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SUMMARY

Human pluripotent stem cell-derived osteoblasts possess great potential for utilization in bone
disorder elucidation and repair; yet, while the general ability of human pluripotent stem cells to
differentiate into osteoblasts and lay down bone-specific matrix has been shown, previous studies
lack the complete characterization of the process whereby such osteoblasts are derived as well as a
comparison between the osteogenic efficiency of multiple cell lines. Here, we compared the
osteogenic potential of two human induced pluripotent stem cell lines (RI1V9 and RIV4) to human
H9 embryonic stem cells. Generally capable of osteogenic differentiation, the overall osteogenic
yield was lower in the RIV9 and RIV4 lines and correlated with differential expression of
osteocalcin (OCN) in mature cultures and PAX7and TWI/ST1 during early differentiation. In the
undifferentiated cells the promoters of the latter two genes were differentially methylated
potentially explaining the variation in differentiation efficiency. Furthermore, the expression
signatures of selected neural crest and mesodermal genes and proteins suggested that H9 cells
preferentially gave rise to neural crest-derived osteoblasts, whereas the osteoblasts in the RIV9
cultures were generated both through a mesodermal and a neural crest route albeit each at a lower
rate. These data suggest that epigenetic dissimilarities between multiple PSC lines may lead to
differences in lineage derivation and mineralization. Since osteoblast progenitors from one origin
inadequately repair a defect in the other, these data underscore the importance of screening human
pluripotent stem cells lines for the identity of the osteoprogenitors they lay down.

Summary of the study

The methylation status of the neural crest-associated 7W/S71 and PAX7 promoters in
undifferentiated human pluripotent stem cells predicts whether they will differentiate into neural-
crest or mesoderm-derived osteoblasts. T/BRA, T-Brachyury.
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INTRODUCTION

The in vitro differentiation of human embryonic stem cells (hESCs) offers an invaluable
source to study cellular development, the etiology of degenerative diseases, and the
regeneration of dysfunctional tissues [1-4]. Human ESCs are exceptionally appropriate for
the /in vitro generation of specialized cells due to their pluripotency. Researchers have
developed /n vitro protocols that differentiate ESCs from mouse [5-7] and human [7-9] into
functional osteoblasts that can mineralize their extracellular matrix (ECM), a hallmark of
bone formation. Directed differentiation of ESCs towards an osteoblast lineage has been
achieved using dexamethasone (DEX), which triggers the expression of the osteogenic genes
runt-related transcription factor 2 (RUNX2) and osteocalcin (OCN) [10, 11]. Our group
routinely uses the active exogenous factor 1a,25 dihydroxy vitamin D3 (VD3) to enhance
commitment of mouse or primate ESCs towards the osteoblast lineage [6, 7, 12].

However, the ethical concerns surrounding the use of hESCs have held back exploring the
great expectations otherwise associated with hESCs. Human induced pluripotent stem cells
(hiPSCs), generated from the reprogramming of somatic cells, are also truly pluripotent cells
and provide an alternative mean to obtain ES-like cells [13,14]. While believed to be broadly
equivalent to hESCs based on morphology and gene expression [15-17], several reports
have identified hiPSC lines to be different from hESCs in DNA methylation and gene
expression signatures [18-21].

Increasingly, the capacity of iPSCs to differentiate into osteoblasts is at the center of studies,
as these cells may be used in cell-based replacement therapies or embryotoxicity screening
assays [22, 23]. To direct osteogenic differentiation in hiPSCs prior studies employed DEX
addition to the culture medium or seeding these cells on three-dimensional (3D) scaffolds
[24-32]. While these studies have provided evidence that hiPSCs are generally capable of
generating osteoblasts they have not characterized whether they do so with a similar
efficiency as hESCs and whether they do so through the same process. This is important,
because osteoblasts may originate from the neural crest or the mesoderm, the former having
superior grafting abilities than the latter [33, 34]. Similarly, a culture process which derives
osteoblasts from the neural crest may not be suitable to uncover embryotoxicants that cause
limb malformations /in vivo.
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As it is thus clearly necessary to elucidate the efficacy of hiPSC technology prior to routine
experimental utilization of these cells [35], here we compared the osteogenic differentiation
potential of two hiPSC lines, RIV9 and RIV4, with hESCs of the H9 line. Although RIVV9
and RIV4 cells were generally capable of differentiating into functional matrix-calcifying
osteoblasts when induced with VD3, both of the hiPSC lines tested exhibited a lower
potential to yield osteoblasts than the H9 cells as determined by bone-specific mMRNA
expression and quantification of calcium accumulation. Despite their lower differentiation
potential, osteogenically induced RIV9 cells were equally sensitive to the strong
embryotoxicant 5-Fluorouracil indicating their potential usefulness for the screening and
identification of putative skeletal toxicants.

