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ABSTRACT

The pluripotency of newly developed human induced pluripotent stem cells (iPSCs) is usually
characterized by physiological parameters; i.e., by their ability to maintain the undifferentiated state and
to differentiate into derivatives of the 3 germ layers. Nevertheless, a molecular comparison of
physiologically normal iPSCs to the “gold standard” of pluripotency, embryonic stem cells (ESCs), often
reveals a set of genes with different expression and/or methylation patterns in iPSCs and ESCs. To evaluate
the contribution of the reprogramming process, parental cell type, and fortuity in the signature of human
iPSCs, we developed a complete isogenic reprogramming system. We performed a genome-wide
comparison of the transcriptome and the methylome of human isogenic ESCs, 3 types of ESC-derived
somatic cells (fibroblasts, retinal pigment epithelium and neural cells), and 3 pairs of iPSC lines derived
from these somatic cells. Our analysis revealed a high input of stochasticity in the iPSC signature that does
not retain specific traces of the parental cell type and reprogramming process. We showed that 5 iPSC
clones are sufficient to find with 95% confidence at least one iPSC clone indistinguishable from their
hypothetical isogenic ESC line. Additionally, on the basis of a small set of genes that are characteristic of all
iPSC lines and isogenic ESCs, we formulated an approach of “the best iPSC line” selection and confirmed it
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on an independent dataset.

Introduction

Human pluripotent stem cell (PSC) lines can be cultured and
indefinitely expanded in vitro without loss of their capacity to
differentiate into a variety of cell types. There are 2 types of
human PSCs: embryonic stem cells (ESCs) and induced (i)
PSCs. The former were first established in 1998,' and their dif-
ferentiated derivatives are now in clinical trials for allogeneic
cell replacement therapy.** iPSCs are generated by somatic cell
reprogramming and, despite minor differences, are quite simi-
lar to ESCs in their functional and molecular properties.*®
Because they are patient-specific, iPSC lines can be used in a
wide range of biomedical applications.”"' However, the extent
of the similarity between iPSCs and the “gold standard” of plu-
ripotency, human ESCs, is still unclear. Indeed, the tetraploid
complementation approach can be used to determine this simi-
larity for mouse iPSCs; however, it is not applicable to humans
and other species. Several groups have already identified epige-
netic and gene expression signatures specific to iPSCs, as well
as hot spots for aberrant methylation and somatic memory
retention in mouse and human iPSCs.**"*"> These studies
highlighted significant differences between iPSCs and ESCs,
although only a limited number of cell lines of different origins

were analyzed. Thus, individual genome characteristics impact
cell line diversity. Later, a comprehensive characterization of
dozens of human PSC lines was performed,*'® demonstrating
that as more cell lines are taken into analysis, fewer differences
are observed.'” Recently, an effective tool to validate self-
renewal potential, as well as differentiated states of iPSC lines
with diverse genetic backgrounds, has been developed.* How-
ever, the need to differentiate a particular iPSC line into multi-
ple lineages; i.e., in the case of banked HLA homozygous cells,
ultimately raises the issue of iPSCs quality in respect to their
genotype-specific pluripotent state and similarity to preexisting
ESCs. Multiplication of the cell lines in the studies provides a
better overview of the accuracy of reprogramming on average,
but does not determine whether an iPSC line chosen for multi-
ple applications corresponds to its predecessor ESC and mimics
all of its properties necessary for establishing an accurate geno-
type-specific status of pluripotency. The only way to determine
if somatic cells have returned to their initial pluripotent state is
to compare iPSCs to the isogenic ESC line.

To obtain comprehensive data on the transcriptional and
epigenetic variations that are gained during the reprogram-
ming process, we compared iPSC lines generated from
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different somatic cell types that have been previously differ-
entiated from ESCs. Reprogramming factors under the con-
trol of doxycycline (DOX)-inducible promoters were
introduced into hESCs. Standard differentiation protocols
and separation methods were used to obtain pure popula-
tions of several somatic cell types, which were further
reprogrammed by adding DOX (Fig. 1).

We performed 2 genome-wide assays to analyze the
methylation and expression patterns of 11 isogenic human
cell lines, including 8 PSC and 3 somatic cell lines. We
showed that the reprogramming process itself and the
parental somatic cell type did not leave any specific signa-
ture in iPSCs; that is, the observed differences between
hESCs and isogenic iPSCs were specific to a particular clone
but not to the process or predecessor cells. Because no com-
mon iPSC specific signature has been observed even for a
single batch of isogenic lines, it is likely that none exists for
other isogenic clones or non-isogenic lines. Additionally,
variability between isogenic iPSCs derived from different
somatic cell types allowed us to propose an approach for
finding the optimal iPSC clone (i.e., the one most closely
resembling its hypothetical isogenic human ESC line) in the
cohort.

