1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biomaterials. Author manuscript; available in PMC 2020 March 01.

-, HHS Public Access
«

Published in final edited form as:
Biomaterials. 2019 March ; 196: 31-45. doi:10.1016/j.biomaterials.2018.02.009.

Pluripotent stem cells as a source of osteoblasts for bone tissue
regeneration

Hui Zhu, Takaharu Kimura, Srilatha Swami, and Joy Y. Wu"
Division of Endocrinology, Stanford University School of Medicine, Stanford, CA, USA

Abstract

Appropriate and abundant sources of bone-forming osteoblasts are essential for bone tissue
engineering. Pluripotent stem cells can self-renew and thereby offer a potentially unlimited supply
of osteoblasts, a significant advantage over other cell sources. We generated mouse embryonic
stem cells (ESCs) and induced pluripotent stem cells (iPSCs) from transgenic mice expressing rat
2.3 kb type I collagen promoter-driven green fluorescent protein (Col2.3GFP), a reporter of the
osteoblast lineage. We demonstrated that Col2.3GFP ESCs and iPSCs can be successfully
differentiated to osteoblast lineage cells that express Col2.3GFP in vitro. We harvested GFP*
osteoblasts differentiated from ESCs. Genome wide gene expression profiles validated that ESC-
and iPSC-derived osteoblasts resemble calvarial osteoblasts, and that Col2.3GFP expression serves
as a marker for mature osteoblasts. Our results confirm the cell identity of ESC- and iPSC-derived
osteoblasts and highlight the potential of pluripotent stem cells as a source of osteoblasts for
regenerative medicine.
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1. Introduction

Bone is generally capable of self-repair, for example following a fracture. However, in some
instances such as a critical-sized defect or tumor-mediated destruction, localized bone
regeneration is impaired. In such cases a source of bone-forming osteoblasts in combination
with tissue engineering could provide a regenerative option for bony defects. Because
osteoblasts are found in mineralized tissues, they have been difficult to harvest in large
numbers. Traditional approaches of obtaining primary osteoblasts rely upon cell outgrowth
from surgically resected bone fragments, or differentiation from bone marrow mesenchymal
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stem cells (MSCs) [1, 2]. These approaches are limited by the need for invasive biopsies or
surgical specimens, and in the case of adult bone marrow MSCs, low frequency and gradual
loss of multipotency and proliferative potential [3-5].

Pluripotent stem cells can self-renew and differentiate into any tissue, and therefore
represent a theoretically unlimited source of osteoblasts. Pluripotent stem cells include
embryonic stem cells (ESCs) derived from the inner cell mass of the blastocyst, and induced
pluripotent stem cells (iPSCs) derived from somatic cells by the introduction of four
transcription factors [6]. We have recently reported that both ESCs and iPSCs can give rise
to osteoblasts /n vivo using a skeletal complementation model, and that these osteoblasts can
further rescue a defective hematopoietic bone marrow microenvironment [7]. However, since
in vivo transplantation of ESCs and iPSCs carries the risk of teratoma formation, osteoblasts
derived from ESC and iPSC differentiation /n vitro might be preferred for bone tissue
engineering purposes. Several recent studies have focused on differentiating both ESCs and
iPSCs into osteoblasts [8-10]. ESCs and iPSCs can be differentiated to the osteoblast
lineage by first forming embryoid bodies (EBs), in which mesoderm lineage cells
differentiate to osteoblast lineage cells under osteogenic factors including ascorbic acid, B-
glycerophosphate, and dexamethasone [11-27]. ESCs and iPSCs can also be differentiated
to osteoblast lineage cells through monolayer culture without first forming suspended EBs
[28-35].

Osteoblast differentiation in culture is frequently assayed by expression of osteoblast-related
genes, formation of bony nodules, and mineralization of the surrounding extracellular matrix
[8]. However, differentiation of pluripotent stem cells typically results in heterogeneous
cellular populations, and even the presence of only a small fraction of osteoblasts can yield
positive results in assays of osteoblast gene expression and mineralization. Not surprisingly,
in vitro osteoblast assays do not accurately predict bone formation /7 vivo [29], and
osteoblast gene expression and mineralization are not sufficient to demonstrate osteogenic
maturation [36]. Furthermore, these assays do not allow for quantitation of osteoblast
frequency within a mixed population, making it difficult to directly compare the efficiency
of various differentiation protocols.

The ability to selectively enrich for live mature osteoblasts within heterogeneous pluripotent
stem cell-derived cell populations would be an important first step to optimizing osteoblast
differentiation from ESCs and iPSCs, but has been hindered by the lack of cell surface
markers that uniquely distinguish osteoblasts. For example Stro-1, alkaline phosphatase, and
Cadherin-11 antibodies have been used to isolation osteoblasts, however these proteins are
not unique to osteoblasts [37, 38]. In mice fluorescent reporters are now available to
distinguish early osteoprogenitors (Osterix-GFP), maturing osteoblasts (rat type | collagen-
GFP in Col2.3GFP-expressing cells, GFP), and differentiated osteoblasts (Osteocalcin-GFP)
[39-41]. We have further demonstrated that Col2.3GFP intensity can also be used to
distinguish early and late stages of osteoblast differentiation [42]. We sought to combine
these two approaches by deriving ESC and iPSC lines from Col2.3GFP reporter mice. Here
we report that both ESC and iPSC lines can be derived, expanded and differentiated to yield
GFP* osteoblasts. We confirmed the osteoblast identity of ESC- and iPSC-derived
osteoblasts using RNA-sequencing and hierarchical clustering, and demonstrate that GFP*
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sorted cells are more similar to freshly isolated GFP* osteoblasts from Col2.3GFP
transgenic mouse bone than to unsorted cells based on whole genome expression profiling.
While the efficiency of osteoblast differentiation remains low as determined by frequency of
GFP* cells, the Col2.3GFP reporter provides a means to identify and harvest an enriched
population of pluripotent stem cell-derived mature osteoblasts.

