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Generation of human induced pluripotent stem cells (hiPSCs) by the
expression of specific transcription factors depends on successful
epigenetic reprogramming to a pluripotent state. Although hiPSCs
and human embryonic stem cells (hESCs) display a similar epigenome,
recent reports demonstrated the persistence of specific epigenetic
marks from the somatic cell type of origin and aberrant methylation
patterns in hiPSCs. However, it remains unknown whether the use of
different somatic cell sources, encompassing variable levels of se-
lection pressure during reprogramming, influences the level of
epigenetic aberrations in hiPSCs. In this work, we characterized the
epigenomic integrity of 17 hiPSC lines derived from six different cell
types with varied reprogramming efficiencies. We demonstrate that
epigenetic aberrations are a general feature of the hiPSC state and
are independent of the somatic cell source. Interestingly, we observe
that the reprogramming efficiency of somatic cell lines inversely
correlates with the amount of methylation change needed to acquire
pluripotency. Additionally, we determine that both shared and line-
specific epigenetic aberrations in hiPSCs can directly translate into
changes in gene expression in both the pluripotent and differenti-
ated states. Significantly, our analysis of different hiPSC lines from
multiple cell types of origin allow us to identify a reprogramming-
specific epigenetic signature comprised of nine aberrantly methyl-
ated genes that is able to segregate hESC and hiPSC lines regardless
of the somatic cell source or differentiation state.

Induction of pluripotency in human somatic cells is an in-
efficient process that can be achieved by the expression of
defined transcription factors (1-5). This reprogramming process
involves global epigenetic remodeling and overcoming similar
roadblocks present during cell transformation, which might af-
fect genomic and epigenomic integrity (6). In fact, several recent
reports have shown that human induced pluripotent stem cells
(hiPSCs) contain genetic and epigenetic aberrations throughout
their genome compared with their parental somatic cell pop-
ulations or to human embryonic stem cells (hESCs) (7-12). For
example, the analysis of whole-genome DNA methylation pro-
files at single-nucleotide resolution in hiPSCs, their somatic cells
of origin, and hESCs revealed the presence of more than 1,000
differentially methylated regions (DMRs) between hiPSCs and
hESCs (11). Moreover, this analysis, and many others, demon-
strated both the persistence of specific epigenetic marks from the
somatic cell of origin (residual methylation) and the acquisition
of unique methylation patterns in mouse iPSCs (miPSCs) and
hiPSCs (11, 13-21). Interestingly, hiPSC lines also show in-
complete reprogramming of non-CG methylation in regions
proximal to telomeres and centromeres (11). Altogether, these
epigenetic aberrations might explain some of the observed
transcriptional variation between hESC and hiPSC lines (22-24).
In one of the most comprehensive reports to date, Bock et al.
(23) characterized a panel of 20 hESC and 12 hiPSC lines to
demonstrate that despite their global similarity, a number of genes
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in each pluripotent cell line deviated from the normal expected
variation compared with the DNA methylation and gene expres-
sion levels observed in the other pluripotent cell lines. In-
terestingly, they reported that no apparent epigenetic deviation
was unique to all hiPSC lines (23). Altogether, these findings
demonstrate that hiPSCs contain epigenetic aberrations. How-
ever, a majority of these reports predominantly used fibroblast-
derived hiPSC lines and, thus, it remains unknown whether the
use of alternative somatic cell types with variable levels of se-
lection pressure for reprogramming might result in hiPSC lines
containing fewer (or perhaps none) of these epigenetic alter-
ations. Furthermore, although it has been shown that aberrantly
methylated CpG sites are transmitted to differentiated cells (11), it
remains unclear whether these epigenetic aberrancies result in
transcriptional variation after differentiation.

In this work, we characterize at single nucleotide resolution the
methylation profile of 17 hiPSC lines derived from six different so-
matic cell types with varied reprogramming efficiencies. Our results
show that, independent of the somatic cell source used for reprog-
ramming, all hiPSC lines analyzed contain abnormal epigenetic pat-
terns. We determine that a majority of these aberrantly methylated
CpG sites are transmitted to differentiated cells and can be associ-
ated with changes in gene expression after differentiation. Impor-
tantly, we identify a reprogramming-associated epigenetic signature
comprised of nine aberrantly methylated genes that can segregate
hESC and hiPSC lines both in the pluripotent state and after dif-
ferentiation. These observations will contribute to a deeper under-
standing of the reprogramming process and underscore the need for
a rigorous evaluation of the epigenetic integrity of hiPSC lines.

Results

Reprogramming Efficiency Inversely Correlates with the Percentage
of Epigenetic Modifications Observed After Reprogramming. To gain
insight into the epigenetic integrity of hiPSCs, we performed
targeted bisulfite sequencing with padlock probes (25, 26) to
analyze the methylomes of 17 hiPSC lines, their 6 somatic cell
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types of origin, and 7 hESC lines (SI Text, Fig. S1, and Table S1).
We designed and synthesized a set of 330,000 synthetic probes
targeting ~140,000 genomic regions known to be differentially
methylated across different cell types (12, 27, 28) and additional
functional regions. We determined the absolute methylation
levels for an average of ~529,000 CpG sites per sample (Table S1).
Although only ~1% of the human genome was covered by this
assay, these preselected CpG sites were more than twice as
informative as typical sites in CpG islands characterized by
using lower resolution sequencing or in previously used bisulfite
sequencing methods (Table S2). Unbiased hierarchical clustering
of global methylation levels demonstrated a clear segregation of
somatic cells and pluripotent cells (Fig. 14). We also observed
that hiPSC lines originating from the same somatic cell type ten-
ded to cluster together in subgroups (Fig. 1 4 and B), which, as
reported (11, 13-21), supports the existence of residual methyla-
tion from somatic cells of origin in hiPSCs.

We analyzed the number of differentially methylated CpG sites
(DMSs) in each hiPSC line by comparing each cell line to its direct
somatic cell source of origin (Table S2). We observed that between
23% and 37% of CpG sites analyzed underwent a change in meth-
ylation state, with mesenchymal stem cells (MSCs) and fibroblasts
requiring the most dramatic epigenetic change following reprog-
ramming and neural stem cells (NSCs) requiring the least (Table
S2). Interestingly, the percentage of DMSs after reprogramming
correlated inversely with reprogramming efficiency, with cell
sources undergoing the fewest epigenetic modifications reprog-
ramming at higher efficiency (Fig. 1C). Moreover, we confirmed
previous findings (11) and determined that, independent of somatic
cell source, the global change in methylation observed after re-
programming is toward a more methylated state (Fig. S24). Next,
we investigated whether different somatic cell sources shared a
core set of DMSs that might be essential to epigenetically repro-
gram to a pluripotent state. In fact, we observed that ~5,700 DMSs
were shared among all hiPSC lines (Fig. S2B). Analysis of Gene
Ontology for genes that could potentially be regulated by these
DMSs revealed that genes with hypomethylated DMSs appeared to
be enriched for cell signaling, protein refolding, cell metabolism,
and neuronal development, whereas genes with hypermethylated
DMSs appeared to be enriched for cell-cell adhesion and re-
ceptor behavior (Dataset S1).