Results
Establishment of the hESM01-OSKMN-DOX isogenic system

We established an isogenic system for reprogramming
(Fig. 1) by introducing reprogramming factors into the pre-
viously described hESC line HESMO0I.'®'® The cell line
hESMO0I1-OSKMN-DOX-n5 (hereafter referred to as n5) that
expressed all transgenes exclusively in the presence of DOX
in undifferentiated or differentiated states, had a normal
karyotype and demonstrated pluripotency in vitro and in
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vivo was selected for further analysis (Fig. SI and Supple-
mental Experimental Procedures). The n5 cell line was used
to generate 3 somatic cell lines: fibroblast-like cells (F), neu-
ronal precursors (N), and retinal pigment epithelial cells
(RPE, R). For the details of these procedures, see the Sup-
plemental Experimental Procedures. To ensure that reprog-
ramming would proceed only in differentiated somatic cells,
magnetic separation was performed using antibodies against
the markers CD31/CD105, NCAM, and RPE65 for the
respective somatic cell populations. Specialized cell types
were further analyzed for the presence of lineage-specific
markers, the absence of PSC markers, and transgene induc-
tion (Figs. 2 and S2). To ensure that cell types differentiated
from the n5 cell line closely resemble those chosen for the
reprogramming, a somatic cell genome-wide transcriptome
analysis was performed. Comparison of transcriptome data
and available data sets confirmed that all 3 types of somatic
cells expressed a set of cell type specific markers. The n5-
derived fibroblasts closely resembled MRC5 (human lung
fibroblasts), BJ1 (human foreskin fibroblasts) and human
skin fibroblasts;>>*' the n5-derived neurons corresponded to
the human gray and white matter brain cells;”* and the
transcriptome of our RPE cells was similar to previously
published hRPE cells.”***** (for details see Supplemental
Experimental Procedures Fig. S2).

Differentiated cell lines were reprogrammed by adding
DOX (Fig. 1). Importantly, all iPSC lines were generated
using the same protocol in parallel. The average reprogram-
ming efficacy in all 3 somatic cell types; ie., the number of
iPSC clones with respect to the number of cells in the start-
ing population, was approximately 3%. Established iPSCs
were further analyzed for pluripotency marker expression,
somatic gene down regulation (Table S1), transgene silenc-
ing, karyotype, and in vitro and in vivo pluripotency
(Figs. 3 and S3). Pairs of independently selected fibroblast-,
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Figure 1. Schematic representation of the experimental procedure. Lentiviral vectors carrying reprogramming factors were introduced into the hESMO1 cell line, and the
stable clones were selected for further analysis (zero transgene expression, genome stability, in vitro and in vivo pluripotency). The resulting hESM01-OSKMN-DOX-n5 cell
line was differentiated into 3 types of somatic cells. Magnetically separated cells were reprogrammed by DOX induction and iPSC clones generated from each cell type
were chosen for genome-wide analysis of reprogramming traces, somatic memory, and iPSC specific markers using transcription and DNA methylation data.
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Figure 2. Characterization of n5 somatic derivatives. (A) Morphology (phase contrast microscopy) and immunocytochemistry of fibroblast-like cells (F), neurons (N), and
retinal pigment epithelial cells (R). TUBb3, g-tubulin (Ill); CHAT, choline acetyltransferase; CK, cytokeratin; RPE65, retinal pigment epithelium-specific 65 kDa protein. Sig-
nals corresponding to the respective markers are shown in red, with blue indicating nuclei stained with DAPI. Scale bar, 100 mM. (B) FACS analysis of TRA-1-60 expression
in differentiated cells. Dotted lines represent isotype controls and antibody staining is shown in green. (C) FACS analysis of the purity of magnetically separated F, N, and R

cells for corresponding somatic markers.

neuron-, and RPE-derived iPSC lines (iF, iN, and iR,
respectively) were used for further genome-wide analyses.

Genome-wide similarity of the global patterns of DNA
methylation and gene expression in isogenic ESCs and
iPSCs

Genome-wide methods were used to perform a systematic
comparison of DNA methylation (Infinium HumanMethyla-
tion450 BeadChip, Illumina) and gene transcription
(HumanHT-12 v4 Expression BeadChip, Illumina) between 2
parental hESC lines (hESMOI and n5), 3 n5-derived somatic
cell lines, and 3 pairs of iPSC clones (Fig. 1). All tested cell lines