2. Materials and methods

2.1. Generation and culture of mouse Col2.3GFP ESCs and Col2.3GFP iPSCs

Mouse ESC lines were derived from Col2.3GFP transgenic mice [41]. Following timed
mating, pregnant mice were sacrificed at E3.5 and blastocysts were collected. Blastocysts
were plated on inactivated mouse embryonic fibroblast (MEF) feeder cells in ESC derivation
medium comprised of DMEM supplemented with 15% KnockOut Serum Replacement
(KOSR), 1x penicillin-streptomycin, 2 mM GlutaMAX, 1 mM sodium pyruvate, 0.1 mM
MEM NEAA, 0.1 mM 2-mercaptoethanol (all from Invitrogen, Carlsbad, CA), 103 U of
Leukemia Inhibitory Factor (LIF, Millipore, Billerica, MA), 1 uM PD0325901 (Thermo
Fisher Scientific, Inc., Waltham, MA) and 3 pM CHIR99021 (Sigma, St Louis, MO).
PD0325901 (an inhibitor of MEK1/2 signaling) and CHIR99021 (an inhibitor of glycogen
synthase kinase-3R signaling) are widely used to maintain self-renewal and pluripotency
[43]. Blastocyst outgrowth disaggregation, stem cell passage and maintenance were
processed as previously described [44]. mMESCs were maintained in either ESC medium on
MEF feeder cells or in feeder free condition in serum free ESC medium comprised of basal
medium (50 % DMEM/F12, 50 % Neurobasal medium, 0.5x N2 supplement, 0.5x B27
supplement (all from Invitrogene), 25 ug/mL BSA fraction V (Sigma), 1x penicillin-
streptomycin, 2 mM GlutaMAX, 1 mM sodium pyruvate, 0.1 mM MEM NEAA, 0.1 mM 2-
mercaptoethanol) supplemented with 103 1U of LIF, 1 M PD0325901 and 3 pM
CHIR99021 [43]. ESC medium was the same as derivation medium except KOSR was
replaced by Fetal Bovine Serum (FBS, Invitrogen). Genotyping of ESCs was performed by
PCR for the presence of GFP (5’-TCATCTGCACCACCGGCAAGC-3’; 5’-
AGCAGGACCATGTGATCGCGC-3’).

4-in-1 lentiviral reprogramming vector encoding Oct4, KIf4, Sox2, and c-Myc was kindly
provided by Dr. Axel Schambach (Hannover Medical School, Hannover, Germany) [45].
Human embryonic kidney line 293T cells were transducted with lentiviral vectors along with
the packaging vectors psPAX2 and pMAD2.G (Addgene; Cat. No. 16620 and 16619,
respectively) using Lipofectamine 2000 regent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Viral supernatants were collected after 48 hours and
concentrated by using Centrifugal Filter Units (Merck Millipore Ltd, IRELAND) according
to the manufacturer’s instruction to produce virus stocks with titers of 1 x 108 to 1 x 10°
infectious units per milliliter. Mouse tail tip fibroblasts (TTPs) were derived from
Col2.3GFP transgenic mice, and seeded at 1 x 10° cells/well in fibroblast growing medium
(DMEM medium supplemented with 10 % FBS). On day 2, the medium was replaced with
virus mixed with fibroblast growing medium containing 8 ng/ml polybrene. After 24 hours,
the virus was washed out and cells recovered in fresh fibroblast growing medium. On day 3,
the cells were trypsinized and split (1:6) to new dishes and thereafter cultured in ESC
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medium from day 4. Upon appearance of ESC-like colonies, single colonies were picked
based on morphology and expanded on MEF feeder cells. ESC medium was replaced every
other day and iPSCs were passaged every 2—4 days based on the confluency. Similarly,
iPSCs were maintained in either ESC medium on MEF feeder cells or in feeder free
condition in serum free ESC medium.

2.2. Differentiation of mouse Col2.3GFP ESCs and Col2.3GFP iPSCs toward osteoblasts

Osteogenic differentiation was performed through embryoid body (EB) formation, EB
plating and differentiation as previously described [23]. Briefly, dissociated mouse
Col2.3GFP ESCs and Col2.3GFP iPSCs were cultured as EBs in suspension in 6 well ultra-
low cluster plates for 6 days with ESC medium or serum free ESC medium without LIF,
PD0325901 and CHIR99021. 0.1 uM retinoic acid (RA) was added at day 3 and washed out
at day 5. After 6 days, EBs were plated in osteogenesis medium (ESC medium or serum free
ESC medium without LIF, PD0325901 and CHIR99021, supplemented with 50 pg/mL
ascorbic acid, 10 mM B-glycerol phosphate, and 100 nM dexamethasone (all from Sigma,
St. Louis, MQO)). Osteogenic medium was changed every 3 days.

2.3. Characterization of mouse Col2.3GFP ESC and Col2.3GFP iPSC lines

Immunofluorescence staining—Cells on cover glasses were fixed with 4%
paraformaldehyde for 15 minutes at room temperature. For Oct4 staining, cells were
permeabilized with 1% TritonX-100/PBS for 30 minutes at room temperature. Subsequently,
cells were blocked with PBS-BT (1% PBS, 3% BSA, and 0.1% Triton X-100) for 30 minutes
at room temperature. Coverslips were then incubated in primary and secondary antibodies
diluted in PBS-BT. Oct4 antibody was purchased from Santa Cruz (cat NO: sc-9081, Santa
Cruz Biotechnology, Inc.). SSEAL antibody was obtained from Millipore (cat NO:
MAB4301, EMD Millipore Corporation, Billerica, MA). Images were acquired on a
fluorescence microscope (EVOS, AMEP-4615).

Karyotyping—Mouse Col2.3GFP ESCs and Col2.3GFP iPSCs were grown in feeder free
conditions. Actively dividing cells were subjected to karyotyping analysis by the
Cytogenetics Laboratory of Stanford Hospital and Clinics. Chromosomes were analyzed by
the Giemsa-trypsin-Wrights binding method. Twenty metaphase cells were analyzed.

