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Patient-specific pluripotent stem cells (PSCs) can be generated via
nuclear reprogramming by transcription factors (i.e., induced plu-
ripotent stem cells, iPSCs) or by somatic cell nuclear transfer (SCNT).
However, abnormalities and preclinical application of differentiated
cells generated by different reprogramming mechanisms have yet
to be evaluated. Here we investigated the molecular and functional
features, and drug response of cardiomyocytes (PSC-CMs) and
endothelial cells (PSC-ECs) derived from genetically relevant sets
of human iPSCs, SCNT-derived embryonic stem cells (nt-ESCs), as
well as in vitro fertilization embryo-derived ESCs (IVF-ESCs). We
found that differentiated cells derived from isogenic iPSCs and nt-
ESCs showed comparable lineage gene expression, cellular hetero-
geneity, physiological properties, and metabolic functions. Genome-
wide transcriptome and DNA methylome analysis indicated that
iPSC derivatives (iPSC-CMs and iPSC-ECs) were more similar to iso-
genic nt-ESC counterparts than those derived from IVF-ESCs. Al-
though iPSCs and nt-ESCs shared the same nuclear DNA and yet
carried different sources of mitochondrial DNA, CMs derived from
iPSC and nt-ESCs could both recapitulate doxorubicin-induced cardi-
otoxicity and exhibited insignificant differences on reactive oxygen
species generation in response to stress condition. We conclude that
molecular and functional characteristics of differentiated cells from
human PSCs are primarily attributed to the genetic compositions
rather than the reprogramming mechanisms (SCNT vs. iPSCs). There-
fore, human iPSCs can replace nt-ESCs as alternatives for generating
patient-specific differentiated cells for disease modeling and preclin-
ical drug testing.
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The genome of a cell contains essential information to direct
the entire development of a human body. During embryonic

development, the genome can be transcribed to differential mes-
senger RNAs in a cell-type–specific manner to establish diverse
populations of stem cells, progenitor cells, and differentiated cells
in the body. The lineage commitment is precisely regulated in a
spatiotemporal manner but generally unidirectional in vivo. How-
ever, somatic cell lineage can be reverted back to the pluripotent
state in vitro by nuclear reprogramming, which has been achieved
by multiple approaches such as somatic cell nuclear transfer (SCNT),
ectopic expression of transcription factors for reprogramming
(induced pluripotent stem cells, iPSCs), and cell fusion (1). The
SCNT method utilizes the cytoplasm of an unfertilized egg to re-
program the genome of a somatic cell into a totipotent state, which
is the most complete and stringent epigenetic reprogramming
process (2). SCNT-derived embryos can produce live cloned
offspring if transferred to the uterus of a surrogate mother (i.e.,

reproductive cloning). Alternatively, embryonic stem cells (ESCs)
can be derived from SCNT embryos (i.e., therapeutic cloning) (3).
In contrast, iPSC reprogramming resets a somatic cell to a plu-
ripotent state by transient overexpression of four transcription
factors without using human eggs.
Human ESCs derived from in vitro fertilization (IVF) embryos

have been considered the “gold standard” of pluripotent stem
cells (4). Mammalian iPSCs are thought to be similar to the IVF-
ESCs with respect to self-renewal and pluripotent lineage dif-
ferentiation capacity (5). However, early-passage human iPSCs
carry aberrant epigenetic memory of their parental somatic cells
(6, 7). Whole-genome DNA methylation studies have identified
memory-specific differentially methylated regions (DMRs) in
human iPSCs compared with IVF-ESCs, including large-scale
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aberrant non-CG methylation regions close to centromeres and
telomeres (8). Although isogenic nuclear transfer-derived ESCs
(nt-ESCs) and iPSCs display comparable numbers of de novo
copy number variations and frequency of coding region muta-
tions (9), nt-ESCs are considered to be free of somatic epigenetic
memory and are more similar to conventional IVF-ESCs in their
transcriptomic and epigenomic signatures (10, 11).
Human iPSCs and nt-ESCs can be derived in a patient- and

disease-specific manner, potentially transforming the fields of
modeling genetically inherited diseases and novel drug discovery
(12). The terminally differentiated cells, such as cardiomyocytes
(CMs) and endothelial cells (ECs), are the most suited for per-
sonalized medicine because they are the end-stage cells for cell
transplantation therapy and high-throughput drug screening (13).
In this study, we generated genetically relevant sets of human
iPSCs, nt-ESCs, and IVF-ESCs. Human iPSCs and nt-ESCs were
derived from the same donor cells, thus sharing the same nuclear
DNA but different mitochondrial DNA. IVF-ESCs were gener-
ated using the oocytes from the same egg donor for SCNT and
carried the same mitochondrial DNA with nt-ESCs due to the
maternal inheritance of mitochondria. We evaluated the molec-
ular and functional behaviors, and drug response of terminally
differentiated cells derived from these PSCs created by different

reprogramming mechanisms. We provide proof-of-concept that
terminally differentiated cells derived from isogenic human nt-
ESCs and iPSCs are relatively equivalent with respect to tran-
scriptional, epigenomic, and functional features.

