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ABSTRACT

The ability to differentiate induced pluripotent stem cells (iPSCs) into committed skeletal progenitors
could allow for an unlimited autologous supply of such cells for therapeutic uses; therefore, we
attempted to create novel bone-forming cells from human iPSCs using lines from two distinct tissue
sources and methods of differentiation that we previously devised for osteogenic differentiation of
humanembryonic stemcells, and as suggested by other publications. The resulting cellswere assayed
using in vitro methods, and the results were compared with those obtained from in vivo transplan-
tation assays. Our results show that true bonewas formed in vivo by derivatives of several iPSC lines,
but that the successful cell lines and differentiation methodologies were not predicted by the results
of the in vitro assays. In addition, bone was formed equally well from iPSCs originating from skin or
bonemarrowstromal cells (also knownasbonemarrow-derivedmesenchymal stemcells), suggesting
that the iPSCs did not retain a “memory” of their previous life. Furthermore, one of the iPSC-derived
cell lines formed verifiable cartilage in vivo,which likewisewasnot predicted by in vitro assays. STEM
CELLS TRANSLATIONAL MEDICINE 2014;3:867–878

INTRODUCTION

There is no doubt that having a continuous source
of induced pluripotent stem cell (iPSC)-derived
autologous cells for skeletal tissue regeneration
wouldmark amajor step forward in skeletal tissue
engineering. There are reports of attempts to
generate osteo- and chondroprogenitors (also
known as bone marrow-derived mesenchymal
stem cells [MSCs]) from embryonic stem cells
(ESCs) [1–10] and iPSCs [11–14]. However, there
are three broad limitations in performing these
types of studies. First, the definition of osteo-
and chondroprogenitor cells is often less than
rigorous [15]; it usually relies on cell surface
markers, in vitro osteogenic, chondrogenic, and
adipogenic assays [16], and/or immunohisto-
chemistry and polymerase chain reaction (PCR)
analysis of differentiation markers. However,
these criteria alone cannot discriminate between
results that are potentially artifactual in nature
[15] and those with physiological and clinical rel-
evance. Second, differentiation methods may in-
clude ex vivo steps such as embryoid body (EB)
formation [2, 4, 12, 17]. Studies reliant on EBs are
limited by variability and substitute a black box
for a true mechanistic understanding of differen-
tiation processes. Third, althoughbone formation

can be assayed with great specificity by in vivo
transplantation, many studies that do so are lim-
ited by an incomplete collection or presentation
of data or analysis of the results [5, 10, 13, 18–24].
Thus, reports on the formation of bone or cartilage
from donor cells are sometimes premature based
on the evidence presented.

In the first case, precise and exclusive
molecular-based definitions of mature bone-
forming cells are fairly well established, but that
is not the case for MSCs or even for more nar-
rowly classified bone marrow stromal stem cells
(BMSCs) [15, 25]. The acceptedmarkers are non-
specific, do not isolate a uniform population of
cells, and do not define any self-replicating stem
cell from any connective tissue. The only rigor-
ous definition of bone marrow-derived MSCs is
functional and retrospective: they are plastic-
adherent, fibroblastic cells that make bone,
hematopoiesis-supportive stroma, and marrow
adipocytes of donor origin in vivo, and cartilage
in pellet cultures in vitro, based on the subset of
skeletal stem cells within the population [15,
25]. Confusingly, thedefinitionofMSCshas been
expanded to include plastic-adherent, fibroblas-
tic cells derived fromother tissues that share cell
surface characteristicswith BMSCs, due solely to
their fibroblastic nature. In any case, although
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amolecular definition is lacking, theonly relevant proof of BMSC
potency is shown by functional assays, that is, formation of
a bone/marrow organ in vivo and cartilage in vitro [15, 25].

Second, although EBderivatives can lead todiscovery of phys-
iologically relevant andclinicallyuseful products, EBs are restricting
in several ways. EB heterogeneity requires enzymatic digestion
and isolation of cells by means of cell surface character and/or
plating under specific culture conditions.With respect to bone re-
generation, this would preclude generation of sufficient numbers
of cells for direct clinical applications. Also, lack of mechanistic
data on how cells underwent differentiation limits the ability to
optimize differentiation in a manner consistent with scalability
and purity requirements for the U.S. Food and Drug Administra-
tion and current good manufacturing processes. Therefore, iPSC
derivation (preferably xeno-free) and defined monolayer differ-
entiation are highly desirable methods, which indeed are becom-
ing standardized [26].

To address the third limitation, an in vivo bone-forming as-
say, usually xenografts in immunocompromised mice (“ectopic
ossicles”), must be performed and the results rigorously analyzed
for the presence of true bone before claims of osteogenic differ-
entiation can be made. Frequently, microcomputed tomography
analysis is used to demonstrate bone formation; however, it can-
not distinguish between dystrophic calcification induced by dead
and dying cells versus matrix mineralization. Ideally, assaying
bone cell transplants beginswith histology (H&E stain). Promising
bone-like structures that includeembedded cells (osteocytes) can
be further observed under polarized light for the detection of a
collagenousmatrix [27] and by UV light for bone autofluorescence
[28]. In conjunction with positive histology, the polarized/UV light
assays strongly indicate the presence of true bone and are simple
toperformonstandardmicroscopes fittedwith apolarizer and/or
withUVcapability.Boneshouldbefurtheranalyzedfordonororigin.
In addition, transplants should be harvested at several time points
to ensure consistency. Lastly, to determine definitively whether
the cells have been differentiated into a BMSC- (“MSC”)-like phe-
notype, in vivo transplants should demonstrate not only bone
formation, but also support of hematopoiesis, a critical function
of BMSCs [15]. Taken together, these assays ensure a strong
probability of true bone-forming potential by transplanted
cells.