Pluripotency analysis after differentiation in vitro and in vivo—Mouse
Col2.3GFP ESCs and Col2.3GFP iPSCs were grown in feeder free conditions and then
subjected to EB formation for 10 days. Germ layer markers were analyzed by quantitative
RT-PCR (qRT-PCR). RNA was extracted using the PureLink® RNA Mini Kit (Invitrogen,
Carlsbad, CA) and then used for reverse transcription with the iScript Kit (Bio-Rad,
Hercules, CA). gRT-PCR reactions were run using 50 nM forward and reverse primers with
iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). Real-time PCR was performed using
the Bio-Rad iCycler. Relative mRNA levels were normalized to levels of B-Actin. PCR was
performed in triplicate for each sample, and 3 independent experiments were carried out.
Primer sequences are described in Supplementary Table S4.
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In vivo pluripotency of mouse Col2.3GFP ESCs and Col2.3GFP iPSCs was analyzed by
teratoma formation assay in severe combined immunodeficient (SCID) mice (Cb17SCID,
Charles River Laboratories International, Inc.) with approval of the Administrative Panel on
Laboratory Animal Care (APLAC) of Stanford University. Cell colonies were dissociated by
trypsin and 1 x 10° cells were suspended in PBS, combined with matrigel, and then
subcutaneously injected into 4~5-week-old mice (both female and male). After 3—-4 weeks,
the tumors were removed, fixed in 4 % formalin, and embedded in paraffin. The histology of
in vivo differentiated three germ layers — respiratory (endoderm), cartilage (mesoderm), and
neural rosettes (ectoderm) — was analyzed after hematoxylin and eosin staining [46, 47].

2.4. Isolation of calvarial osteoblasts

Calvarial osteoblast cells were prepared by serial collagenase digestion as previously
described [48]. Briefly, calvariae were dissected from neonatal pups and plated followed by
serial collagenases digestion with total six digests. Typically fractions 1 and 2 were
discarded, and fractions 3—6 were collected and plated in a 10 cm dish. The media was
changed the following day to remove nonadherent hematopoietic cells, leaving adherent
osteoblasts. The calvarial osteoblasts were maintained and matured in a MEM medium
containing 10 % FBS and 1x penicillin-streptomycin (all from Invitrogen, Carlsbad, CA)
and supplemented with 50 ug/mL ascorbic acid. Cells were harvested and examined after
three weeks.

2.5. Alizarin Red S staining

The mouse Col2.3GFP ESC- and iPSC-derived osteoblast cells were rinsed twice with PBS
and fixed in 10 % formaldehyde for 10 minutes. After fixation and wash, the cells were
stained with 2% alizarin red S solution for 20 minutes. After removal of unincorporated
excess dye with distilled water, the mineralized nodules were stained with alizarin red.

2.6. Flow Cytometry

To harvest cells from stem cell differentiation, cells were dissociated with 0.25 % trypsin,
filtered through a 70 um cell strainer, washed once in Staining Buffer (BD Biosciences, San
Diego, CA) and suspended in PBS.

For freshly isolated cells from mice long bones, soft tissue and bone marrow were removed
and the bone chopped into small pieces. Small pieces of bone were digested in aMEM
medium containing 2 mg/mL collagenase type Il at 37°C for 45 minutes twice. Cell
supernatants were filtered through a 70 um cell strainer and combined in PBS for staining.
Cells were stained with biotin anti-mouse CD45 antibody, biotin anti-mouse Ter-119
antibody and biotin anti-mouse CD31 antibody (cat NO: 103104, 116204, and 102404;
BioLegend, San Diego, CA). After washing, cells were stained with Streptavidin APC/Cy7
(cat NO: 405208; BioLegend) and Propidium iodide (PI).

The cells were analyzed by a flow cytometer (FACSCAN, BD Bioscience) in the Stanford
Shared FACS Facility. The CD457/Ter1197/CD31- and GFP* cells or negative cells were
sorted by fluorescence-activated cell sorting (FACS) using a flow cytometer (Verdi, BD
Bioscience) fitted with an 85 UM nozzle. Data were analyzed using the Flowjo software
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(Tree Star, Inc., Ashland, Oregon). Live cell GFP was analyzed by fluorescence microscopy
(EVOS, AMEP-4615).

2.7. RNA-sequencing

RNA was extracted with the PureLink® RNA Mini Kit, and purified using the Dynabeads®
mRNA Purification Kit (Invitrogen). RNA sequencing libraries were generated from purified
mMRNA using the NEBNext® Ultra™ Il DNA Library Prep Kit for lllumina (New England
Biolabs, Ipswich, MA). For ultra-low amounts of RNA, RNA was extracted using the
NucleoSpin® RNA XS kit (Clontech, Mountain View, CA). Libraries were prepared with
the SMART-Seq v4 Ultra Low Input RNA Kit followed by the Low Input Library Prep Kit
(Clontech, Mountain View, CA). Several libraries were combined and average length 420 bp
fragments were sequenced using paired end reads (2 x 100 bp) on the lllumina HiSeq 2500
and HiSeq 4000 platforms (Stanford Personalized Medicine Sequencing Core), with an
average of 30 million reads per sample. Paired end sequencing reads (100bp) were generated
and aligned to the mouse reference sequence NCBI Build 37/mm9 with the STAR (v2.4.2a)
algorithm [49]. Normalization of RefSeq annotated gene expression level and differential
expression analysis were performed using Bioconductor package DESeq?2 in R (\ersion
3.2.2) [50]. rlog-transformed values (the regularized-logarithm transformation for count
data) was calculated for each gene. Genes with False Discovery Rate (FDR) <0.05 were
defined as differentially expressed genes. Gene ontology analysis was performed at Gene
Ontology Consortium (http://geneontology.org/). The function enrichment analyses and
concept-gene network analysis were implemented using the Bioconductor package
GeneAnswers (version 2.14.0) [51]. All transcriptome raw data are publically available in
GEO (accession number GSE110434).

2.8. Statistical Analysis

Statistical analysis was performed using Microsoft Excel and GraphPad Prism 5 (GraphPad
Software, San Diego, CA). Quantitative data are presented as the mean = SEM. Statistical
Significance was assessed by the Multiple t test followed by correct for multiple
comparisons using the Holm-Sidak method.

