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Congenital defects, trauma, anddisease can compromise the integrity
and functionality of the skeletal system to the extent requiring
implantation of bone grafts. Engineering of viable bone substitutes
that can be personalized to meet specific clinical needs represents
a promising therapeutic alternative. The aim of our study was to
evaluate the utility of human-induced pluripotent stem cells (hiPSCs)
for bone tissue engineering. We first induced three hiPSC lines with
different tissue and reprogramming backgrounds into themesenchy-
mal lineages and used a combination of differentiation assays, sur-
face antigenprofiling, andglobal geneexpressionanalysis to identify
the lines exhibiting strong osteogenic differentiation potential. We
then engineered functional bone substitutes by culturing hiPSC-
derived mesenchymal progenitors on osteoconductive scaffolds in
perfusion bioreactors and confirmed their phenotype stability in
a subcutaneous implantation model for 12 wk. Molecular analysis
confirmed that the maturation of bone substitutes in perfusion bio-
reactors results in global repression of cell proliferation and an in-
creased expression of lineage-specific genes. These results pave the
way for growing patient-specific bone substitutes for reconstructive
treatments of the skeletal system and for constructing qualified
experimental models of development and disease.
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Current treatments of large bone defects, which rely on the use
of alloplastic materials or transplantation of bone grafts,

have limited clinical potential, and new approaches are required
to develop effective therapies for complex bone reconstructions
(1). Biomimetic tissue-engineering strategies have recently been
explored for the ex vivo cultivation of functional, anatomically
shaped bone substitutes, by culturing human mesenchymal stem
cells on 3D scaffolds resembling the matrix of native bone in
bioreactors providing interstitial flow of culture medium (2).
This method has recently been extended to the engineering of
mechanically functional human cartilage interfaced with bone
that was also derived from mesenchymal stem cells (3). However,
the creating of vascular and nerve compartments in engineered
bone requires other cell sources.
Pluripotent stem cells are promising candidates for the con-

struction of fully functional bone substitutes, for they can give rise
to all specialized cell types constituting the human bone (4, 5).
Previous studies have demonstrated that human embryonic stem
cells (hESCs) differentiate into osteogenic cells (6–8) and form
compact bone tissue matrix when cultured on osteoconductive
scaffolds in perfusion bioreactors (9). However, ethical controversy
and concerns regarding immune properties of hESCs in allogeneic
conditions hinder their clinical translation (10). Human-induced
pluripotent stem cells (hiPSCs) reprogrammed using nonintegrating
vectors (11, 12) have the potential to overcome both limitations and
be used to give rise to the cells of bone, vasculature, and adjacent
tissues and to engineer autologous bone substitutes.
Culture protocols developed for hESCs have been successfully

adapted to hiPSCs, which resemble hESCs with respect to their
morphology, molecular signature, and differentiation potential
(13). However, variable efficiencies to form specific lineages have

been reported (14), and it is not clear whether such variability
results fromdifferent genetic backgrounds, the source tissue for cell
line derivation by reprogramming, or the reprogramming method
itself. Functional mesenchymal progenitors with good osteogenic
properties in vitro and in vivo have been derived from hiPSCs (15,
16). However, little is known about the osteogenic potential of
mesenchymal progenitors derived from different hiPSC lines, and
the molecular changes associated with osteogenic differentiation.
Also, engineering of 3D functional bone substitutes using hiPSC
lines has not been attempted.
Based on prior studies (2, 9, 15) and known biological similari-

ties between hESCs and hiPSCs (13), we hypothesized that hiPSC
lines can be induced into mesenchymal lineages and then used to
engineer large bone grafts of defined geometries (9). To test this
hypothesis, we induced three hiPSC lines derived from different
source tissues and using different reprogrammingmethods into the
mesenchymal lineage, and explored bone tissue formation in the
osteoconductive scaffold–perfusion bioreactor culture model.
Throughout the process of cell differentiation and bone formation,
we studied the molecular changes in the cells, and assessed their
phenotypic stability in a subcutaneous implantation model.
We demonstrate that mature, compact, phenotypically stable

bone substitutes can be engineered using hiPSCs derived from
different tissues using nonintegrating reprogramming vectors. A
combination of differentiation assays, surface antigen profiling,
and microarray expression signatures suggested that differences in
hiPSC–mesenchymal progenitor differentiation potential could be
identified before bone cultivation. Our protocols could be adapted
to the large-scale construction of patient-specific bone grafts for
personalized applications, and used as a controlled biomimetic
model to study bone biology and test drugs using select pools of
iPSC lines from patients and healthy individuals.