In this study, we attempted to differentiate iPSCs from vari-
ous lines into bone-forming cells using a monolayer approach.
To test the effectiveness of variousmethods,we tested the ability
of differentiated iPSC lines to formbone in vitro and in vivo. Bone-
like structures found in our in vivo transplants were carefully an-
alyzed forhistology,matrix, and speciesoforigin.Wealsoattemp-
ted to correlate the in vitro assays with the functional in vivo
results to define successful predictive methods and elucidate
anymechanisms that correlatedwith the formation of true bone.

MATERIALS AND METHODS

Human Skin Fibroblast and Bone Marrow Stromal
Cell Cultures

Two human skin fibroblast (SF) cultures were obtained from the
Coriell Institute for Medical Research (Camden, NJ, http://www.
coriell.org) from patients with Parkinson’s disease (AG20443, 71-
year-old male; AG08395, 85-year-old female) and expanded as
described previously [29]. Human BMSCs were harvested from

surgical waste or bonemarrow aspirates under institutionally ap-
proved protocols (NIH exemption #3113; NIH protocol #94-D-
0183, respectively). For reprogramming, BMSCs obtained from
deidentified surgical waste from a 7-month-old female with poly-
dactyly were used. Cells were established in culture as previously
described [30] (supplemental online data).

Human iPSC Derivation

The two SF lines used in this study were reprogrammed to gener-
ateNIHi2 andNIHi7 using individual retroviral vectors (kindly pro-
vided by Shinya Yamanaka, Kyoto, Japan) for hOCT4, hSOX2,
hKLF4, and hMYC [29] (supplemental online data). BMSCs were
reprogrammed using the StemCCA lentiviral reprogramming kit
(SCR-531; Millipore, Billerica, MA, http://www.millipore.com)
according to the manufacturer’s instructions (supplemental
online data), and three human iPSC lines (SCUi1, SCUi8, and
SCUi9) are reported here and were characterized for their pluri-
potential nature as described below.

Human ESC and iPSC Cultures

Human ESC (HSF-6) and iPSC lines were grown as colonies on ir-
radiated mouse embryonic fibroblast (MEF) feeder cells and pas-
saged as described previously [30] (supplemental online data).

Pluripotency Assays

All lines were assessed for pluripotency markers by fluorescence-
activated cell sorting (FACS) and for their ability to differentiate
into representatives of the three germ layers in vitro and in vivo
(supplemental online data).

Quantitative Real-Time PCR Primers and Conditions

Levels of mRNAs for pluripotency and mesodermal and osteo-
genic markers in undifferentiated and differentiated iPSCs were
assessed by quantitative PRC (qPCR) in comparison with ESCs
and BMSCs (supplemental online data), using primers found in
supplemental online Table 1.

Human iPSC Differentiation

All differentiation schemes were performed in monolayer cul-
tures. Undifferentiated cells were harvested from six-well plates
using a “scraping” method [30]. Cells from one overgrown well
were scraped, collected using a plastic pipette tip, and the frag-
ments (including irradiated MEFs) were harvested without tritu-
ration, pelleted for 3 minutes at 800 rpm, and plated into a T-75
flask inmediumaccording to theprogramand schedule. Cells that
adhered to theT-75plasticwere called “differentiationP0.”For all
cultures, differentiation medium consisted of Knockout D-MEM
(Life Technologies, Burlington, Ontario, Canada, http://www.
lifetechnologies.com), 10% fetal bovine serum, GlutaMAX, Pen/
Strep, and nonessential amino acids. Other factors such as dexa-
methasone (1028 M; Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) with ascorbic acid-2-phosphate (Dex+AscP =
A1; Wako Chemical, Osaka, Japan, http://www.wako-chem.co.
jp/english); retinoic acid (1026M=A2; Sigma-Aldrich); rapamycin
(1029 M = A3; Sigma-Aldrich); and basic fibroblast growth factor
(bFGF; 6 ng/ml) and bone morphogenetic protein (BMP4; 10 ng/
ml, both from Invitrogen, Carlsbad, CA, http://www.invitrogen.
com) (FGF + BMP4 = A4) supplemented the basic mixture. Pas-
saging was performed using 1 mg/ml Collagenase Type IV for

868 Osteogenic/Chondrogenic Differentiation of iPSCs

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE

http://www.coriell.org
http://www.coriell.org
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://www.millipore.com
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://www.lifetechnologies.com
http://www.lifetechnologies.com
http://www.sigmaaldrich.com
http://www.sigmaaldrich.com
http://www.wako-chem.co.jp/english
http://www.wako-chem.co.jp/english
http://www.invitrogen.com
http://www.invitrogen.com


30minutes followed by 0.05% trypsin/EDTA for 20minutes (with
one additional trypsinization if necessary). Extra cells were frozen
when available from each passage using a 1:1 mixture of basic
growth medium and 23 iPSC freezing medium (supplemental
online data). Differentiated cells were seeded onto particles of
hydroxyapatite/tricalcium phosphate (HA/TCP, particle size
0.5–1 mm; Zimmer, Warsaw, IN, http://www.zimmer.com) for
regular transplantation, or to form a “carpet” in medium A1 (first
priority), or used for in vitro assays after incubation inmineraliza-
tion medium (second priority), as described below.