3. Results

3.1. Generation of mouse Col2.3GFP ESC line and osteoblast differentiation

We derived ESC lines from Col2.3GFP transgenic mice. Briefly, blastocysts were flushed
out from the uterine horn and plated on the MEF feeder plate in ESC derivation medium
(Fig. 1Aa). Outgrowth from blastocysts could be seen by day 2 (Fig. 1Ab). At day 5, the
outgrowth was ready to passage by mechanical disaggregation (Fig. LAc). ESC lines were
generated by several passages and maintained either on feeder cells or in feeder free and
serum free conditions (Fig. 1Ad, e and f). Established mouse Col2.3GFP ESC lines
exhibited typical ESC cellular morphology featuring compact dome-like colony structure
and distinct colony borders. We selected a line showing the best morphology and carrying
the Col2.3GFP transgene for further characterization. Karyotype analysis of the Col2.3GFP
ESC line revealed a normal diploid female (40, XX) line (Fig. 1B). Col2.3GFP ESCs
express the pluripotency markers Oct4 and SSEA-1 (Fig. 1C). We next tested the ability of
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Col2.3GFP ESCs to form all three germ layers using differentiation /n vitro and teratoma
formation. In culture medium without anti-differentiation factors LIF and two inhibitors
(PD0325901 and CHIR99021), Col2.3GFP ESCs spontaneously differentiated and formed
three-dimensional multicellular aggregates termed embryoid bodies (EBs). Markers for
multiple lineages, including endoderm (Gata4 and Gate 6), mesoderm (FLKI and a-SMA),
ectoderm (Cxc/12and MshI) and trophectoderm (Cadx2) were significantly upregulated in
EBs compared to undifferentiated Col2.3GFP ESCs (Fig. 1D). To test whether Col2.3GFP
ESCs can form teratomas containing cells of all three lineages, we inoculated Col2.3GFP
ESCs subcutaneously in immunocompromised SCID mice and found teratoma formation
after 3—4 weeks. Histological analysis of teratomas revealed tissues from all three germ
layers: respiratory (endoderm), cartilage (mesoderm), and neural rosettes (ectoderm) (Fig.
1E). Together these results confirmed the pluripotency of Col2.3GFP ESCs.

Next, we tested the osteogenic differentiation potential of the Col2.3GFP ESCs (Fig. 2A).
Col2.3GFP ESCs were first allowed to spontaneously differentiate as EBs between days 1 to
6 (Fig. 2Bb). EBs were exposed to retinoic acid (RA) from days 2 to 5 to suppress
cardiomyocyte formation, then replated on day 7 and subjected to osteogenic differentiation.
After 35-40 days in the osteogenic medium, mineralized nodule formation was evident and
confirmed by robust alizarin red staining (Fig. 2Bd and f). Osteogenic cells expressing
Col2.3GFP appeared after day 20 and gradually increased till after day 35. The expression of
Col2.3GFP was observed in differentiated cells (Fig. 2Be) and confirmed by flow cytometry
(Fig. 2C). We further separated GFP*(lo) and GFP*(hi) populations, which we have
previously reported can distinguish early and late stages of osteoblast differentiation,
respectively [42], and selected GFP*(hi) mature osteoblasts for further analysis.

To examine the extent of osteoblast differentiation, we performed RNA-sequencing (RNA-
seq) on undifferentiated day 0 Col2.3GFP ESCs (ESC), total differentiated cells at day 35
(ESC-OB), and sorted GFP*(hi) cells at day 35 (ESC-OB GFP*). The gene expression
changes of ESC-OB vs ESC are shown in Fig. 3A. A total of 7022 gene and 5651 genes
were found to be significantly upregulated and downregulated, respectively. As expected,
pluripotency marker genes Pou5f1, Nanog and SoxZ2were significantly downregulated,
while osteoblast-related genes Runx2, Msx2, Twist1/2, Bglap, 1bsp, Collaland Colla?
were significantly upregulated (Fig. 3B). We validated the upregulation of these osteoblast
genes by gRT-PCR (Supplementary Fig. S1A). Gene Ontology Analysis demonstrated that
significantly upregulated genes were highly enriched in positive regulation of osteoblast
differentiation, the top annotation term (Fig. 3C). Within the top 20 annotation terms,
upregulated genes were also enriched in positive regulation of bone mineralization and other
categories related to bone development and maturation including collagen fibril
organization, regulation of collagen biosynthetic process, and collagen metabolic process
(Fig. 3C). The enrichment of pathways involved in development of other organs of
mesoderm origin, such as heart and kidney, indicated that there was still some heterogeneity
among differentiated cells.

Significantly downregulated genes were mostly enriched in categories relating to DNA
replication and RNA processing, confirming that fundamental cellular biological processes
such as cell cycle and cell proliferation are changed during osteogenesis (Supplementary
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Fig. S1B). Genes Signaling Pathway Analysis for upregulated genes revealed that, within the
top 50 categories, several bone development and mineralization related pathways such as
ECM-receptor interaction, axon guidance, regulation of actin cytoskeleton, osteoclast
differentiation, TGF-beta signaling pathway, protein processing in endoplasmic reticulum,
calcium signaling pathway, tight junction, Wnt signaling pathway, Hedgehog signaling
pathway, adherens junction, etc., are involved in Col2.3GFP ESC osteogenic differentiation
(Supplementary Table S1). Taken together, these data confirmed that Col2.3GFP ESCs can
be differentiated into osteoblasts.