However, in H9 hESCs, VD3 induction seemed to cause osteoblasts to form from a source of
neural crest cells, while RIV9 osteoblasts seemed to be specified primarily from mesoderm
and to a lesser degree the neural crest, whereas RIV4 cells seemed to prefer a neuroepithelial
path. Differentiation efficiency and route was not inherently associated with the type of
pluripotent stem cell, but rather seemingly correlated with the methylation state of neural
crest promoters that was found before differentiation was initiated. In summary, our results
indicate that before individual hPSC lines can come to use in orthopedic regenerative
medicine or for the study of molecular mechanisms accompanying osteogenic
differentiation, they need to be thoroughly characterized for the lineage origin they derive
osteoblasts from.

MATERIALS AND METHODS

Human pluripotent stem cell lines

Karyotyping

Cells of the hESC H9 line were acquired from WiCell (WiCell Research Institute). RIV4
and RIV9 hiPSCs were generated from foreskin fibroblasts (HFF-1, ATCC) by retroviral
integration of OCT4, KLF4and SOXZ at the University of California Riverside’s Stem Cell
Core Facility [36, 37]. To disrupt expression of T/Brachyury, human pluripotent stem cells
(4 x 10° cells) were transfected with 0.3 pg brachyury CRISPR/Cas9 KO plasmid (h;
sc-416539) and 0.3 pg brachyury HDR plasmid (h; sc-416539-HDR) from Santa Cruz using
Effectene Transfection Reagent (Qiagen 301427). After 72 hours, transfectants were
selected with 150 pg/ml puromycin (Sigma-Aldrich P8833) of for 3-5 days. Resistant
colonies that were double positive for green and red fluorescent protein were picked and
expanded for analysis. Osteogenic differentiation was conducted from those clones, in which
a reduction in BRACHYURY protein expression during differentiation was confirmed.
Control clones were generated using 0.3 pug Control CRISPR/Cas 9 plasmid. All cells were
maintained on Matrigel (BD Biosciences) treated dishes in mTeSR® (Stem Cell
Technologies) in 5% CO», and at 37°C. Pluripotent colonies were passaged every 5 days
upon reaching 70% confluency by dissociating cells with accutase and a cell scraper.

Standard G-banding type chromosome and cytogenetic analysis were carried out at the
WiCell Research Institute.
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Osteogenic Differentiation of hPSCs

Confluent pluripotent colonies (designated day 0) were switched to control differentiation
medium composed of Dulbecco’s Modified Medium (DMEM, Gibco) containing 15% FBS
(Atlanta), 1% non-essential amino acids (NEAA,; Gibco), 1:200 penicillin/streptomycin
(Gibco), and 0.1 mM B-mercaptoethanol (Sigma). On day 5, control differentiation medium
was supplemented with 10 mM B-glycerophosphate (Sigma), 50 pg/ml ascorbic acid
(Sigma), and 50 nM 1,25(0H), Vitamin D3 (Calbiochem) [38].

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 30 min at 4°C. After washing and
permeabilizing (intracellular markers only) with 0.1% Triton-X 100 (Sigma) for 15 min,
cells were incubated in primary antibody diluted in PBS/10% FBS overnight at 4°C. Primary
antibodies used were POU5SF1 (EMD Millipore, ab3209), NANOG (Cell Signaling 4903),
SOX2 (Cell Signaling, 3579), SSEA4 (EMD Millipore, MAB4304), OCN (AbCam,
ab1857), p75NTR (AbCam, ab8874), SOX10 (Santa Cruz, SC17342), TWIST1 (AbCam,
ab50887), PDGRFa (AbCam, ab61216), and PAX7 [39] (mlgG1, Developmental Studies
Hybridoma Bank). Cells were then washed and incubated in the appropriate secondary
antibody (AlexaFluor conjugated) for 2h. Cells were observed on a Nikon fluorescent
microscope.

Histochemical analysis

Cultures were washed with PBS and fixed in 4% paraformaldehyde at 4°C for 30 min. For
\Von Kossa stain, fixed samples were overlaid with silver nitrate solution (Ricca Chemical
Company) and illuminated under an intense light source for 1 h. Cultures were fixed with
5% sodium thiosulfate (Red Bird Service) for 2 minutes. Cells were also washed with PBS
and overlaid with 2% w/v Alizarin Red S solution (Sigma-Aldrich) for 5 minutes to
visualize calcium-rich areas. Prior to imaging, cultures were washed 3X with water followed
by ascending alcohol washes (70%, 80%, 90%, 100% ethanol).

Characterization of bone: Alkaline phosphatase (ALP), inorganic phosphate, and calcium

assays

Cells were harvested in radioimmunoprecipitation (RIPA) buffer. Activity of the ALP
enzyme and calcium deposition were determined and calculated as previously described
[40]. Free inorganic phosphate (P;) was measured with the PiPer phosphate assay (Molecular
Probes, Invitrogen) per the protocol of the manufacturer and as used by Majumdar et al.
[41]. The total free inorganic phosphate in the sample was taken from a potassium phosphate
standard curve. All measurements were normalized to the total protein content of the sample
measured with the Lowry method.