In Vitro Osteogenic Assay

Weseeded and expanded 5–103 104 differentiated cells perwell
of a six-well dish in BMSCmedium (supplemental online data) un-
til nearly confluent. BMSC medium was then supplemented with
Dex+AscP+beta-glycerophosphate (GP) (mineralization medium)
that was changed two or three times per week for 4–6 weeks,
when signs of mineralization were visible under bright-field mi-
croscopy. Wells were fixed with fresh 4% formaldehyde for 1
hour, rinsed in double-distilled H2O (ddH2O), then incubatedwith
1%alizarin red S (weight per volume,with97%ddH2Oand2%eth-
anol [volume per volume]) for 5 minutes. Excess stain was rinsed
awaywith 5 changes in ddH2O. Each line except onewas analyzed
in triplicate.

Karyotyping

Karyotyping was performed to ensure that reprogramming and
redifferentiation did not introduce gross chromosomal abnor-
malities that could influence our results. An aliquot of differen-
tiated cells from the same cells that were used for in vivo
transplantation was shipped live for analyses, per the com-
pany’s instructions (Cell Line Genetics, Madison, WI, http://
www.clgenetics.com).

In Vivo Transplantation of Differentiated Human iPSCs

Differentiated cells were transplanted using either the “regular”
method or the “carpet” method. For the regular method, differ-
entiated cells (23 106 cells per 1 ml of differentiation medium)
were mixed for 90 minutes at 37°C with 40 mg of HA/TCP. After
cell attachment, each tube was spun for 1 minute at 300g and
the supernatant was aspirated [31, 32]. For the carpet method,
0.53 106–2.53 106 cells were allowed to grow on a one-particle-
thick layer (300 mg) of HA/TCP in differentiation medium A1 in
one well of a nontissue culture six-well plate for 14 days, forming
a dense carpet that could be picked up with forceps and cut into
transplant-sized pieces [30]. Both types of constructs were trans-
planted subcutaneously into immunocompromised mice (either
Crl:NIH-Lystbg Foxn1n Btkxid [Charles River Laboratories,Wilmington,
MA, http://www.criver.com] or Nod.Cg-PrkdcscidIL2RGtm1wjl/SzJ
[Jackson Laboratories]), under National Institute of Dental
and Craniofacial Research Animal Care and Use Committee-
approved surgical protocols. Between 3 and 10 transplants were
generated fromeach line, depending on the number of cells avail-
able. Transplants were harvested at 6, 8, 12, 16, and 22 weeks,
fixed for 48 hours at 4°C in 4% formaldehyde in phosphate-
buffered saline (PBS), rinsed in PBS, and demineralized in 0.25
M EDTA. Demineralization was verified using x-ray imaging, and
transplants were paraffin-embedded for sectioning and H&E
staining.

Analysis of Osteogenesis In Vivo

H&E-stained sections of transplants were viewed with a Zeiss
AX-10 microscope fitted with a polarizer and equipped with
AxioCamHRcandAxioCamMRcameras (Carl Zeiss, Jena, Germany,
http://www.zeiss.com). Candidate bone areas were observed
using polarized light under phased optics to verify the presence
of organized collagen fibers [27] and using UV light for bone auto-
fluorescence [28].

In previous publications, the following scoring system from
0 to 4 for bone formed within in vivo transplants was developed
and validated [30]:

score 0 no bone formation;
score 1 minimal bone formation, a single or a few bone tra-

beculae, in one or a few sections;
score 2 low bone formation, bone in several parts of several

sections, occupying only a small portion of each
section;

score 3 moderate bone formation, bone occupies a signifi-
cant portion but less than one half of most sections;
and

score 4 abundant bone formation, bone occupies greater
than one half of each section.

This scoring system was applied to semiquantitate the
amount of bone formed by differentiated iPSCs.

To detect human cells in transplanted tissue, we performed
in situ hybridization for human-specific ALU repetitive DNA se-
quences. A Rembrandt/Pan Path Digoxigenin label kit (Invitrogen
A001K.9905) was used according to the kit instructions. Sections
of mouse and human bone were used as negative and positive
controls, respectively.

Analysis of Chondrogenesis In Vitro and In Vivo

For cartilage formation by differentiated NIHi2-A1 cells in vitro,
43105 (protocol1 [33])or23106 (protocol2 [14]) cellswere treated
as described in the supplemental online data. Sections of pellet
cultures and in vivo transplants were stained with H&E, or Alcian
blue counterstainedwith Nuclear Fast Red, or Toluidine Blue, and
imaged by bright-field microscopy. Detection of human cells in
cartilage formed in vivo was assessed by in situ hybridization
for human-specific ALU repetitive DNA sequences as described
above. Cartilage in the in vivo transplants was further confirmed
using antibodies against aggrecan (Millipore AB1031 [1:100]) (all
described in supplemental online data).

Statistical Analyses

Data are shown as the mean 6 standard deviation.

