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Abstract. Over the past decades, the in vitro use of
pluripotent cell lines gained a crucial role in toxicolo-
gy, preclinical drug testing and developmental biolo-
gy. NTERAZ2 clone D1 cells were identified as pluripo-
tent cells with high potential for neural differentiation.
Although they are commonly used cellular sources in
neuropharmacology and neurodevelopmental studies,
their endodermal and mesodermal differentiation
potential awaits further characterization. Here, we
devised improved protocols for hepatogenic and os-
teogenic differentiation of NTERA2 clone D1 cells.
Our in vitro differentiation assays showed significant
up-regulation of multiple hepatogenic markers. We
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also observed robust mineralization and osteogenic
marker expression of NTERA2 clone D1 cells upon
in vitro osteogenic induction. These results suggest
that NTERAZ2 clone D1 cells may be utilized as an in
vitro model system to study various aspects of liver
biology and osteogenesis. In addition, tri-lineage dif-
ferentiation of NTERAZ2 clone D1 cells may serve as
a simple experimental control system when validat-
ing pluripotency of other cell types.

Introduction

Pluripotent stem cells are widely used in develop-
mental biological research, disease modelling (Rowe
and Daley, 2019; Nam et al., 2020) and chemical hazard
assessment (Hurtado-Gonzalez et al., 2018; Luz and
Tokar, 2018; Prince et al., 2019). Assaying pluripotency
markers and tri-lineage differentiation is a common ex-
perimental endpoint to analyse the differentiation poten-
tial of a sorted cell population or a given cell line under
the effect of different culture conditions, toxins or ge-
netic perturbations. Thus, reproducible protocols and
well-established model systems for studying in vitro dif-
ferentiation are highly required.

Human or murine embryonic stem cell lines (hESc,
mESc) and induced pluripotent stem cells (iPSC) are
commonly used pluripotent stem cell sources due to
their high capacity for self-renewal and their ability to
generate ectodermal, endodermal and mesodermal line-
age cells upon induction of differentiation. On the other
hand, the maintenance of these cell lines is expensive
and complicated because of the requirement for extra-
cellular matrix coating, use of a feeder cell layer, growth
factors, and the permanent need to remove spontane-
ously differentiating colonies from the rest of the cul-
ture. Complicated culturing protocols can be circum-
vented by the use of neoplasm-derived cell lines, which
are easily expandable and inducible into more differen-
tiated phenotypes (Kim et al., 2018).
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NTERAZ2 clone D1 is a human embryonic teratocar-
cinoma-derived cell line established from a lung metas-
tasis of'a 22-year-old patient’s teratocarcinoma (Pleasure
and Lee, 1993). Besides expressing pluripotency markers
Oct3/4, SOX2, NANOG and TRA-1-60 (Pal and Ra-
vindran, 2006), NTERA2 clone D1 cells share charac-
teristics of committed neural progenitor cells such as
expression of MAP1b, NCAM, N-cadherin, NF-L and
NF-M. Furthermore, upon exposure to retinoic acid,
NTERAZ2 clone D1 cells differentiate into mature, BIII-
tubulin positive neurons with branching neurites and
synaptic marker synapsin (Ahmed et al., 2019).

Compared to iPSCs and ESC lines, NTERA2 clone
DI cells do not require extracellular matrix or feeder
cell-coated surfaces for their adherence, survival and
proliferation. In advance to their plastic adherence,
NTERAZ2 clone DI cells can be grown in growth factor-
free medium supplemented with foetal bovine serum.
Plastic adherence and neural progenitor characteristics
make NTERAZ2 clone D1 cells a favourable model sys-
tem for neurotoxicity studies (Taylor et al., 2019) and
neural (Ahmed et al., 2019; Eskandrian et al., 2019;
Heebkaew et al., 2019) — especially dopaminergic neu-
ral — development (Schwartz et al., 2005; Boroujeni et
al., 2019).

The utility of pluripotent NTERAZ2 clone D1 cells for
modelling endodermal and mesodermal lineage cell
functions remains less characterized. Previously pub-
lished methods achieved only partial induction of cer-
tain endodermal markers in NTERA2 clone D1 cells
(Pal and Ravindran, 2006), and their ability to generate
mineralized tissue also requires further experimenta-
tion. Given the emerging need for stem cell-based mod-
el systems mimicking liver and bone physiology, we set
out to examine the hepatogenic and osteogenic differen-
tial potential of NTERAZ2 clone D1 cells using improved
experimental protocols.