RNA isolation and quantitative PCR

Total RNA was extracted with the NucleoSpin RNA 11 protocol (Macherey Nagel). RNA
concentration was determined with a NanoDrop® 1000 spectrophotometer (Thermo

Scientific) at 260 nm. 25 ng of total RNA was used for cDNA synthesis with a mastermix
including 1X reaction buffer, 0.5 mM dNTPs, 20 U/uL RNase inhibitor, 0.8 U/uL reverse
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transcriptase, and 1 pM random primer. 25ng cDNA transcripts were used for quantitative
polymerase chain reaction (QPCR) with SYBR green on the MyiQ cycler (BIO-RAD).
Reactions were setup for 10 minutes of denaturing at 94°C, followed by 40 cycles of
denaturing at 94°C, and annealing/elongation at 60°C for 45 seconds. The n-fold expression
in target samples was calculated with the AACt method by standardizing Ct values to
GAPDH expression [42]. Primer sequences used in this study can be found in Supplemental
Table 1. Pre-designed primer pairs for GOOSECOID (GSC, Hs00906630_g1), PAX6E
(Hs00240871_m1), and SOXZ7(Hs00751752_s1) were purchased from Life Technologies.
All other primers were from Leung et al., 2016 [43].

Methylation-specific (MS) PCR Analysis

MTT assay

To analyze the methylation status of the 7W/S71 and PAX7 promoters, cells were collected
in lysis buffer (100 mM NacCl, 0.5% SDS, 20 mM Tris pH7.5, 50 mM EDTA) with 0.2 mg
of proteinase K (Sigma) and incubated at 60°C overnight. DNA was isolated by standard
phenol-chloroform and isopropanol precipitation methods and quantified with a NanoDrop®
1000 spectrophotometer. Bisulfite conversion was performed from 200 ng of genomic DNA
with the EZ DNA Methylation-Lightning Kit (Zymo). The methylation status of the PAX7
and TWI/ST1 promoters was then determined from the eluted DNA using the MS-nested
PCR method [44]. Primer sequences for first and second rounds of amplification for both
methylated and unmethylated DNA are listed in Supplemental Table 1 and are as previously
published [44]. Cycling conditions for PAX7were 10 minutes at 95°C, followed by 40
cycles at 94°C for 25 seconds, 60°C for 25 seconds, and 72°C for 20 seconds. A final
elongation of 2 minutes at 72°C followed. The first and second reactions for TW/ST1 were
setup for 10 minutes at 95°C, followed by 40 cycles for round one and 32 cycles in round 2
at 94°C for 25 seconds, 63.9°C for 25 seconds, 72°C for 20 seconds, and a final 2 minute
elongation at 72°C. Amplified products were observed in a 2% agarose gel using ethidium
bromide for detection.

Cellular health was determined with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylterazolium
bromide (MTT) as described previously [45] and absorbance was read at 595 nm in an
iMark™ microplate reader (BIO-RAD).

Video bioinformatics

Phase contrast microscopic images of differentiating hPSCs were automatically acquired at a
magnification of 4X every 12h utilizing the BioStation CT (Nikon Corporation, Tokyo,
Japan). For each 24-well dish well ten reference points of interest were randomly selected as
representative view fields. Raw images were processed, enhanced and segmented using
MATLAB software-generated recipes (Mathworks, MA, U.S.A) using a manual threshold of
33. Pixels below the threshold were removed to create segmented images of calcified
regions. Remaining pixels were counted to quantitatively represent the degree of
calcification from each image. The calcification rate was determined from the number of
calcified pixels in each image at ty subtracted from the number of calcified pixels at ty and
divided by the hours of elapsed time.
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Toxicity Testing

5-Fluorouracil (5FU) was obtained from Sigma-Aldrich and a stock solution prepared in
dimethyl sulfoxide. Differentiation of hPSCs was initiated as described above and cells were
treated for 20 days of osteogenesis with five concentrations of 5FU and a solvent only
control. 5FU was replenished with each media change.

Statistical Analysis

RESULTS

All experiments were performed from 3 independent passages, each consisting of either
three or five biological replicates (different wells). Video bioinformatics assessment was
performed from a total of 30 areas within three independent culture wells per replicate. For
single and multiple comparisons, an unpaired student’s T-test and a One-Way ANOVA with
Holm-Sidak post-hoc analysis was performed, respectively. A P-value of 0.05 or smaller was
considered statistically significant (SigmaPlot, Systat Software, San Jose, CA).

Pluripotency assessment of cell lines used

To apply hiPSC technology in the cell-based replacement of diseased or injured bone tissue
or the screening for skeletal toxicity and teratogenicity, the osteogenic differentiation
potential of human induced pluripotent stem cells must first be determined. To rule out that
eventual differences in osteogenic differentiation capacity stemmed from differences in their
pluripotency status, H9 hESCs and RIVV4 and RI1V9 hiPSCs were first compared for
expression of pluripotency associated markers and absence of those associated with germ
layer differentiation.

All lines displayed similar morphology and both hiPSC lines showed a normal karyotype
(Fig. 1A, B). In the undifferentiated state, RIVV9 and RIV4 lines expressed POU5F1, SOX2,
and NANOG transcription factors, which localized to the nucleus, and the membrane-
associated stage-specific embryonic antigen 4 (SSEA4; Fig. 1C). A quantitative comparison
of pluripotency marker mRNA levels showed no statistical difference between the RIV and
the H9 lines (Fig. 1D). Upon withdrawal of pluripotency conditions, all lines up-regulated
the expression of tri-lineage genes (Fig. 1E-G), which were found at very low levels in the
undifferentiated cells, concomitant with a reduction in pluripotency mRNAs with increased
time in differentiation conditions (DMEM+FBS). These data indicated that all lines used in
this study showed general tri-lineage potential facilitating the assessment of their osteogenic
differentiation potential.