Results
Generation of Genetically Relevant Sets of Human iPSCs, nt-ESCs, and
IVF-ESCs. The overall experimental design is depicted in Fig. 1A.
Human iPSCs were generated from dermal fibroblasts via Sendai
virus-based vectors. The isogenic nt-ESCs were derived from
cloned embryos that were created by injecting the dermal fibro-
blasts from the same individuals to enucleated eggs (14). Human
IVF-ESCs were generated following in vitro fertilization of oo-
cytes from the same egg donor used for SCNT. Thus, human
iPSCs and nt-ESCs were isogenic, whereas nt-ESCs and IVF-
ESCs were genetically relevant because they shared the same
mitochondria inherited from the same egg donor. In total, four
human PSC clones were generated from two individuals (two
clones for each person) for each reprogramming method (iPSCs,
nt-ESCs, and IVF-ESCs). These PSCs formed typical stem cell
colonies and were morphologically indistinguishable among each
other (Fig. S1A). Similarly, these PSCs expressed the pluripotency
markers OCT3/4 and NANOG (Fig. S1B). The majority of cells in

Fig. 1. Cardiac differentiation of genetically relevant sets of human iPSCs, nt-ESCs, and IVF-ESCs. (A) Overview of experimental design in this study. (B) A
small-molecule–mediated monolayer cardiac differentiation protocol. (C) Cardiac troponin T (green) and α-actinin (red) double staining illustrated the sar-
comere structures of PSC-CMs and rat adult CMs. The nuclei were counterstained by DAPI (blue). (Scale bars, 25 μm.) (Original magnifications: 600×.) (D) Cardiac
differentiation efficiency calculated by the percentage of TNNT2+ cells using flow cytometry. (E) Cardiac TNNT2 expression in iPSC-CMs, nt-ESC–CMs, and IVF-ESC-CMs.
(F–H) Single-cell qPCR analysis of heterogeneity in CMs derived from different sources of PSCs. Blue: iPSC-CMs (F); red: nt-ESC-CMs (G); green: IVF-ESC-CMs (H).
Heavy and light colors indicate two cell lines in each PSC-CM category. Each row represents a single cell, whereas each column indicates a single gene. The color
key applies to F–H. P values were determined by one-way ANOVA. Error bars indicate SEM.
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the colonies were pluripotent, as evidenced by high percentages of
OCT4+/NANOG+ and SSEA4+/TRA-1-60+ (Fig. S1 C and D)
cells in the population. The mitochondrial DNA genotyping was
carried out to confirm the identity of these PSCs. As shown in Fig.
S1E, two mitochondrial SNP sites (16187 A/C and 16193 T/C)
were used. The mitochondrial DNA of iPSCs was inherited from
somatic cells, thus carrying C (16187) and C (16193) after Sanger
sequencing. In contrast, mitochondria of nt-ESCs and IVF-ESCs
were derived from the donor oocytes and reflected as A (16187)
and T (16193) (Fig. S1F), because mitochondrial DNA is mater-
nally inherited during early embryonic development. We also
tested these SNP sites in differentiated PSC-CMs and PSC-ECs
and confirmed their cellular identity after terminal differentiation.

Cardiac Differentiation of Human iPSCs, nt-ESCs, and IVF-ESCs. To
explore the similarities and differences in differentiated cells
derived from iPSCs, nt-ESCs, and IVF-ESCs, we differentiated
them into CMs using a small-molecule–mediated differentiation
protocol (Fig. 1B). Upon differentiation, human iPSCs, nt-ESCs,
and IVF-ESCs all formed a sheet-like structure that could beat
synchronously for a long time (>2 months). Close examination
by immunofluorescence staining showed cardiac sarcomere
structures with intercalating cardiac troponin T (TNNT2) and
α-actinin distribution in all PSC-CMs, which were morphologi-
cally different from the rod-shaped adult rat CMs (Fig. 1C).
Cardiac differentiation efficiency was not significantly different
among iPSCs, nt-ESCs, and IVF-ESCs (Fig. 1D). In addition,
cardiac differentiation efficiency variance among clones from the
same reprogramming mechanism was not statistically significant
(Fig. S1 G–I). Similarly, the expression of cardiac structure genes
TNNT2 (Fig. 1E) and MYH7 (Fig. S1J) was similar among these
PSC-CMs. We then tested whether the proportion of the CM
subtypes (atrial and ventricular) was differentially represented.
We surveyed the gene expression of atrial markers (MYL7: my-
osin light chain 7, regulatory; and NPPA: atrial natriuretic pep-
tide) and ventricular markers (MYL2: myosin light chain 2,
regulatory; and NPPB: ventricular natriuretic peptide) among
these PSC-CMs. We did not observe any skewed cardiac differ-
entiation toward either atrial or ventricular subtypes between
iPSC-CMs and nt-ESC–CMs (Fig. S1 K–N). Furthermore, the
ability of intercellular communication and ion transportation of
PSC-CMs seems to be commensurate as GJA1 (gap junction
α-1), potassium channel gene KCNQ1, and calcium channel gene
CACNA1C were not differentially expressed among iPSC-CMs,
nt-ESC–CMs, and IVF-ESC-CMs (Fig. S1 O–Q).
Next, we evaluated the gene expression heterogeneity of iPSC-