Results and Discussion
Mesenchymal Differentiation Patterns of hiPSCs. Recent reports
have demonstrated feasibility of inducing hiPSCs into the mes-
enchymal lineage in vitro and in vivo (15, 16). We used our
previously developed protocol (9) to derive mesenchymal pro-
genitors from three hiPSC lines that were generated from dermal
fibroblasts (11c and 1013A) and bone marrow cells (BC1) using
retroviral vectors (11c) (17), Sendai virus (1013A) (18), and epi-
somal vectors (BC1) (12, 19) (Fig. S1A). Mesenchymal pro-
genitors derived from the hESC line H9 were used as controls (9).
Cell pluripotency and normal karyotype were confirmed before
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mesenchymal induction (Fig. S1 B and C). Both hESC- and hiPSC-
derived progenitors exhibited a typical fibroblastic-like morphology
(Fig. 1A), high proliferation rate (Fig. 1B), and potential to differ-
entiate toward the osteogenic (Fig. 1C; Fig. S2 A, i and ii and B, i),
chondrogenic (Fig. 1C; Fig. S2 A, iii), and adipogenic lineages

(Fig. 1C; Fig. S2 A, iv and B, ii). Under differentiation con-
ditions, H9-, 1013A-, and BC1-derived progenitors displayed sig-
nificantly higher alkaline phosphatase (ALP) gene expression, ALP
activity, and calcium deposition, as well as glycosaminoglycans
synthesis and lipid accumulation than controls at the same time

Fig. 1. Derivation and characterization of mesenchymal progenitors from hiPSC and hESC lines. (A) Undifferentiated cell lines (Left) were exposed to
mesoderm-inducing medium for 1 wk (Center), and the adherent cells were expanded in monolayer culture until they became homogenous for fibroblastic-like
morphology (Right). Representative examples shown for line BC1. (B) The derived mesenchymal progenitors exhibited continuous growth over 10 subsequent
passages, and (C) variable potential for differentiation into the osteogenic (i, ii, and v), chondrogenic (iii and v), and adipogenic lineages (iv). Examples shown
for line BC1; additional results are presented in Fig. S2. (C, i) ALP staining (purple); (C, ii) von Kossa staining of deposited calcium (black); (C, iii) Alcian blue
staining of glycosaminoglycans (GAG); (C, iv) Oil Red O staining of lipid vacuoles. (Insets) Cultures in control medium; (C, v) Biochemical determination of ALP
activity and calcium deposited in monolayer cultures, and GAG deposited in pellet cultures during the 4-wk culture. Ctrl, control medium; UD, undetected.
Data represent averages ± SD (n = 3–5; P < 0.05). Asterisks denote significant difference between differentiation and control media at the same time point; $,
significant difference between week 2 and week 4; a, difference to H9; b, difference to 11c; c, difference to 1013A. (D) Flow cytometry characterization of
surface antigen expression profiles of hESC- and hiPSC-derived progenitors and BMSCs. Expression patterns are presented as heat maps of the percentage of
cells in the total population expressing the marker (see color legend).
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points (Fig. 1 C, v; Fig. S2 A and B). In contrast, 11c-derived pro-
genitors displayed poor osteogenic and adipogenic differentiation,
indicating the low potential of this line to differentiate toward the
mesenchymal lineages (Fig. 1C; Fig. S2 A and B). Differences in
mesenchymal differentiation potential could result from different
source tissue used for reprogramming (20), as well as different ge-
netic background of the donor cells (13). Cytogenetic analysis
confirmed normal karyotypes for hESC- and hiPSC-derived pro-
genitors following extended in vitro expansion (Fig. S2C), an im-
portant consideration for potential clinical application of pluripo-
tent stem cell-derived progenitors.