Characterization of osteoblast cells derived from hESCs

For osteogenic induction, we adopted a monolayer overgrowth culture approach previously
described by Karp et al. [10] (for schematic see Fig. 2A) after attempts to execute an
embryoid body-based protocol failed due to excessive cell death after replating
(Supplemental Fig. 1A). We selected VD3 as an osteogenic supplement as it led to high
levels of alkaline phosphatase (ALP) enzyme activity and superior calcification over DEX
induction in pilot experiments (Supplemental Fig. 1B).
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Upon VD3 induction, differentiating ESCs showed black appearing deposits, which
represent the calcification of the extracellular matrix, a hallmark of bone development from
stem cells [46] (Fig. 2B). Cultures were positive for the major non-collagenous bone protein
OCN and positive deposition of calcium ions was depicted by Alizarin Red S and Von Kossa
stains (Fig. 2B). Quantitatively, the levels of deposited calcium rose over non-induced
cultures by 10 days of the /n vitro differentiation and had reached levels that were 78-fold
higher than the non-osteogenic cells by day 30 (Fig. 2C). At late stages of osteogenesis,
osteoblast-specific expression of SATB2, RUNX2and OCN transitioned into osteocyte-
specific expression of CAPG and DESTRIN [48] (Fig. 2D).

During early differentiation, the co-expression of SOX10/PAX7 and SOX10/TWIST
suggested the presence of neural crest cells [39] (Fig. 3A), while these were absent in
uninduced control cultures. Further, p75NTR-positive cells, often associated with migrating
cranial neural crest cells [39, 49], were more abundant than in spontaneously differentiating
cultures, and a few days later cells became positive for PDGFRa,, which associates with
mesenchymal cells, a subsequent step in maturation (Fig. 3B). In line with this observation
the expression of PAX7and TFAPZa, two neural plate border specifier genes [48-51], were
over 470- and 3160-fold up-regulated over undifferentiated cells (Fig. 3C). Mimicking the
timely expression during neural crest development, SOXZ0and Z/C3 were expressed
slightly later. Subsequently, DL X6, which marks osteoprogenitors from the neural crest was
significantly up-regulated over undifferentiated cells (Fig. 3C). In contrast, 7/Brachyury (T/
BRA, a pan-mesodermal gene) [52], peaked simultaneously with 2AX7on day 5 of
differentiation (Fig. 3D), but remained ~140-fold lower than that of PAX7. PAX7 expression
was also 98- and 49-fold greater than the levels of the neuroepithelial SOXZ and PAXE,
respectively (Fig. 2E), suggesting that hESCs primarily differentiated through a neural crest
route.

Osteogenic Analysis of hiPSCs

We next tested whether the RIV9 and RIV4 cells also responded to VD3 with osteogenic
differentiation. On day 30 of the culture process, both the RIV9 and RIV4 osteogenic
cultures indeed displayed the characteristic black deposits in brightfield microscopy
indicative of the mineralized extracellular matrix produced by osteoblasts (Fig. 4A). This
was further supported by positive immunostaining for OCN, Alizarin Red S, and von Kossa
stains. Both RIV lines also showed measurable levels of inorganic phosphate and calcium
(Fig. 4B, C). While these data suggested that all tested lines were generally capable of
differentiating into osteoblasts, we noted an inconsistency in the mineralization process
between H9, RIV9 and RIV4 during our studies. For example, inorganic phosphate was
significantly decreased in the RIV4 cell line compared to the H9 cells (Fig. 4C, £<0.05),
while both RIV4 and RIV9 lines showed less calcium content on day 20 (~<0.05) by
multiple decades (Fig. 3B). Consequently, the Ca/P ratio, an important parameter in the
determination of bone quality [53], was lower in both tested hiPSC lines, not even reaching
values of 0.58 associated with fetal bone [53] (Fig. 3D). Only the Ca/P ratio for the H9 cells
was determined at a close to physiological 2.6:1 [53-56].
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We next examined when this difference first manifested itself. Morphological assessment
suggested that both RIV4 and RIV9 cells calcified less than the H9 cells (Fig. 4D), and it
appeared as if black deposit was visible earlier than in the H9 cells. Quantitative calcium
measurements revealed significantly more calcification in RIV9 hiPSCs than in H9 hESCs
on day 5, a pattern that reverted by day 15 (Fig. 4E). Instead, the inorganic phosphate
content did not show any discernable pattern over a 20-day period (Fig. 4E).