CMs, nt-ESC–CMs, and IVF-ESC-CMs using microfluidic single-
cell qPCR. We selected a panel of genes associated with different
cardiac functions (Table S1), including cardiac development
(KDR, MEF2C, ISL1, and TBX5), cardiac structure (TNNT2 and
MYH7), atrial (NPPA) and ventricular (NPPB) markers, nodal
cells (TBX18), gap junction (GJA1 and GJA5), ion channels
(KCNH2, SCN5A, and CACNA1C), and vascular endothelial
lineage (CD31 and CD144). Single iPSC-CMs shared similar gene-
expression profiles with nt-ESC–CMs, such as highly expressed
CM genes and lowly expressed cardiac progenitor and endothelial
genes (Fig. 1 F–H). Hierarchical clustering of single-cell gene
expression displayed a similar heterogeneity pattern between
iPSC-CMs (Fig. 1F) and nt-ESC–CMs (Fig. 1G). Overall, these
data suggest that the gene-expression heterogeneity is comparable
among CMs derived from human iPSCs and isogenic nt-ESCs.
We then assessed the physiological and metabolic features of

iPSC-CMs, nt-ESC–CMs, and IVF-ESC-CMs. We compared the
myocardial contraction ability of these PSC-CMs, including beat-
ing rate, contraction velocity, relaxation velocity, and acceleration.
Sheets of PSC-CMs derived from different reprogramming
mechanisms were beating with synchronized rhythm in the field
and did not show significant difference in these contraction and

relaxation parameters (Fig. S2 A–D and Movies S1–S3). Because
calcium (Ca2+) is a critical regulator of cardiac myocyte function
and mediates excitation–contraction coupling (15), we next eval-
uated the Ca2+ handling capability among these PSC-CMs. We did
not observe any significant difference in the Ca2+ flux during ex-
citation–contraction coupling, including the diastolic Ca2+, time to
peak, and half decay time between iPSC-CMs, nt-ESC–CMs, and
IVF-ESC-CMs (Fig. S2 E–H), suggesting they have comparable
Ca2+ handling capacity. Because these PSC-CMs shared distinct
combinations of nuclear genome and mitochondrial DNA (iPSC-
CMs and nt-ESC–CMs had the same nuclear genome but different
mitochondrial DNA, whereas nt-ESC–CMs and IVF-ESC–CMs
shared the same mitochondria but different nuclear genomes), we
further evaluated the mitochondrial function by a Seahorse assay.
At both basal and maximal respiration levels, these PSC-CMs did
not show significant differences at oxygen consumption rate across
multiple time points (Fig. S2 I–K). The ATP production and spare
respiration capacity were nearly the same for these PSC-CMs (Fig.
S2L). Taken together, these data suggest that the isogenic iPSC-
CMs and nt-ESC–CMs exhibit negligible functional difference at
the electrophysiological and metabolic levels, irrespective of the
divergent sources of mitochondria.

Endothelial Differentiation of Human iPSCs and nt-ESCs, and IVF-ESCs.
We next tested the endothelial differentiation capacity of these
three types of human PSCs by a monolayer differentiation pro-
tocol (Fig. 2A). All of these PSC-ECs showed similar endothelial
differentiation and maintenance efficiencies (Fig. 2 B and D),
suggesting that reprogramming methods (iPSC or SCNT) do not
affect endothelial differentiation. In addition, we did not observe
any significant difference in endothelial differentiation efficiency
among clones derived from the same reprograming method (Fig.
S3 A–C). We then explored the functional similarities and dif-
ferences of ECs derived from iPSCs, nt-ESCs, and IVF-ESCs.
These PSC-ECs expressed the endothelial surface markers
CD31, CD144 (Fig. 2C), and von Willebrand factor (vWF), and
took up low-density lipoprotein (LDL) (Fig. S3 D and E). The
expression of endothelial marker genes PECAM1 and CDH5 was
not statistically different among these PSC-ECs (Fig. 2 E and F).
Similarly, NOS3 mRNA was expressed at comparable levels
among iPSC-ECs, nt-ESC–ECs, and IVF-ESC-ECs (Fig. 2G).
Next we evaluated the capacity of these PSC-ECs to produce nitric
oxide and found no significant difference among them (Fig. 2H).
Furthermore, these PSC-ECs formed tube-like structures when
placed on Matrigel (Fig. S3F). The branches of tubes were not
statistically different among iPSC-ECs, nt-ESC–ECs, and IVF-
ESC-ECs, indicating similar in vitro angiogenesis ability (Fig. 2I).
As endothelial cells form blood vessels consisting of venous,

arterial, and lymphatic subtypes, we tested whether there was a
bias of specific subtypes to which PSC-ECs tended to differentiate.
We assessed the mRNA abundance of markers for venous
(EPHB4), arterial (EFNB2, NOTCH1, and NOTCH4), and lym-
phatic (LYVE1 and PROX1) subtypes. The venous and arterial
markers (Fig. S3 G–J) were not significantly different among
iPSC-ECs, nt-ESC–ECs, and IVF-ESC-ECs, indicating that there
is no biased differentiation toward arterial and venous subtypes.
For the lymphatic markers, LYVE1 maintained a significantly
higher level in IVF-ESC-ECs, whereas PROX1 was expressed at
similar levels among these PSC-ECs (Fig. S3 K and L). Taking
these data together, we found that iPSC-ECs and isogenic nt-
ESC–ECs exhibited comparable features in endothelial marker
gene expression, endothelial differentiation efficiency, NO pro-
duction, in vitro angiogenesis, and endothelial subtypes.