Surface Antigens and Molecular Profiling of hiPSC-Derived Progenitors.
We next investigated the expression of a comprehensive list of
surface antigens expressed on mesenchymal and nonmesenchymal
lineages to evaluate whether specific expression profiles were as-
sociated with the observed differentiation potential. Our results
suggest that hiPSC-derived progenitors displayed a similar surface
antigen profile to that of bone marrow-derived mesenchymal stem
cells (BMSCs) and H9-derived progenitors (Fig. 1D). We did
not find markers of pluripotency (TRA-1-60), early differenti-
ation (SSEA1), hematopoietic (CD34), endothelial (CD31),
immune (CD14, CD45), and neuroectodermal (CD271) line-
ages, or the HLAs class I (HLA-ABC) and II (HLA-DR and
HLA-DM; Fig. 1D). A group of markers commonly associated
with mesenchymal stem cells was highly expressed in all lines.
However, differences in the mesenchymal differentiation po-
tential of the three hiPSC lines corresponded to subtle differ-
ences in the expression of some antigens, including CD13,
CD29, CD49e, CD73, ALP, and CD49b (Fig. 1D), with the 11c
line exhibiting minimal differentiation (Fig. 1C; Fig. S2 A and
B) and lower antigen expression (Fig. 1D).
Interestingly, progenitors from other lines expressed a variable

level of SSEA-4, found in pluripotent stem cells, as well as multi-
potent subpopulations of human MSCs isolated from bone marrow
and other tissues (21). We therefore analyzed the coexpression of
SSEA-4 with CD73, a marker commonly found in mesenchymal
progenitors from pluripotent cell lines (4, 9, 15) and with other
expressed antigens (Fig. S3), to identify distinct subsets of cells
coexpressing specific markers. These results indicated a high ex-
pression of mesenchymal markers in SSEA4+/CD73+ and SSEA4−/
CD73+ cell subpopulations, indicating the existence of SSEA4+

subpopulation in the mesenchymal population distinct from the
SSEA4+/CD73− subpopulation that was negligible and displayed
a reduced coexpression of most investigated markers. It remains to
be determined whether the SSEA4+/CD73+ and SSEA4−/CD73+

subpopulations exhibit different functional differentiation. Pheno-
typic differences in surface markers and gene profiling are recog-
nized to influence the regenerative properties of different BMSC
subpopulations (22–24), and could explain the differences ob-
served with the hiPSC-derived progenitors used in this study.

hiPSC-Derived Mesenchymal Progenitors Form Dense Bone-Like Tissue
Matrix in Perfusion Culture on Osteoconductive Scaffolds. We pre-
viously reported that perfusion culture is critical for engineering
large compact bone grafts from adult and hESC-derived mes-
enchymal progenitors (2, 9, 25). In the present study we extended
our osteoconductive scaffold–perfusion bioreactor culture model
to test the bone-forming potential of the mesenchymal pro-
genitors derived from the hiPSC lines BC1 and 1013A, and
hESC line H9, which exhibited excellent osteogenic potential in
monolayer assays (Fig. 1; Fig. S2). We followed the same con-
struct assembly and perfusion culture protocol as previously (2,
9), and found increased cellularity and higher cell viability in
perfusion bioreactors compared with static controls (Fig. S4).
These data supported the vital role of interstitial flow for cell
survival. DNA analysis suggested different dynamics of cell
growth in perfused culture between the three tested cell lines

(Fig. 2A), with H9- and BC1-derived progenitors exhibiting
a decrease in DNA content between weeks 3 and 5 of culture,
and 1013A-derived progenitors exhibiting an increase in DNA
content (similar to our previous study) (9). Differences in the
internal architecture of the native bone scaffolds and subtle
differences in cell seeding efficiency could affect the cell growth
patterns, as observed previously (26). Alternatively, differences in
cell growth could reflect dissimilar developmental dynamics of os-
teogenic progenitors derived from different hiPSC lines, in relation
to their progression through stages of proliferation, differentiation,
and apoptosis during tissue formation (27).
Perfusion culture resulted in increased osteopontin release