To quantitatively determine this apparent difference in kinetics, we applied an innovative
time-lapse morphometric assessment taking advantage of the black appearance of the
calcium deposits in images [47]. Images of differentiating cultures were acquired every 12
hours over the course of 20 days and image segmentation applied to separate black pixels
from the background. The remaining black pixels were used as a measure for calcification.
Both RIV lines exhibited fewer dark pixels confirming a lower degree of calcification in the
hiPSC lines (Fig. 4F). Calculating the calcification rate by charting the addition of black
pixels as a function of elapsed time revealed that R1VV4 and RIV9 appeared to calcify earlier
than H9 cells (Fig. 4G). Together these data imply that hiPSC differentiations varied in the
rate that calcification occurred at, with considerably lower osteogenic potential in the RIV4
and RIV9 lines.

Passage-to-passage analysis of osteogenic hPSC cultures

We next aimed to elucidate whether the noted variability in differentiation yield was due to
differences in differentiation potential between passages or truly inherent in the specific line
tested. To examine this variability more closely, we next compared three experiments
inoculated from subsequent passages of cells (denoted by Roman numerals I-111) for
osteogenic yield and levels of expression of genes associated with different levels of culture/
osteoblast maturation.

The overall yield in calcium deposit followed a similar pattern of continuous up-regulation
in all three cell lines, but was significantly lower in both RIV lines (H9>RIV9>RIV4, Fig.
5A). At the gene expression level, consistent patterns of expression that correlated between
the three cell lines and with the calcification data were found for OCN, PAX7and TWIST1
with the latter inversely correlating to calcification (Fig. 5B-D).

In contrast, no other examined genes exhibited any clear time- or cell-line dependent pattern
of gene expression, although RUNX2and OPN indicated continuous maturation over time in
the H9 cultures despite one out of the three passages under-expressing when compared to the
other two (Supplemental Fig. A, B). Similarly, no time-dependent pattern could be observed
for ALP enzyme activity or inorganic phosphate content (Supplemental Fig. 2E, F).

To test whether the observed differences between the three cell lines were correlative to
passage variability, we next calculated the n-fold differences in gene expression, mineral
content and enzyme activity across all time points and graphed them as box plots
(Supplemental Fig. 3). These indicated that although some of the endpoints showed higher
variability in the RIV9 cells, most of the endpoints exhibited equal variations in all cell lines,
and none correlated with overall osteogenic yield.
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Calcification ability of hPSCs correlates with PAX7 and TWIST1 expression and
methylation status

Based on the association of PAX7and TWI/STI expression measured in H9 ESCs (Fig. 2G)
with neural crest lineage determination, and the correlative calcification kinetics found for
H9 ESCs, we next comparatively measured the difference in mRNA expression patterns of
multiple genes associated with the neural crest as well as mesodermal lineage across the
three cell lines. PAX7, TFAPZa, ZIC3and MSX2 mRNA levels were significantly lower in
both RIV lines than in HI cells (Fig. 6A). In contrast, the mesodermal genes 7/BRA, TBXE,
MIXL1and MIERI were expressed in the RIV9 line at 2-, 37-, 2- and 18-fold the levels
found in H9 cells, respectively (Fig. 6A). Contrastingly, RIVV4 cultures had lower levels than
RIV9 of most of the neural crest and mesodermal genes, but highly expressed SOXI by 14-
fold over the H9 line (Supplemental Fig. 4) potentially suggesting that their differentiation
was halted at a neuroepithelial state [57]. H9 cultures with a CRISPR/Cas9-mediated
disruption of T/BRA did not exhibit a reduction in calcification, while disruption of the
same gene in RIVI cells lessened the degree of calcification (Fig. 6B). This result
potentially suggested that osteogenesis occurred independently of T/BRA in H9 cells, but
was dependent on a mesodermal transition state in RIV9 cells.

Given that iPSCs have been reported to bear epigenetic marks from their cell type of origin
[19] and given the high correlation between PAX7and TWISTI expression with the
calcification yield in the H9 line over the RIV9 line we next examined the methylation status
of both promoters. Methylation specific PCR supported the notion that the 24.X7 promoter
region was hypomethylated in the H9 cells, while it was methylated in the RIV9 hiPSCs
(Fig. 6C). This methylation pattern suggested that the activation of this locus was hindered
in the RIV9 cells, which was reflected in the 2AX7mRNA levels. In turn, the evaluation of
the TWISTI1 promoter methylation status, a gene expressed by neural crest cells once they
have committed to a mesenchymal fate, revealed high methylation of the 7W/ST1 promoter
in the HO line, whereas TW/ST1 was less methylated in the RIV9 cell line (Fig. 6C). /n vivo,
TWISTI mediates cranial bone progenitor specification [58], and is highly expressed in
mesenchymal cells and then down-regulated for further differentiation to occur [59, 60]. The
detected methylation status on the 7W/S71 promoter suggested that in the RIV9 cells
TWISTI was turned on prematurely, thwarting its proper activation pattern during
differentiation. Indeed, already in undifferentiated RIV9 cells TW/ST1 was expressed 2.2—
fold higher over the H9 hESCs (Fig. 6D) and increased with faster kinetics.