Transcriptional Comparisons of CMs and ECs Derived from Human
iPSCs, nt-ESCs, and IVF-ESCs. Gene expression is considered the
key determinant of cellular phenotype, and transcriptional varia-
tions underlie the individual phenotypes in a given cell type (16).
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To further pinpoint the gene-expression profiles of terminally
differentiated cells derived from iPSCs, nt-ESCs, and IVF-ESCs,
we performed whole-transcriptome analysis using high-throughput

RNA sequencing (n = 36). We used unsupervised hierarchical
clustering to view the distance among iPSCs, nt-ESCs, and IVF-
ESCs in an undifferentiated state. The transcriptional program of

Fig. 2. ECs derived from multiple sources of PSCs. (A) Small-molecule–mediated endothelial differentiation protocol. (B) Endothelial differentiation efficiency
evaluated by the percentage of CD31+ cells at D12 of differentiation. (C) Representative immunofluorescence staining of PSC-ECs using CD31 and
CD144 monoclonal antibodies. The nuclei were counterstained with DAPI. (Scale bars, 100 μm.) (D) Endothelial maintenance was assessed by the percentage of
CD144+ cells. No significant differences were observed among iPSC-ECs, nt-ESC–ECs, and IVF-ESC-ECs. (E–G) EC-specific marker genes (E) PECAM1, (F) CDH5, and (G)
NOS3 were expressed at similar levels in iPSC-ECs, nt-ESC–ECs, and IVF-ESC-ECs. (H) Nitric oxide production in PSC-ECs and human umbilical vein endothelial cells
(HUVECs). (I) Average number of branches in the tubes formed by PSC-ECs. Data are presented as mean ± SEM. P values were calculated using one-way ANOVA.
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iPSCs was clustered closer to nt-ESCs than to IVF-ESCs (Fig.
S4A). We then carried out hierarchical clustering of all PSCs,
PSC-CMs, and PSC-ECs together based on differentially ex-
pressed genes (DEGs). Apparently, cell type-specific transcrip-
tional programs were dominant, with the majority of variance
stemming from the difference between distinct cell types (i.e.,
PSCs, CMs, and ECs). A principal component analysis (PCA)
plot delineated the separation of PSCs, PSC-CMs, and PSC-ECs
at the whole-transcriptome level (Fig. S4C). Unsupervised hier-
archical clustering analysis showed consistently closer transcrip-
tional profiles between iPSCs and isogenic nt-ESCs compared
with IVF-ESCs in both undifferentiated and differentiated cells
(Fig. 3A), suggesting that the transcriptional resemblance of
isogeneic human iPSCs and nt-ESCs is well maintained regard-
less of differentiation status. Next we examined the DEGs among
iPSCs, nt-ESCs, and IVF-ESCs before and after differentiation.
There were 654 DEGs found among iPSCs, nt-ESCs, and IVF-
ESCs (Fig. 3C), most of which were associated with antigen
processing, presentation of peptide antigen, and MHC class II

(Fig. S4F). We then asked whether the transcriptional similarity
between iPSCs and nt-ESCs (compared with IVF-ESCs) could
be inherited by terminally differentiated cells (CMs and ECs).
We compared the transcriptional profiles of day 30 iPSC-CMs,
nt-ESC–CMs, and IVF-ESC-CMs. In total, we identified 205
DEGs and hierarchical clustering showed that iPSC-CMs were
clustered together with nt-ESC–CMs within the same clade, but
were separated from IVF-ESC-CMs (Fig. S4B), suggesting that
the transcriptional similarity between iPSCs and nt-ESCs is in-
heritable during cellular differentiation. Gene ontology (GO)
analysis showed that antigen processing and presentation, lipid
and fatty acid biosynthetic processes, and response to DNA
damage stimulus were significantly enriched (Fig. 3D).
We next evaluated the transcriptional resemblance of PSC-

ECs. We identified 507 DEGs among iPSC-ECs, nt-ESC–ECs,
and IVF-ESC-ECs (Fig. 3C). Hierarchical clustering of PSC-ECs
placed iPSC-ECs in the same clade with nt-ESC–ECs, but sep-
arate from IVF-ESC-ECs (Fig. 3B). In addition, these DEGs
were related to the regulation of transcription, RNA metabolic

Fig. 3. Global gene-expression profiles of PSCs, PSC-CMs, and PSC-ECs revealed by RNA-seq. (A) Unsupervised hierarchical clustering of DEGs between PSCs,
PSC-CMs, and PSC-ECs (q < 0.1). (B) PSC-ECs were clustered together based on reprogramming approaches used for generating iPSCs (i12C, i12J), nt-ESCs (NT1,
NT2), and IVF-ESCs (ESO7, ESO8) (q < 0.1). (C) Numbers of DEGs identified in PSCs, PSC-CMs, and PSC-ECs due to reprogramming approaches. Overlapping
regions represent the number of consistent DEGs. (D) GO analysis of DEGs among iPSC-CMs, nt-ESC-CMs, and IVF-ESC-CMs (P < 0.05). (E) GO terms of DEGs in
ECs derived from iPSCs, nt-ESCs, and IVF-ESCs (P < 0.05).
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process, and phosphoinositide biosynthetic process (Fig. 3E).
Taken together, these data suggest that immunological process
drives the major differences in undifferentiated state, whereas
metabolic activities and transcriptional regulation account for
the major differences among iPSCs, nt-ESCs, and IVF-ESCs
after terminal differentiation.
We further explored the conserved DEGs before and after