Material and Methods

Cell culture

60,000/cm?> NTERA2 clone D1 cells (Cat. No.:
01071221, Sigma Aldrich, St. Louis, MO) were seeded
into cell culture flasks and assay plates. Cells were kept
in DMEM low-glucose medium containing 20% foetal
bovine serum (FBS, Corning, Tewksburry, MA), 1%
penicillin/streptomycin and 1% GlutaMax (Gibco, Gait-
hersburg, MD).

We used the A172 glioma (Cat. No.: CRL-1620) and
Hep3B hepatocarcinoma (HB-8064) (both purchased
from ATCC, Manassas, VA) cell lines as positive con-
trols for RT-PCR and immunocytochemistry (Fig. 4A-B),
respectively. These cell lines were cultured and propa-
gated as suggested by ATCC.

In vitro neural differentiation

For in vitro neural differentiation, we used a slightly
modified version of the protocol by Wakao et al. (2011).

Briefly, NTERA2 clone D1 cells were plated into wells
of a 6-well ultra-low attachment plate in Neurobasal
medium (Gibco) supplied with B-27 (Gibco), 30 ng/ml
epidermal growth factor (EGF; Peprotech, London,
UK), 30 ng/ml basic fibroblast growth factor (bFGF,
FGF2) (Peprotech), 1% GlutaMax (Gibco) and 1% pen-
icillin/streptomycin (Gibco). Medium was changed eve-
ry third day until day 7, when spheroids were harvested
and seeded into poly-lysine-coated dishes (100 pg/ml).
Neural induction was initiated with a-MEM supplied
with 2% FBS, 1% penicillin/streptomycin, 1% GlutaMax,
25 ng/ml bFGF and 25 ng/ml brain-derived neurotroph-
ic factor (BDNF; Peprotech, Rocky Hill, NJ).

In vitro hepatic differentiation

We differentiated hepatocytes from NTERA2 clone
D1 cells utilizing a modified protocol previously pub-
lished by Mallanna and Duncan (2013). NTERAZ2 clone
D1 cells were seeded into plates coated with 5 pg/cm?
bovine collagen I (Gibco) in DMEM supplied with 10%
FBS, 1% penicillin/streptomycin, 1% GlutaMax, 1% in-
sulin-transferrin-selenium solution (Gibco), 0.6 mg/ml
nicotinamide, and 10 nM dexamethasone (from Sigma-
Aldrich, St. Louis, MO) (referred to here as hepatic dif-
ferentiation medium (HDM)).

Between the onset of differentiation and day 2, cells
were kept in HDM containing 100 ng/ml activin A,
10 ng/ml BMP4 and 50 ng/ml FGF4. On day 2, medium
was changed to HDM supplied with 100 ng/ ml activin
Auntil day 5. Between day 5 and 10, hepatic differentia-
tion was stimulated by HDM supplied with 20 ng/ml
BMP4 and 50 ng/ml FGF4, and media were changed
every 2 days. From day 10 to day 15, HDM containing
100 ng/ml HGF was added to the cells every other day.
From day 15 to day 20, the cells were kept in HDM sup-
plied with 20 ng/ml oncostatin M.

In vitro osteogenic differentiation and Alizarin
Red S staining

For osteogenic differentiation, cells were seeded in
6-well tissue culture treated plates, and treated with
DMEM containing 20% FBS, 1% penicillin/streptomy-
cin, 1% GlutaMax, 10 nM dexamethasone, 100 uM
ascorbic acid, and 2 mM [B-glycerophosphate for 21 days.
To assess mineralization, cells were fixed in 4% para-
formaldehyde for 15 min, and stained with Alizarin
Red S (ARS) for 45 min. Excess dye was removed by
washing the cells four times with double-distilled water.
ARS bound to calcium phosphate complexes were ex-
tracted from the samples with 10% acetic acid and quan-
tified by measuring OD,; values. Concentration stand-
ards were prepared as double dilutions between 8 mM
and 31.5 pM solutions of ARS.

qRT-PCR measurements

We performed cell lysis and RNA extraction using the
RNeasy mini-kit by Qiagen (Hilden, Germany). For
cDNA synthesis, we reverse-transcribed 1 microgram
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Table 1: TagMan Probes Used for gPCR Measurements