3.2. Generation of mouse Col2.3GFP iPSC line and osteoblast differentiation

Since iPSCs can be readily derived from somatic cells and represent a potential source of
patient-matched pluripotent stem cells, we sought to examine the osteogenic differentiation
potential of iPSCs as well. We transduced tail tip fibroblasts from Col2.3GFP transgenic
mice (Fig. 4Aa) with lentivirus containing four pluripotency markers Oct4, KIf4, Sox2, and
c-Myc. Some cell clusters were visible by day 5, and stem cell like clones appeared by day 7
(Fig. 4Ab—c). Clones of reprogrammed cells were picked based on morphology and replated
on MEF feeder cells. The cells expanded rapidly in culture and were trypsinized and
propagated every 2-3 days (Fig. 4Ad). Established mouse Col2.3GFP iPSC lines could be
maintained on either feeder cells or in feeder-free and serum-free conditions (Fig. 4Ae and
f). The line selected for further characterization exhibited a normal karyotype (40, XY) (Fig.
4B) and expressed the pluripotency markers Oct4 and SSEA-1 (Fig. 4C). Col2.3GFP iPSCs
differentiated into EBs expressed multiple lineages markers, including endoderm (Gata4 and
Gate 6), mesoderm (FLKI and a-SMA), ectoderm (Cxc/12 and MshI) and trophectoderm
(Cadx2) (Fig. 4D). Similarly, Col2.3GFP iPSCs formed teratomas /n vivo containing all three
germ layers: respiratory (endoderm), cartilage (mesoderm), and neural rosettes (ectoderm)
(Fig. 4E).

We next examined the ability of the Col2.3GFP iPSCs to differentiate toward the osteoblast
lineage. Undifferentiated Col2.3GFP iPSCs (day 0) formed EBs and then were replated and
differentiated in osteogenic medium for 3540 days. Alizarin red staining and the presence
of GFP* cells confirmed the osteogenic potential of Col2.3GFP iPSCs (Fig. 5A). The total
differentiated cell population (iPSC-OB) and undifferentiated cells (iPSC) were collected
and used for global gene expression profiling analysis. 4596 genes were significantly
upregulated including osteoblast-related genes Runx2, Msx2, Twist1/2, Bglap, 1bsp, Collal
and Col1a2. 3332 genes were significantly downregulated including pluripotency markers
Poubf1, Nanog and Sox2 (Fig. 5B and C). The upregulated osteogenic related genes were
validated by gRT-PCR (Supplementary Fig. S2A). Gene Ontology Analysis revealed that
significantly upregulated genes were enriched in osteoblast differentiation and bone
development related categories (i.e. positive regulation of osteoblast differentiation, collagen
fibril organization, and positive regulation of biomineral tissue development) (Fig. 5D). Of
note iPSC-OB were also heterogeneous as shown by enrichment of lineage genes for cardiac
and renal development. Gene Ontology Analysis for significantly downregulated genes
(Supplementary Fig. S2B) and Genes Signaling Pathway Analysis for significantly
upregulated genes (Supplementary Table S2) showed similar categories of enrichment as for

Biomaterials. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 9

ESC-OB. Overall, these data demonstrate that Col2.3GFP iPSCs maintain pluripotency and
can differentiate into osteoblast lineage cells.

3.3. Mouse ESC-0OB and iPSC-OB transcriptomes resemble osteoblasts

Previous studies have shown that osteoblasts can be differentiated from preosteoblastic cells,
mesenchymal stem cells (MSCs), ESCs and iPSCs [1, 8, 11, 52, 53]. The assessment of
osteogenic capability is typically based on two criteria: mineralization capacity /n vitro
(visualized by Alizarin red staining) and the expression of osteoblast-specific markers (i.e.
Runx2, BSP, and Osteocalcin). However, the degree of molecular similarity between ESC-
or iPSC-derived osteogenic cells and osteoblasts has not been completely elucidated. We
therefore compared the global gene expression profiles of ESC-OB and iPSC-OB with
primary calvarial cell-derived osteoblasts (calvarial-OB). Based on the global gene
expression by RNA-seq analysis, the heatmap of sample-to-sample distance demonstrated
that ESC-OB and iPSC-OB were clustered together with calvarial-OB and distinct from
ESCs and iPSCs (Fig. 6A), suggesting the similarity of ESC-OB/iPSC-OB to calvarial-OB.
The global expression patterns were further analyzed by principal component analysis
(PCA), which reduces high-dimensionality data into a limited number of principal
components. The first principal component (PC1) captures the largest contributing factor of
variation, in this case 65% of variation, and revealed that ESC-OB and iPSC-OB are much
closer to calvarial-OB than undifferentiated ESCs or iPSCs. Of note ESC-OB gene
expression profile is more similar to calvarial-OB than iPSC-OB, suggesting more effective
osteoblast differentiation from ESCs under the conditions studies (Fig. 6B).

Unsupervised hierarchical clustering of genome-wide gene expression data across ESC,
iPSC, ESC-OB, iPSC-OB and calvarial-OB highlighted gene expression patterns between
these cell types (Fig. 6C). In agreement with sample distance and PCA analysis, ESC-OB
and iPSC-OB were clustered together with calvarial-OB. Second, there were more gene
expression differences between the two replicates of iPSC-OB than within the three
replicates in ESC-OB, suggesting greater heterogeneity of iPSCs. Third, iPSCs may not
fully recapitulate the pluripotent state of bona fide embryonic cells as molecular differences
between iPSCs and ESCs were evident in their undifferentiated state. Next we selected
differentially expressed genes between ESC-OB and ESC and illustrated the heatmap of
these gene expression patterns across all the 13 samples. Compared to whole genome-wide
gene expression pattern, the differentially expressed gene patterns in ESC-OB and iPSC-OB
were very similar to calvarial-OB, demonstrating that the transcriptional programs of both
mouse ESC and iPSC were globally programmed toward that of the osteoblast lineage (Fig.
6D).