differentiation. We found 14 genes (Table S2) overlapped in
PSCs, PSC-CMs, and PSC-ECs, which were consistently differ-
entially expressed among iPSCs, nt-ESCs, and IVF-ESCs, and
maintained the differential expression in terminally differen-
tiated cells (PSC-CMs and PSC-ECs). As examples, NAPRT
(nicotinate phosphoribosyltransferase) was significantly up-
regulated in IVF-ESCs than iPSCs and nt-ESCs, whereas FIS1
(mitochondrial fission 1) was down-regulated in IVF-ESCs
compared with iPSCs and nt-ESCs (Fig. S4 D and E). NAPRT
is a coenzyme in cellular redox reactions that converts nicotinic
acid to nicotinamide adenine dinucleotide, with a role in a va-
riety of cellular metabolic processes in response to stress con-
ditions (17). FIS1 is a component of a mitochondrial complex
that promotes mitochondrial fission and helps regulate mito-
chondrial morphology, cell cycle, and apoptosis (18). The con-
sistent differential expression of NAPRT and FIS1 may imply a
fundamental difference in energy metabolism among different
types of PSCs, which is likely due to a differential combination of
genomic and mitochondrial DNAs resulting from distinct nu-
clear reprogramming mechanisms (iPSC, SCNT, and IVF). In
addition, when these common DEGs were clustered together,
iPSCs and nt-ESCs and their differentiated cells (CMs and ECs)
displayed distinguishable gene-expression profiles from those of
IVF-ESCs (Fig. S4G). Taken together, these results indicate that
terminally differentiated cells derived from iPSCs are compara-
ble to those from isogenic nt-ESCs, but are distinguishable from
IVF-ESC derivatives at the transcriptional level.
Because clone-to-clone transcriptional variance may be a con-

founding factor for lineage differentiation (19), we then looked
into the correlation of gene expression between clones derived
from the same reprogramming mechanism in undifferentiated
(PSC) and differentiated cells (PSC-ECs and PSC-CMs). We
found transcriptional variance among clones from the same
reprogramming mechanism was smaller than that from different
reprogramming mechanisms using unsupervised hierarchical
clustering. Clones from different reprogramming methods were
clustered in a higher clade than those from the same reprogram-
ming method, indicating larger transcriptional dissimilarity exists
in clones derived from different reprogramming methods (Fig.
S5A). PCA also pointed out that the clone-to-clone variance was
much smaller than that introduced by reprogrammed methods
(Fig. S5 B and C). In fact, correlation of gene expression between
clones was very high in both undifferentiated PSCs and differen-
tiated cells (PSC-CMs and PSC-ECs) (Fig. S6). Taken together,
these results suggest that gene expression variance caused by the
reprogramming methods (iPSC, SCNT, and IVF) is much larger
than that contributed by the clone-to-clone difference.

Genome-Wide DNA Methylation Profiles of PSCs and Differentiated
Cells. DNA methylation conveys stable epigenetic marks to es-
tablish the cellular identity and maintain epigenetic memory
during cellular reprogramming and differentiation (20). To ex-
amine DNA methylome reprogramming during lineage com-
mitment in these PSCs, we next performed genome-wide high-
throughput reduced-representation bisulfite sequencing (RRBS-
seq) (n = 18). We found that CG methylation was prevalent
across PSCs, PSC-CMs, and PSC-ECs, whereas non-CG meth-
ylation constituted less than 15% of all methylated cytosines
(Fig. 4A). After terminal differentiation, non-CG methylation
(primarily mCHG) decreased in PSC-CMs and PSC-ECs (Fig.
S7A). Overall, we did not observe any significant difference in

the percentages of global mCG, mCHG, and mCHH among
these PSCs and their respective CMs and ECs. Furthermore, all
PSCs, PSC-CMs, and PSC-ECs exhibited genome-wide bimodal
CG methylation patterns: most of the CpG sites were either
highly methylated (>80%) or unmethylated (<20%) (Fig. S7 B
and C). The bimodal DNA methylation distribution was con-
served in mammalian PSCs and differentiated cells (21).
Next, we compared the epigenetic similarity by unsupervised

hierarchical clustering of the genome-wide CG methylation. At
the undifferentiated stage, iPSCs and nt-ESCs were clustered
together in the same clade but were separated from IVF-ESCs
(Fig. 4B). After induced differentiation, CMs and ECs derived
from iPSCs and nt-ESCs were still clustered more closely than
those derived from IVF-ESCs, suggesting that the epigenetic
resemblance between iPSCs and nt-ESCs was well retained in
differentiated cells. Within each condition (undifferentiated and
differentiated), the overall correlation coefficient among PSCs
was high (Fig. S7 D–F). We then carried out pairwise compari-
sons to locate differentially methylated cytosines (DMCs) at
single CpG sites. In undifferentiated PSCs, we identified 48,203
DMCs between IVF-ESCs and nt-ESCs, and 52,344 DMCs be-
tween IVF-ESCs and iPSC (Fig. 4C). However, there were only
15,853 DMCs between nt-ESCs and iPSCs. Similarly, the dif-
ference in the number of DMCs between nt-ESC–CMs and
iPSC-CMs was the smallest (12,489) among the pairwise com-
parisons. In addition, nt-ESC–ECs and iPSC-ECs were separated
by 24,300 DMCs, ranking the lowest among the possible pairwise
combinations (Fig. 4C). Overall, nt-ESCs vs. iPSCs had the
lowest number of DMCs, whereas IVF-ESCs versus iPSCs held
the largest number of DMCs, regardless of differentiation status.
CpG islands (CGIs) are short-interspersed DNA sequences

containing a higher CG frequency than other regions in the ge-
nome, whereas CGI shores (up to 2 kb away) are the immediate
regions flanking CGIs (22). Because CGIs are predominantly lo-
cated at transcription start sites, CGI methylation is often asso-
ciated with transcriptional silencing (23). In the present study, we
identified DMRs of CGIs and CGI shores in PSCs, PSC-CMs, and
PSC-ECs. For CGIs, we located 3,452 DMRs (from a total of
21,341 CGIs) between PSCs, PSC-CMs, and PSC-ECs (Fig. 4D).
For CGI shores (2-kb flanking CGIs), we found 2,324 DMRs
(from a total of 31,530 CGI shores) between PSCs, PSC-CMs, and
PSC-ECs (Fig. 4E). Unsupervised hierarchical clustering of DMRs
in CGIs and CGI shores consistently positioned iPSCs and nt-
ESCs within the same clades, but both were distinguishable
from IVF-ESCs in both undifferentiated and differentiated states.
We further looked into the DMRs that were consistently