RNA by using the MMLYV reverse-transcriptase enzyme

Assay ID Gene | Assay design Amplicon pr.ovided by Promega™. We measured qPCR in a Rpche
length (bp) |  Lightcycler® 480 thermal-cycler. FAM-MGB-conjuga-
Pluripotency ted TagMan probes (by Thermo Fish.er Sc%entiﬁc, Walt-
— ham, Massachusetts, MA) used are listed in Table 1 be-
Hs01053049_s1 | SOX2 Zzgﬁm asingle |91 low. We used GAPDH as a house-keeping control.
Hs00999634 gH | POUSF1 | Spans exons 64 Flow cytometry
Hs02387400_gl | NANOG | Spans exons 109 Two hundred thousand cells were washed in phos-
Osteocyte phate-buffered saline (PBS), then resuspended in PBS
Hs01029144 m1 |ALPL Spans exons 79 containing 2% FBS (referred to as FC buffer). After cen-
Hs01587814 gl | BGLAP |Spans cxons 138 trifugatipn, cells were incubated with Fc receptor block-
Hs01096681 m1 | TGM2 | Spans exons 129 er solufuon g;l"ruStaln' FcX Fc receptor blocker by BD
Pharmingen™, San Diego, CA) at room temperature for
Neuron 10 min. After blocking, cells were stained with biotin-
Hs04187831_gl | NES Spans exons 58 conjugated, human anti-mouse SSEA3 antibody (eBio-
Hs00258900 m1 |MAP2 | Spans exons 98 Science, San Diego) for 30 min. Cells were washed in
Hs00157360 m1 |ENO2  |Spans exons 77 FC bufter followed by incubation with PE-conjugated
Hepatocyte streptavidin for 30 min. Thep, the ce!ls were wash'ed in
1500173290 m1 T4FP Spans exons o FC buffer apd stained with 7-am1noe'1ct11.10rrT1\¥cm D
= (7AAD, provided by Thermo Fisher Scientific™, Walt-
Hs00559840_ml | CK7 Spans exons 95 ham, MA) to exclude dead cells from the measurements.
Mm01601704_gl |CKI8  |Spans exons 62 Immunocytochemistry (ICC)
Hs00609411_m!1 |ALB Spans exons 104 To stain differentiation markers and pluripotency
House-keeping markers, cells were fixed with 4% paraformaldehyde for
Hs99999905 m1 | GAPDH | Amplicon spans | 122 15 minutes, then washed with PBS. Fixed cells were in-
exons/ pr()be does cubated OVCI‘night with the antibodies listed in Table 2.
not span exons For secondary staining, we used goat anti-mouse Cy3-
conjugated antibody (purchased from Sigma-Aldrich),
or donkey anti-rabbit Cy3-conjugated secondary anti-
body (Sigma-Aldrich). Nuclei were stained with 4',6-di-
amidino-2-phenylindole (DAPI).
Table 2. Primary Antibodies Used for ICC
Manufacturer/Cat. No. | Target Host/Clonality Specificity | Isotype | Dilution
Pluripotency
Santa Cruz/Sc-5279 Oct 3/4 Mouse, Monoclonal (C10) Mouse, Rat, Human |IgG2b |[1:50
Merck Millipore/AB5603 Sox2 Rabbit, Polyclonal Human, Mouse 1:50
Merck Millipore/AB9220 | NANOG Rabbit, Polyclonal Human, Mouse 1:50
Abcam/Ab16288 TRA-1-60 Human, Mouse Human IgGM |[1:100
Monoclonal
(clone TRA-1-60)
Neuron
Merck Millipore/MAB5326 | Nestin Mouse, Monoclonal Human IgGl 1:00
(clone 10C2)
Merck Millipore/AB5622 | MAP2 Rabbit, Polyclonal Human, Mouse, Rat 1:100
Hepatocyte
Santa Cruz/sc-271605 Albumin Mouse, Monoclonal (clone F-10) Mouse, Rat, Human | I1gG1 1:50
R&D/MAB1368 Alpha-fetoprotein | Mouse, Monoclonal (clone # 189502) | Human, Mouse 1gG1 1:50
Secondary Ab
Sigma Aldrich/C2181 Anti-Mouse F(ab’)2 | Sheep, Polyclonal Mouse 1gG 1:200
fragment-Cy3
Sigma Aldrich/C2306 Anti-Rabbit F(ab’)2 | Sheep, Polyclonal Rabbit 1gG 1:100
fragment-Cy3
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Statistical analyses

Statistical analysis was carried out using Graphpad
Prism version 7 (Graphpad Software, San Diego, CA).
All data are represented with mean + SEM. RT-PCR re-
sults were analysed by two-way ANOVA with Bonferro-
ni’s post hoc test. A value of P < 0.05 was considered as
statistically significant. ARS staining results were ana-
lysed by Student’s #-test with P < 0.05 considered statis-
tically significant.