RESULTS

Creation of Human iPSCs From SFs and BMSCs

iPSCs lines derived from human SFs (NIHi2 and NIHi7) and BMSCs
(SCUi1, SCUi8, and SCUi9) were comparable to hESCs, both in ap-
pearance (colonies of tightly packed cells with large nuclei, prom-
inent nucleoli, and sharply defined edges) (supplemental online
Fig. 1A; SCUi1, for example), rapid proliferation, and by the ex-
pressionpatternsof characteristic genes andcell surfacemarkers.
Like hESCs, they did not express SSEA1, but did express the plu-
ripotency markers SSEA4 and TRA-1-81, as measured by FACS
analysis (Fig. 1A). Furthermore, they expressed pluripotency
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transcription factorsNanog andOct4 comparable to hESCs based
on qPCR (Fig. 1B) and immunohistochemistry (supplemental
online Fig. 1A). In contrast, BMSC expression of Oct4 and Nanog
wasbetween0%and0.1% relative toHSF-6 set at 1.0 [30] (Fig. 1B).

These iPSC lines were tested for pluripotency in vitro and in
vivo. In vitro differentiation protocols (e.g., NIHi2 cells) yielded
cells representative of all three lineages (hepatocytes, neurons,
and cardiomyocytes (supplemental online Fig. 1B) and produced

Figure 1. Evidence for the reprogramming of induced pluripotent stem cell lines. (A): Expression of characteristic surface markers as
determined by flow cytometry is displayed for NIHi2, NIHi7, and SCUi1 compared with that of a hESC control line. The isotype control
antibody for each antibody tested is in black, and the gray line represents the specified antibody results. (B): Normalized fold expression
of Nanog and Oct4 mRNA levels is displayed for NIHi2, NIHi7, and SCUi1 compared with the level found in human embryonic stem cells
(ESC column). Virtually identical results were found for SCUi8 and SCUi9 by fluorescence-activated cell sorting and by quantitative poly-
merase chain reaction (data not shown). Abbreviations: BMSCs, bonemarrow stromal stem cells; ESC, embryonic stem cell; hESC, human
embryonic stem cell.

870 Osteogenic/Chondrogenic Differentiation of iPSCs

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE

http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0154/-/DC1


large teratomas containing cells representative of all germ layers
in vivo (supplemental online Fig. 1C).

Osteogenic Differentiation of Human iPSCs

All lines were differentiated toward an osteogenic fate with
a method that we previously reported using hESCs [30] and by
methods reported by others. iPSCs scraped from one well of
a six-well platewere allowed to attach to regular T-75 flasks in dif-
ferentiation media, and were grown to confluence in the various
differentiation media (Fig. 2). These cultures were labeled “pas-
sage 0.”

Passage 0 was maintained past confluence, according to
a short schedule (line NIHi2 only, 16 days) or a long schedule
(all lines, 23–44 days), and subjected to various differentiation
additives such as Dex+AscP (A1), retinoic acid (A2), rapamycin
(A3), and bFGF+BMP4 (A4) (Fig. 2). Under these conditions, cells
initially differentiated spontaneously into forms resembling neu-
rons, fibroblasts, epithelial cells, and beating cardiomyocytes,
among others (data not shown). The cells were passaged three
times further, generally becoming more uniform and fibroblastic
in appearancewith time (data not shown). At passage 4 (P4), cells
were used for in vivo (first priority) and in vitro (second priority)
differentiation assays and for mRNA analyses (third priority), and
any remaining cells were frozen. Because some differentiated
lines grew slowly or became arrested, there were instances in
which only the in vivo transplantation assay was performed.

qPCR Analysis of Differentiated Cell Lines

qPCR was used to verify that expression of genes associated with
pluripotency were downregulated in the treated lines compared
with human ESCs (positive control), and to determine whether
the same differentiation methods produced similar results in
the different lines. The differentiated cells were compared with
human BMSCs representative of osteoprogenitors.

RNA was isolated from each differentiated line at P4 and an-
alyzed by qPCR. Consistent with their differentiated appearance,
levels of pluripotency markers Nanog and Oct4 were either
strongly reduced or undetectable in derivatives of NIHi2-A1
and NIHi7-A4 (lines for which we possessed three independent
biological samples) compared with undifferentiated controls.

The similarity of differentiated iPSCs to BMSCs was evaluated
by measuring the relative expression levels of a variety of tran-
scripts (CD44,PDGFRa [mesodermalmarkers],RUNX2,OSX,ALPL,
COL1A1, BSP, OCN [osteogenic markers], and COL2A1 [chondro-
genic marker]) when we possessed three independent biological
samples. Under various conditions, levels of CD44 and PDGFRa in
the iPSC-derived cells varied from ∼4 times lower to ∼4 times
higher than in BMSCs, with no clear pattern (Fig. 3A). Levels of
RUNX2, the master regulator of bone formation, were compara-
ble across all lines and differentiation conditions studied. How-
ever, ALP was always lower than in BMSCs, whereas expression
of COL1A1 ranged from 4 to 6 times higher than BMSCs (Fig.
3A).OSX,BSP, andOCN transcripts, expressed by osteogenic cells,
were barely detectable or undetectable in the iPSC-derived lines
(data not shown). Finally, expression of COL2A1 transcripts was
much greater in NIHi2-A1 and NIHi7-A4 than in BMSCs (Fig.
3A). Undifferentiated NIHi2 and NIHi7 expressed lower levels of
the markers compared with their differentiated progeny, with
the exception of ALP, which was expressed by undifferentiated
iPSCs (Fig. 3A).