3.4. Mouse Col2.3GFP ESC-derived GFP?* cells resemble GFP* osteoblasts from Col2.3GFP

mouse bone

Although our data show that mouse ESC and iPSC derived osteogenic cells resemble
osteoblasts in global gene expression, the population of differentiated cells is mixed due to
the inherent heterogeneity of differentiating pluripotent stem cells and the low efficiency of
osteogenic differentiation. A more enriched osteoblast cell population would be useful for
osteoblast cell identification and regenerative medicine. We therefore sorted GFP* cells from
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mouse Col2.3GFP ESC-derived osteogenic cells and analyzed the genome-wide gene
expression pattern by RNA-seq. As shown in Fig. 7A, a total of 7273 genes were
significantly upregulated and 6018 genes were significantly downregulated in ESC-OB GFP
* versus ESC. The osteogenic markers Runx2, Msx2, Twistl/2, Bglap, 1bsp, Collal and
Colla2 were significantly upregulated while pluripotency marker genes Pou5f1, Nanog and
Sox2were significantly downregulated (Fig. 7B). Similarly, significantly upregulated genes
were enriched in positive regulation of osteoblast differentiation, collagen fibril
organization, collagen metabolic process, and regulation of bone mineralization, etc., which
were associated with bone development and maturation (Fig. 7C). Gene Ontology Analysis
for significantly downregulated genes (Supplementary Fig. 3) and Genes Signaling Pathway
Analysis for significantly upregulated genes (Supplementary Table S3) showed similar
categories of enrichment as ESC-OB. Despite the enrichment for GFP* ESC-OB, we still
found some lineage gene enrichment for other mesoderm tissues, which prompted us to
rigorously compare ESC-OB GFP* with freshly isolated Col2.3GFP* cells from long bones
of Col2.3GFP transgenic mice (Fig. 8A). We have previously reported that the intensity of
Col2.3GFP expression correlates with osteoblast maturation stage. We therefore sorted
freshly isolated mouse bone GFP*(lo) and GFP*(hi) populations from long bones of
Col2.3GFP transgenic mice, which represent early and late stage (mature) osteoblasts,
respectively [42]. We gated on CD457/Ter1197/CD31" cells to exclude hematopoietic,
erythroid and endothelial lineage cells. A heatmap of sample-to-sample distance showed that
ESC-OB and ESC-OB GFP* were clustered together with mouse bone GFP*(lo) and GFP*
(hi) cells and distinct from undifferentiated ESCs (Fig. 8B). The ESC-OB GFP* population
was more similar to ESC-OB than mouse bone GFP* populations, perhaps due to the low
percentage of GFP* cells in ESC derived osteoblasts or less maturation of the ESC-OB GFP
* population under /n vitro differentiation conditions. Direct comparison of the distance
between these cell types revealed that the ESC-OB GFP™* population was closer to mouse
bone GFP* populations compared with ESC-OB (Fig. 8C). These data demonstrated that
Col2.3GFP* cells isolated from mouse ESC subjected to osteogenic differentiation are a
more enriched osteoblast population. Interestingly, ESC-OB GFP* was more similar to
mouse bone GFP*(lo) than to mouse bone GFP*(hi) populations, suggesting that the ESC
derived GFP* osteoblasts may be less mature.

Unsupervised hierarchical clustering of the genome-wide gene expression data across ESC,
ESC-0OB, ESC-OB GFP* and mouse bone GFP*(lo)/(hi) populations revealed that ESC-OB
and ESC-OB GFP* were clustered together with mouse bone GFP (lo)/(hi) populations (Fig.
8D). As for the expression pattern of differentially expressed genes in ESC-OB GFP* versus
ESC, the heatmap of gene profiling cross all the 15 samples showed much greater similarity
of ESC-OB GFP* to mouse bone GFP* (Fig. 8E). Taken together, our data suggest that
ESC-differentiated GFP™* cells are a more enriched and differentiated osteoblast population.
Isolation of enriched mature osteoblasts from differentiated ESCs is possible and reliable.

4. Discussion

Pluripotent stem cells have the ability to self-renewal indefinitely /in vitro while maintaining
their differentiation potential. Patient-specific iPSCs could potentially be generated from
patients, expanded /n vitro, modified, and differentiated for autologous transplantation [54].
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Therefore, pluripotent stem cells are promising sources for the cellular regenerative
therapies in bone, particularly if combined with encapsulation in biomaterials for cell-based
tissue engineering. Both mouse and human ESCs and iPSCs have been tested for osteogenic
potential /n vitroand in vivo[8, 11, 19, 29, 55-58]. At present the identification of mature
osteoblasts derived from differentiated pluripotent stem cells by nondestructive methods has
been a significant challenge in the field.

Osteogenic differentiation is typically assessed by expression of osteoblast markers at the
mRNA level by gRT-PCR [12, 29, 35, 56, 58] or protein level by immunostaining [30]. For
example, Runx2, Ostrix/ Sp7, Osteocalcin/ Bglap, and BSP/ /bsp are osteoblast-related genes
often used as marker for osteoblast differentiation [8]. However, the presence of even a small
fraction of osteoblasts within a mixed population is sufficient to significantly increase
mMRNA levels of selected osteoblast-related genes over baseline. Alizarin Red S staining [15,
30, 57] and mineralized nodule formation [27] have also been used to measure osteogenic
potential, but since mineral is deposited in extracellular matrix this does not allow for cell-
autonomous identification of osteoblasts. Therefore, a more rigorous method to identify
pluripotent stem cell-derived mature osteoblasts is needed.

In this study, we derived ESC and iPSC lines from transgenic mice carrying the Col2.3GFP
fluorescent reporter for maturing osteoblasts. Other groups have also generated Col2.3GFP
mMESCs and hESCs and demonstrated Col2.3GFP expression in mineralized areas /n vivo
followed by teratoma formation or cranial defect repair. However, reliable generation of GFP
* osteoblasts differentiated from PSCs /7 vitro has not been shown [36, 56]. In this study, we
differentiated mouse Col2.3GFP PSCs to mature GFP* osteoblasts via EB formation. To our
knowledge, this is the first demonstration that GFP*(hi) mature osteoblasts can be
successfully purified from differentiation of ESCs /in vitro. While the efficiency of deriving
mature osteoblasts remains low, our findings reinforce those of other groups that have
similarly demonstrated the difficulty in differentiating pluripotent stem cells to late stage
osteoblasts /7 vitro [30, 36, 56, 59]. We have not been able generate GFP™ cells from
Col2.3GFP mESCs under monolayer culture, which is agreement with a previous study [36],
although we did detect the dramatic upregulation of most of osteogenic markers (e.g. Runx2,
Ostrix/Sp7, Osteocalcin/ Bglap, Bspl Ibsp, etc.) and matrix mineralization (data not shown).
Our findings confirm that osteoblast gene expression and mineralization are not sufficient to
assays of osteogenic maturation of PSCs [36]. A RUNX2-YFP reporter system engineered
in human ESCs was used to monitor early stage hESC osteogenic differentiation but did not
recapitulate mature osteoblast differentiation as well as bone marrow mesenchymal stem
cell-derived osteoblasts [59].