hiPSC Lines Share a Core Set of Aberrantly Methylated Genes That
Segregate Them from hESCs. We compared the methylation state
at each CpG site in individual hiPSC lines to that of their pa-
rental source and seven hESC lines. Using an algorithm based on
the % test with multiple testing corrections, we identified sites
where hiPSC lines carried a methylation pattern significantly
different from hESC lines (SI Materials and Methods). hiPSC
lines derived from the same somatic cell source carried similar,
although not identical, aberrant methylation patterns and clus-
tered together based on methylation level at aberrant sites (Fig.
2A). We categorized the aberrantly methylated CpG sites into
two categories: residual methylation, where the CpG site in
a hiPSC line retains the methylation level of its parental cell
instead of reaching the level observed in hESCs (Fig. 2B), and de
novo methylation, where the CpG site in a hiPSC line acquires
a methylation state found neither in its somatic source nor in
hESCs (Fig. 2B). We determined that the percentage of aberrant
CpG sites varied between 0.92% and 3.82% across the hiPSC
lines analyzed. Furthermore, the percentage of CpG sites that
showed residual methylation or de novo methylation varied be-
tween 0.32% and 1.60% and 0.57% and 2.98%, respectively
(Table 1). Although we did not find a direct correlation between
the amount of aberrant methylation and reprogramming efficiency
or somatic cell type, we noted that some cell types appeared to
possess lower aberrant methylation levels (e.g., astrocyte-derived
lines) compared with others (e.g., fibroblast-derived lines) (Table
1). We determined that most aberrantly methylated CpG sites
showing de novo methylation were characterized by excessive
methylation after reprogramming (Fig. 2C), whereas most aber-
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Fig. 1. Identification and classification of the epigenetic changes occur-

ring during cell reprogramming. (A) Hierarchical clustering of the in-
dicated cell lines based on the methylation state of all characterized CpG
sites. HUVEC, human umbilical vein endothelial cell; K-MMTA, keratino-
cyte cell line; MSC, mesenchymal stem cell; NSC, neural stem cell; PGP1F,
HFF.XF, IMR90, fibroblasts lines. (B) Heatmap and ordered dendrogram for
all hiPSC lines based on the level of relative change observed at each
differentially methylated site compared with the values observed in each
respective somatic cell of origin. Pearson’s correlation values were used to
generate a single distance metric. (C) Reprogramming efficiency of so-
matic cell lines estimated after hiPSCs generation by retroviral infection of
OCT4, SOX2, KLF4, and cMYC inversely correlates with the percentage of
differential methylation achieved in hiPSC lines. Note that amount of
epigenetic reorganization required appears to be a barrier to reprog-
ramming. R?, Pearson’s correlation value.
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Fig. 2. Pluripotent cells can be segregated based on the methylation/gene expression level of nine genes. (A) Heatmap and hierarchical clustering results of

the cell lines used in this study using methylation patterns at CpG sites containing aberrant methylation in at least one hiPSC line. Similar aberrant epigenetic
patterns were observed in hiPSCs derived from common somatic sources, and these lines accordingly tend to cluster together. (B) Graphical representation of
an example of residual methylation and de novo methylation located on chromosome 15 (ISLR2 gene). Each circle corresponds to an individual CpG site and
the level of methylation is represented in a colored pattern. In the example shown, NSChiPS2F retains the epigenetic pattern of its somatic progenitor (hNSC),
showing residual methylation. HUVhiPS4F1 takes on an epigenetic pattern not observed in its somatic progenitor or any of the other pluripotent lines,
showing a hiPSC line-specific de novo methylation. Methylation levels of the same CpG sites in hESC and hiPSC lines were included for comparison. (C and D)
Types of methylation errors leading to epigenetic aberrations. Most aberrantly methylated CpG sites associated to genes showing de novo methylation (C)
and residual methylation (D) in all hiPSC lines are characterized by overmethylation or partial methylation, respectively. (E) Heatmap and ordered den-
drogram for the hiPSC and hESC described lines (11) based on the level of relative change observed at CpG sites associated to our nine signature genes. Note
that hESC and hiPSC lines segregated in two different groups. (F) Hierarchical clustering of six hiPSC (ASThiPS4F2, 3, 4, and 5, HUVhiPS4F6, and FhiP4F2) and
six hESC (H1, H9, HUES2, HUES6, HUES8, and HUES9) lines based on the gene expression level analyzed by real-time PCR of the nine common aberrantly

methylated genes identified in hiPSC lines used in this study.

rantly methylated CpG sites associated with genes showing re-
sidual methylation were characterized by only partial methylation
occurring after reprogramming (Fig. 2D).

To gain insight into potential functional consequences of these
epigenetic aberrations, we linked each aberrant CpG site with
its closest gene (SI Materials and Methods) and used this subset of
genes for further analysis. Interestingly, we observed that a very
small number of genes contained aberrant methylation patterns
in nearly all hiPSC lines assayed in our study (16/17 hiPSC lines)
regardless of somatic cell source (Dataset S2). We hypothe-
sized that the nine genes (PTPRT, TMEM132C, TMEM132D,
TCERGIL, DPP6, FAM19A5, RBFOX1, CSMDI, and C220RF34)
we identified might represent a core set of aberrantly methylated

16198 | www.pnas.org/cgi/doi/10.1073/pnas.1202352109

genes that can systematically distinguish hiPSC and hESC lines.
Thus, we performed unbiased hierarchical clustering based on
the methylation status of CpG sites associated to this small
subset of genes in previously published independent methyla-
tion datasets. Specifically, we first examined a set of whole-ge-
nome bisulfite sequencing data performed in three hESC and
five hiPSC lines (11). We found that, similar to what we observed
for our dataset, the methylation level of CpG sites associated to
the nine genes was able to clearly segregate hESC and hiPSC
lines into two distinct groups (Fig. 2E). Additionally, we used
a recently published dataset that profiled the genome-wide DNA
methylation level for more than 450,000 CpG sites in 19 hESC
and 29 hiPSC lines (13) and observed that, despite the lower
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Table 1. Summary of CpG sites containing residual methylation and de novo methylation in targeted regions
No. of genes potentially No. of genes potentially

Cell line Testable sites % aberrant % memory % mutation affected by memory affected by mutation
ASThiPS4F4 434388 1.02 0.45 0.57 191 182
ASThiPS4F5 437266 0.92 0.35 0.58 211 186
ASThiPS4F1 404245 1.30 0.35 0.96 189 310
ASThiPS4F2 380656 1.16 0.41 0.75 171 243
ASThiPS4F3 343025 2.07 0.41 1.65 219 616
FhiPS4F7 340395 2.53 1.27 1.25 487 591
HUVhiPS4F1 374103 1.33 0.38 0.95 200 474
HUVhiPS4F3 392482 1.41 0.42 0.99 251 588
HUVhiPS4F6 433768 1.29 0.32 0.97 190 455
FhiPS4F2 354763 1.62 0.52 1.10 292 213
FhiPS4F5 296451 2.47 0.62 1.85 362 682
KhiPS4F8 396085 2.60 0.82 1.78 586 1040
KhiPS4FA 270126 2.41 0.46 1.95 288 831
MSChiPS4F4 437957 2.34 0.96 1.39 560 462
MSChiPS4F8 429575 2.85 1.60 1.25 896 552
NSChiPS2F 327308 3.82 0.84 2.98 538 1912
PGP1-iPS 437433 2.63 1.47 1.16 997 703

Aberrantly (residual and de novo) methylated CpG sites were classified as such when showing at least a 0.2 change in absolute methylation level and
considered to have methylation levels from different underlying distributions by the > test (with Benjamini-Hochberg multiple testing correction, FDR =
0.01). Genes potentially affected by aberrantly methylated CpG sites were defined as described in S/ Materials and Methods.

resolution, a similar clustering analysis clearly segregated all but
two hiPSC lines from hESC lines (Fig. S34).

Next, we investigated whether our core set of aberrantly
methylated genes showed differential gene expression in hiPSC
lines compared with hESC lines by performing real-time PCR
analysis on RNA obtained from six hiPSC lines and six hESC
lines (a description of the primers used in this study can be found
in Table S3). An unbiased hierarchical clustering of the real-time
PCR data results examining the gene expression of the nine
shared aberrantly methylated genes demonstrated a clear segre-
gation between hiPSC and hESC lines (Fig. 2F). Furthermore, to
determine the global relevance of these findings, we also per-
formed a similar unbiased hierarchical clustering by using pre-
viously reported independent datasets containing a variety of
hESC and hiPSC lines (a total of 12 datasets). Overall, when
examining the expression of these nine genes, we determined
that although clear outliers and different subgroups among
hiPSC lines were detected, a majority of the dataset clusters
showed separation between hiPSC and hESC lines (Fig. S3 B and
C and Dataset S2). These combined results suggest the existence
of shared epigenetic aberrancies associated to a small subset of
genes in hiPSC lines. The validation of these aberrancies by using
our data and data from independent laboratories strongly cor-
roborates the strength of our findings.