In Vitro Cell Differentiation Assays

It is commonly presumed that in vitro mineralization assays pre-
dict in vivo outcomes of cell transplantation [16]. The in vitro as-
say is faster and more convenient than animal transplantation.
Near-confluent differentiated cells in six-well plates were
switched to mineralization medium containing 10 mM GP. After
3–4 weeks, the cells were fixed and stained with alizarin red S,
a specific marker of calcium accumulation and thus potentially
an early marker of bone formation (von Kossa staining, a marker
of phosphate, was not used as it not specific for calcium [34]).

The results were varied, with some cells lacking any staining,
whereas others showed significant andwidespread calcium accu-
mulation. Individualwellswere scored on a scale of 0 to 3, and the
average score per line is shown in Figure 3B. The average miner-
alization scorewas highest in SCUi9-A1. Of note, NIHi7 showedno
in vitro staining under any culture condition.

In Vivo Bone Formation Assay

At the end of their respective differentiation schedules, the
karyotype of each differentiated strain was analyzed and found
to be normal (data not shown), and the cells were prepared for
transplantation into immunocompromised mice. Unlike murine
BMSCs that form bone in collagen sponges, it has been consis-
tently found that thepresenceofmineral is essential for truebone
formation in vivo when using human BMSCs [31, 32]. The assay
was performed in two ways. First, differentiated cells in suspen-
sionwerebriefly incubatedwithHA/TCP (regular transplants) and
transplanteddirectly. Second, differentiatedcellswere seeded in-
to nonadhesive six-well plates containing a thin layer of granu-
lated HA/TCP and grown to overconfluence over the course of
2weekswithDex+AscP. The cells grew in a thick, carpet-like layer,
effectively connecting the HA/TCP particles. In many cases, this
“carpet” became so dense that it could be picked up as one piece
using forceps. The carpet was cut into four to six pieces, which
were transplanted subcutaneously into immunocompromised
mice.

Transplants were harvested at intervals between 6 and 22
weeks and were processed for histology. Initially, sections were
stained with H&E, which stains mineralized matrix of bone with
a deep red color. In addition, bone can also be identified by the
presence of osteocytes embedded in lacunae, with osteoblasts
on the surface of the forming bone. By these initial criteria, small
amounts of bone-like material were observed in the transplants
of all lines, butmost prominently in four (Fig. 4, H&E; supplemental
online Fig. 2A–2D). However, the presence of true bone can only
be determined with rigor by using additional assays, including de-
tection of organized collagen bundles in the bone matrix visible
under polarized light [27] and autofluorescence visible under UV
light [28]. Taken together, positive results for these tests indicate
the presence of bona fide bone in transplants. Accordingly, we an-
alyzed the transplant sections that were histologically consistent
with thepresenceofbone for further indicationsofbonecompared
with transplants made with BMSCs. Under polarized light, wide-
spread collagen bundles were visible in the transplants from four
lines, indicating that the structures were not formed by dystrophic
calcification (Fig.4).Also, thesuspectedbonefragmentswereauto-
fluorescent under UV light (Fig. 4). Based on these results, it was
verified that true bone had been formed in these in vivo trans-
plants. To determine the species origin of the bone, we performed
humanALU-specific in situ hybridization on the transplants (Fig. 4),
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Figure 2. Representation of the methods used to differentiate iPSC lines into a bone fate. Each of the three sections represents all the differ-
entiationmethodsused.At the topof each section is a differentiation timeline.Underneath the timeline, the lengths andpositionsof thecolored
arrows represent the amount of time the cells in a particular program were exposed to each condition. The color of each arrow indicates that
different additives were used as shown (e.g., RA [orange], R [green], F [red], B [pink], and F + B [yellow]). Light blue arrows always indicate the
presence of D in the medium. Where carpet culture arrows are not shown, carpets were not made. Dashed lines indicate significant events in
each program (such as differentiation, passaging, and transplant). Abbreviations: B, bonemorphogenetic protein; bFGF, basic fibroblast growth
factor; BMP4, bone morphogenetic protein; D, dexamethasone and ascorbic acid phosphate; F, basic fibroblast growth factor; iPSC, induced
pluripotent stem cell; Pass, passage; R, rapamycin; RA, retinoic acid.
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with human bone as a positive control and mouse bone as a nega-
tive control (supplemental online Fig. 3A, 3B). The hybridization
revealed that the bone was human in all samples tested.

According to a transplant bone scoring system that we previ-
ously developed, the bone formed in these experiments did not
rise above a score of 1 (scale of 0–4). An additionalmeasure of the
precursornatureof thecells under evaluation in these transplants
would be the ability to support the formation of marrow with
stroma and marrow adipocytes of human origin and hematopoi-
esis ofmouse origin, aswehave previously demonstrated [35, 36]
(supplemental online Fig. 3C, 3D). Unlike BMSC transplants, no
hematopoiesis was observed in any of the transplantsmade from
iPSC-derived cells, signifying the lack of early progenitors in the
lines tested. However, it is possible that the small amounts of
bone observed were not sufficient to support hematopoiesis.