compared with static culture (Fig. 2B) and a more homogenous

Fig. 2. Perfusion bioreactor culture supported bone matrix deposition by
hiPSC–mesenchymal progenitors. (A) DNA content per wet weight (ww) of tis-
sue constructs was expressed as percent initial value and found to significantly
increase from 3 to 5 wk in the 1013A constructs, in contrast to a significant
decrease found in constructs of H9 and BC1 (P < 0.05; asterisk denotes signifi-
cant difference from week 3). (B) Cumulative osteopontin (OPN) release into
culture medium was significantly higher when H9 and 1013A where cultured in
perfusion bioreactors compared with static conditions. No significant differences
were found for line BC1 (P < 0.05; asterisk denotes significant difference from
static culture). (C) Histological analyses of seeded (day 3) and cultured (weeks 3
and 5) constructs (examples shown for line BC1, additional results are presented
in Figs. S5 and S6) showed an increase in tissue formation over time, and
a denser tissue deposition in bioreactors compared with the static cultures after
5 wk of culture (H&E; Top). Dense bone matrix protein deposition was observed
in perfusion bioreactors: collagen (Masson trichrome, blue; upper portion of
Upper Middle), osteopontin (brown; Middle), bone sialoprotein (brown; Lower
Middle), and osteocalcin (brown; Bottom). Minimal staining was observed in
constructs from static cultures. (Insets) Negative staining controls.
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deposition of bone matrix, characterized by the presence of
collagen, osteopontin, bone sialoprotein, and osteocalcin (Fig. 2C;
Figs. S5 and S6) in all three cell lines. BC1-engineered bone con-
structs displayed regions with the highest density of cells and new
bone-like matrix, approaching the density of native tissue (Fig. 2C).
Microcomputed tomography (μCT) analysis confirmed maturation
of the newly formed tissue during bioreactor culture (Fig. 3), exhib-
iting significant increases in mineralized tissue portion, trabecular
number, and trabecular thickness, along with significant decreases in
trabecular spacing. Tissue development, mineral content, and bone
structural parameters were similar for constructs engineered using
hiPSCs, hESCs, and BMSCs in the current and previous study (9).

Maturation of hiPSC-Derived Mesenchymal Progenitors During Bone
Tissue Development in Vitro. Our data demonstrate the positive
effects of perfusion bioreactor culture on bone tissue development
from hiPSC- and hESC-derived progenitors. However, the molec-
ular changes occurring in the hiPSC- and hESC-derived progenitors
during osteogenic differentiation in perfusion bioreactors have not
been explored. We therefore assessed the relationship between the
hiPSC- and hESC-derived progenitors and BMSCs from the cur-
rent and previous study (9), and analyzed the differences in global
gene expression profiles before and after bioreactor culture. Hier-
archical clustering of hiPSC- and hESC-derived progenitors and
BMSCs resulted in two main clusters (Fig. 4A), where hiPSC- and
hESC-derived progenitors clustered together with BMSCs before

and after culture in bioreactors, indicating that the mesenchymal
progenitors display biological similarities with BMSCs, and un-
dergo similar molecular changes during perfusion culture. Among
the hiPSC-derived progenitors, 11c-derived progenitors clustered
away from the other cell lines, whereas the two hiPSC- and the two
hESC-derived progenitors clustered together, and the two BMSC
lines clustered away from this group, corroborating the differences
observed in proliferation ability, surface antigens profiling, and
differentiation potential (Figs. 1 and 4A; Fig. S2) (9).
Scatter plot analysis of microarray data revealed a similar ex-

tent of transcriptional changes in H9-, 1013A-, and BC1-derived
progenitors during bioreactor culture (Fig. 4B), with a compara-
ble proportion of the genes being down-regulated or up-regulated
with a fold change (FC) of ≥3. Many differentially expressed
genes were shared between the three lines, indicating a sim-
ilar molecular response to culture conditions in bioreactors (Fig.
4C). Genes commonly down-regulated in all three lines during
bioreactor culture encoded for proteins involved in cell cycle,

Fig. 3. Mineralization of engineered bone constructs. (A) μCT analyses
of cultured bone constructs showed an increase in mineralized tissue
deposition during the 5-wk bioreactor culture and 12-wk s.c. implantation-
investigated cell lines. Bone volume fraction (BV/TV), trabecular number
(Tb.N), and trabecular thickness (Tb.Th) increased significantly in all
investigated lines during bioreactor culture, in contrast to trabecular
spacing (Tb.Sp), which decreased significantly, indicating bone matura-
tion. Further tissue mineralization was noted in the lines BC1 and H9
during 12-wk s.c. implantation. Data represent averages ± SD (n = 6, P <
0.05; asterisks denote significant difference to initial values; $, significant
difference between 5 wk and in vivo). (B) Reconstructed 3D μCT images of the
tissue engineered bone constructs from H9-, 1013A-, and BC1-derived progeni-
tors before culture in bioreactors and following 12-wk s.c. implantation in
immunocompromised mice showed formation of mineralized tissue.