Next, we additionally analyzed the PAX7and 7TWIST1 methylation status over a selection of
different hESC and hiPSC lines and found differential methylation states that did not
correlate with hESC or hiPSC identity (Supplemental Fig. 5). However, the methylation
status of these two promoters in the undifferentiated state did seem to be predictive of the
osteogenic differentiation capacity of the respective lines. Moreover, the methylation status
also predicted the ability of two karyotypically abnormal RIV lines, RIV1 and RIV7,
independently of their karyotypic abnormalities (Supplemental Fig. 5B-E). Together, these
findings suggested that both PAX7and 7W/ST1 methylation status may have a determining
role in osteoblast development in PSCs.
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RIV9 hiPSCs are able to predict skeletal teratogenesis despite their low osteogenic yield

While a low osteogenic differentiation potential of a pluripotent stem cell line could be of
concern for its clinical application in cell-based regenerative medicine, it may still prove
useful for the /n vitro screening of putative skeletal toxicants despite its diminished
osteogenic yield. To test this, we next examined the potential of the RIV9 line to accurately
predict the toxicity of the strongly embryotoxic agent 5-Fluorouracil (5FU) [62] by
assessing its inhibition of differentiation compared to its cytotoxicity [45]. The half-maximal
inhibitory concentrations (IDsg) in the endpoint calcium content were not statistically
different between the RIV9 and the H9 cells (P=0.090), neither were the half-maximal
inhibitory concentrations of cytotoxicity (1Csq) (P=0.172) (Fig. 7A). Plotting the measured
reduction in calcium content for every tested concentration in 5FU-treated osteogenic RIV9
cultures against the respective result found with the H9 cells (Fig. 7B) resulted in correlation
coefficients close to 1, further demonstrating that R1\VV9 cells exhibit the same sensitivity to
5FU as H9 cells. These results potentially proved the usefulness of PSC osteogenic cultures
in the prediction of skeletal toxicants, despite different differentiation kinetics or lower
efficiencies.

DISCUSSION

In line with previous studies, we show here that hPSC cell lines are generally capable of
osteogenic differentiation. However, to our knowledge this is the first report that VD3, an
osteogenic supplement that acts to trigger osteogenic gene expression and calcification in
mouse and marmoset ESCs [6, 12], can also enhance human ESC osteogenic differentiation
as well as induce osteogenic differentiation of human iPSCs. Notably, calcification levels
were significantly lower in the two tested hiPSC lines than in the H9 hESC line. Where other
studies have shown that osteoblasts can be derived from iPSCs when grown on scaffolds or
with culture additives in general, most of these relied on qualitative von Kossa and Alizarin
Red stains [8, 11]. Because only minimal quantitative analyses such as ALP and OCN were
used in past studies [10], a thorough evaluation of the differences between hESCs and
hiPSCs had not been performed [24, 63]. Using a broad range of techniques, including
quantitative PCR, immunocytochemistry, and innovative video bioinformatics we show here
systematically that although osteogenically differentiating hiPSCs can form a mineralized
matrix, the two hiPSC lines tested exhibited lower osteogenic efficiency than H9 hESCs by
multiple decades. While we initially hypothesized that this difference had to do with the type
of cell studied we soon found evidence that these differences in osteogenic yield were cell
type independent.

In contrast to the results presented here, a recently published study on mouse ESCs and two
mouse iPSC lines did not identify any differences in osteogenic yield based on global gene
expression analysis [73]. However, some data in another previous study hints at a lower
osteogenic yield in both mouse and human iPSC lines [64]. Potentially, these discrepancies
could be either based on species-specific differences of how differentiation proceeds or,
alternatively, on the fact that some of the tested lines were grown on feeder cells while
others were not, which may affect their pluripotency states. Indeed, future studies should
examine whether returning all cell lines to naive pluripotency would equalize the
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methylation states of the key promoters analyzed here and thus level the osteogenic yield in
all lines and potentially across species.

For now, the notably low differentiation yield in some hPSC lines may prove problematic in
future applications for regenerative purposes. This is because large numbers of
transplantable cells will be needed for any type of tissue repair [65, 66]. Hence, a low
differentiation yield would render the already problematic scale-up even more labor-
intensive. Of highest concern, however, is the fact there have so far been no investigations
into the tissue origin of the osteoblasts that hPSCs generate. This is especially puzzling since
it is well known that neural crest-derived frontal osteoblasts display a superior capacity to
undergo osseous healing compared with calvarial osteoblasts of paraxial mesoderm origin
[67]. In a grafting study, Leucht and colleagues showed that neural crest-derived bone would
graft and give rise to new bone regardless of whether they were placed into a mandibular or
tibial defect [33]. In contrast, tibial bone placed in the mandibular defect, the mesodermal
tibial cells made cartilage in the mandible instead of bone. Jheon and Schneider [34] have
further suggested that bone of neural crest origin will graft better when placed with its bone
tissue of origin.

We suggest here for the first time that in some hPSCs osteoblasts may arise through a
different embryonic lineage than in others. Specifically, differential regulation of 7TW/ST1
and PAX7mRNA expression caused by differential promoter methylation may be the
apparent cause for defective neural crest osteogenesis in the RIVV9 and RIV4 cell lines,
which is otherwise found in H9 cells.