present in PSCs, PSC-CMs, and PSC-ECs. We also included
DMRs in promoter regions (1-kb flanking transcription start
sites) since DNA methylation in promoter regions is often as-
sociated with gene regulation. To remove the contributing factor
of cell types (PSC, PSC-CMs, and PSC-ECs), we recalled DMRs
within each cell type using the reprogramming method (iPSC,
NT, or IVF) as a factor. For CGIs, there were 405 DMRs in
PSCs, 468 DMRs in PSC-CMs, and 475 DMRs in PSC-ECs
(Fig. S8A). We then examined the DMRs that were consistently
retained in PSCs, PSC-CMs, and PSC-ECs. Interestingly, we found
42 consistent CGI DMRs, 40 consistent CGI shore DMRs, and 15
consistent promoter DMRs. Of these consistent DMRs, most
of them (88) were IVF-specific, whereas only nine DMRs were
iPSC-specific (Fig. S8C). Hierarchical clustering of consistent
DMRs in CGIs, CGI shores, and promoters (Fig. 5 A and B and
Fig. S8B) clearly divided these variables into three clades,
depending on reprogramming methods. Furthermore, the ma-
jority of these consistent DMRs were between iPSCs and IVF-
ESCs with no SCNT-specific DMRs found (Fig. 5C and Fig.
S8C). A further look into the DNA methylation information
showed that iPSCs and nt-ESCs shared similar DNA methylation
levels compared with those in IVF-ESCs. This occurred in both
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IVF-hypomethylated and IVF-hypermethylated DMRs in CGIs
(Fig. 5 D and E) and promoters (Fig. S8D). However, all iPSC-
specific DMRs (iDMRs) were hypermethylated in CGIs and
promoters, with iPSCs and derivatives displaying significantly
higher DNA methylation levels (Fig. 5 F–G). In contrast, no
iDMR was identified in CGI shores, where nt-ESCs and iPSCs
exhibited consistent DNA methylation in these conserved DMRs
(Fig. 5B). Because DNA methylation in promoters is generally
correlated with gene expression (23), we then performed Spear-
man’s correlation analysis on these consistent DMRs in CGIs,
CGI shores, and promoters. There was a significant negative
correlation between promoter DNA methylation and mRNA ex-
pression in these conserved DMRs: higher DNA methylation was
correlated with lower mRNA expression, whereas lower DNA
methylation was associated with higher mRNA abundance (Fig.
5H). However, the correlations between DNA methylation and
gene expression in CGI and CGI shore consistent DMRs were
generally poor (Fig. S8 E and F). Collectively, these results con-
firm that the consistent DMRs were primarily associated with the
differences between IVF-ESCs and iPSCs, with iPSCs and nt-
ESCs sharing fewer DMRs.

In Vitro Assessment of Drug-Induced Toxicity Using Isogenic Human
iPSCs and nt-ESCs. One of the most fascinating applications of
patient-specific PSCs is personalized drug testing in the dish
(12). To assess whether human iPSCs and nt-ESCs are both
competent for personalized drug testing, we treated PSC-CMs
with doxorubicin, a chemotherapy drug that can lead to cardio-
myopathy in some patients. The mechanisms of doxorubicin-
induced cardiotoxicity include reactive oxygen species (ROS)
formation, programmed cell death (apoptosis), irreversible re-
ductions in ATP production, inhibition of nucleic acid and pro-
tein synthesis, and reduced levels of antioxidants (24). To test the
dose-dependent effect of doxorubicin on PSC-CMs, we carried
out acute (24 h) and long-term (72 h) doxorubicin treatment at
four doses: 0.01, 0.1, 1, and 10 μM. Consistent with a previous
report (25), all PSC-CMs displayed a dose-dependent response
to doxorubicin-induced cardiotoxicity (Fig. S9). For prolonged
treatment, PSC-CMs exhibited declines in cell viability and ATP
production, and increases in apoptosis, with no significant dif-
ference between iPSC-CMs and nt-ESC–CMs at lower doses
(Fig. 6 A–C). We next measured whole-cell hydrogen peroxide
(H2O2) levels after 24-h treatment when the cell viability was not