were isogenic according to the STR analysis (Table S2). We
used previously developed tools and datasets to confirm that
data generated from genome-wide analysis of the established
isogenic cell lines separated them according to their biological
properties (Fig. S4). A hierarchical clustering was performed to
determine whether global patterns of DNA methylation and
gene expression distinguish PSCs from ESC-derived somatic
cells and divide iPSC lines into subclasses according to their
somatic origin. Two distinct clusters emerged, one comprising
all PSC lines (with a Spearman correlation of 95-98% within
the PSC cluster) and the other comprising all somatic cell lines
(with a Spearman correlation of 85-90% between somatic and
PSC clusters) (Fig. 4A and B, Table S2). Within the PSC cluster,
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Figure 3. Characterization of isogenic iPSC lines reprogrammed from fibroblasts, neurons and RPE cells. (A) colony morphology of iF, iN, and iR cells; (B) immunocyto-
chemical assay of iF, iN, and iR cells; for pluripotent markers (red and green indicate respective markers, blue indicates DAPI); (C) representative images of embryoid bod-
ies and immunocytochemistry of in vitro iPSC-derived differentiated cell (red indicates markers, blue indicates DAPI) iF7 clones are shown. Scale bar, 100 mM; (D)
Teratoma sections derived from the iF7 cell line, hematoxylin-eosin staining.

iPSC lines derived from the same somatic cell type frequently called one-dish batch effect, i.e., similarity based on culture in
clustered together (for example, 2 cell lines of fibroblast origin, the same starting dish and the act of reprogramming, which
iF7 and iF47). In our case, it could also be explained by the so-  could create a unique environment.
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Figure 4. Genome-wide analysis of gene transcription and DNA methylation in the isogenic pluripotent and somatic cell lines. (A, B) Heatmaps based on Spearman corre-
lations between all cell lines; the color scale ranges from 0.75 to 1. (A) Transcriptome and (B) methylome data (P < 0.01, FDR < 0.05).

Because our isogenic system employed multiple cell selec-
tion procedures (Fig. 1), we could not exclude the possibility
that gene expression were altered simply by in vitro manipula-
tions during these bottleneck procedures.”® To identify genes
that gradually increased or decreased their expression level dur-
ing cell selection procedures, gene expression data from iPSC
lines were compared with their parental somatic lines and the
isogenic n5 ESC line. Only a few genes gradually increased or
decreased transcription during technical manipulations, and
none demonstrated altered transcriptional levels in all cell lines
synchronously (data not shown).

Genome-wide analysis of the reprogramming process in
different somatic lineages of the same origin

It was apparent that during pluripotent cell differentiation into
somatic lineages and reversal of this state back to pluripotency
(Fig. 1), significant changes occurred in the transcriptional
and methylation profiles of reprogrammed somatic cells that
were ultimately consolidated in a particular iPSC line. During
this back-and-forth process, some genes and/or CpGs had
similar changes in their expression and methylation profiles,
revealing hallmarks of the process. We decided to combine
genes and/or CpGs that changed their profiles synchronously
in each independent iPSC type during the acquisition of pluri-
potency in 4 distinct groups (Fig. 5A). Genes and/or CpGs
that did not undergo a change in transcription and methyla-
tion levels in any cell type were considered intact. Genes and/
or CpGs that maintained the same expression and/or methyla-
tion levels in established iPSC lines as in parental ESCs were
designated as common for PSCs (CPSC). The somatic mem-
ory group was defined as a group in which genes and/or

CpGs were expressed and methylated at the same level in
iPSC lines and corresponding somatic cells (iF and F, iN and
N, iR and R), but were different from that of ESCs. The clone-
specific group comprised genes and/or CpGs that had an
expression and/or methylation pattern in iPSC line distinct
from the pattern observed for somatic cells and ESCs. CpG
methylation and gene expression levels were considered inde-
pendently (a difference in B value > 0.2 for DNA methylation
or > 1.5-fold difference in expression level), and all data were
assessed using a significance level of P < 0.01 and FDR <
0.05. Applying this grouping system independently to each
iPSC pair derived from the same somatic cell type resulted in
the list of genes and/or CpGs that have similar expression and
methylation during their particular differentiation-reprogram-
ming process (Table S3).

