated in vitro using adipogenic,
chondrogenic, or osteogenic supplements, and the extent of cell
differentiation was evaluated by performing quantitative assays
and gene expression analysis. Adipogenic differentiation in vitro
resulted in lipid accumulation in the cells, as evident by Oil Red O
stainingandtheoptical densityof stainedcultures (Fig.3A).Although
all three cell types stained significantly stronger on day 14 compared
with day 0 (p, .0001), BM-MSCs had the strongest staining on day
14 compared with tiMSCs (p. .05) but not aiMSCs (p, .05).

After 21 days of chondrogenic differentiation, gene expres-
sion analysis of chondrogenic marker genes was performed
and normalized to day 0 of the experiment. Although Collagen
type II was significantly upregulated in BM-MSCs (103-fold,
p , .05) compared to other cell types, no significant differ-
ences of Aggrecan or Sox9 were found between the three
cell types.

The osteogenic response was measured by determining the
geneexpressionof theosteogenicmarker genesALPandCollagen
type I andby performing anALP colorimetric assay. Significant dif-
ferences between the cell types were found as early as day 7. On
day 7, BM-MSCs and tiMSCs expressed significantly higher levels
ofALP (p, .001) (Fig. 3C) compared to aiMSCs; however, aiMSCs
were found to have significantly higher ALP activity (p , .0001)
(Fig. 3D) than other cell types at this time point. On day 14, both
tiMSCs and aiMSCs expressed significantly higher levels of Colla-
gen type 1 (p , .01) (Fig. 3C) than BM-MSCs, but aiMSCs were
found to have significantly higher ALP activity (p , .0001) (Fig.
3D) than other cell types.

Overall, the results showed that both cell types (aiMSCs and
tiMSCs) possess multidifferentiation potential (Fig. 3A–3D). Al-
though no significant differences between the adipogenic and
chondrogenic potentials of aiMSCs and tiMSCs were found,
aiMSCs displayed a significantly higher osteogenic potential in
vitro compared with tiMSCs or BM-MSCs (Fig. 3D).

Transfection Efficiency With Reporter and
Therapeutic Genes

To elucidate the potential of the cells to serve as gene therapy
and stem cell therapy platforms, we evaluated their ability to be
transfected with a reporter and a therapeutic gene and com-
pared them to the gold standard BM-MSCs. First, the cells were
nucleofected with the GFP reporter gene using a previously
established method [8, 48, 51, 52], and the transfection effi-
ciency was estimated using flow cytometry. Surprisingly, aiMSC
and tiMSC nucleofection was significantly (p, .0001) more ef-
ficient than BM-MSC nucleofection, resulting in almost 100%
GFP-expressing iMSCs compared with almost 90% of BM-
MSCs (Fig. 4A), and significantly higher (∼fourfold, p , .0001)
mean fluorescence intensity, as measured with flow cytometry
(Fig. 4B). Although no significant difference was found between
aiMSCs and tiMSCs in the percentage of GFP-expressing cells
(Fig. 4A), aiMSCs were significantly more fluorescent (p ,
.0001) (Fig. 4B). Next, we compared the gene expression of a
transfected therapeutic gene, BMP6, between the various cell
types. BMP6 protein secretion into the media (tested by ELISA)
by tiMSCs was found to be significantly higher (threefold; p ,
.0001) than BM-MSCs and higher than aiMSCs (1.25 fold; p ,
.0001), which also secreted significantly more BMP6 than BM-
MSCs (twofold; p , .0001).
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In Vivo Ectopic Bone Formation

Comparing in vivo ectopic bone formation from the three cell
types overexpressing BMP6, we were surprised to find that in-
jection of tiMSCs produced no or very little bone formation,
whereas injection of aiMSCs produced substantial bone forma-
tion, similar to that found after injection of BM-MSCs (Fig. 5A).
Quantitative mCT analysis revealed that bone volume of the

ectopic bone induced by BM-MSCswas higher than that induced
by tiMSCs (p, .05). No differenceswere found between the use