Results

First, we validated the presence of pluripotency mark-
ers in cultured NTERA2 clone D1 cells. As shown by
immunocytochemistry and qPCR, NTERA2 clone D1
cells expressed OCT3/4, SOX2, TRA-1-60 (Fig. 1B-C).
The presence of stage-specific embryonic antigen 3
(SSEA3), a surface marker of embryonic stem cells, was
also confirmed in NTERA2 clone D1 cells by flow cy-
tometry (Fig. 1A).

Next, we examined the neural differentiation poten-
tial of NTERAZ2 clone D1 cells. For neural differentia-
tion, NTERA2 clone D1 cells were grown as cellular
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spheroids in neural induction media containing EGF and
bFGEF, growth factors known to promote neural stem cell
proliferation (Zhao et al., 2019). After seven days of
neural induction, spheroids were plated into poly-ly-
sine-coated plates. EGF and FGF2 were removed from
the culture and brain-derived neurotrophic factor, an
astrocyte-derived growth hormone was added to the cul-
ture to promote nerve cell maturation. NTERA2 clone
DI1-derived spheroids attached to poly-lysine and ac-
quired neural stem cell-like morphology on day 21.
Furthermore, we detected up-regulation of NES (nestin),
ENO?2 (enolase-2 or neuron-specific enolase) and MAP2
(microtubule-associated protein 2) by qRT-PCR (Fig.
2A), and up-regulation of MAP2 and nestin by ICC
(Fig. 2B and C). During the process of differentiation,
down-regulation of pluripotency marker POUS5SFI was
also confirmed (Fig. 2A).

After the validation of NTERA2 clone D1 cell pluri-
potent phenotype and well-known ectodermal (neural)
differentiation potential, we wanted to investigate
whether NTERA2 clone D1 cells are able to differenti-
ate into endodermal and mesodermal lineages. Endo-
dermal differentiation potential was studied by induc-
ing liver-specific differentiation. To recapitulate in vivo
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Fig. 1. Pluripotency markers expressed by NTERA2 clone D1 cells. (A) Expression of SSEA3 confirmed by flow cyto-
metry. Blue histogram: unstained control (cells incubated with streptavidin-PE, but without biotinylated anti-mouse
SSEA3 antibody), red histogram: NTERA2 clone D1 cells stained with biotin-conjugated anti-mouse SSEA3 antibody
and streptavidin-PE. (B) Expression of OCT 3/4, NANOG, SOX2 and TRA-1-60 was detected by immunocytochemistry
(scale bar: 100 pm) and (C) qRT-PCR (expression values relative to GAPDH expression). Values are means = SEM from

N = 4 experiments.
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Fig. 2. Differentiation of NTERA2 clone D1 cells into neural-progenitor-like cells. (A) Neural marker (NES, MAP2,
ENO2) and POUS5F1 expression were assessed by qRT-PCR (expression values relative to GAPDH expression). Values
are means £ SEM from N = 4 experiments. Neural differentiation of NTERA2 clone D1 cells analysed by immunocyto-
chemical staining of nestin. (B) and MAP2 (C) in differentiated (top panels), undifferentiated cells (middle panels) and
A172 cells, which were used as a positive control (bottom panels) (scale bar: 100 um). *** P <0.001, * P < 0.05, ns: not
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significant.

hepatocyte differentiation, we plated NTERA2 clone
D1 cells into collagen-coated dishes and stimulated
them with activin A and BMP4 to induce endoderm
specification (Fig. 3B). After five days of differentia-
tion, we replaced activin A with FGF4 to generate hepat-
ocyte progenitor cells. Between days 10 and 20, BMP4
was replaced by HGF and oncostatin M, growth factors
promoting hepatocyte commitment and maturation
(Ober et al., 2018; Myiajima et al., 2000). At the end of
hepatocyte differentiation, we observed significant down-
regulation of POUSE, SOX2 and significant up-regula-
tion of hepatic markers AFP (alpha-fetoprotein), ALB
(albumin) and CK 8 (cytokeratin 18) (Fig. 4C). We also
detected expression of AFP and albumin in differentiat-
ed NTERA2 clone DI cells by ICC (Fig. 4B). Intri-