Surprisingly, most genes and/or CpGs showed no
changes in expression and methylation during differentia-
tion-reprogramming events in the analyzed cell lines
(Fig. S5A). The expression of nearly 60% of the genes was
unaltered, and most of the differentially expressed genes
(>94%) belonged to the CPSC group. That is, their expres-
sion became ESC-like after reprogramming. Only 1-4% of
differentially expressed genes belonged to the somatic mem-
ory group, with the same expression level in iPSC and
parental somatic cell lines. CpG methylation was even more
conservative during differentiation and reprogramming
events; more than 85% of CpGs retained their original level
of methylation. Most of the differentially methylated CpGs
(> 95%) were also associated with the CPSC group, and
only 1-2% of differentially methylated CpGs belonged to
the somatic memory group. The number of clone-specific
genes and/or CpGs was approximately the same as the
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Figure 5. Reprogramming process, somatic memory and stochastic event input analysis in an isogenic system of human PSCs. (A) Graphical representation of the
approach to analyze gene expression and CpG methylation during differentiation and reprogramming (“=" — same level of expression or methylation between indicated
groups, “som” — somatic cell lines). (B) Input of genes (bold) and CpGs (italic) that drifted from specified groups (same colors as in A) into the “clone-specific” (red back-
ground) and “somatic memory” (blue background) groups during iPSC passaging. The number of passages is shown on top. (C) Clone-specific genes of different isogenic
iPSC lines. (D) The methylation of 34 clone-specific CpGs is a specific reprogramming signature for our isogenic cell lines. The heatmap on the left shows that the methyla-
tion level of 34 CpG sites distinguishes iPSCs from ESCs and somatic cell lines in our isogenic system. However, the same CpGs do not discriminate ESCs and iPSCs in the
independent GSE31848 data set; heatmap on the right. (E) Somatic memory group genes were identified for each iPSC type separately; however, most of them are shared

by different iPSCs.

number of somatic memory genes and/or CpGs; the maxi-
mum number of clone-specific CpGs was found in iR lines.

It was reported that iPSCs are not fully reprogrammed at
early passages and additional passaging improves their proper-
ties.”” Thus, it is obvious to speculate that somatic specific fea-
tures (somatic memory + clone specific groups) of the cells
will be reduced while the pluripotency-related signature
(CPSC + intact groups) is unchanged or enriched. The estab-
lished isogenic system enabled changes in particular genes
and/or CpGs to be traced by determining from and to which
group of specific genes and/or CpGs drifted during iPSC pas-
saging. We decided to follow up changes that occurred during
culturing and estimate their possible input in the iPCS molec-
ular signature. Gene expression and DNA methylation pat-
terns of fibroblast-derived iPSC lines from early (4-12) and
late (25-29) passages were examined (Fig. 5B, Table S4). Sur-
prisingly, we found that the number of genes in the somatic
memory group remained the same over multiple passages,

although the number of clone-specific genes increased from
18 to 76. At the same time, the number of CpGs in the
somatic memory and clone-specific groups decreased by
approximately one-third. In the clone-specific and somatic
memory groups, methylation was unchanged in 67% and 61%
of CpGs, respectively, whereas only 13% of clone-specific and
33% of somatic memory genes remained fixed in these groups.
The major contributor to the reprogrammed cell signature
came from genes or CpGs (approximately 60% and 30%,
respectively) that drifted from the early passage intact and
CPSC groups, which both reflect ESC-like properties. This
finding demonstrates that the establishment of pluripotency
balance at early passages is accompanied by bidirectional
changes in gene expression and/or CpG methylation. Only a
small fraction of clone-specific and somatic memory genes
and/or CpGs (less than one-third) that distinguish iPSCs from
ESCs acquired and maintained their profiles during reprog-
ramming and pluripotency establishment; the others are likely
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the result of stochastic fluctuations with no apparent biological
significance.

To identify the reprogramming-specific signature in more
detail, we compared the expression and methylation levels
in pairs of iPSC lines to their corresponding somatic prede-
cessor and maternal ESCs (Fig. 1). We found a small set of
genes and/or CpGs for which the expression and methyla-
tion level was specific for each iPSC type (i.e., clone-specific
group) (Table S3). To examine the functional significance
of individual CpGs located in close proximity to gene pro-
moters, we combined CpGs in CpG loci on the basis of
their location, and found CpG loci belonging to the clone-
specific group of each iPSC type (iFs, iNs, and iRs). It is
worth noting that both the expression and methylation pat-
terns of one of the best candidate reprogramming-specific
genes, MEG3,**”*® were unique in iFs but were similar to
ESCs in iNs and iRs, confirming its inconsistent role as a
universal marker of reprogramming. To determine the
reprogramming specific signature, we assumed that genes
and/or CpG + CpG loci belonging to a clone-specific group
of each iPSC type will contain such marks. We did not find
any genes that were common to a clone-specific group of
all types of iPSCs (Fig. 5C), although 34 CpGs and one
CpG locus (the CpG island of the CBLN4 gene) had a
unique methylation pattern in all our iPSC lines. To verify
whether this CpG signature is also characteristic for other
human PSC lines, these CpGs and CpG loci were used to
distinguish between ESCs and iPSCs in the GSE31848 data
set.'® There were no clear ESC and iPSC clusters or altered
methylation of the CBLN4 gene in iPSCs among pluripotent
cells (Fig. 5D). Interestingly, the CBLN4 gene was the most
frequently demethylated in 122 hESC lines analyzed at early
and late passages in various laboratories,'” which indicates
a high heterogeneity in its methylation level among even
“gold standard” pluripotent lines. Taken together, these
data demonstrate that the observed reprogramming-specific
signature in iPSCs mostly results from fluctuations that are
likely to be introduced by the laboratory-specific environ-
ment and not by the reprogramming process itself.