Fig. 4. Global DNA methylome analysis of PSCs, PSC-CMs, and PSC-ECs revealed by RRBS-seq. (A) Percentages of mCG, mCHG, and mCHH in all observed
5-methylcytosines in PSCs, PSC-CMs, and PSC-ECs. (B) Unsupervised hierarchical clustering of PSCs, PSC-CMs, and PSC-ECs based on global CpG methylation.
Each group includes iPSCs (i12C, i12J), nt-ESCs (NT1, NT2), IVF-ESCs (ESO7, ESO8), and their respective differentiated cells (CMs and ECs). The heights of
cluster trees reflect the distance (similarity and dissimilarity) among different objects and groups. (C) Numbers of DMCs identified using pairwise comparison
(q < 0.01, methylation difference ≥25%). (D) Unsupervised hierarchical clustering of DMRs identified in CGIs across the genome in PSC, PSC-CMs, and PSC-ECs
(q < 0.01, n = 3,452). (E) Unsupervised hierarchical clustering of 2,324 CGI-shore DMRs (q < 0.01) in PSC, PSC-CMs, and PSC-ECs.
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seriously affected (Fig. 6D). ROS levels were dramatically in-
creased upon doxorubicin treatment as low as 0.01 μM (Fig. 6E).
There were no significant differences in whole-cell ROS gener-
ation between iPSC-CMs and nt-ESC–CMs, despite the de-
tection of higher ROS levels in IVF-ESC-CMs. In contrast, the
antioxidant glutathione (GSH) was reduced in response to
doxorubicin treatment, with higher doses leading to steeper de-
creases (Fig. 6F). Because GSH plays a critical role in the
maintenance of mitochondrial function and cell survival, GSH
levels can be used as an indicator of oxidative stress in the
mitochondria (26). Here we observed a significant difference
of GSH levels between iPSC-CMs and nt-ESC–CMs at in-
termediate doses of doxorubicin (0.1 and 1 μM) (Fig. 6F). This
was probably due to their distinct sources of mitochondria: iPSC
mitochondria came from somatic cells, whereas those of nt-ESCs
were inherited from the egg donor, which shared its mitochon-
dria with IVF-ESCs. These results indicate that both iPSC-CMs
and nt-ESC–CMs can faithfully recapitulate drug-induced tox-

icity in a dose-dependent manner, despite divergent origins of
mitochondria.

Discussion
In this study, we generated genetically relevant sets of human
iPSCs, nt-ESCs, and IVF-ESCs to evaluate the molecular and
functional features of differentiated cells derived from these
PSCs in vitro. At the cellular level, differentiated cells from
isogenic iPSCs and nt-ESCs displayed comparable differentia-
tion efficiency, gene-expression heterogeneity, physiological
properties, and metabolic functions. At the transcriptional level,
CMs and ECs derived from iPSC were clustered closer to iso-
genic nt-ESC derivatives than those derived from IVF-ESCs. In
addition, genome-wide DNA methylation profiling positioned
iPSC-CMs and iPSC-ECs within the same clades of nt-ESC de-
rivatives, which were separated from genetically relevant IVF-
ESC descendants. Moreover, both iPSC-CMs and nt-ESC–CMs
recapitulated drug-induced cardiotoxicity in a dose-dependent

Fig. 5. Consistent CGI and CGI-shore DMRs identified in undifferentiated PSCs and terminally differentiated cells. (A) Consistent CGI DMRs (n = 42) in PSCs
and differentiated cells. (B) Consistent CGI-shore DMRs (n = 40) were either IVF-hypermethylated or IVF-hypomethylated. (C) Numbers of IVF-
hypermethylated, IVF-hypomethylated, and iDMRs persistently present in PSCs, PSC-CMs, and PSC-ECs. The iPSC-specific consistent DMRs were not found
in CGI-shores. (D and E) IVF-specific consistent CGI-DMRs identified in undifferentiated PSCs and differentiated cells. (F and G) Methylation levels of iPSC-
specific consistent CGI-DMRs in iPSCs were higher than those in nt-ESCs and IVF-ESCs. (H) Spearman’s correlation analysis of consistent promoter DMRs and
mRNA abundance of the associated genes (P < 2.2e−16). All data are represented as mean ± SEM *P < 0.05; **P < 0.01; ***P < 0.005; n.s., not significant; by
unpaired two-tailed Student’s t test and one-way ANOVA.
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manner. Therefore, we speculate that terminally differentiated
cells derived from different reprogramming mechanisms (iPSC,
SCNT, and IVF) are comparable with regard to transcriptomic,
epigenomic, cellular, and pharmacological aspects, given that
they are genetically identical.
In this study, human iPSCs and nt-ESCs are derived from the

same somatic cells (fibroblasts), thus sharing the same nuclear
genome. However, their mitochondrial DNA is different due to
the maternal inheritance of mitochondria during early embryonic
development. In contrast, IVF-ESCs are created using the same
egg donor for SCNT; thus, they share the same source of mito-
chondrial DNA with nt-ESCs, although the nuclear genome of
IVF-ESCs is distinct from iPSCs and nt-ESCs. Recent studies
indicate that it is important to generate genetically relevant
iPSCs, nt-ESCs, and IVF-ESCs to compare their molecular and
functional properties, as genetic variation is thought to primarily
contribute to the transcriptional heterogeneity among different
PSC lines (27–29). Technically, it is extremely challenging to
generate these genetically relevant nt-ESCs and IVF-ESCs from
the same egg donor due to very limited source of human eggs
and ethical concerns. For each superovulation procedure, only
5–15 human eggs can be retrieved from each egg donor (14). The
eggs must be further split to derive SCNT and IVF blastocysts,
respectively, and subsequently be used for the derivation of nt-
ESCs and IVF-ESCs at the same time. Therefore, our study
employs unique sets of genetically relevant PSCs generated by
different reprogramming mechanisms (SCNT, IVF, and iPSC)
and provides a proof-of-concept that differentiated cells derived
from isogenic human nt-ESCs and iPSCs are relatively equiv-
alent with respect to molecular, cellular, physiological, and
pharmacological features.
At present, patient-specific PSCs can be derived via two ap-

proaches: SCNT by enucleated eggs, and iPSC reprogramming
by transcription factors. SCNT relies on unknown factors present
in the cytoplasm of mature oocytes to remodel the epigenome of
somatic cells. These physiological reprogramming factors are
developmentally efficient, as they can reprogram somatic cells to
a “totipotent” state. The reconstructed embryos by SCNT can