Many other areas in the transplants superficially resembled
bone. These areas were evaluated by the polarized light and
UV autofluorescence tests (Fig. 5). Although these areas out-
wardly resembled bone by H&E histology, they did not contain
bundled collagen and did not autofluoresce. Fibrous connective
tissue was predominant in many transplants, especially in those
devoid of bone (supplemental online Fig. 2E, 2F).

Cartilage Formation

Surprisingly, 3 of 10 transplants made using NIHi2 cultured in A1
conditions also contained cartilage (Fig. 6A). In nearly 20 years of

in vivo transplantation experiments using a ceramic-based scaf-
fold, this was our first observation of cartilage formation. To de-
finitively determine the presence of cartilage in the NIHi2-A1
transplants, we applied histological staining and immunohisto-
chemistry. Sections were stained with Toluidine Blue, and a char-
acteristic metachromatic (purple) staining was observed because
of thepresenceof glycosaminoglycans. Antiaggrecan immunohis-
tochemistry revealed staining of matrix and cells. In situ hybrid-
ization using the human-specific ALU probe revealed a human
origin for the observed cartilage. However, it must be noted that
cartilagewas found inonly onedifferentiated line transplantedby
either the regular method or the carpet method (Fig. 7).

Based on this surprising result, a cell pellet assay for cartilage
formation in vitro was retrospectively performed using differenti-
ated cells frozen at the time that the in vivo transplants were gen-
erated to determine whether this in vitro assay would have
predicted the formationof cartilage invivo.Using twodifferentpro-
tocols (supplemental online data), we did not observe cartilage in
any of the NIHi2-A1-derived pellets by either Alcian blue or Tolui-
dine Blue staining, unlike BMSC-generated pellet cultures (Fig. 6B).

Summary of Results

The in vivo and in vitro data are summarized in Figure 7. Four of 15
differentiated iPSC populations produced small quantities of
bone in vivo (score 1) at low frequency and inconsistent time
points; one also produced cartilage at varying time points. The

Figure 3. In vitro assays. (A): Quantitative PCR evidence for differentiation of induced pluripotent stem cell lines to a bone or cartilage fate.
Whenavailable, three independentbiological samples fromcell linesandmethods that successfullymadebone invivowereusedtoperformqPCR
onmRNAharvestedprior to cell transplantation. The resultswere comparedwithbonemarrowstromal cell controls,which formbone in vivo and
cartilage in vitro. (B):Results from in vitromineralization assays. The in vitromineralization assaywas performed as described on all the cell lines
andmethods listed in the summary table,whenavailable, in triplicate.After alizarin redS staining, eachwellwasassignedanumerical scorebased
on the amount of red staining visible, as shown in the scored samples across the bottom of the figure. For a score of 0, the well must have no
significant red staining even under high magnification. For a score of 1, red staining must be visible only with magnification (inset), and wells
scored as 2must have red staining visible to the eye, but less than half the plate. To achieve a score of 3, themajority of thewell must be stained.
In the summary table, underlined cell lines andmethodswere those thatmadebone in vivo. Theaverage score is themathematical averageof the
three trial scores shown. Abbreviations: BMSCs, bone marrow stromal stem cells; ND, not determined because of a lack of cells (in vivo trans-
plantation was the priority); PCR, polymerase chain reaction; qPCR, quantitative PCR.
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most common timepoint for bone formation in vivowas12weeks
(BMSCs form bone by 4 weeks). Differentiated iPSC lines that
made true bone in vivo (the gold standard) were either differen-
tiated inmedium containing Dex+AscP (A1) or in a scheduled pro-
gram of bFGF+BMP4 treatment, followed by Dex+AscP (A4).

qPCR analysis of mRNA was performed when three indepen-
dent sampleswere available. For lines thatmadebone, qPCRdata
showed a commonality of gene expression in several categories:
(a) pluripotencymarkerswere strongly downregulated compared
with undifferentiated controls, (b) mesodermal markers were
upregulated and were roughly comparable to expression in
BMSCs, (c) expression of the master bone regulator gene RUNX2

was similar to levels found inBMSCs, and (d) levels ofdownstream
bone-related transcripts did not match the expression found in
BMSCs (either not expressed, expressed at low levels, or strongly
overexpressed). Thus, the lines that made bone and cartilage in
vivo could not be distinguished from those that did not based
on the gene expression profiles of these selected targets.

Mineralization assays also produced results at odds with the
observed in vivo results. For example, four of six (67%) of the dif-
ferentiated lines that mineralized in vitro did not form bone in
vivo; one of four lines (25%) that did form bone in vivo did not
mineralize in vitro. One line made cartilage in vivo, but did not
produce cartilage in pellet cultures in vitro.