Isogenic iPSCs do not have somatic specific memory and
possess a “core” pluripotency signature

The expression and methylation data clearly distinguished
iPSCs from ESCs (Fig. 4A and B). This implies that each
iPSC line differs from the others not only by a small clone-
specific set of genes and/or CpGs but also by their differen-
tiated origin or even by the CPSC gene and/or CpG pattern.
Therefore, we asked whether successful reprogramming
always generates cells with the same molecular pluripotency
status or the starting cell type, and whether other factors
can lead to differences between functionally similar pluripo-
tent stem cells.

The somatic memory group of genes and/or CpGs was
previously defined as being specific for iFs, iNs, iRs, and the
corresponding somatic cells, however different from the
parental ESC line. In fact, these differences may affect the
potential usefulness of iPSCs and may even present a disad-
vantage in some cases. In the isogenic system, a small

number of genes (up to 40 in iFs) and CpGs (up to 927 in
iRs) belonged to this group (Figs. 5E and S5B). Moreover,
within the somatic memory group, 20 genes and 338 CpGs
were shared by at least 2 of 3 iPSC types and therefore
could not be considered as reflecting a particular cell type
of origin. This fact provides additional support for the
hypothesis that there is a set of genes and/or CpGs that
reflects the memory of a general differentiated state.” Addi-
tionally, we tested whether CpGs found in the somatic
memory group in our iFs contained CpGs specific for fibro-
blast-derived iPSCs that were recently published.”® Only 3
CpGs were common in the 2 datasets, demonstrating the
impact of the laboratory or general cell line variations to
the final iPSC DNA methylation status. To determine
whether somatic memory genes and/or CpGs unique to
each iPSC type reflected the specific cell type, a Gene
Ontology analysis of these genes and/or CpGs was carried
out. We did not find an enrichment of functions or pro-
cesses specific to a particular cell type; in addition, a man-
ual investigation of somatic memory genes did not reveal
any indications on specific to somatic cell type genes. We
therefore conclude that iPSC does not have a somatic cell
type specific memory; however, it does carry unspecific sig-
natures (genes and/or CpGs) reflecting a preexisting differ-
entiated state or ESCs heterogeneity. Molecular differences
in the pluripotent status of each iPSC type were evaluated
by analyzing sets of genes and/or CpGs belonging to the
CPSC group of iFs, iRs, and iNs. Unexpectedly, only a lim-
ited number of genes and/or CpGs was shared by all iPSC
lines, which were designated as the core set (Table S5,
Fig. S5C). To determine the biological significance of this
set of genes and/or CpGs as well as those shared by pairs
of iPSCs or belonging to a single iPSC type, the GREAT,
GOrilla, and WebGestalt tools were employed. The enrich-
ment data is shown in Table S6.

The core set was enriched for genes involved in the regu-
lation of epithelial cell proliferation. Likewise, CpGs in the
core set were associated with epithelial differentiation and
neuronal commitment, including hypomethylation of Pax6
and Pax3, the main transcription factors in neural crest
development. In addition, we also observed enrichment for
targets of the ESC-specific epigenetic regulators H3K27me3
and Polycomb, as well as targets of transcription factors
that regulate pluripotency, such as Oct4, Nanog, and Sox2.

We analyzed the functions of CPSC genes shared by any 2
types of iPSCs and determined that cell cycle, proliferation, and
mitotic processes were enriched (Fig. 6A). The remaining
CPSC genes and/or CpGs unique to each iPSC type showed
enrichment in metabolic processes (iF and iR) and the immune
response (iR and iN). We did not detect enrichment for targets
of ESC-associated transcription factors and regulators among
iN- and iR-specific CPSC genes, indicating that they are not
directly involved in the major ESC-specific functions. More-
over, these CPSC genes and/or CpGs have ESC-specific pat-
terns of expression/methylation that coordinate the self-
renewal of newly generated iPSCs. Given the diversity of ESC-
like genes and/or CpGs, this result demonstrates that in each
reprogramming event, a unique set of changes leads to the
acquisition of an ESC-like state.
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Figure 6. The isogenic system provides a core genetic signature for reprogrammed cells. (A) Top 10 Gene Ontology Biological Processes and Transcription Factor Targets
shared by at least 2 different iPSC lines; the corresponding p-values are shown in bars. (B) Suggested approach to select an iPSC clone identical to its isogenic ESCs using
the core gene set expression profile. (C) Examination of the best clone selection approach using the GSE51748 dataset. Pearson correlations between a particular iPSC
clone and other clones calculated on the basis of the core set gene expression levels are shown in gray; the mean correlation between them is shown in red; Pearson cor-
relations between particular iPSC clones and isogenic ESC lines calculated on the basis of all transcriptome data are shown in blue. The green rectangle indicates the best
clone that has the highest mean correlation with others using both approaches. (D) Silhouette values (Sv) indicate the similarity of 32 ESCs (green cluster) and iPSCs (yel-
low cluster) lines from GSE25970 data set. On the right side, the Svs for each cluster are shown. Sv values were calculated using the expression pattern of all genes in the
GSE25970 dataset (“All genes”): expression level only of the core set of genes; (“Core set”): expression level of the genes belonging to somatic memory and clone specific
groups (“Sm+-Cs genes”). (E, F) PCA analysis of isogenic PSC lines established in our study based on (E) methylation and (F) expression data. In both cases, 3 PCs were
used and 3-D maps were built. The green sphere shows the location of the iPSC cluster, while the blue sphere shows the ESC cluster.