of BM-MSCs and aiMSCs. Bonemineral density was similar after

injection of all three cell types. Interestingly, the structural pa-

rameters of the ectopic bone showed that aiMSCs induced the

formation of bone tissue of significantly higher trabecular thick-

ness and connectivity density compared with BM-MSCs, but no

Figure 2. Transcriptomic comparison between iMSCs and BM-MSCs. (A): Overview of down- and upregulated genes in each cell type after
thresholding (p , .001). (B): Comparison of the three cell types’ transcriptomes to each other and to other cell lines based on information
in available databases. Values represent the pairwise global correlation coefficient between cell lines. No correlation was found with other
unlisted cell lines. (C): Summary of a gene ontology analysis inwhich both types of iMSCswere comparedwith BM-MSCs. Abbreviations: aiMSC,
attached iMSC; BM-MSC, bone marrow-derived MSC; iMSC, iPSC-derived MSC; MSC, mesenchymal stem cell; tiMSC, transferred iMSC.
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significant differences were found compared with tiMSCs (Fig.
5B). Histologic analysis confirmed ectopic bone formation follow-
ing implantation of BMP6-overexpressing aiMSCs and BM-MSCs
and very little bone formationwhen tiMSCswere implanted.Most
tiMSCs seemed to preserve their fibroblastic morphology, and the
majority of these cells did not differentiate in vivo (Fig. 5C).

Radial Defect Regeneration Using iMSCs

Nonunion radial defects were created in immunocompromised
mice as previously reported [63, 67]. The cells were nucleofected

with BMP6, as described earlier, and implanted into the defects
onDuraGen sponges. The regenerationprocesswasmonitoredby
performing mCT in vivo for up to 8 weeks, and the results show
that the defect was completely regenerated by week 8 after
the surgery in the MSC-BMP6 treated groups, but not in the con-
trol group (Fig. 6A, 6B). Surprisingly, the group treated with
tiMSCs had significantly higher bone volume in the region of
the radial defects, not only compared with untreated controls,
but alsowith aiMSCs and BM-MSCs onweeks 4 and 8 postsurgery
(Fig. 6B). When we checked the contribution of the implanted

Figure 4. Efficiency of transfection of iMSCs using the reporter geneGFP and the therapeutic gene BMP6. BM-MSCs, tiMSCs and aiMSCswere
transfected with a plasmid encoding for GFP. Flow cytometry was used to determine the percentage of GFP-expressing cells (A) and the mean
fluorescence intensity (B). (C): BM-MSCs, tiMSCs, and aiMSCs were transfected with a plasmid encoding for BMP6. ELISA was used to quantify
the amount of BMP6 protein secreted into the media. Results are presented as means6 SE. pppp, p # .0001 (n = 3). Abbreviations: aiMSC,
attached iMSC; BM-MSC, bonemarrow-derivedMSC; BMD, bonemineral density; BMP, bonemorphogenetic protein; BV, bone volume; ELISA,
enzyme-linked immunosordent assay; iMSC, iPSC-derived MSC; MSC, mesenchymal stem cell; tiMSC, transferred iMSC.

Figure3. Differentiationpotentials of iMSCs invitro. (A):Supplement-inducedadipogenicdifferentiationofBM-MSCs, tiMSCs, andaiMSCswas
evaluated using Oil Red O staining and quantitative analysis. (B): Supplement-induced chondrogenic differentiation of BM-MSCs, tiMSCs, and
aiMSCs in Transwells was evaluated by determining gene expression of Collagen type II, Sox9, and Aggrecan on day 21 postinduction. (C): Sup-
plement-induced osteogenic differentiation of BM-MSCs, tiMSCs, and aiMSCs was evaluated by determining gene expression of ALP and col-
lagen type 1, and byperforming aquantitative ALP assay (D). Results are presented asmeans6 SE.p,p # .05; pp,p # .01; ppp,p # .001;pppp,
p # .0001. Abbreviations: aiMSC, attached iMSC; ALP, alkaline phosphatase; BM-MSC, bone marrow-derived MSC; iMSC, iPSC-derived MSC;
MSC, mesenchymal stem cell; OD, optical density; tiMSC, transferred iMSC.
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cells to the in vivo bone formation and the regeneration process, we
identified DiI-prelabeled BM-MSCs and iMSCs in the defect areas
(Fig. 7B). Additionally, when examining tissue sections stained for
the osteogenic markers BSP and OC, we could identify an overlay
between DiI-stained cells and osteogenic marker (BSP and OC)
stained cells (Fig. 7B) in all groups, besides the untreated control.