Aberrant Methylation at CpG Sites Is Transmitted During hiPSC
Differentiation, Resulting in Transcriptional Changes Compared with
Differentiated hESCs. To further test whether the aberrant meth-
ylation and gene expression levels observed in hiPSC lines were
maintained after loss of the pluripotent state, we differentiated
five hESC lines and five hiPSC lines toward two different germ
cell layers, endoderm and trophoectoderm, by using Activin-A
and BMP4, respectively. We then performed targeted bisulfite
sequencing to analyze the methylomes of the hESC and hiPSC
lines in their pluripotent and differentiated states (Table S1). In
addition, the gene expression levels of H9, HUVhiPS4F1 and
HUVhiPS4F3 were profiled in duplicate by using Affymetrix ST
1.0 microarrays. Between 0.3% and 1% of CpG sites were ab-
errantly methylated in the hiPSC lines with respect to hESC lines
(Dataset S3). We first investigated whether these epigenetic aber-
rations resulted in changes in gene expression in undifferentiated
cells. We observed that between 3% and 7% of genes linked
to these aberrantly methylated sites showed differential gene
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expression in hiPSC lines compared with hESC lines (Fig. S44
and Dataset S3). Additionally, we tested the expression of five
genes with line-specific epigenetic de novo methylation in
HUVhiPS4F1 and observed that these genes also showed dif-
ferential gene expression compared with other hiPSC or hESC
lines (Fig. S4B). Taken together, these results indicate that some
epigenetic aberrations are associated with changes in gene
expression levels.

We next analyzed the methylation status of the aberrant CpG
sites in both hiPSCs and hESCs after each differentiation pro-
tocol. The CpG sites were classified based on their postdif-
ferentiation methylation status into four categories (see Fig. 3
for a detailed description; Dataset S3). We observed that ~20—
50% of the aberrantly methylated CpG sites detected in hiPSC
lines remained aberrant after differentiation into either of the
two separate cell lineages (Fig. 34). Importantly, we observed that
a subset of genes associated with these CpG sites showing dif-
ferential gene expression level in undifferentiated hiPSCs com-
pared with hESCs still remain in that condition regardless of
differentiation protocol (Fig. 3B, Fig. S4C, and Dataset S3).
Finally, to further validate the potential of the identified hiPSC-
specific epigenetic signature described above, we clustered the
pluripotent cells and their differentiated progenies based on
both the methylation level and transcriptional abundance of the
nine signature genes (Fig. 3 C and D and Fig. S4D). Interestingly,
the samples segregated based on whether the progenitor line was
a hiPSC or hESC, and clustered by specific cell line but not by
differentiation protocol. Altogether, these data suggest that the
methylation and gene expression levels of the aberrantly meth-
ylated genes in hiPSC lines still segregate hESCs and hiPSCs
even after differentiation toward independent germ cell layers.

Discussion

In this work, we have used an expanded bisulfite padlock probe
set to interrogate the methylation level of targeted CpG sites
identified to carry differential methylation in various cell states
regardless of CpG density (12, 26-28). This unique approach
identified genes linked to individual aberrantly methylated CpG
sites that are not necessarily located in CpG-enriched genomic
regions. Our results show that epigenetic aberrations occur in
hiPSCs regardless of the somatic cell type of origin. We dem-
onstrated that aberrant epigenetic patterns in hiPSC lines in-
fluence gene expression and could explain functional diversity
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within hiPSC lines and between hiPSC and hESC lines (29-31).
In fact, we observed the existence of genes aberrantly methylated
and differentially expressed in hiPSC lines compared with hESCs
that still remained in that condition after differentiation regardless
of differentiation protocol.

The use of hiPSC lines derived from six different somatic cell
types enabled us to narrow down a precise core set of genes that
contained aberrant epigenetic patterns associated with the hiPSC
state. This analysis led us to identify a reprogramming-associated
epigenetic signature based on the methylation level of nine genes
that could segregate hESC and hiPSC lines in both the plurip-
otent state and after differentiation. There have been many
reports suggesting the existence of epigenetic and transcriptional
differences between hiPSC and hESC lines (11-24). Interestingly,
recently reported analysis using restricted representation bisulfite
sequencing (RRBS) showed that although cell line-specific out-
liers at both the methylation and gene expression levels could be
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Fig. 3. Reprogramming-associated epigenetidtran-
4 scriptional signatures segregate hiPSCs and hESCs
after differentiation. (A) Percentage of aberrant CpG
sites identified between hESC-derived lines and
the corresponding hiPSC-derived lines classified
in the following categories: aberrant methylation
remains and is still aberrant compared with dif-
ferentiated hESCs (A); aberrant methylation remains
but is the same as the one found in differentiated
hESCs (B); aberrant methylation is removed during
differentiation reaching the level found in differ-
entiated hESCs (C); and aberrant methylation
changed to a new aberrant methylation state (D).
(B) Genes with aberrantly methylated CpG sites and
differential transcriptional abundance with at least
a twofold cutoff were identified in the HUVhiPS4F1
cell line after comparison with H9 cells. Graph shows
the relative fold change in the expression of genes
still aberrantly methylated after differentiation be-
tween the differentiated HUVhiPS4F1 cell line and
the differentiated hESC cell line. Note that differ-
ential expression was independent on whether
Activin or BMP4-differentiated cells were analyzed.
(C) Hierarchical clustering of hESC (H1, H9, HUES3,
HUES6, and HUES9) and hiPSC (HUVhiPS4F1, HUV-
hiPS4F3, HUVhiPS4F6, ASThiPS4F4, and ASThiPS4F5)
lines in their pluripotent and differentiated states
based on the methylation level of the nine common
aberrantly methylated genes identified in the hiPSC
lines used in this study. (D) Hierarchical clustering of
hESC (H9) and hiPSC (HUVhiPS4F1 and HUVhiPS4F3)
lines in their pluripotent and differentiated states
based on the gene expression level of the nine com-
mon aberrantly methylated genes identified in the
hiPSC lines used in this study. Data were obtained
from microarray analysis.
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identified, no apparent epigenetic deviation was unique to all
hiPSC lines (23). However, the data presented therein (23) did
not appear to target any of the aberrantly methylated CpG sites
covered in our hiPSC-specific signature, because RRBS mainly
focuses on the analysis of CpG islands (resulting in low coverage
of genomic regions with low CpG density, including many func-
tional elements such as enhancers). When we compared the lists
of CpG sites associated with the nine genes characterized by our
dataset to the Bock et al. dataset (23), there was almost no overlap
between the two sets of analyzed CpG sites. In fact, in the Bock
et al. dataset (23), only 1 CpG site of the ~600 we identified as
aberrantly methylated CpG sites associated to the 9 genes was
included in their analysis. Thus, when we clustered the pluripo-
tent cell lines used in the Lister et al. dataset (which analyzed
a near-complete selection of CpG sites genome-wide in an un-
biased manner; ref. 11) based on the CpG sites that were ana-
lyzed by the Bock et al. dataset, no clear separation was observed
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between hESC and hiPSC lines. However, when we clustered the
hESC and hiPSC lines included in the Lister et al. dataset based
on the CpG sites analyzed in our study, we found that we were
able to segregate the two different pluripotent cell types. Fur-
thermore, when we compared our data to an extensive set of
genome-wide DNA methylation profiling of hESC and hiPSC
lines, that had analyzed CpG sites that overlapped with our
dataset (13), we were again able to separate these pluripotent cell
lines based on our identified hiPSC-specific epigenetic signature.
Altogether, these findings indicate that when characterizing the
epigenetic differences between hiPSCs and hESCs, cautions
must be taken to interpret the results when only a subset of ge-
nomic regions is investigated.