Here we extend these studies by analyzing the global gene profiles of ESCs, iPSCs and their
osteogenic progeny by deep RNA-sequencing. We found that osteogenic differentiation
significantly upregulated genes enriched in osteoblast and bone development categories;
these genes were also involved in bone related signaling pathways. Hierarchical clustering
and principle component analyses revealed that ESC- and iPSC-derived osteoblasts were
similar to primary calvarial osteoblasts. It should be noted that expression of most
osteogenic marker genes in iPSC-OB was lower than in ESC-OB; ESC-OBs were more
similar to calvarial-OBs in principal component analysis (PC1); and iPSC-OBs were more
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heterogeneous than ESC-OBs. Together these findings imply that under the conditions we
tested the efficiency of iPSC osteogenic differentiation was less than for ESCs. One possible
reason is that iPSCs were not identical to ESCs. Our data revealed gene expression
differences between iPSCs and ESCs in their undifferentiated state; iPSCs are closer to
calvarial-OB in principle component analysis, perhaps due to the epigenetic “cell memory”
as iPSCs were derived from fibroblasts and both fibroblasts and osteoblasts are of
mesenchymal origin. Whether the “cell memory” of iPSC affects osteoblast differentiation
remains to be fully elucidated [60, 61]. However, the overall cell identity and functionality
of iPSC-derived osteoblasts were comparable with ESC-derived osteoblast, indicating that
iPSC-derived osteoblasts may be indeed suitable for /n vivo bone regeneration. Overall, our
data validate the cell identity of mouse pluripotent stem cell-differentiated mature
osteoblasts, which resemble calvarial osteoblasts, and confirm that pluripotent stem cells
prove useful as an unlimited source of osteoblast cells for bone tissue regeneration.

5. Conclusion

In this study, we derived mouse ESCs and iPSCs from Col2.3GFP transgenic mice. We
differentiated mouse Col2.3GFP ESCs and iPSCs to osteogenic cells through EB formation
and demonstrated that mature osteoblasts can be enriched by harvesting the GFP*(hi)
population. We extensively compared global gene expression profiles with calvarial
osteoblasts and validated the mature osteoblast identity of pluripotent stem cell-derived
osteoblasts. Furthermore, we show that GFP* sorted cells are more similar to mouse bone
GFP* population than to unsorted cells based on whole genome expression profiling. Our
findings highlight the potential for ESCs and iPSCs as a source of mature osteoblasts for
bone regeneration.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Generation of mouse Col2.3GFP ESC line
(A) Derivation of mouse Col2.3GFP ESC line. (a) The isolated blastocyst on feeder cells. (b)

Day 2 at passage 0 with blastocyst outgrowths. (c) Day 5 at passage 0, with formation of a
stem cell cluster ready for passage. (d) Day 2 at passage 1. (¢) Representative image of
mouse Col2.3GFP ESC line maintained on feeder cells. (f) Representative image of mouse
Col2.3GFP ESC line maintained in feeder-free and serum-free conditions. Scale bar: 200
pum. (B) A representative chromosome spread of mouse Col2.3GFP ESC line (karyotype 40,
XX). (C) Immunofluorescence staining for pluripotency markers Oct4 and SSEA1. Nuclei
were stained with DAPI. Scale bars: 400 um. (D) Mouse Col2.3GFP ESCs differentiated
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into three germ layers cells /n vitro. qRT-PCR analysis with lineage specific markers in
undifferentiated mouse Col2.3GFP ESCs and differentiated Col2.3GFP ESC embryonic
bodies. *, p<.05; **, p<.005 (relative to ESC). (E) Hematoxylin-eosin stained sections of
teratoma formation with endoderm (respiratory), mesoderm (cartilage) and ectoderm (neural
rosettes) tissues. Scale bar: 200 um.
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Fig. 2. Differentiation of mouse Col2.3GFP ESCs toward osteoblasts
(A) Schematic diagram of osteogenic differentiation of ESCs. (B) Representative images of

differentiation. (a) Day 0 when differentiation of mouse Col2.3GFP ESCs is initiated. (b)
Day 5 with formation of embryonic bodies. (¢) Day 11 of differentiation. (d) Day 34 of
differentiation (brightfield). (e) Day 34 of differentiation (live cell GFP image). (f) Day 34
of differentiation (Alizarin Red S staining). Scale bars: 200 um (a,b,f), 1 mm (c-e). (C)
Sorting of GFP* cells at day 35. Cells differentiated from wide type (WT) ESCs were used
as a sorting gate negative control for GFP expression. Scale bars: 1 mm.
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Fig. 3. Significantly upregulated genes from mouse Col2.3GFP ESC-OB are enriched in
osteoblast differentiation and bone mineralization-related categories

(A) Gene expression changes in mouse ESC-OB versus ESC. The log,-fold change for gene
expression level is plotted on the y-axis and the average of the counts normalized by size
factor is shown on the x-axis. Each gene is represented with a dot. Differentially expressed
genes with an adjusted p (FDR) value below 0.05 are shown in red. Compared to ESC
population, 7022 genes were significantly upregulated and 5651 genes were downregulated
in the ESC-OB population. (B) Osteoblast and bone related gene expression levels. Logy-
fold change of expression level and —logyg (P value) in mouse ESC-OB versus ESC are
shown on the X axis. (C) Gene Ontology Analysis of biological process for significantly
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upregulated genes in mouse ESC-OB versus ESC population. Gene fold enrichment and
-log1g (P value) of top 20 annotation terms were shown.
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Fig. 4. Generation of mouse Col2.3GFP iPSC line
(A) Generation of mouse Col2.3GFP iPSC line. (a) Fibroblasts derived from Col2.3GFP