guingly, the expression of cholangiocyte marker cyto-
keratin 7 was also up-regulated, indicating a mixed
culture of foetal liver- and cholangiocyte-like cells (Fig.
4C-D). We compared this method with the protocol uti-
lized by Pal and Ravindran (2006) (Fig. 3A), who stim-
ulated NTERAZ2 clone D1 cells with hepatogenic medi-
um containing HGF, bFGF2 and oncostatin M for 20-25
days (Fig. 4D). With this method we detected only the
up-regulation of AFP and CK7, slight, but not signifi-
cant down-regulation of SOX2 and significant down-
regulation of POUSFI. In accordance with previously
published results, this method induced only weak ex-
pression of hepatocyte-specific markers (ALB) and
CK18 (Fig. 4D). The observed differences in the results
suggest that activation of TGF-B-mediated signalling
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Fig. 3. Utilized protocols for hepatic differentiation of NTERAZ2 clone D1 cells. (A) Direct induction of hepatic differen-
tiation by HGF, FGF4 and oncostatin M, according to the method published by Pal and Ravindran (2006). (B) Sequential

hepatic induction with stimulation of definitive endoderm layer formation (activin A, BMP4, FGF4), hepatic specification
(HGF) and hepatic maturation (OSM).
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Fig. 4. Differentiation of NTERA2 clone D1 cells into hepatocytes. (A) Expression of hepatic markers o-fetoprotein
(AFP) and albumin was analysed in undifferentiated NTERA2 clone D1 cells, (B) NTERA2 clone D1 cells with hepato-
cyte induction (scale bar: 100 um). (C) Expression of ALB, AFP, CK7, CK18 and pluripotency markers (POUSF1, SOX2,
NANOG) in undifferentiated NTERA2 clone D1 cells and NTERA2 clone D1-derived hepatic cells during sequential
hepatic induction or (D) by the protocol used by Pal and Ravindran (2006), which includes stimulation with HGF, bFGF
and oncostatin M (expression values relative to GAPDH expression). Values are means + SEM from N = 4 experiments.
*¥*% P<(.001, ** P<0.01, ns: not significant.
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and concomitant endoderm specification are indispensa-
ble for hepatocyte differentiation of NTERA2 clone D1
cells.

Next, the mesodermal differentiation potential of
NTREA2 cells was studied via induction of osteogene-
sis. Upon treatment of NTERA2 clone D1 cells with os-
teogenic induction medium containing ascorbic acid,
beta-glycerophosphate and dexamethasone, significant-
ly increased matrix mineralization was detected, as
shown by increased Alizarin Red S staining (Fig. 5B-C).
Furthermore, the expression of ALPL (alkaline phos-
phatase) and BGLAP (osteocalcin) were significantly
up-regulated. Interestingly, the expression of transglu-
taminase 2 (TG2, Fig. 5A) was not changed despite be-
ing identified as a regulator of osteogenic maturation in
murine cell line SAOS-2 (Yin et al., 2012). This sug-
gests that osteogenic differentiation of NTERA2 clone
D1 cells involves different transglutaminase-independ-
ent mechanisms, or transglutaminases other than trans-
glutaminase 2.
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Discussion

Although the pluripotency and three germline com-
mitment of NTERA2 clone D1 cells was analysed in
previous studies (Pal and Ravindran, 2006), their capac-
ity to generate endodermal and mesodermal lineage
cells awaits further characterization. After the validation
of the pluripotent phenotype and neural differentiation
of NTERA2 clone D1 cells, we developed methods to
analyse their hepatocyte and osteocyte commitment.
While neural differentiation of NTERA2 clone D1 cells
was addressed previously by several established proto-
cols, only limited information is available concerning
their hepatocyte and osteogenic differentiation poten-
tial. Hence, we addressed osteogenic and hepatogenic
differentiation of NTERA2 clone D1 cells using our
modified versions of protocols based on previously es-
tablished methods to differentiate embryonic and adult
pluripotent stem cells (Wakao et al., 2011; Mallana et
al., 2013).