Furthermore, we also validated our reprogramming-associated
epigenetic signature by using gene expression data from several
previously reported datasets (refs. 13 and 32 and Dataset S2). We
observed that a majority of independent clusters separated hiPSC
and hESC lines, although clear outliers and different subgroups
among hiPSC lines were detected. This result is not totally un-
expected because it has been shown that gene expression levels in
pluripotent cells are highly variable and depend on how pluripotent
cells are generated or maintained (33). Moreover, Bock et al. (23)
also reported the existence of genes in pluripotent cells that con-
tained similar methylation levels but were associated to variable
levels of gene expression. Therefore, we cannot exclude the possi-
bility that some hiPSC lines might not segregate well from hESC
lines when using the gene expression levels of these nine genes to
cluster them.

Finally, although the genes TMEM132D, FAM19AS5, and
TCERGIL have been reported to be involved in neural pro-
cesses, we did not identify any significant functional enrichment
associated with the nine genes aberrantly methylated in hiPSC
lines. Interestingly, Lister et al. (11) identified five of our nine genes
(TMEM132C, TMEM132D, FAMI9A5, DPP6, and TCERGIL)
located within non-CG mega-DMRs as clear outliers in terms of
gene expression compared with hESCs. In fact, up to half of their
gene outliers located within non-CG mega-DMRs (11) were
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observed aberrantly methylated in 14 of the 17 hiPSC used in this
study (Dataset S3). Further studies will be needed to better clarify
the role of non-CG mega-DMRs and their implication in the
functional behavior of hiPSCs compared with hESCs.

Overall, the results shown here demonstrate the existence of
intrinsic common reprogramming-associated epigenetic differences
associated with the hiPSC state. We demonstrated that the epige-
netic signature described in this work, based on the methylation
level of nine genes, can segregate hiPSC and hESC lines in both the
pluripotent state and after differentiation and could explain some of
the functional differences between these two pluripotent cell types.

Materials and Methods

Cell Culture. Human H9 (WAO09), H1 (WAO01), HUES2, HUES3, HUES6, HUESS, and
HUES9 embryonic stem cell lines were obtained from WiCell Research Institute
or Harvard University and maintained as described (34). Derived hiPSCs were
cultured as described (34). IMR90 human fibroblasts (ATCC; CCL-186) and 293T
cells were cultured in DMEM (Invitrogen) supplemented with 10% FBS and 0.1
mM nonessential amino acids. HUVEC cells were obtained from Lonza (C-
2519A) and grown with EGM-2 media (Lonza) as recommended. MSCs were
kindly provided by Cécile Volle (Sanofi-Aventis, Toulouse, France) and grown in
a-MEM (Invitrogen) containing 10% FBS (HyClone), penicillin/streptomycin, so-
dium pyruvate, nonessential amino acids, and L-glutamine (all from Invi-
trogen). Human keratinocytes were obtained and cultured as described (35).

Additional experimental and data analysis procedures are provided in
SI Materials and Methods.
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Three of the somatic cell types [human umbilical vein endothelial
cells (HUVEG:), astrocytes, and neural stem cells (NSCs)] were of
fetal/neonatal origin, keratinocytes were obtained from a 5-y-old
individual, mesenchymal stem cells (MSCs) were obtained from
liposuctioned tissue from aged women and Fibroblasts (HFF. XF
and PGP1F) were obtained from two different biopsies from a 55-
y-old and a 5-y-old individual (Table S1). Young cell sources were
preferentially chosen to rule out age-accrued DNA damage or
epigenetic alterations as a possible source of aberrations, because
these cell samples likely possess a lower level of exposure to
natural stress and mutagenic agents. Moreover, embryonic and
adult stem cells (NSCs and MSCs) were specifically chosen
because they have more effective mechanisms of genomic
preservation than somatic cells. All hiPSC lines were generated by
using retroviral or lentiviral infection to express between two and
four of the reprogramming factors (see Table S1 for details). All
lines were fully characterized in terms of pluripotent gene ex-
pression, transgene silencing, karyotype, and in vitro and in vivo
differentiation into tissues from all three embryonic germ layers
(Fig. S1) (1-5).

S| Materials and Methods

hiPSC Generation. The hiPSC lines ASThiPS4F1, ASThiPS4F2,
ASThiPS4F3, ASThiPS4F4, ASThiPS4F5, HUVhiPS4F1, HUV-
hiPS4F3, HUVhiPS4F6, FhiPS4F2, FhiPS4F5, FhiPS4F7, Khi-
PS4FA, PGP1-iPS, and NSChiPS2F were described (1-5), and
obtained from existing cultures. To generate hiPSCs (KhiPS4FS,
MSChiPS4F4, and MSChiPS4), experiments were performed as
described with minor modifications (6). Briefly, keratinocytes or
MSCs were infected with an equal ratio of retroviruses by spin-
fection of the cells at 800 x g for 1 h at room temperature in the
presence of polybrene (4 pg/mL). After two (for keratinocytes)
or three (for MSCs) viral infections, cells were trypsinized and
transferred onto fresh irradiated mouse embryonic or human fi-
broblasts (iMEFs or iHFs), respectively. One day after, cells
were switched to hESC medium [DMEM/F12 or KO-DMEM
(Invitrogen) supplemented with 20% Knockout Serum Re-
placement (Invitrogen), 1 mM L-glutamine, 0.1 mM nonessential
amino acids, 55 pM p-mercaptoethanol and 10 ng/mL bFGF
(Joint Protein Central)]. For the derivation of hiPSC lines, col-
onies were manually picked and maintained on fresh mouse
embryonic fibroblasts (MEFs) feeder layers for five passages
before growth in Matrigel/mTesR1 conditions.

Immunostaining. Imnunofluorescence analysis for the detection
of pluripotent markers in hiPSCs or for the detection of dif-
ferentiation-associated markers in teratomas were performed as
described (4).

RNA Isolation and Real-Time PCR Analysis. Total RNA was isolated
by using TRIzol Reagent (Invitrogen) according to the man-
ufacturer’s recommendations. cDNA was synthesized by using
the SuperScript II Reverse Transcriptase kit for RT-PCR
(Invitrogen) or the RT Supermix M-MuLV kit (BioPioneer).
Real-time PCR was performed by using the SYBR-Green
PCR Master mix (Applied Biosystems) in the ViiA 7 Real-Time
PCR System (Applied Biosystems). GAPDH expression was used
to normalize values of gene expression, and data are shown as
fold change relative to the value of the sample control. All of the
samples were done in triplicate. Primers used for real-time PCR
experiments are listed in Table S3.
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Teratoma Formation and Karyotype Analysis. Severe combined im-
munodeficient mice (NOD.Cg-Prkdc*® I12rg""""7/SzJ; Jackson
Laboratories) were used to test the teratoma induction capacity
of the hiPSC lines as described (4). hiPSC lines grown on Matrigel
were processed to perform karyotype analysis as described (4). All
animal experiments were conducted by following experimental
protocols approved by the Institutional Ethics Committee on
Experimental Animals at the Parc de Recerca Biomedica de
Barcelona (PRBB), in full compliance with Spanish and Euro-
pean laws and regulations.

Bisulfite Padlock Probes Production. Oligonucleotides were syn-
thesized by ink-jet printing on programmable microarrays (Agi-
lent Technologies) and released to form a combined library of
330,000 oligonucleotides. The library was prepared for padlock
capture by using a described protocol (7, 8).