994 M. V. SHUTOVA ET AL.

Whole-genome expression data predicts the minimal
number of iPSC lines for analysis while a defined set of
genes indicates their virtual ESC similarity

We did not find any significant input of somatic cell types into
the isogenic iPSC lines that we studied, although the specific
core set of genes and/or CpGs reflecting the pluripotent nature
of iPSCs was defined. These findings prompted the question of
how universal the gene set is and whether it can predict the
similarity between any human iPSC line with its real or virtual
isogenic ESCs (Fig. 6B). We used this core set of genes to inves-
tigate whether this set could be applied to characterize the
ESC-like properties of iPSC lines generated in other
laboratories.

Recently, the GSE51748 data set consisting of microarray
data from iPSC lines independently generated from neural pro-
genitor cells by lentiviral transduction and the parental partly
isogenic human ESC line from which the neural progenitors
were differentiated were published.”® We decided to apply a
core set genes to predict which of the newly derived neural
iPSCs was more similar to the parental ESC line and would
therefore presumably be ideal for further applications. All
newly derived iPSC clones passed the pluripotency tests (pluri-
potency marker expression, karyotyping, and in vivo and in
vitro differentiation); therefore, they were presumed to be more
or less similar to the parental ESC line and consequently
acquired an isogenic ESC pattern of expression of our core set
of genes. Since all human iPSC lines tend toward more isogenic
ESC-like patterns of expression, it was hypothesized that the
one that was most consistent with other iPSC clones in terms
of expression of the core set of genes would be closer to their
own real isogenic ESC line. We estimated Pearson correlations
between iPSC clones in the GSE51748 dataset on the basis of
the expression level of the core set of genes (Table S5, Fig. 6C).
The iPSC clone NPC-i2 from the GSE51748 data set was the
most consistent (i.e., had the highest mean correlation between
all iPSC clones). The same clone had the highest correlation
with the partly isogenic hESC line using whole-genome data
from the GSE51748 dataset (Fig. 6C). Notably, for almost all
given cell lines, a higher correlation between iPSC lines indi-
cates a higher correlation between this line and parental ESCs
(with a Pearson’s product-moment correlation of 0.72,
Table S5). This result indicates the accuracy of the chosen
method of prediction. A test of an independent data set demon-
strates that we can effectively use a deduced core set of genetic
markers to predict which particular iPSC line is closest to its
theoretical isogenic ESCs.

Next, we decided to test the versatility of our core set for
allogenic PSCs. In this case, we did not want to identify the
iPSC clone most similar to some allogenic ESCs, but to measure
whether our core set distinguishes the iPSCs subgroup with a
similar core set expression pattern that is more similar to ESCs.
To measure this we used the “silhouette” component analysis,
where the average distance is calculated for every point of a
cluster to all other points of the same cluster. A principal com-
ponent analysis (PCA) was carried out using our transcriptome
expression profiles of fibroblast-derived iPSCs and a variety of
ESCs with different genotypes (GSE25970; *). The cluster spe-
cific silhouette value (Sv) for iPSC lines between —1 and 1

measures how tightly a particular cluster is grouped and how
well it is separated, which indicates how appropriately the data
are clustered: the higher the number, the better the cluster is
distinguished from the others. PCA was performed for all PSC
lines from the GSE25970 dataset using the whole-genome
expression profile, the “core set,” and a pooled set of genes
from the “clone-specific” and “somatic memory” groups from
our data set (Fig. S6). When we applied whole-genome data for
the PCA, the Sv for iPSC cluster was 0.022, indicating that the
reprogrammed cells were very close to the ESC lines. Nonethe-
less, using the “core set” genes, the iPSC cluster became nearly
indistinguishable from the ESC cluster at Sv = 0.003. As a neg-
ative control for our quality prediction approach, we decided to
apply a pooled set of genes from the “clone-specific” and
“somatic memory” groups from our dataset. In this case, an
iPSC cluster far distinct from ESC cells with Sv = 0.12 was
formed (Fig. 6D). Thus, iPSC lines from the independent
GSE25970 data set also possessed the genetic signatures
deduced in our study. Summarizing our data, we can conclude
that we identified a set of genes that could be used to identify
reprogrammed somatic cell lines most similar to their virtual
parental ESC line. Notably, the identification is irrespective of
the expression detection method and iPSCs somatic origin,
which means that one could apply our “core set” genes to any
iPSC lines from the same cohort to find a best clone in terms of
similarity with the virtual parental ESC line.