Figure 4. Evidence that true bone was formed in certain in vivo transplants. For each cell line listed on the left, H&E, polarized light, and fluo-
rescent light views of a single transplant section are shown compared with transplants of BMSCs, which form abundant areas of bone (b) and
support hematopoiesis (hp). For H&E staining, the bone appears red and the hydroxyapatite carrier particles stain purple. ALU-positive cells
(osteocytes) are observed in lacunae.When illuminatedwithpolarized light, the collagenbundles in thebonematrix becomevisible as orange or
pink striata, and the hydroxyapatite remains dark. Under fluorescent conditions, the pieces of bone are clear and bright green, and the sur-
rounding tissue and carrier particles remain dark. For NIHi2-A1 and SCUi1-A4 transplants, an additional picture of an adjacent serial section
is shown, in which human-specific ALU in situ hybridization was performed. Few intact nuclei were present for in situ hybridization because
these are small pieces of bone, but enough are present to indicate that the bone and surrounding fibrous tissues are of human origin. All panels
are at the samemagnification (scale bar = 50mm).Humanbone (positive control) andmouse bone (negative control) are shown in supplemental
online Figure 3. Abbreviation: BMSC, bone marrow stromal cell.
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DISCUSSION

Herein we report the generation of iPSCs from human SFs and
BMSCs, and describe methods to differentiate bone- and
cartilage-forming cells from them based on our previous work
in hESCs [30], and from others (retinoic acid [12, 37], rapamycin
[9], bFGF [38], and BMP4 [4, 37]). The two different sources of
iPSC lines were used to determine whether some form of cell
memory survived reprogramming. Once differentiated, the cells
were analyzed using in vitro and in vivo assays, and the end prod-
ucts were tested rigorously for the hallmarks of bone and carti-
lage, including donor origin in vivo. Our results indicate that
in vitro PCR and mineralization assays, as currently conducted,
lack predictive power for in vivo formation of true bone and
cartilage.

In Vitro Versus In Vivo Assays

Development of in vitro assays with an in vivo predictive ability
remains extremely desirable and would facilitate translational
bone and cartilage research. Based on the fact that in vivo forma-
tion of bone is the most rigorous and clinically relevant endpoint
available, it is imperative that in vitro assays reliably and specifi-
cally predict the in vivo results. However, it was found that qPCR-
based assays performed at the conclusion of the iPSC differenti-
ation programs did not predict bone formation in vivo based on
any one gene or combination of genes that were tested. In addi-
tion, usingdatanot shownhere, theexpressionof anyonegeneor
combination of the genes that were examined could not be used
to successfully predict which differentiated iPSC lines would not
formbone in vivo. Any particular cell line tended to express a sim-
ilar pattern regardless of the differentiationmethod used, that is,
the starting cell linewasmore important to the outcome than the
differentiation method.

Similarly, in vitromineralization and cartilagepellet assays did
not result in reliable or specific prediction of in vivo bone and car-
tilage formation. The lines with the greatest in vitro mineraliza-
tion (alizarin red S staining) did not make bone in vivo. At the
same time, one line (NIHi7-A4) that did not mineralize in vitro

Figure 5. H&E-stained histological sections are not reliable indica-
tors of true bone. When stained with H&E, several promising forma-
tions appeared red, which is characteristic of bone matrix when
stained with H&E. Note also the appearance of widely spaced nuclei
contained in apparent lacunae. However, when the same sections
were examined under polarized light, no organized collagen bundles
were apparent. Likewise, under fluorescent light, the bone-like for-
mations remained dark with little autofluorescence, again indicating
the lack of organized collagen that indicates true bone. These areas
also did not stain with Toluidine Blue. All panels are at the samemag-
nification (scale bar = 50 mm). Abbreviations: Not bone 1, NIHi2-A3;
Not bone 2, SCUi9-A1.

Figure 6. Differentiated NIHi2-A1 cells formed cartilage. (A): Serial
sections from two pieces of cartilage are shown, one in each row.
Results of H&E and Toluidine Blue staining indicate the presence of
characteristic cartilagematrix containingproteoglycansandglycosami-
noglycans. In addition, the last two panels in row 1 show the result of
antiaggrecan immunohistochemistry (including nonimmune control).
Positive aggrecan staining strongly indicates the presence of cartilage.
In row 2, the final panel shows the result of an in situ hybridization di-
rected against human-specificALU repeats. (B):NIHi2-A1was tested in
an in vitro pellet assay (protocol 1 is shown here) for the ability to form
cartilage in comparison with bone marrow stromal cells (BMSCs). The
resulting pellets were sectioned and stained using either Alcian blue
with Nuclear Fast Red or Toluidine Blue. Chondrocytes are seen sur-
rounded with Alcian blue positive matrix in BMSC pellets, but not in
NIHi2-A1pellets.However,notethat stainingofmatrix in theBMSCpel-
let with Toluidine Blue that becomes purple (metachromasia) is far
more definitive. One can see bona fide chondrocytes lying in lacunae
surrounded by purple-stained matrix. At the same time, pellets made
with NIHi2-A1 cells did not stain prominently with Alcian blue and did
not display the characteristic metachromatic (purple) color associated
with binding to sulfated glycosaminoglycans but remained a dull blue,
with no histological evidence of cartilage formation visible. All panels
are at the same magnification (scale bar = 50 mm). Abbreviation:
hBMSCs, human bone marrow stromal stem cells.
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made bona fide bone in vivo. The lone iPSC line that made carti-
lage in vivo failed to make any cartilage in pellet cultures. Taking
these evidences together, we conclude that the results of in vitro
assays as described need to be corroborated with other substan-
tial evidence (such as an in vivo assay) before strong claims of
bone and cartilage formation are made.

Acaveatofourstudy is that the invitrosamplesizewasrelatively
small. Therefore, it remains possible that in vitro resultsmay help to
enrich differentiation methods that produce bone and cartilage in
vivo without absolutely defining them. Further experimentation
may help tease out the degree of predictive power, if any.