Sample Preparation and Capture. Genomic DNA was extracted by
using the ALLPrep DNA/RNA Mini kit (Qiagen) and QIAamp
DNA Micro kit (Qiagen). The bisulfite conversion and capture
reactions were carried out on 1-1.2 pg of each sample by using
established protocols (7, 8). Briefly, DNA was bisulfite converted
by using the EZ-96Methylation Gold Kit (Zymo Research). Ap-
proximately 200-300 ng of converted gDNA from each sample was
captured by using prepared padlock probe oligonucleotides, re-
sulting in a circular DNA library of targeted CpG sites.

Bisulfite Sequencing Library Construction. The circular DNA library
was amplified as described (7) with slight modifications. Briefly,
two-thirds of each capture reaction was used to prepare two real-
time PCR reactions with 20 pmoles each of AmpF6.4Sol and
AmpR6.3 indexing primers (Table S3) and 50 pL of 2x KAPA
SYBR FAST Universal PCR Master Mix (KAPA Biosystems).
Thermocycling was carried out at 98 °C for 30 s; 8 cycles of 98 °C for
105,58 °Cfor 30's, and 72 °C for 30 s; and 1214 cycles of 98 °C for
10 s and 72 °C for 30 s Finally, the reactions were held at 72 °C for
3 min. Duplicate reactions were then pooled, purified by using
0.8x AMPure magnetic beads (Agencourt), and quantified by
using 6% polyacrylamide gel electrophoresis. Samples were
mixed in equimolar ratios to create two libraries, and together
were size selected with 6% polyacrylamide gel electrophoresis.
The first pool with 60 libraries was sequenced in five lanes of
a paired-end 100-bp Illumina Hi-Seq run, and the second pool
with 12 libraries was sequenced in 1 lane of a paired-end 110-bp
Illumina Hi-Seq run.

Bisulfite Read Mapping and Data Analysis. Bisulfite converted data
were processed as described (7, 9). Heatmaps and dendrograms
were created from the Pearson’s correlation matrices of (i) the
relative change in methylation level between each hiPSC line and
its somatic progenitor, and (ii) the absolute methylation level at
each site in each line.

Statistical Analysis/Identification of Differentially Methylated Sites.
To identify sites showing a change in methylation after reprog-
ramming, a x” test with Yates correction was carried out on each
CpG site characterized in each hiPSC line and corresponding
paired somatic cell line. The Benjamini-Hochberg method was
used to correct for multiple testing errors; the false discovery
rate (FDR) was set at 1%. This resulted in a set of differentially
methylated sites (DMSs) for each hiPSC line; at each site, the
methylation level was statistically significantly different from the
somatic progenitor line and different by at least a 0.2 change in
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absolute methylation level. A set of 5,701 DMSs were shared by
all 17 hiPSC lines and were split into two groups (hyper-
methylated or hypomethylated) based on the mean change in
relative methylation level between somatic progenitor and hiPSC
line. A total of 5,056 sites were hypermethylated and 645 sites
were hypomethylated in all hiPSC lines after reprogramming.
Each list of sites was tested for functional similarity by using
GREAT (http://great.stanford.edu), along with a list of the
336,904 sites characterized in all lines as background. The single
closest gene within 10 kbp of a DMS from each list, and the
enriched GO Biological Process terms chart were generated by
using GREAT.

Statistical Analysis/Identification and Classification of Epigenetic
Aberrations. The following procedure was followed for all
hiPSC lines to first identify aberrant CpG sites and then cate-
gorize them as residual methylation or de novo methylation. First,
the methylation levels at each CpG site in the hiPSC line were
considered and compared with the average methylation level and
the upper and lower bounds of methylation level for the same site
in the hESC lines. Those sites showing at least a 0.2 change in
absolute methylation level, considered to have methylation levels
from different underlying distributions by the y* test (with
Benjamini-Hochberg multiple testing correction; FDR = 0.01),
and having a methylation level at least 0.2 away from either the
maximum or the minimum hESC methylation level were con-
sidered to be “aberrantly methylated.” These aberrant CpG sites
were then classified into two categories: de novo methylation and
residual methylation. Sites were classified as de novo methyl-
ation if the methylation level met three conditions: the level
in the hiPSC line was statistically significantly different by the
same y° criteria than the level in its corresponding somatic
cell progenitor, the hiPSC line’s absolute methylation level was
at least 0.2 away from the somatic cell line’s, and the hiPSC
methylation level was not between that of its somatic pro-
genitor and the hESC lines. Other aberrant sites were classified
as residual methylation. CpG sites were associated with a gene
if the gene’s transcription start or end site was located within
10 kilobases; CpG sites located more than 10 kb away from a
gene were considered to be “unlinked.” In cases where multiple
genes were within 10 kb, the CpG site was associated with the
closest gene.

Classification of Unique and Shared Epigenetic Aberrations. To ob-
tain an enriched list of genes and their associated CpG sites for
functional analysis, genes that showed either “shared” or “line-
specific” residual methylation and de novo methylation patterns
were identified. In order for a gene to have been considered to
carry “shared” residual methylation or de novo methylation pat-
terns, it must have contained CpG sites showing residual meth-
ylation or de novo methylation in at least 16 of the 17 analyzed
hiPSC lines. In order for a gene to have been considered to carry
“line-specific” residual methylation or de novo methylation pat-

1. Gore A, et al. (2011) Somatic coding mutations in human induced pluripotent stem
cells. Nature 471:63-67.
2. Kim JB, et al. (2009) Direct reprogramming of human neural stem cells by OCT4.
Nature 461:649-3.
3. Panopoulos AD, et al. (2011) Rapid and highly efficient generation of induced
pluripotent stem cells from human umbilical vein endothelial cells. PLoS ONE 6:e19743.
4. Ruiz S, et al. (2010) High-efficient generation of induced pluripotent stem cells from
human astrocytes. PLoS ONE 5:€15526.
. Panopoulos AD, et al. (2012) The metabolome of induced pluripotent stem cells reveals
metabolic changes occurring in somatic cell reprogramming. Cell Res 22:168-177.
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terns for a given hiPSC line, it must have contained CpG sites
showing residual methylation or de novo methylation in no more
than three other lines derived from separate progenitor cell types.
This grouping resulted in lists of genes that showed aberrant
methylation in either all hiPSC lines or only a few hiPSC lines
and allowed us to focus on genes that could have methylation-
based functional changes in expression.

Activin-Induced Differentiation. Cells were treated with media
(mTeSR1) plus Activin-A (100 ng/mL). Media was replaced daily
for 5 d. Cells were then collected with TrypLE (Invitrogen),
washed with PBS, and processed for DNA and RNA isolation.

BMP4-Induced Differentiation. Cells were treated with BMP4 for 5 d
with minor modifications as described (10). Cells were then col-
lected with TrypLE (Invitrogen), washed with PBS, and pro-
cessed for DNA and RNA isolation.

Analysis of Epigenetic Aberrations after Differentiation. Targeted
bisulfite sequencing was performed on genomic DNA from plu-
ripotent and differentiated cultures of hiPSC and hESC lines as
described above. Aberrant methylation was called in the plu-
ripotent hiPSC state as described above. Two comparisons were
then performed for each aberrantly methylated site by using the
above method to call differential methylation: the first between
the hiPSC-pluripotent state and the hiPSC-differentiated state,
and the second between the hESC-differentiated state, and the
hiPSC-differentiated state. Based on the results of these two sta-
tistical tests, each site was characterized into one of four categories:
(1) hiPSC-pluripotent and hiPSC-differentiated states are similar,
but different from hESC-differentiated state; (if) hiPSC-pluripotent
state, hiPSC-differentiated, and hESC-differentiated states are
all similar; (iii) hiPSC-differentiated and hESC-differentiated
states are similar, and different from hiPSC-pluripotent state;
or (iv) all three states are different.