The low levels of 7/BRA and PAX7 expression in RIV4 hiPSCs potentially explains the
decrease in RIV4 osteogenic yield, while positivity for SOXZ could indicate that most of the
RIV4 cells specify to neuroepithelium [57], but then fail to differentiate further. In contrast,
PAX7and SOX10expression and stage-appropriate down-regulation of 7W/S71 mRNA
correlate with a neural crest origin of H9-derived osteoblasts. Interestingly, the RIV9 cells
highly expressed 7/BRA, TBX6, MIXL and M/IER1 mRNA with decreased PAX7, ZIC1
and SOX1, indicating a preference for mesodermal osteogenesis in those cells. We suggest
this because mesendodermal differentiation is typically associated with a ~90-fold increase
in the expression of 7/BRA over undifferentiated cells [68], while in our cultures it is up-
regulated only 3.5-fold. Emerging evidence suggests that presence PAX7 may function to
push cells towards a neural crest lineage [49, 50]. Our findings of 24.X7 gene expression and
methylation status between the different human pluripotent stem cell lines coupled with high
expression of TFAP2a, ZIC1 and ZIC3 appears to support this notion. We show that H9
cells express higher levels of the 2AX7gene coupled with an unmethylated promoter region.
Thus, the RIV9 line could exhibit silencing of this locus through DNA methylation
regulation.

We also concentrated on 7W/ST1 as a candidate for assessing osteogenic potential because
TWISTI seems to regulate the commitment of mesenchymally fated cells to the osteogenic
lineage. While high 7W/ST1 levels maintain mesenchymal stem cells in their unspecified
state [60], silencing of 7TW/ST1 enhanced matrix mineralization and osteoblast gene
expression in C3H10T1/2 cells [59]. In cranial cells, loss of 7W/ST1 leads to the
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maintenance of an epithelial character and reversal of EMT [69, 70]. Here we have revealed
a potential role of gene-specific hypomethylation in limiting osteogenic differentiation of the
RIV9 line, which may have caused the early overexpression of 7W/ST1.

One further indication for a possible alternative osteoblast origin between the H9 and the
RIV9 cells was the kinetic calcification analysis that we performed. The video bioinformatic
calcification data indicated that calcification arose quicker in the RIV9 line than in the H9
cells, validating findings by Nishikawa and colleagues, who had suggested a timely
discrepancy between the appearance of neural crest and mesoderm-derived mesenchymal
cells, whereby the mesoderm-derived mesenchymal progenitors appeared five days earlier
than those derived from the neuroepithelium [57].

While the lower osteogenic output of some hPSC lines could mean that the development of
an appropriate therapy for skeletal regeneration may require further investigations, this lower
yield does not seem to preclude their use in the identification and prediction of the
embryotoxicity associated with exposure to a chemical compound. Researchers are utilizing
hPSCs increasingly for developmental toxicity testing, however there is a lack of different
tissue endpoints such as bone [71]. Furthermore, the capacity of hiPSCs as a screening tool
has not been explored [72]. We show here that hiPSCs may be potentially useful in the /in
vitro prediction of embryotoxicity even though a specific line may have a lower osteogenic
yield.

CONCLUSION

In summary, our study demonstrates that different hPSC lines, including individual hiPSC
clones, could have inherently different abilities to produce functional osteoblasts potentially
based on the methylation marks placed on promotor regions important for lineage decisions.
This could have an impact on the potential application domain of these cells. While low
differentiation yields may be ameliorated by simple changes to the culturing protocol, for
example EB-mediated differentiations or alternative supplements, future studies need to take
into account the different capability of individual hPSC lines and characterize the process by
which they lay down osteoblasts. Also, it will be important to investigate whether
mesodermal-derived osteoprogenitors and hPSC-derived neural crest cells repair calvarial
and long bone defects equally well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Active Vitamin D3 induces osteogenesis in multiple human ESC and iPSC
lines
. In H9 hESCs vitamin D3 mainly derives osteoblasts from the neural crest
. Calcification yield is lower in RIV9 cells, while calcification Kinetics are

accelerated

. Calcification deficiency correlated with levels of OCN, PAX7and TWIST1
MRNASs
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Figure 1. Cytogenetic, pluripotent, and genetic characterization of hiPSC lines
(A) Morphology of H9 hESCs and RIV9 and RIV4 hiPSCs.

(B) Cytogenetic G-banding analysis for RIV9 and RIV4 hiPSCs (46, XY).

(C) Immunofluorescence staining for pluripotent markers. /nsets, Nuclear counterstaining
with DAPI.

(D) gPCR for mRNA expression of pluripotency and lineage markers on undifferentiated
hPSCs. Expression is normalized to H9 hESCs and standardized to GAPDH, n=3
independent samples + SD.

(E-G) gPCR mRNA expression of the same set of mMRNAs on differentiating hPSCs,
normalized to GAPDH, n=3 independent samples + SD. */<0.05, Student’s t-test compared
to expression in undifferentiated cells (mTeSR).

T/BRA, T-Brachyury; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 2. Osteogenic differentiation of hESCs
(A) Schematic of the osteogenic induction protocol.

