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Figure 2. Methylation panel for tissue-specific differential methylation across seven human normal tissues. Left panels indicate the methylation levels of probe
sets selected as tissue-specific hypomethylation (A) and as tissue-specific hypermethylation (B) among seven human tissues. Each row represents a CpG locus
(250 for each tissue) and each column represents a tissue sample. The color scale bar at the left side shows the percentage of the methylation level (0-100%).
The percentages of the LCG, ICG and HCG in a given probe set are represented at the right side.

specific manner. In contrast, tissue-specific hypermethylated
genes are suppressed among all tissues. These results indicate
that hypomethylation in the CpG-poor promoters identified
here underlie tissue-specific expression in a given cell type.
Local epigenetic modification and recruitment of transcrip-
tion factors are a fundamental part of the system for appropriate
transcriptional regulation (21). We performed enrichment
analysis of 746 recognition motifs for transcription factors to
examine the relationship between cis-regulatory elements of
promoters and tissue-specific hypomethylation. As shown in
Figure 4, some matrices are significantly enriched (Z-score >
8.0) in the hypomethylated regions. In oral-mucosa-specific
hypomethylated regions, the binding motifs of p53 family
genes are highly enriched. p63, the master regulator of keratino-
cyte differentiation, has similar DNA-binding domains to p53
and half of p63-bound regions in the squamous cell carcinoma
cell line have p53 consensus motifs (22). In liver-specific hypo-
methylated regions, the matrices for the C4 zinc finger domain
ofthe PPAR family (PPARA, PPARG and RXRs) and the NR2F
family (HNF4A) are enriched compared with the background
sequences. In the blood set, the matrices for the ETS domain

of ETS factors (ETS1, ETS2, ELF2, ELK1) and the Runt
domain of AML factors (RUNX1) are enriched. Similarly,
MyoD-binding motifs are enriched in skeletal muscle-specific
hypomethylated regions. In contrast, we could not find signifi-
cant enrichment of transcription factor-binding motifs in tissue-
specific hypermethylated regions (data not shown). Although
the molecular mechanism of de novo hypermethylation and
hypomethylation remains unknown, it is suggested that selec-
tive binding of transcription factors are at least significantly
associated with regional hypomethylation during terminal
differentiation.

Dynamic changes of CpG-poor promoter methylation
during in vitro differentiation and cellular reprogramming

Although tissue-specific hypomethylation in CpG-poor pro-
moters are closely related to gene specification for the tissue
phenotype, when and how these variable methylation statuses
are established remain unknown. To elucidate the methylation
changes during cellular differentiation, we performed cluster-
ing analysis of human somatic tissue and normal cells

ey woxy papeoumo]

2107 ‘p] UdIBIAl U0 (Wnipiosuo) Dd) A0t oy je Aiosjruinopioyxo-fuy



2714 Human Molecular Genetics, 2011, Vol. 20, No. 14

Table 1. GO analysis of tissue-specific hypomethylation

Tissue GO term (biological process) No. of P-value
genes
Brain Nervous system development 28 422E - 05
Multicellular organismal 50 4.33E — 04
development
Developmental process 53 4.64E — 04
Oral mucosa  Ectoderm development 20 4.89E — 14
Epidermis development 18 2.19E — 12
Tissue development 24 2.72E — 07
Colon Defense response 31 3.68E — 11
Response to stress 49 3.42E - 09
Response to stimulus 71 7.31E — 07
Liver Acute inflammatory response 20 9.00E — 19
Response to wounding 34 7.22E - 16
Response to external stimulus 43 3.72E - 15
Blood Immune system process 55 6.86E — 24
Immune response 42 2.53E—19
Defense response 33 2.62E — 13
Skeletal Muscle contraction 19 6.02E — 14
muscle Muscle system process 19 2.70E - 13
Striated muscle contraction 9 2.64E — 08
Testis Reproductive process in a 16 1.82E — 04
multicellular organism
Multicellular organism 16 1.82E — 04
reproduction
Gamete generation 14 2.40E — 04

including human ES cells, iPS cells and primary fibroblast
cells using tissue-specific hypomethylation sites (Fig. 5). The
heatmap shows distinct methylation patterns between the plur-
ipotent cells and somatic tissues composed of the terminally
differentiated cells. Seven human ES cell lines and two iPS
cell lines show similar methylation patterns. Intriguingly,
most genes representing specific hypomethylation in differen-
tiated cells are densely methylated in both ES cells and iPS
cells, raising the possibility that the default state of low CpG
promoters in the embryonic stage is totally methylated and
erasure of methylation may occur during terminal differen-
tiation in a cell-type-specific manner.

We next compared the methylation status of the adult
human liver and the fetal liver. Liver-specific hypomethylated
genes are heavily methylated in KhES3, a human ES cell line,
but are hypomethylated in the adult liver tissue (Fig. 6B and
C). In the fetal liver, the methylation level of these genes
shows a mild decrease in these regions. Bisulfite sequencing
also revealed the partial hypomethylation of I77H3 and
APOA]I promoters (Supplementary Material, Fig S8A and B).

To further analyze the demethylation dynamics during
hepatic differentiation, we analyzed methylation during
in vitro differentiation toward hepatic lineages (23). On day
7, the cells began to express an endoderm marker, SOXI7
(Fig. 6A). AFP expression was detected on day 13 and ALB
expression was detected on day 21. The methylation status
of liver-specific hypomethylated genes showed a slight
decrease during hepatic differentiation (Fig. 6B and C).
Indeed, bisulfite sequencing of the 4POAI promoter region
demonstrated that CpG sites in this promoter region are fully
hypermethylated in KhES3 and gradually become demethy-
lated during in vitro differentiation (Supplementary Material,
Fig. S8B). Demethylated regions are observed only in the

vicinity of APOAI TSSs at day 21 of differentiation, and
spread over 1kb beyond the APOAI TSS in adult liver
tissues. Sparse non-CpG methylation is observed in KhES3
and lost at day 21 of differentiation and also in adult liver
tissues. This demethylation in non-CpG sites in KhES3 is
also observed in the promoter region of CD6 in adult blood
and of STMN4 in the adult brain (Supplementary Material,
Fig. S9).