Microarray Data. The GeneChip microarray (Affymetrix ST 1.0
microarrays) processing was performed by the Department of
Functional Genomics at Salk Institute according to the manu-
facturer’s protocols (Affymetrix). The amplification and labeling
were processed as indicated in Nugen protocol with 100 ng of
starting RNA. For each sample, 3.75 mg of ssDNA were labeled
and hybridized to the Affymetrix ST 1.0 chips. Expression signals
were scanned on an Affymetrix GeneChip Scanner. The data
extraction was done by the Affymetrix GCOS software. The
analysis of the data were performed by using affylmGUI package
in R-Bioconductor. Briefly, .CEL files were imported in R-
bioconductor for preprocessing and normalization. Cluster 3.0
software were used to perform hierarchical clustering on RMA-
normalized probeset intensity values. The array as well as the
methylation data reported in this paper have been deposited in
the Gene Expression Omnibus (GEO database), www.ncbi.nlm.
nih.gov/geo (accession nos. GSE39210 and GSE40372).

o

. Ruiz S, et al. (2011) A high proliferation rate is required for cell reprogramming and
maintenance of human embryonic stem cell identity. Curr Biol 21:45-52.

. Deng J, et al. (2009) Targeted bisulfite sequencing reveals changes in DNA methylation
associated with nuclear reprogramming. Nat Biotechnol 27:353-360.

. Diep D, et al. (2012) Library-free methylation sequencing with bisulfite padlock probes.
Nat Meth 9:270-272.

. Shoemaker R, Deng J, Wang W, Zhang K (2010) Allele-specific methylation is prevalent
and is contributed by CpG-SNPs in the human genome. Genome Res 20:883-889.

10. Xu RH, et al. (2002) BMP4 initiates human embryonic stem cell differentiation to

trophoblast. Nat Biotechnol 20:1261-1264.
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Fig. S1. Characterization of the hiPSC lines KhiPS4F8, MSChiPS4F4, and MSChiPS4F8. (A) Immunofluorescence analysis of the indicated pluripotent markers in
the KhiPS4F8, MSChiPS4F4, and MSChiPS4F8 cell lines. (B) Differentiation potential of the KhiPS4F8, MSChiPS4F4, and MSChiPS4F8 cell lines assesed in vivo by
teratoma formation after injection into the testes of SCID beige mice. Isolated teratomas contain structures that represent the three main embryonic germ
layers as defined by the expression of specific endodermal (AFP (a-fetoprotein, green), and FoxA2, red), ectodermal (Tuj1, green and GFAP, red), and me-
sodermal [SMA, red (smooth muscle actin), ASMA, red or Sox17, green] markers. All images were obtained from the same tumor. (C) Karyotype analysis of the
hiPSC lines KhiPS4F8, MSChiPS4F4, and MSChiPS4F8. A normal karyotype is present in all three lines.
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Fig. S2. Trends observed in differentially methylated sites (DMSs) after reprogramming. (A) Boxplots showing the methylation change observed at all CpG
sites in hiPSC lines relative to their somatic progenitors after reprogramming. A —1 value means that a completely methylated site becomes completely un-
methylated, whereas a +1 value means that a completely unmethylated site becomes completely methylated. Most CpG sites either do not change in
methylation state or become more methylated after reprogramming regardless of somatic progenitor. (B) Cumulative bar plot showing the number of DMSs
shared in a defined number of hiPSC lines. For instance, the number of DMSs shared in one hiPSC line represents the number of CpG sites differentially
methylated in at least one hiPSC line and the number of DMSs shared in two hiPSC lines represents the number of CpG sites differentially methylated in at least
two hiPSC lines. Thus, the number of DMSs shared in all hiPSC lines represents the core number of CpG sites differentially methylated during cell re-
programming regardless of somatic cell source. In these shared DMSs among all of the hiPSC lines, a total of 5,056 CpG sites were hypermethylated, whereas
645 CpG sites were hypomethylated.
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Fig. $3. Clustering of pluripotent cell lines based on the methylation and gene expression level of the nine aberrantly methylated genes specific to hiPSCs. (A)

Ordered dendrogram for the hiPSC and hESC lines described (1) based on the level of relative change observed at methylation array probes associated with the

nine signature genes identified in this study. Note that all but two hiPSC lines clearly cluster separately from hESC lines. (B) Hierarchical clustering of 10 hiPSC
(hiPS1-10) and 5 hESC (H1L, H9, H7, H13B, and H14A) lines (2) based on the gene expression level of the 9 common aberrantly methylated genes identified in

hiPSC lines used in this study. (C) Ordered dendrogram for the hiPSC and hESC lines described (1) based on the level of relative change in gene expression level

of the nine signature genes identified in this study.

Nazor KL, et al. (2012) Recurrent variations in DNA methylation in human pluripotent stem cells and their differentiated derivatives. Cell Stem Cell 10:620-634.