(B) Immunostaining with an osteocalcin antibody reveals presence of bone matrix in the
vicinity of black deposits. Alizarin Red S staining detected calcium ions in the same areas.
Scale bars = 100 pm.

(C) Quantitative measurement of deposited calcium over time, n=5 independent replicates +
SD, *P<0.05 Student’s t test compared to dO.

(D) Quantitative MRNA analysis of RUNXZ, SATB2and OCN, normalized to GAPDH (n=3
independent samples + SD), */<0.05 One-Way ANOVA over day 0. Triplicates were pooled
for RT-PCR analyses of the osteocyte genes CAPG and DESTRIN (inset).

OCN, osteocalcin; Aliz S, Alizarin Red S; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase.
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Figure 3. Intermediate differentiation in H9 cells is through the neural crest lineage
(A, B) Double staining with antibodies against SOX10/PAX7, SOX10/TWISTL, and single

stains with p75NTR and PDGFRa at indicated time points of differentiation. Scale bar = 100

um.

g

6P

Page 20

(C-E) Quantitative mRNA analysis of early lineage genes, normalized to GAPDH, n=3
independent samples + SD.
T/BRA, T-Brachyury; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 4. Osteogenic differentiation in RIV9 and RIV4 hiPSCs
(A) Photomicrographs of unstained and stained osteogenic cultures from H9 hESCs and

RIv9 and RIV4 hiPSCs on day 30 of differentiation. Matrix mineralization detected with
OCN, Aliz S, and Von Kossa stains.

(B) 20-day-old osteogenic hPSCs deposit significant levels of calcium ions over
spontaneously differentiating cultures (n=5 independent samples + SD). */<0.05 One-Way
ANOVA over spontaneous differentiations.

(C) Levels of inorganic phosphate levels measured with the PiPer assay on day 20 content,
n=5 independent samples + SD, */<0.05 One-Way ANOVA over H9. Bottom graph depicts
calcium:phosphate ratios determined from Ca2* and PiPer assays, day 20, n=3 independent
replicates = SD. */<0.05 One-Way ANOVA versus H9.

(D) Morphological time course of hPSC osteogenic differentiation reveals differences in
calcification yield between different hPSC lines.

(E) Calcification time course analysis shows heterogeneity between osteogenesis in different
hPSC lines. Levels of inorganic phosphate also vary depending on differentiation day; n=3
independent replicates + SD. #/<0.05 RIV9-H9; */<0.05 RIV4-H9, One-way ANOVA.

(F, G) RIV9 and RIV4 cultures begin their calcification process earlier than H9 cells as
determined by video bioinformatics analysis, n=10 technical replicates from three biological
replicates+SEM.

OCN, osteocalcin; Aliz S, Alizarin Red S.
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Figure 5. Passage-specific analysis of bone parameters and gene expression

(A). Calcium content in hPSC cultures inoculated from three different passages (I-111). Data
points represent 5 technical replicates for each biological passage shown + SD. */<0.05
passage Il over I; #P<0.05 passage 111 over I; AF<0.05 passage I11 over II.

(B-D) The mRNA expression of osteogenic genes was determined with gPCR and
normalized to GAPDH, n=3+SD. RIV9 and RIV4 hiPSCs failed to show definitive
osteogenic patterns. */<0.05 passage Il over I; #P<0.05 passage Il over I; AP<0.05 passage
111 over 11, One-way ANOVA.

OCN, osteocalcin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 6. Osteoblast origin correlates with methylation of the TWIST1 and PAX7 promoters
(A) mRNA expression for genes associated with mesoderm or the neural crest was

guantitatively analyzed with gPCR, n=3 independent samples + SD. */£<0.05 One-way
ANOVA over H9.

(B) Quantification of calcium content in control cultures of H9 and RIV9 cells and two
clones each with a CRISPR—Cas9-mediated disruption of T/BRACHYURY ( 7/BRACRISPR),
Values represent means of three independent experiments, n=5 technical replicates each
SD. *P<0.05 One-way ANOVA versus the respective control CRISPR cel| line.

(C) Methylation-specific PCR showed that 7W/ST1 was unmethylated (U) in the RIV9 line.
The PAX7promoter region was methylated (M) in the RIV9 line.

(D) Quantitative analyses of time course mMRNA expression in the RIV9 and H9 cells,
normalized to GAPDH, pooled from n=3 independent replicates + SD. #/<0.05 RIV9-H9;
*P<0.05 RIV4-H9, One-way ANOVA.

T/BRA, T-Brachyury; GSC, Goosecoid; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; M, methylated; U, unmethylated.
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Figure 7. Toxicity of 5FU tested with H9 and RIV9 hPSCs
(A) Table of half-maximal inhibitory doses for cytotoxicity (ICgp) as determined from

concentration-response curves with MTT assay and differentiation (ID5g) with calcium
assay. (B) Linear regression of RIV9 half-maximal inhibition of differentiation graphed
against H9 half-maximal inhibition of differentiation. Both cell lines showed similar
classification in predicting skeletal toxicity of 5FU. 5FU, 5-fluorouracil; MTT, 3-[4,5-
dimethylthiazol-2-ylI]-2,5-diphenylterazolium bromide.
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