We also estimated the minimum number of human iPSC
clones that should be analyzed to obtain with 95% confidence
at least a single cell line that perfectly matches its virtual ESCs.
The PCA approach was used to reduce the dimensionality of
the data and to globally visualize data from transcription profil-
ing. A projection of the expression pattern onto the PCs sepa-
rates individual cell lines into 2 distinct clusters of ESC and
iPSC lines (Fig. 6E and F). The shapes of these 3-D spheres rep-
resent variability between individual cell lines for pluripotent
cell types. Cell lines that fall into the region of overlap between
the 2 spheres (95% confidence interval, 2.7 o) were indistin-
guishable based on their transcriptional profiles, and therefore,
iPSC lines in this region cannot be discriminated from an ESC
line. Such intersections are typically only observed for large
datasets for which at least several dozen samples are analyzed; *
however, the isogenic system allowed the input number of cell
lines to be minimized. Using our data set, and in particular the
data pertaining to inter-clone variability of iPSC lines and their
distance to isogenic ESCs, we calculated that 5 randomly
selected iPSC clones are sufficient to establish overlapping with
ESCs; that is, among these 5 clones, at least one (+/— 2.7 o)
would be indistinguishable from isogenic ESCs with 95% confi-
dence. Thus, 5 independently selected iPSC clones comprise
the minimum number of cell lines that are required to analyze
the similarity between iPSCs and ESCs. Additionally, we have
identified a core set of genes whose expression levels could be
used to identify the best iPSC clone in the cohort.

Discussion

One of the most important questions regarding the reprogram-
ming of somatic cells to pluripotency is whether human iPSCs



differ from ESCs in their properties and potential. It is clear
that currently used criteria (immunological markers, pluripo-
tency gene expression, DNA methylation level, teratoma for-
mation) make iPSC lines indistinguishable from ESC lines.
However, the need to differentiate a particular iPSC line into
multiple lineages raises the issue of iPSCs quality in respect to
their genotype-specific pluripotent state. Recently, a clinical
trial utilizing iPSC-derived RPE cells was initiated. Twenty-
four lines were screened to choose the most patient compatible
cells.’ It is now evident that differences in the quality of iPSC
clones are largely due to technical variables relating to reprog-
ramming approaches and culture conditions.*®*”** Addition-
ally, some wuncontrolled stochastic events during
reprogramming undoubtedly influence gene expression and
DNA methylation patterns in even functionally identical iPSC
lines. Therefore, the evaluation of parameters that make iPSC
line(s) indistinguishable from currently virtual but pre-existing
ESCs, as well as the selection process, will be essential for iden-
tifying iPSC clones that are suitable for medical applications.
To evaluate these parameters and to assess the influence of the
technical aspects of reprogramming, we developed a complete
isogenic system of human ESCs, along with their differentiated
somatic derivatives and reprogrammed cell lines. Sensitive
genome-wide analytical approaches demonstrated that even
double bottleneck selection (cell selection upon differentiation
and iPSC clones pick-up) did not introduce stepwise heritable
changes affecting cell state.

Interestingly, we did not identify any genes that were com-
mon to all isogenic iPSC types and could distinguish them
from the isogenic ESCs. The small number of CpGs shared by
cell lines was rather laboratory-specific and did not represent a
common trace of the reprogramming process for the isogenic
iPSCs. Thus, there were no traces of reprogramming common
to all iPSCs that can distinguish them from ESCs in a single set
of isogenic lines they likely do not exist for other lines. How-
ever, differences between iPSC and ESCs in gene expression do
exist (Table S4) and are likely to be universal for any other cell
lines. Using this set of genes, we observed better segregation
between the iPSC and ESC clusters in the GSE25970 dataset.
This set comprises genes with well-known effects on the
reprogramming process, such as Meg3 and Notchl.>>** Addi-
tionally, it contains 5 genes from the metallothionein family, all
of them located within a 50 kb region on chromosome 16,
therefore indicating an involvement of this loci in the reprog-
ramming process. Taken together, our data suggest that in
iPSCs, mostly stochastic expression of the genes that are rarely
found in ESCs is observed, although some genes aberrantly
expressed in iPSCs could be effectively used to qualify reprog-
rammed cells.