survive stringent developmental selection and develop into well-
structured blastocysts that are able to produce live cloned off-
spring, if transferred to proper foster mothers (30). In these
aspects, mouse nt-ESCs are developmentally competent and are
functionally and transcriptionally indistinguishable from IVF-
ESCs (31, 32). Nevertheless, SCNT embryos also carry some
developmental defects due to incomplete epigenetic reprog-
ramming, which can be greatly improved using epigenetic mod-
ifier (e.g., HDAC inhibitors) in multiple species (pig, sheep, cow,
and so forth) (33, 34). In contrast, human iPSC reprogramming
has no developmental potential checkpoints, as long as the cells
acquire the ability of immortal proliferation (self-renewal) and in
vitro pluripotency. Consequently, iPSCs are developmentally and
epigenetically compromised in early-passage cells that display
epigenetic memory of parental somatic cells and large regions
with aberrant DNA methylation patterns, including genomic
imprinted domains, which are not seen in nt-ESCs (10, 11, 35).
Developmentally, mouse iPSCs can generate viable cloned off-
spring by tetraploid complementation, although the efficiency is
relatively low compared with conventional IVF-ESCs (36).
Therefore, we argue that some cells in human iPSC culture may
be developmentally compromised, which could not be tested in
humans due to ethical constraints. These iPSCs may retain epi-
genetic memory of somatic cells due to incomplete reprogram-
ming and are unable to generate functional differentiated cells
either in vivo or in vitro.
During in vitro differentiation, only authentic PSCs can produce

beating CMs and functional endothelial cells in response to spe-
cific signaling induction (37). These terminally differentiated cells
are essentially the progeny of developmentally competent PSCs
residing in the population of iPSCs, nt-ESCs, and IVF-ESCs.
Chemically defined culture medium and small-molecule–induced
differentiation would reinforce the differentiation of develop-
mentally competent cells within PSCs while eliminating the
developmentally incompetent cells (Fig. S10). Thus, the tran-
scriptional and epigenomic characteristics of these terminally
differentiated cells are primarily attributed to the genetic compo-
sitions rather than the reprogramming methods. In parallel,

Fig. 6. Doxorubicin-induced toxicity in CMs derived from iPSCs, nt-ESCs, and IVF-ESCs. (A) Dose-dependent effect of doxorubicin (72 h) on PSC-CM viability
assessed by a Prestoblue cell viability assay (n = 8 per group). The relative fluorescence unit was normalized to 0 μM. (B) Effect of doxorubicin treatment (72 h)
on ATP production of PSC-CMs measured by a CellTiter-Glo assay (n = 8 per group). (C) Assessment of cellular apoptosis using a luminescent Caspase 3/7 assay
after 72-h doxorubicin treatment (n = 8 per group). (D) Cell viability was not significantly affected in PSC-CMs after 24 h doxorubicin treatment (n = 8 per
group). (E) Whole-cell ROS (H2O2) detection in PSC-CMs after administration of doxorubicin (24 h) at four different doses (n = 8 per group). (F) Acute influence
of doxorubicin (24 h) treatment on the mitochondrial GSH concentration assayed by a GSH-Glo Glutathione kit (n = 8 per group). All data are represented as
mean ± SEM *P < 0.05; **P < 0.01; ***P < 0.005; n.s., not significant; by unpaired two-tailed Student’s t test and one-way ANOVA.
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genetic make-up is the predominant factor for the transcriptional
and epigenomic variations in human iPSCs regardless of their
cellular origin (27, 38–41). Although epigenetic memory of so-
matic cells is potentially present in early-passage iPSCs (6, 10), it is
unlikely that functional differentiated cells (CMs and ECs) are
derived from iPSCs with substantial somatic cell memory. As
proposed in Fig. S10, we hypothesize that terminally differentiated
cells derived from iPSCs, nt-ESCs, and IVF-ESCs are comparable
with regards to transcriptional, epigenetic, physiological, and phar-
macological features, provided that they are genetically identical.
Due to the technical and ethical challenges of SCNT and IVF,
patient-specific iPSCs will continue to serve as competent in
vitro models for human diseases and drug discovery.

Materials and Methods
The protocols and informed consent for human subjects were approved by
the Embryonic Stem Cell Research Oversight (SCRO) Committee and the In-
stitutional Review Board (IRB) at Oregon Health & Science University. The
experimental designs were also approved by the SCRO and IRB Committees
at Stanford University.

Generation of Human iPSC, nt-ESCs, and IVF-ESCs. Human PSCs were main-
tained in chemically defined E8medium onMatrigel. The generation of these
PSCs is described in details in SI Materials and Methods.

Cardiac and Endothelial Differentiation. Cardiac differentiation was induced
by a protocol using small chemicals CHIR-99021 and IWR-1. Endothelial
differentiation was conducted using CHIR-99021, VEGF, bFGF, and SB431542.
Full differentiation protocols are described in SI Materials and Methods.

RNA Sequencing. RNA-seq libraries were constructed using an Ion Total RNA-
seq Kit v2 (Thermo Fisher Scientific). Deep sequencing was performed in an
Ion Proton Sequencer and raw sequencing data were recorded and processed
in a local Ion Torrent server. The pipeline for RNA-seq data analysis is de-
scribed in SI Materials and Methods.

RRBS-Seq. RRBS-deq library was prepared using 300 ng of genomic DNA
digested with MspI. NEBNext Index Primers were used to barcode different
samples. Six barcoded RRBS-seq libraries were pooled together and loaded to
an Illumina HiSeq 4000 for deep sequencing. Raw data were processed using
BS-Seeker 2.0 and DNA methylation calling was performed using MethylKit
package (detailed in SI Materials and Methods).
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