mice (day 0). (b) Day 5 after transduction of lentivirus containing four pluripotency factors
Oct4, KIf4, Sox2, and c-Myec. (c) Day 7 after transduction with formation of stem cell-like
clones ready for passage. (d) Day 2 at passage 1. (¢) Representative image of mouse
Col2.3GFP iPSC line maintained on feeder cells. (f) Representative image of mouse
Col2.3GFP iPSC line maintained in feeder-free and serum-free conditions. Scale bar: 200
um. (B) A representative chromosome spread of mouse Col2.3GFP iPSC line (karyotype 40,
XY). (C) Immunofluorescence staining for pluripotency markers Oct4 and SSEAL. Nuclei
were stained with DAPI. Scale bars: 400 um. (D) Mouse Col2.3GFP iPSCs differentiated
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into three germ layers cells /n vitro. qRT-PCR analysis with lineage specific markers in
undifferentiated mouse Col2.3GFP iPSCs and differentiated Col2.3GFP iPSCs embryonic
bodies. *, p<.05; **, p<.005; +, p<5x107° (relative to iPSC). (E) Hematoxylin-eosin stained
sections of the teratoma formation with endoderm (respiratory), mesoderm (cartilage) and
ectoderm (neural rosettes) tissues. Scale bar: 200 pm.

Biomaterials. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhu et al.

Page 24

B C

Bglap

Ibsp

Runx2
14596 genes Msx2
: Twist1
Twist2 . B log2FoldChange
Colla2 “= W -og 10 (Pvalue)
Collal .

:3332 genes Sox2 f—

log fold change

T T T L
1e+00 10402 1e+04 1e+06 Nanog —

mean expression Pou5f1 —

S s o8 & & B

—— —

iPSC-OB vs iPSC bone and pluripotency genes
expression

collagen fibril organization=jg

heart valve morphogenesis—j

protein-lipid subunit ion-ja
collagen metabolic process:

positive regulation of epithelial to mesenchymal transition-js
of plasma lipop in particle levels:

positive regulation of biomineral tissue =

positive r ion of blast diffi

smooth muscle cell diff

ANNOTATION TERM

g g of cell dhesi
regulation of cardiac muscle hypertroph
myofibril assembly:
phric tubule h i
protein N-linked glycosylation
negative regulation of TGFbeta receptol
i al tissue

Il Fold Enrichment
% -log 10 (Pvalue)

iPSC-OB vs iPSC significantly upregulated genes
Gene Ontology Analysis (Top 20 Annotation Terms)

Fig. 5. Differentiation of mouse Col2.3GFP iPSCs toward osteoblasts
(A) Representative images of differentiation. (a) Day 0 when differentiation of mouse

Col2.3GFP iPSCs is initiated. (b) Day 5 with formation of embryoid bodies. (c) Day 10 of
differentiation. (d) Day 35 of differentiation (brightfield). (e) Day 35 of differentiation (live
cell GFP image). (f) Day 35 of differentiation (Alizarin Red S staining). Scale bars: 200 pm
(a, f), 1 mm (b—e). (B) A plot of gene expression changes in mouse iPSC-OB versus iPSC.
The log,-fold change for gene expression level is plotted on the y-axis and the average of the
counts normalized by size factor is shown on the x-axis. Each gene is represented with a dot.
Differentially expressed genes with an adjusted p (FDR) value below 0.05 are shown in red.
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Compared to iPSC population, 4596 genes were significantly upregulated and 3332 genes
were downregulated in the iPSC-OB population. (C) Osteoblast and bone related gene
expression levels. Log,-fold change of expression level and —logyg (P value) in mouse iPSC-
OB versus iPSC are shown on the X axis. (D) Gene Ontology Analysis of biological process
for significantly upregulated genes in mouse iPSC-OB versus iPSC population. Gene fold
enrichment and —logqq (P value) of top 20 annotation terms were shown.
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Fig. 6. ESC-OB and iPSC-OB resemble calvarial-OB
(A) Heatmap of sample-to-sample distances using rlog-transformed values of RNA-seq data.

For each sample, the distance calculation is based on the contribution of rlog from all the
genes. (B) PCA plot using the rlog-transformed values of RNA-seq data. Each color
represents a sample type. Each sample has three or two replicates. (C) Heatmap of relative
rlog-transformed values of total genes across samples. Each row represents a gene. Each
column represents a cell type. (D) Heatmap of relative rlog-transformed values of
differentially expressed genes in ESC-OB versus ESC across samples. Each row represents a
gene. Each column represents a cell type.
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Fig. 7. Genes from ESC-OB GFP™ cells are enriched in osteoblast differentiation and bone
mineralization related categories

(A) A plot of gene expression changes in mouse ESC-OB GFP* versus ESC. The log,-fold
change for gene expression level is plotted on the y-axis and the average of the counts
normalized by size factor is shown on the x-axis. Each gene is represented with a dot.
Differentially expressed genes with an adjusted p (FDR) value below 0.05 are shown in red.
Compared to the ESC population, 7273 genes were significantly upregulated and 6018 genes
were downregulated in the ESC-OB GFP* population. (B) Osteoblast and bone related gene
expression levels. Log,-fold change of expression level and —logyq (P value) in mouse ESC-
OB GFP™ versus ESC are shown on the X axis. (C) Gene Ontology Analysis of biological
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process for significantly upregulated genes in mouse ESC-OB GFP* versus ESC population.
Gene fold enrichment and —logq (P value) of top 22 annotation terms are shown.
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Fig. 8. ESC-OB GFP™ population resembles mouse bone GFP* population
(A) FACS sorting of CD457/Ter1197/CD317/GFP*(lo), CD45 /Ter1197/CD317/GFP*(hi),

and CD457/Ter1197/CD317/GFP~ cells from mouse long bone. Three biological replicates
were processed. Long bone cells from WT mice were used as sorting gate negative control.
(B) Heatmap of sample-to-sample distances using rlog-transformed values of RNA-seq data.
(C) The sample distance between ESC, ESC-OB, ESC-OB GFP* with mouse bone GFP*(lo)
and GFP™*(hi) populations. *, p<.05 (relative to ESC-OB). (D) Heatmap of relative rlog-
transformed values of total genes across samples. Each row represents a gene. Each column
represents a cell type. (E) Heatmap of relative rlog-transformed values of differentially
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expressed genes in ESC-OB GFP™* versus ESC across samples. Each row represents a gene.
Each column represents a cell type.
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