Recent advances in iPSCs application in disease treatment
and discovery of the alternative stem cell-like states during
reprogramming”"*® support the need for efficient and informa-
tive approaches to the selection of the best iPSC line in a cohort
of functionally similar reprogrammed cells. Screening of dozens
of clones that passed the teratoma assay by in vitro differentia-
tion into a required somatic cell line to find the perfect clone
for a specific application has not been effective ***” and consid-
ering the possible need for multiple somatic cell types. Even the
previously developed scorecard approach may be inefficient in
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the search for iPSC clone that would match with a patient’s
own isogenic ESC line. Differentiation into a variety of cell
types is the intrinsic property of ESCs; therefore, choosing the
iPSC line most identical to its preexisting ESCs is the way to
identify a universal iPSC clone suitable for differentiation in
multiple directions. In our study, we identified a core set of
genes whose expression level justifies similarity of reprog-
rammed somatic cells to ESC not only in our isogenic system
but also for iPSCs generated in any independent experiments.
Finally, we calculated a minimum number of iPSC clones
required for the similarity analysis. At least 5 independent
clones have to be established, analyzed functionally, and tested
using our core gene set to identify the clone that would match
their (theoretical) isogenic hESCs. Summarizing our findings,
we can conclude that human iPSCs and ESCs are very similar,
although each act of reprogramming leads to the acquisition of
a pluripotent state specific for each iPSC and a rather small
number of genetic markers can be utilized to predict those
most similar to the ESC state.

Materials and methods
ESCs isogenic system establishment and characterization

The hESMOL1 cells were transduced with lentiviruses containing
genes for 5 transcription factors (Oct4, Sox2, KLF4, c-Myc, and
Nanog, under the control of the DOX- inducible promoter and
neomycin resistance). The cells were selected for G418, cloned
and analyzed for all 5 transcription factor insertions, their
induction upon DOX addition and silencing upon withdrawal
in undifferentiated and differentiated states. ESC clones that
met these conditions were analyzed for genome integrity and
pluripotency maintenance in vitro and in vivo (see Supplemen-
tal Experimental Procedures).

Differentiation of human ESCs

Differentiation of the n5 cell line into fibroblast-like cells, RPE
cells and neural cells, magnetic selection, FACS and genome-
wide transcriptome analyses are described in detail in the Sup-
plemental Experimental Procedures.

Reprogramming

On the first day of reprogramming, the medium for all 3 types
of differentiated cells was changed to an ESC medium with the
addition of 1 mg/ml doxycycline (Stemgent). On post-induc-
tion day 8-12, the first clones appeared. On day 18-25, ESC-like
colonies were picked up on a Matrigel-coated 24-well plate in a
doxycycline-free mTeSR1 medium.

Methylation and expression data profiling

Two ESC lines, 3 somatic cell lines, pairs of iN and iR iPSC
lines, and 2 iF lines from different passages (“early” and “late”)
were analyzed using Infinium 450K BeadChips and HT-12v4
Expression BeadChips (both from Illumina, Inc.). Manufac-
turer protocols for probe preparation and processing were
used. In GenomeStudio, the probes were quality controlled and
filtered for those detected at p < 0.01 in at least one sample
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and exported for normalization in R (cran.r-project.org). Com-
Bat was used for batch effect elimination ** on both data sets. A
peak correction of the 450k dataset was performed using the
pipeline from the research of Touleimat and Tost.*® The IMA,
limma, and lumi R packages were used to analyze differential
expression (2-sample t-test) or methylation (Mann-Whitney
test) between groups of samples. In both cases, p-values < 0.01
and a Benjamini-Hochberg false discovery rate corrected q-
value < 0.05 were used. Expression changes more than 2-fold
and B-value differences more than 0.2 were considered signifi-
cant. The gene ontology term analysis was performed using
GREAT,* Gorilla,"' and WebGestalt ** tools. 3D principal
component analyses (ellipsoids) of the expression data were
constructed on the basis of the covariance matrix with 2 stan-
dard deviation scaling. All data are available by the reference
series GSE70739 from GEO repository.

Calculation of minimal number of iPSC lines for the analysis
The minimal number of iPSC clones was calculated as follows:
using the normality of the given PC1 distribution for ESCs and
iPSCs, the mean and sigma for each case were found. By inte-
grating the formula of normal distribution for iPSCs average
and variance, the probability of hitting iPSCs in the ESC zone
was calculated. The integration was performed on a plot mean
+/— 2.7 * sigma. On the basis of this probability using a bino-
mial distribution, the minimal number of iPSC clones that
would be enough for at least one hitting the ESC zone with
95% confidence was calculated.
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