2. Yu J, et al. (2009) Human induced pluripotent stem cells free of vector and transgene sequences. Science 324:797-801.
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Fig. S4. Reprogramming-associated epigenetic/transcriptional signatures segregate hiPSCs and hESCs after differentiation. (A) Graph showing the relative
log-fold expression change of genes adjacent to aberrantly methylated CpG sites in HUVhiPS4F1 and HUVhiPS4F3 compared with H9 cells. Data were obtained
from microarray analysis and only the most differentially expressed genes are shown. (B) Real-time PCR analysis of genes adjacent to CpGs sites that showed
hiPSC line-specific (HUViPS4F1) epigenetic aberrations. Gene expression values were normalized to the levels observed in the H1 hESC line. Data are shown as
relative averages + SD of two biological replicates analyzed in triplicate. (C) Genes with aberrantly methylated CpG sites and differential transcriptional
abundance with at least a twofold cutoff were identified in the HUVhiPS4F3 cell line after comparison with H9 cells. Graph shows the relative fold change in
the expression of genes still aberrantly methylated after differentiation between the differentiated HUVhiPS4F3 cell line and the differentiated hESC cell line.
Note that differential expression was independent on whether Activin or BMP4-differentiated cells were analyzed. (D) Hierarchical clustering of hESC (H1,
HUES3, HUES6, and HUES9) and hiPSC (ASThiPS4F4, ASThiPS4F5, and HUVhiPS4F6) in their pluripotent and differentiated states based on the gene expression
level of the nine common aberrantly methylated genes identified in the hiPSC lines used in this study. The clustering was generated by using the gene ex-
pression level analyzed by real-time PCR of the nine common aberrantly methylated genes identified in hiPSC lines used in this study.
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Table S1. Summary table for the cell lines used in this study and methylation statistics
Raw base pairs No. of
Laboratory of Reprogramming Reprog. factors retroviral Passage Reprog. sequenced individual
Sample generation experiment transduction or treatment no. efficiency, % methylome CpG sites
Keratinocytes — — — 3 — 1,646,570,700 553,563
‘ KhiPS4FA JCBI/SALK Experiment 1 Oct4, Sox2, KIf4 and cMyc 54 ~0.1-1 1,689,864,600 496,310
T K.MMTA (human — — — 5 — 1,268,486,320 152,644
‘ foreskin keratinocytes)
" KhiPS4F8 JCBI/CMRB Experiment 1 Oct4, Sox2, KIf4 and cMyc 28 ~0.1-1 1,234,677,920 168,359
Astrocytes — — — 12 — 1,451,440,400 872,457
a (human astrocytes)
ASThiPS4F1 JCBI/SALK Experiment 1 Oct4, Sox2, KIf4 and cMyc 12 ~0.1-1 3,909,632,900 729,294
ASThiPS4F2 JCBI/SALK Experiment 1 Oct4, Sox2, KIf4 and cMyc 12 ~0.1-1 2,912,954,300 696,530
ASThiPS4F3 JCBI/SALK Experiment 1 Oct4, Sox2, KIf4 and cMyc 24 ~0.1-1 2,898,925,300 617,223
ASThiPS4F4 JCBI/SALK Experiment 1 Oct4, Sox2, KIf4 and cMyc 10 ~0.1-1 3,333,550,100 853,766
ASThiPS4F5 JCBI/SALK Experiment 1 Oct4, Sox2, KIf4 and cMyc 10 ~0.1-1 1,761,937,540 887,230
HUVEC (human umbilical — — — 2 — 4,004,776,700 683,024
vein endothelial cells)
HUVhiPS4F1 JCBI/SALK Experiment 1 Oct4, Sox2, KIf4 and cMyc 20 ~2.5-3 1,335,321,790 833,100
HUVhiPS4F3 JCBI/SALK Experiment 2 Oct4, Sox2, KIf4 and cMyc 15 ~2.5-3 1,550,482,890 944,367
HUVhiPS4F6 JCBI/SALK Experiment 2 Oct4, Sox2, KIf4 and cMyc 23 ~2.5-3 2,916,794,200 691,180
hNSC (human neural — — — N.D. — 1,443,904,880 180,815
stem cells)
NSChiPS2F HRS;MPIMB Experiment 1 Oct4 and KIf4 23 ~0.006 1,500,813,280 160,868
IMR90 (human fibroblasts) — — — 6 — 1,871,225,800 580,915
FhiPS4F2 JCBI/SALK Experiment 1 Oct4, Sox2, KIf4 and cMyc 32 ~0.01 3,326,510,300 742,667
FhiPS4F5 JCBI/SALK Experiment 2 Oct4, Sox2, KIf4 and cMyc 29 ~0.01 1,859,256,500 536,878
HFF.XF (human fibroblasts) — — — N.D. — 1,096,105,680 143,049
FhiPS4F7 JCBI/CMRB Experiment 1 Oct4, Sox2, KIf4 and cMyc 9 ~0.01 1,391,285,360 174,060
PGP1F (human adult — — — 9 — 3,684,432,620 563,424
fibroblasts)
PGP1-hiPS GC/HMS Experiment 1 Oct4, Sox2, KIf4 and cMyc 16 ~0.001 3,298,612,900 479,778
MSC (mesenchymal — — — 7 — 3,451,992,720 366,816
stem cells)
MSChiPS4 JCBI/CMRB Experiment 1 Oct4, Sox2, KIf4 and cMyc 14 N.D. 3,722,264,000 785,501
MSChiPS8 JCBI/CMRB Experiment 1 Oct4, Sox2, KIf4 and cMyc 14 N.D. 3,287,020,500 766,374
HUES2 — — — 41 — 4,109,799,200 742,407
HUES3 — — — 33 — 2,528,235,500 580,251
HUES6 — — — 26 — 2,182,207,100 646,752
HUES8 — — — 35 — 2,584,672,100 682,799
HUES9 — — — 36 — 3,055,997,100 655,730
hESC-H1 — — — 44 — 1,903,744,100 506,653
hESC-H9 — — — 42 — 2,258,101,100 588,686
ASThiPS4F5 — — ACTIVIN 16 — 2,294,425,700 640,530
ASThiPS4F4 — — ACTIVIN 36 — 2,889,037,800 669,426
HUVhiPS4F6 — — ACTIVIN 23 — 1,899,377,100 530,459
HUVhiPS4F1 — — ACTIVIN 20 — 3,866,644,100 800,144
HUVhiPS4F3 — — ACTIVIN 20 — 3,523,342,800 813,452
ASThiPS4F4 — — BMP4 36 — 2,884,287,100 692,467
ASThiPS4F5 — — BMP4 12 — 2,074,788,400 566,406
HUVhiPS4F6 — — BMP4 23 — 2,775,359,400 745,988
HUVhiPS4F1 — — BMP4 20 — 3,740,369,100 842,497
HUVhiPS4F3 — — BMP4 20 — 3,364,378,100 852,646
ASThiPS4F5 — — No treatment 16 — 2,576,713,500 670,394
ASThiPS4F4 — — No treatment 36 — 2,188,937,900 775,653
ASThiPS4F5 — — No treatment 12 — 2,936,136,900 749,230
HUVhiPS4F6 — — No treatment 23 — 2,891,450,800 657,282
HUVhiPS4F1 — — No treatment 19 — 3,556,673,300 854,660
HUVhiPS4F3 — — No treatment 19 — 3,309,173,000 836,711
HUES6 — — ACTIVIN 39 — 4,565,100,900 692,678
HUES9 — — ACTIVIN 39 — 4,505,094,000 779,397
HUES3 — — ACTIVIN 36 — 1,945,225,600 582,737
H1 — — ACTIVIN 54 — 2,799,394,800 645,398
H9 — — ACTIVIN 43 — 3,386,728,300 707,044
HUES6 — — BMP4 39 — 4,797,928,600 782,213
HUES9 — — BMP4 39 — 3,706,677,100 779,860
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Table S1. Cont.

Raw base pairs No. of

Laboratory of Reprogramming Reprog. factors retroviral Passage Reprog. sequenced individual
Sample generation experiment transduction or treatment no. efficiency, % methylome CpG sites
HUES3 — — BMP4 36 — 2,389,715,600 598,499
H1 — — BMP4 47 — 2,405,924,900 610,493
H9 — — BMP4 43 — 3,184,532,100 830,532
HUES6 — — No treatment 39 — 4,789,721,200 763,620
HUES9 —_ —_ No treatment 39 — 4,456,502,900 805,508
HUES3 — — No treatment 36 — 3,437,806,100 680,065
H1 — — No treatment 54 — 2,551,516,700 635,771
H1 — — No treatment 47 — 1,949,035,200 549,422
H9 —_ —_ No treatment 43 — 3,356,314,300 839,472

CMRB, Center of Regenerative Medicine in Barcelona; GC, George Church; HRS, Hans R. Schéler; JCBI, Juan Carlos Izpisua-Belmonte; MPIMB: Max Planck
Institute for Molecular Biomedicine; N.D., not determined; SALK: SALK Institute for Biological Studies; HMS: Harvard Medical School.

Table S2. CpG sites targeted in this study are more informative
than those targeted in previous studies

Sample No. of DMSs DMS, % Unique DMS

Targeted sequencing of chosen sites
ASThiPS4F1 45,467 27 82
ASThiPS4F2 44,379 26 103
ASThiPS4F3 46,112 27 262
ASThiPS4F4 43,457 25 58
ASThiPS4F5 41,900 24 110
FhiPS4F2 58,168 35 449
FhiPS4F5 59,266 35 661
FhiPS4F7 54190 32 1,428
HUVhiPS4F1 40,926 24 349
HUVhiPS4F3 40,768 24 366
HUVhiPS4F6 41,697 24 228
KhiPS4FA 49,432 29 1,337
KhiPS4F8 45,924 27 631
MSChiPS4F4 63,976 37 442
MSChiPS4F8 61,842 36 420
NSChiPS2F 38,688 23 2,865
PGP1-iPS 60,820 36 2,286

Targeted sequencing of CpG islands
BjiPS11 1,354 17 67
BjiPS12 1,437 18 124
IMR90iPS 1,675 21 401
hFib2iPS 1,542 19 386

More differential methylation is observed in the current data set than in
previous targeted sequencing experiments. The CpG sites analyzed in this
study are therefore more informative than those analyzed in previous studies.
Current data is presented in this work. Data obtained from previous studies (1).