NT2 Growth Ctr

NT2 Osteo Diff

Fig. 5. Differentiation of NTERAZ2 clone D1 cells into osteocytes. (A) Expression of osteogenic markers ALPL, BGLAP
and 7G2 in undifferentiated NTERA2 clone D1 cells and NTERAZ2 clone D1-derived osteocytes (expression values rela-
tive to GAPDH expression). Values are means + SEM from N = 4 experiments. (B) Alizarin Red S staining of undifferen-
tiated NTERAZ2 clone D1 cells (top panel) and NTERA2 clone D1-derived osteocytes (scale bar: 50 um). (C) Alizarin Red
S was extracted from cells and quantified by absorbance measurement. *** P < 0.001, * P < 0.05, ns: not significant
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Several protocols are available for hepatocyte differ-
entiation of mouse and human pluripotent stem cells,
adult somatic stem cells or iPSC cell lines, which reca-
pitulate the basic steps of in vivo hepatocyte develop-
ment (Chen et al., 2012). These steps are: the endoder-
mal commitment of stem cells, generation of hepatocyte
progenitors, enrichment of immature hepatocytes, and
hepatocyte maturation. Generation of a definitive endo-
dermal layer is essential for liver, gut, and pancreatic
cell development (Linneberg-Agerholm et al., 2019).
Definitive endoderm formation is triggered by the acti-
vation and complex interplay of Wnt and BMP signal-
ling pathways. Wnt and BMP signalling are both essen-
tial for endodermal lineage commitment, as inhibition
of either pathway impedes liver, pancreatic, and intesti-
nal development. Stromal cell-secreted factors, such as
HGF, OSM and FGF4, are required for hepatic cell
specification; acquisition of hepatocyte morphology and
hepatocyte marker expression (Schmidt et al., 1995;
Kang et al., 2005; Zhang et al., 2020). Besides recom-
binantly expressed cytokines, small molecule pathway
activators or inhibitors are also frequently used for
hepatocyte differentiation (Siller et al., 2015). Here, we
utilized stromal cell-derived cytokines, which are well-
known inducers of hepatic development (Fig. 3).

In contrast with the previously published method for
NTERA2 clone D1 cell differentiation (Pal and Ra-
vindran, 2006) (Fig. 3A), we differentiated NTERA2
clone D1 cells into hepatocytes by sequentially inducing
endoderm specification, hepatocyte progenitor enrich-
ment and commitment into foetal hepatocyte-like cells
(Fig. 3B). Our approach resulted in significant up-regu-
lation of hepatocyte markers AFP, ALB and CK18 (Fig.
4 A-C), which showed only moderate up-regulation by
direct hepatic induction with HGF, FGF4 and OSM
(Fig. 4D). In addition, we observed up-regulation of
CK7 (cytokeratin 7) (Fig. 4C), marker preferentially ex-
pressed in cholangiocytes (Paku et al., 2005). These re-
sults highlight the importance of TGF-B-mediated sig-
nalling in hepatic differentiation and suggest a mixed
hepatocyte/cholangiocyte culture obtained at the end of
hepatic induction. Thus, selective enrichment of cells
with pure hepatic phenotype requires more specified
culture conditions or application of cell-sorting meth-
ods. Although we validated the expression of hepatocyte
markers in these experiments, functional assays, such as
CYP450 activity, urea and albumin secretion are re-
quired for further characterization of the NTERAZ2 clone
D1 cell hepatic differentiation.

Combined treatment with ascorbic acid, B-glycero-
phosphate and dexamethasone induces collagen 1 syn-
thesis, matrix mineralization and RUNX2 activation
during in vitro osteogenesis, respectively. In a way sim-
ilar to bone marrow mesenchymal stromal cells,
NTERAZ2 clone D1 cell cultures underwent robust min-
eralization when treated with these osteogenic inducers
for 21 days (Fig. 5B-C). Furthermore, osteogenic mark-
ers osteocalcin (BGLAP) and alkaline phosphatase
(ALPL) were significantly up-regulated (Fig. SA). These

results propose NTERA2 clone D1 cells as a novel
source of pluripotent stem cells for modelling osteogen-
esis, mineralization, and osteoporosis (Arjmand et al.,
2020).

Last, but not least, this is the first time that tri-lineage
differentiation towards all three germ layers is demon-
strated in NTERA2 clone D1 cells by utilizing in vitro
differentiation protocols applied to pluripotent stem
cells. This highlights the potential of NTERA2 clone D1
cells to serve as a convenient source of positive control
when studying pluripotency of primary cells such as in-
duced pluripotent stem cells and multilineage-diffe-
rentiation stress-enduring (MUSE) cells (Wakao et al,
2011).
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