Lack of iPSC Memory

Although it has been suggested that donor cell types influencedif-
ferentiation potentials of iPSC lines [23, 39], our current in vivo
results do not reflect this. Bone of equal quality and frequency
wasmade from both SF- or BMSC-derived iPSCs. In a larger series
of samples, it remains possible that some level of bias would be
apparent. However, this determination must wait for future ex-
periments. Also, it is worth noting that the donor age of cells used
for the iPSC derivation (71 years old and 85 years old [SFs] vs. 7
months old [BMSCs]) had no influence on iPSC differentiation

potential. Furthermore, theNIH lineswere generated using retro-
viruses,whereas theSCU linesweregeneratedusing apolycistronic,
excisable lentivirus, but this does not seem tohave influenced the
outcome of osteogenic differentiation.

Performance of hESCs Versus iPSCs in Bone
Differentiation Assays

Slightly higher quality bone was made in vivo at a slightly higher
frequency when derived from hESCs than from iPSCs (compare
results reported here with those of Kuznetsov et al. [30]). The
areas of bonemade by differentiated hESCswere larger andmore
widespread than those made by human iPSCs. Some hESC-based
bone scored 2 on the 0–4 scale, but none of the iPSC-based bone
scored above 1. In addition, neither hESC- nor human iPSC-
derived bone supported hematopoiesis, which suggests that
the cells generated by our differentiation schemes were more
osteogenically committed than BMSCs.

During hESC differentiation into bone, carcinomas or terato-
mas spontaneously appeared in some in vivo transplants, but an
alternative differentiation method resulted in a decrease in the
number of transplants with tumors [30]. In the work presented
here, no tumors were found, suggesting that either iPSC-derived

Figure 7. Data summary. In the top panel, the cell lines andmethod used to successfully differentiate induced pluripotent stem cells into bone
in vivo are shown on the left, with the results on the right. Both regular and carpet culture transplant results are shown. The results of in vivo
transplantation are displayed on the right in table form. In the results table, blue signifies that cartilage was found in a transplant, and red
indicates that true bone was found. The results are stated as the number of bone- or cartilage-producing transplants over the total number
of transplants created. In the bottom panel, a summary table shows qPCR, in vitro mineralization scores, in vitro cartilage formation scores,
in vivo bone formation scores, in vivo bone formation frequency as a percentage of all transplants made, and an indicator for the presence
of in vivo cartilage. In vitro mineralization scores are averaged as described in Figure 4. For in vivo bone scores, the highest score achieved
inany transplant for thecorresponding cell type is shown. In vivobone frequency refers to thenumberof times trueboneappears in a transplant,
calculated as a percentage of all transplants attempted for the corresponding cell type. In vivo cartilage is represented as present (+) or not
present (0). Abbreviations: B, bone morphogenetic protein; bFGF, basic fibroblast growth factor; BMP4, bone morphogenetic protein; BMSC,
bonemarrow stromal stemcell; D, dexamethasone and ascorbic acid phosphate; F, basic fibroblast growth factor; hESC, humanembryonic stem
cell; qPCR, quantitative polymerase chain reaction; R, rapamycin; RA, retinoic acid.
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cells are less likely than hESC-derived cells to form spontaneous
tumorsor thegrowth conditionsusedare successful inpreventing
tumorgrowthand inducedmoredifferentiation, or acombination
of these factors.

CONCLUSION

The potential usefulness of an unlimited supply of autologous
bone-forming cells is well documented. Rather than generating
mature osteogenic cells, it would be preferable to generate pre-
cursors with extensive proliferation capacity, such as BMSCs.
However, during development, bone marrow stroma emanates
from identifiable osteoblastic cells [40–42], that is, bone marrow
stroma develops after bone. Although BMSCs are the prototype
MSCs, the current definition of MSCs is less than rigorous. An at-
tempt was made to establish a common definition, but this relies
on nonspecific cell surface markers and in vitro differentiation
assays that are prone to artifact [16], leading to unsubstantiated
conclusions in many cases. More rigorously defined criteria, such
as what we have described here, which demonstrate in vivo per-
formance and clinical relevance will therefore benefit the entire
field by reducing spurious claims and allowing the direct compar-
ison of different methods.

The rate-limiting step in ourwork is the in vivo assay, themost
clinically relevant standard for identifying an osteogenic pheno-
type. We continue to work toward developing rapid and conve-
nient in vitro assays useful for predicting in vivo performance.
However, itmust also be noted that in vivo performance in immu-
nocompromised mice may not be predictive of performance in
immunocompetent recipients. Studies are clearly needed in
which iPSCs are derived from an individual donor, differentiated,
and transplanted back into that donor. Having said that, we have
successfully differentiated iPSCs to bone-forming cells by incuba-
tion with bFGF+BMP4 and/or Dex+AscP. Future attempts will en-
tail the use of amore developmental approach, along with use of
cell surface markers for cell sorting. The resulting purified cells
could be expanded and profiled using qPCR and in vivo assays.
We expect that these improvements will increase performance.

As we learn which subsets of differentiated cells perform best,
we can change the differentiation conditions to emphasize the
successful fraction of cells and obtain a faster readout and, there-
fore, greater progress.
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