DISCUSSION

The therapeutic potential of MSCs has been known for several
decades and demonstrated multiple times for a broad variety
of tissues, organs, and conditions. MSCs have been successfully
isolated from multiple tissues, and their immunoprivileged sta-
tus makes them attractive as an autologous therapeutic agent.
Nevertheless, their expansion capacity is limited, and their char-
acteristics tend to change in vitro, which may divert them from
their primary MSC phenotype and behavior. Additionally, the
availability of MSCs is limited as a result of the comorbidity
and complications associated with MSC harvest from adipose
tissue or bone marrow. For these reasons, iPSC-derived MSCs
are attractive candidates for stem cell therapy, because they

have the unlimited capacity of expansion at the iPSC stage,
and the iMSCs shown here fulfill the minimal criteria to be de-
fined as MSCs [68].

Several methods were recently developed to differentiate
iPSCs intoMSCs [69–75]. The functionality of these cells has been
demonstrated in the cardiovascular system [72], as immunomod-
ulatory cells [75], and as periodontal tissue-regenerating cells
[70]. The method described here was based on a study by Li
et al. [37] that usedmurine iPSCs as the progenitors of osteogenic
MSCs. Noticing the formation of two different cell populations
when applying the aforementioned approach to human iPSCs,
we decided to investigate the differences between these two
populations in their phenotypes, differentiation, and therapeutic
potential.

We found that both types of iMSCs are highly proliferative
but not tumorigenic. Both acquired MSC surface markers by
4–6 weeks postdifferentiation. Our results showed that pas-
sage 3–4 iMSCs, which were used for the in vivo studies,
showed higher proliferation rates than BM-MSCs, similar sur-
face marker gene expression, and lower colony-forming capa-
bility in soft agar, suggesting lower tumorigenic capabilities. In

Figure 5. iMSCs induce ectopic bone formation following overexpression ofBMP6. Thighmuscles of immunodeficientmicewere injectedwith
BMP6-transfected aiMSCs, tiMSCs, or BM-MSCs. Fourweeks later, ectopic bone formationwas evaluated usingmCT. (A):A representative thigh
and leg mCT reconstruction (new bone formation highlighted in orange) is shown for each treatment group. (B): Bone volume, bone mineral
density, connectivity density, and trabecular thickness were calculated based onmCT data for each treatment groups. (C):Hematoxylin & eosin
sections of the ectopic bone at twomagnifications were evaluated for each treatment group. Results are presented as means6 SE. p, p # .05
(n = 5). Abbreviations: aiMSC, attached iMSC; BM-MSC, bone marrow-derived MSC; BV, bone volume; iMSC, iPSC-derived MSC; mCT, micro-
computed tomography; MSC, mesenchymal stem cell; tiMSC, transferred iMSC; TV, trabecular volume.
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spite of being more permissive for therapeutic gene transfec-
tion, thus probably generating more BMP6 in vivo, both were
less efficient in inducing ectopic bone formation in vivo than
BM-MSCs. Importantly, BMP6-overexpressing tiMSCs were
significantly more efficient in regenerating a segmental bone

defect, inducing higher bone formation volumes than all other
groups.

These exciting results suggest that tiMSCs are highly suitable
tobecomeanautologous gene-modified stemcell-based therapy.
They could be produced for an individual patient in theoretically

Figure 6. iMSCs regenerate bone in radial defects following overexpression of BMP6: longitudinal mCT imaging. Radial defects were created in
immunocompromisedmice and treatedwith BM-MSCs, aiMSCs, or tiMSCs overexpressing BMP6 or untreated controls. The regeneration process
was imaged and analyzed usingmCT. (A): Representative forearmmCT reconstruction (top, new bone formation highlighted in orange) and amid-
fracturemCT two-dimensional section (bottom) are shown for each treatment group at day 0,week 4, andweek 8. (B):Bone volumedensity, bone
mineral density, connectivity density, and trabecular thicknesswere calculated for each treatment group at day 0,week 4, andweek 8. Results are
presentedasmeans6SE.p,p # .05;pp,p # .01;ppp,p # .001;pppp,p # .0001.Abbreviations: aiMSC, attached iMSC;BM-MSC,bonemarrow-
derived MSC; iMSC, iPSC-derived MSC; mCT, micro-computed tomography; MSC, mesenchymal stem cell; tiMSC, transferred iMSC.
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limitless quantities without the comorbidities and compli-
cations associated with autologous MSC harvest. They may
then be efficiently engineered to overexpress a therapeutic
gene and locally administered to rapidly regenerate missing
bone with the added benefit of reduced risk for ectopic bone
formation compared with BM-MSCs, which are already con-
sidered safe.