1. Kim K, et al. (2011) Donor cell type can influence the epigenome and differentiation potential of human induced pluripotent stem cells. Nat Biotechnol 29:1117-1119.
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Table S3. List of primers used in this study

Primer name Sequence Purpose

DPP6-F TTTCCAGCACACAGCAGAAC Real-time PCR

DPP6-F GATGGACCGGTACAGATGCT Real-time PCR

TMEM132C-F GCAGAACATCCCCATTGACT Real-time PCR

TMEM132C-R GGCGTACATCCCTATCTCCA Real-time PCR

TMEM132D-F CTGTTTGGCCATTTTGGTCT Real-time PCR

TMEM132D-R TTGCTTAACCCAACCCAGTC Real-time PCR

C220RF34-F GTGAAGGCCCCTTACACAAA Real-time PCR

C220RF34-R CTAATTAGCGCAGCCTCACC Real-time PCR

FAM19A5-F TGTGTGGACGCAAGAATCAT Real-time PCR

FAM19A5-R GGAGACCGTGGTGGTCTTTA Real-time PCR

PTPRT-F GAGCCGACAAAAGTTGCTTC Real-time PCR

PTPRT-R TGCTTTGAGGCACTTCCTTT Real-time PCR

PTPRN2-F GGGTCGAAAAGCAAACTCAA Real-time PCR

PTPRN2-R GCAGTAGATGAGGCCAGAGG Real-time PCR

RBFOX1-F TGCTTTTGCACCTTTGACTG Real-time PCR

RBFOX1-R GGTTGTATCCCCCTCGGTAT Real-time PCR

CSMD1-F GCAAGTCTGGCTTCTCCATC Real-time PCR

CSMD1-R CACTGGAATGTGACGGTGTIC Real-time PCR

FRMD4B-F ATAAAACCACCGTGGAGCTG Real-time PCR

FRMDA4B-R AATCTCCCTTGGCTTCCTGT Real-time PCR

TECRG1L-F CCTGTCTGTCTGGGAGAAGC Real-time PCR

TCERG1L-R CATCGCTGTTGTCAGTTGCT Real-time PCR

CNTN4-F CGAGGCTTTGGTTATGTGGT Real-time PCR

CNTN4-R CACGCTCTCATTCCTGAACA Real-time PCR

C90ORF64-F GCACCTGGTGGTTGAAAGTT Real-time PCR

C90RF64-R GTCCTTGAAGCAGCCATCTC Real-time PCR

ISLR2-F TGGACAAGTACGCTCACCAG Real-time PCR

ISLR2-R CGCAGCACAGTGATCTTGTT Real-time PCR

SLITRK1-F GGACACAAGTCCTGTTCGGT Real-time PCR

SLITRK1-R GCTGGAAAACATTCCCAAGA Real-time PCR

TBX5-F TTGGATGAGGTGGAGAGAGC Real-time PCR

TBX5-R GGAGCTGCACAGAATGTCAA Real-time PCR

ZFN486-F CTGATCACCTGTCTGGAGCA Real-time PCR

ZFN486-R GGTCTTGGGCAAAATGAGAA Real-time PCR

UQCRFS1-F GCACCTTGATGTCTGTGTGG Real-time PCR

UQCRFS1-R AGCCTGTGTTGGACCTGAAG Real-time PCR

AmpF6.4Sol AATGATACGGCGACCACCGAGATCTACACCACTCTCAGATGTTATCGAGGTCCGAC Library-free BSPP primer
AmpR6.3Ind1 CAAGCAGAAGACGGCATACGAGATCGTGATGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer
AmpR6.3Ind2 CAAGCAGAAGACGGCATACGAGATACATCGGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer
AmpR6.3Ind3 CAAGCAGAAGACGGCATACGAGATGCCTAAGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer
AmpR6.3Ind4 CAAGCAGAAGACGGCATACGAGATTGGTCAGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer
AmpR6.3Ind5 CAAGCAGAAGACGGCATACGAGATCACTGTGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer
AmpR6.3Ind6 CAAGCAGAAGACGGCATACGAGATATTGGCGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer
AmpR6.3Ind7 CAAGCAGAAGACGGCATACGAGATGATCTGGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer
AmpR6.3Ind8 CAAGCAGAAGACGGCATACGAGATTCAAGTGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer
AmpR6.3Ind9 CAAGCAGAAGACGGCATACGAGATCTGATCGCTAGGAACGATGAGCCTCCAAC Library-free BSPP barcoded primer

AmpR6.3Ind10
AmpR6.3Ind11
AmpR6.3Ind12
AmpR6.3Ind13
AmpR6.3Ind14
AmpR6.3Ind15
AmpR6.3Ind16
AmpR6.3Ind17
AmpR6.3Ind18
AmpR6.3Ind19
AmpR6.3Ind20
AmpR6.3Ind21
AmpR6.3Ind22
AmpR6.3Ind23
AmpR6.3Ind24
AmpR6.3Ind25
AmpR6.3Ind26

CAAGCAGAAGACGGCATACGAGATAAGCTAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGTAGCCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTACAAGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTCATGGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTGTCTTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATAGGAAGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATAACCCCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGATGAGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTGAACTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTGCGTCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGACAGGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGGGTTGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTCCGAGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTTTCGAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGCGAATGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGCAGTAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTCACGAGCTAGGAACGATGAGCCTCCAAC

Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
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Table S3. Cont.

Primer name

Sequence

Purpose

AmpR6.3Ind27
AmpR6.3Ind28
AmpR6.3Ind29
AmpR6.3Ind30
AmpR6.3Ind31
AmpR6.3Ind32
AmpR6.3Ind33
AmpR6.3Ind34
AmpR6.3Ind35
AmpR6.3Ind36
AmpR6.3Ind37
AmpR6.3Ind38
AmpR6.3Ind39
AmpR6.3Ind40
AmpR6.3Ind41
AmpR6.3Ind42
AmpR6.3Ind43
AmpR6.3Ind44
AmpR6.3Ind45
AmpR6.3Ind46
AmpR6.3Ind47
AmpR6.3Ind48
AmpR6.3Ind49
AmpR6.3Ind50
AmpR6.3Ind51
AmpR6.3Ind52
AmpR6.3Ind53
AmpR6.3Ind54
AmpR6.3Ind55
AmpR6.3Ind56
AmpR6.3Ind57
AmpR6.3Ind58
AmpR6.3Ind59
AmpR6.3Ind60
AmpR6.3Ind65
AmpR6.3Ind66
AmpR6.3Ind69
AmpR6.3Ind70
AmpR6.3Ind71
AmpF6.3NH2
AmpR6.3NH2
PE_t_N2
PE_b_A

CAAGCAGAAGACGGCATACGAGATCGCGTAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGCACCTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGTTCGTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCACTAAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGTGGTGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCCTTGCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGTTGCGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTCAGTTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCCCGATGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTGCTTGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTGTAGCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGCGTGAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCTCTGGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCCGTCAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGTTCCCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCTTTTCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGGCACTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGGATGCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCGTAGTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGAAATGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGGAGAGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTAACGTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATACACAGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATAAAGGTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGCGATAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCGTGTCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGTAGAAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGGACGTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATAGTCGAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGTCTGAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGAAGGAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATATGCTGGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATTCTATCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATATCTGTGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATAAGGAAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCCTCCAGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCCATATGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATGAAGTCGCTAGGAACGATGAGCCTCCAAC
CAAGCAGAAGACGGCATACGAGATCAAAGAGCTAGGAACGATGAGCCTCCAAC
/SAMMC6/CAGATGTTATCGAGGTCCGAC (5 Amino modifier C6)
/5AMMC6/GGAACGATGAGCCTCCAC (5 Amino modifier C6)

ACACTCTTTCCCTACACGACGCTCTTCCGATCTN* N 3'-Phosphorothioate bond

/5Phos/AGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG 5'-Phosphorylation

Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Library-free BSPP barcoded primer
Padlock probe amplification

Padlock probe amplification

Padlock probe library construction
Padlock probe library construction

BSPP, bisulfite padlock probe.

Other Supporting Information Files

Dataset S1 (XLS)

Dataset S2 (XLS)
Dataset S3 (XLS)
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