Fig. 4. Global gene expression profiles of mesenchymal progenitors and
BMSCs before and after bioreactor culture. (A) Hierarchical clustering of
BMSCs and hESC- and hiPSC-derived progenitors before and after culture in
bioreactors. The dendrogram shows two main clusters of BMSCs, hESC-
derived mesenchymal progenitors (H13 and H9) and hiPSC-derived mes-
enchymal progenitors (11c, 1013A, and BC1) before and after culture in
bioreactors. (B) Scatter plot analysis of microarray data exhibited similar
transcriptional differences for H9-, 1013A-, and BC1-derived mesenchymal
progenitors before and after culture in perfusion bioreactors. Genes within the
lines (10–14% of the entire gene set) exhibited expression fold change ≤±3.
(C ) Venn diagrams showing the relationships between the genes up-
regulated and down-regulated with a fold change ≥±3 during bioreactor
culture of H9, 1013A, and BC1 mesenchymal progenitors. BR, bioreactor;
MP, mesenchymal progenitor.
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DNA replication, spindle assembly, and mitotic division, as well as
proteins associated with carcinogenesis, including CDC, POL,
GINS, MCM, and CENP genes and associated factors (Fig. S7A).
The high degree of interconnectivity among these genes suggested
a strong repression of proliferation, and could indicate the oc-
currence of a proliferation/differentiation switch associated with
the progression of osteogenesis and tissue maturation. It will be
important to elucidate the regulatory machinery controlling bone
development in bioreactor culture—e.g., the composition of spe-
cific activator protein-1 dimers, known regulators of bone de-
velopment and homeostasis (28).
Functional classification of genes up-regulated during bio-

reactor culture revealed increased expression of genes involved in
extracellular matrix synthesis and remodeling; osteoblast differ-
entiation; and bone formation, including the hub genes MMP2,
STAT3, and TGFB3 (Tables S1–S3 and Fig. S7B). Strong in-
duction toward the osteoblastic phenotype was confirmed by PCR
verification of microarray data (Fig. S7C). Taken together, our
work provides comprehensive analysis of the hiPSC-derived pro-
genitor transcriptome after bioreactor cultivation, and suggests
a functional maturation of the osteogenic lineage with common
molecular switches in different cell lines. It will be critical to
evaluate a larger number of mesenchymal progenitors derived from
different hiPSC lines to confirm the common molecular and
functional properties before and upon bioreactor cultivation.

Stability of hiPSC-Engineered Bone Tissue After 12 wk in Vivo.
Transplantation of undifferentiated pluripotent stem cells can
lead to the formation of teratomas, limiting their use for clinical
applications (29). In a recent report, differentiation of pluripo-
tent stem cells toward bone-forming cells was achieved without
formation of teratomas in orthotopic defects, by implantation
on bone morphogenetic protein-2–releasing scaffolds, under-
lining the importance of osteoinductive environment (16). We
previously demonstrated that mesenchymal induction and oste-
ogenic differentiation in perfusion bioreactors were sufficient to
prevent teratoma formation in engineered bone during 8 wk of
s.c. implantation (9). In the current study, we tested whether the
same culture protocol yields stable bone-like grafts using hiPSC
lines reprogrammed with nonintegrating vectors.
Lack of teratoma formation of hESC-derived progenitors is

presumably associated with down-regulation of genes involved
in pluripotency, stemness, and cell proliferation, and increased
expression of lineage-specific genes (30). Our microarray anal-
ysis revealed the occurrence of a proliferation/differentiation
switch during bioreactor culture, providing the molecular evi-
dence for strong lineage commitment and suppression of the
teratoma-forming ability. Indeed, stable phenotype was con-
firmed upon 12 wk of s.c. implantation into immunodeficient
mice. Explanted hESC- and hiPSC-engineered bone constructs
revealed a mature, dense, bone-like tissue that did not undergo
differentiation into other lineages but was characterized by the
presence of the bone matrix protein collagen, osteopontin, bone
sialoprotein and osteocalcin, and cells of human origin (Fig. 5;
Fig. S8A). Engineered constructs were surrounded by a loose
connective tissue capsule (Fig. S8A) and displayed microvascula-
ture ingrowth across the entire construct thickness (Fig. S8 B and
C).We found recruitment of osteoclastic cells at the construct edges
as previously (Fig. S8B) (9), suggesting an initiation of scaffold re-
sorption and tissue remodeling, events recognized to promote new
matrix deposition and bone formation (31). In addition, bone
constructs engineered using H9- and BC1-derived progenitors
displayed areas of dystrophic calcification, opposite to constructs
of 1013A-derived progenitors that displayed uniform bone-like
tissue with matrix-embedded cells. The different patterns of bone
tissue maturation in vivo possibly reflect different regenerative
properties of the investigated lines, in accord with the observed
differences in cell growth (Fig. 2) discussed previously.