Although they are very similar in many aspects, the striking
difference between aiMSCs and tiMSCs in promoting bone regen-
eration may be attributed to a number of differences described
in this study. First we should consider the original phenotypic

difference that set tiMSCs apart from aiMSCs. We believe that
aiMSCs, which grow out of EBs during an earlier stage, acquire
more of a stem cell phenotype, whereas tiMSCs, which grow
out of EBs at a later stage, acquire a more differentiated pheno-
type that better supports their further differentiation toward os-
teoblasts and regeneration of the defect but does not allow them
to induce bone formation, even when triggered by BMPs, unless
additional triggers are released in theorthotopic site of bone frac-
ture. This theory is also supported by the transcriptomic study
that found significant differences in mesenchymal stem cell-
related genes, cell division, and focal adhesion.

Figure 7. iMSCs differentiate in an orthotopic site and contribute to radial defect regeneration. Forelimbswere harvested at week 8 after
surgery and subjected to histologic and immunofluorescence analyses. (A): Standard hematoxylin& eosin staining and imagingwith a light
microscope were done. Twomagnifications are shown for each treatment group of a representative sample. The approximate location of
bone void is marked by a cylinder. (B): Slides were immunostained for the osteogenic markers BSP and OC and counterstained with DAPI.
Slides were then imaged using confocal microscopy for DAPI, DiI-labeled cells, OC, and BSP. A representative panel for each treatment
group includes four single-channel images, each with amagnification inset and amerged image with amagnification inset. Abbreviations:
BSP, bone sialoprotein; DAPI, 49,6-diamidino-2-phenylindole dihydrochloride; iMSC, iPSC-derivedMSC;MSC,mesenchymal stem cell; OC,
osteocalcin.
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Additional differences include the higher average doubling
rate in early-passage tiMSCs are shown to have. For example,
tiMSCs’ doubling rate was twice as high as that of aiMSCs’ at
passage 2, albeit not significantly (p . .05). This difference
may have played a role in promoting fracture healing because
the implanted cells were at passage 3 and thus presumably
were more proliferative than aiMSCs of the same passage.
tiMSCs where significantly more prone to undergo early oste-
ogenic differentiation based onALP and collagen type 1 expres-
sion on day 7 (p , .0001) (Fig. 3B). Finally, tiMSCs secreted
significantly more BMP6 compared with aiMSCs (p , .0001)
(Fig. 3C). Taking these results altogether, it appears that tiMSCs
could have an advantage over aiMSCs in promoting early bone
regeneration because they proliferate more rapidly, express
higher levels of osteogenic genes early on, and express a higher
level of BMP6. All of the above would be highly desirable for
many bone regeneration applications, suggesting this thera-
peutic approach should be further tested in additional bone
loss models. On the other hand, aiMSCs might be useful in ap-
plications that require the properties of MSCs that are addi-
tional to bone formation. For example, future studies may
explore their effect on avascular necrosis, in which angiogen-
esis plays a pivotal role in tissue regeneration. Additionally,
their anti-inflammatory properties, as evident from the transcrip-
tomic analysis (Fig. 2) and unlimited availability of autologous cells,
might be an advantage in therapies in which MSCs are used as
treatment and prevention of graft-versus-host disease [76].

TheuseofBMPs forboneregeneration iswidelyaccepted in the
literature; however, lately concernswereraisedwith regard to their
possible tumorigenic effect because of their role in inducing angio-
genesis [77]. On the other hand, BMPs were found to play pivotal
roles in stem cell homeostasis and differentiation [78]. There is
someevidence thatBMP-2promotesseveral typesofcancer includ-
ing pancreatic and breast cancer [79]; on the other hand, overex-
pression of BMP-6 was shown to reduce melanoma by inducing
apoptosis of oncogenically transformed keratinocytes and also

downregulating transcription factors of the AP-1 family, which are
critical oncogenic factors in this cancermodel [80]. BMPs act as pro-
tumorigenic or antitumorigenic agents, depending on the cancer
type [78]; however, there is no evidence that nonviral overexpres-
sionofBMP6can inducetumorogenesis.Additionally,ourdatashow
that the very short-term overexpression is sufficient to induce oste-
ogenic differentiation, so no long-term hazards are expected.
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