The μCT examination of explanted constructs demonstrated
significant increase in mineralized tissue portion and structural
parameters compared with the constructs at the time of implanta-
tion (Fig. 3), evidencing continuedmaturation of hiPSC-engineered
bone and indicating a potential for bone defect regeneration. Bone
constructs engineered using H9- and BC1-derived progenitors dis-
played higher mineral content compared with progenitors derived
from 1013A, consistent with the presence of regions of dystro-
phic calcification (Fig. 5; Fig. S8A). It remains to be evaluated
how the differences observed in bone tissue development from

Fig. 5. Stability of engineered bone constructs in vivo. Histological analysis
indicated stability of mature bone matrix in H9-, 1013A-, and BC1-engineered
bone constructs after 12 wk of s.c. implantation in immunodeficient mice.
Thick connective tissue-likematrix devoid of other tissue typeswas observed in
all cell lines investigated (H&E; Top), staining positively for collagen (Masson
trichrome, blue; Upper Middle), osteopontin (brown; Middle), bone sialopro-
tein (brown; Lower Middle), and osteocalcin (brown; Bottom). Anti-human
nuclei staining (purple) confirming the human origin of engineered bone tis-
sue for all lines investigated. (Insets) Negative staining controls. In addition,H9-
and BC1-engineered bone constructs displayed dispersed regions of dystrophic
ossification (asterisks; Top Row).
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mesenchymal progenitors derived from different hiPSC lines affect
their potential for repairing skeletal defects.
In conclusion, our results demonstrate a potential for osteo-

genic commitment of hiPSC-derived progenitors and phenotypic
stability of engineered bone constructs in vivo, indicating that the
osteoconductive scaffold–perfusion bioreactor culture model can
be used to engineer customized patient-specific substitutes for
reconstructive therapies of bone defects. Further investigation in
orthotopic implantation models is required to validate the func-
tionality and safety of bone grafts engineered with hiPSC lines
reprogrammed using nonintegrating vectors.

Methods
Detailed experimental methods are provided in SI Methods.

Cell Culture. Three hiPSC lines (11c, 1013A, and BC1) (12, 17–19) were ex-
panded and induced into mesenchymal lineage as in our previous studies
(9). The hESC lines H9 and H13 (WiCell Research Institute) served as con-
trols in the experiments. Expression of surface antigens was determined by
flow cytometry and compared with BMSCs of the same batches as used in
previous studies (9). In vitro differentiation potential was evaluated in
monolayers and pellet cultures as previously (9).

Engineering Bone in Perfusion Bioreactors. Decellularized bone cylinders were
seeded with hiPSC- and hESC-derived progenitors at passage 5, cultured in
perfusion bioreactors, and analyzed as in our previous studies (9).

Microarray Analyses of Maturing Mesenchymal Progenitors. Global gene ex-
pression profiles were evaluated for hiPSC- and hESC-derived progenitors be-
fore and after bioreactor cultivation. For comparison, BMSCs and progenitors
derived from the hESC line H13 used in our previous work were included (9).
Samples were processed for RNA extraction, amplified, labeled, and analyzed
using the Illumina HumanHT-12 v4 BeadChip (for details, see SI Methods).

Implantation. Phenotype stability of perfused bone constructs was assessed
after 12 wk of s.c. implantation in immunodeficient (SCID-beige) mice. All
animal experiments were approved by the Columbia University Institutional
Animal Care and Use Committee animal protocol.

Statistical Analyses. Significant differences were evaluated using Student’s
paired and unpaired t tests, ANOVA, and one-way repeated-measures
ANOVA using SigmaPlot 12.3 software. Pairwise multiple comparisons
were performed using the Holm–Sidak test. P < 0.05 was considered
statistically significant.
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