We then analyzed further the methylation status over the
entire APOAI gene locus to determine the extent of demethy-
lation events (Fig. 6D). Demethylation starts from the vicinity
of APOAI TSSs at day 13 and extends to 200 bp around the
TSS on day 21. Hypomethylated regions in human liver
tissues spread over the APOAI region, from TSSs to the
CpG island of the 3’ end and the further downstream region,
suggesting the correlation of extensive demethylation with
the stable expression of specific gene sets and cell fate deter-
mination.

Epigenetic reprogramming using defined factors enables
terminally differentiated cells to gain pluripotency (24).
Re-expression of pluripotency genes associated with these
promoters, which are methylated in differentiated somatic
cells, is important for iPS cell generation (25). The heatmap
shows that the four human primary fibroblast cell lines
(IMR90, MRC-9, KMS-6 and TIG-103) share specific hypo-
methylation. After cellular reprogramming into iPS cells, the
IMR90 cells show restoration of methylation in these
fibroblast-specific hypomethylated sites (Fig. 5). These
results suggest that regaining promoter methylation in tissue-
specific hypomethylated genes, as well as erasure of methyl-
ation in pluripotency genes, is important for this process.

DISCUSSION

In this study, we analyzed inclusive gene sets for tissue-
specific hypomethylation and hypermethylation among
human normal tissues. Of note, the former gene subsets are
remarkably associated with cellular functions characterizing
the tissue phenotypes. Although we have examined the
limited sites of promoter regions, we reveal here that these
hypomethylated genes display tissue-specific patterns of
gene expression and specific enrichment of transcription
factor recognition motifs in their promoters. This indicates
the methylation changes in these regulatory regions might
have functional roles in spatiotemporal transcriptional
control. Furthermore, the hypomethylation panel showed an
unexpected dense methylation pattern in pluripotent stem
cells and regional hypomethylation in differentiated cells,
suggesting this type of tDMRs might be a consequence of
methylation erasure or a dilution process.

To date, the exploration of tDMRs was performed on the
premise that stepwise addition of promoter methylation con-
tributes to cell fate determination during early embryogenesis
(26,27). It has been widely accepted that the genomic DNA of
the embryo, which has pluripotency to differentiate into mul-
tiple lineages, is initially unmethylated and subsequent
accumulations of hypermethylation in CpG island promoters
are important for lineage restriction by reinforcing transcrip-
tional repression of the unnecessary genes (28). Although
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Figure 3. The gene expression level of tissue-specific differentially methylated genes. Shown box plots (from 25th percentile to the 75th percentile with heavy
lines at the median) represent average gene expression levels (the log scale of the GeneChip score) of tissue-specific hypomethylated genes (A) and tissue-
specific hypermethylated genes (B), for each tissue. The dotted lines extend above and below the box to show the first and ninth deciles. Black and white
boxes below the bar graphs represent hypermethylation and hypomethylation of the given tissue, respectively.

this concept was true for some validated examples, it cannot
adequately explain the global control of gene expression. In
fact, consistent with the previous studies (6,10), we observed
that most CpG island promoters are invariably unmethylated
among normal tissues. In contrast with tissue-specific hyper-
methylation in CpG island promoters, tissue-specific hypo-
methylation in CpG-poor promoters has been underestimated
so far and is significantly associated with the tissue phenotype.

These observations raise a new question about the molecu-
lar mechanism of tissue-specific hypomethylation established
during terminal differentiation. Promoter demethylation in
the differentiated cells is an old concept (29,30), but it has
been forgotten while mammalian DNA demethylase was yet
to be discovered. Now, two types of mechanisms for DNA
demethylation, namely active demethylation and passive
demethylation, are widely accepted for mammals (31,32).
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Figure 4. Enrichment of transcription factor recognition motifs in the tissue-specific hypomethylated regions. Each row represents a cis-regulatory module
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Figure 5. Hierarchical clustering analysis of human somatic tissues and normal cells. The dendrogram in the upper panel was obtained on the basis of the repre-
sentative gene sets of tissue-specific hypomethylation using average linkage correlation. Each row represents a CpG locus (250 tissue-specific hypomethylation
for each) and each column represents a sample. The colored boxes above the dendrogram indicate the nature of the samples; human somatic tissues (blue), human
ES cells (red), human iPS cells (orange) and human primary fibroblast (green). The color scale bar at the right side shows the percentage of the methylation level

(0-100%).

Active demethylation is observed in the paternal genome of an
embryo during the first few days (33,34). In this process,
demethylation occurs globally except for the limited foci

such as imprinting control regions and centromeric and peri-
centromeric heterochromatin (35). Although recent reports
suggested the ten-cleven translocation (TET) family proteins,
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Figure 6. In vitro demethylation of liver-specific hypomethylated genes during hepatic differentiation (A) RT—PCR analysis of endodermal and hepatic differ-
entiation markers in ES cells and differentiated cells (B) Global comparison among undifferentiated ES cells and differentiated cells, human fetal liver, adult
liver and HepG2 cells. Liver-specific hypomethylated genes are indicated as red dots, overlapping with the others (blue). (C) Examples of gradually demethy-
lated genes during in vitro differentiation into hepatic lineages. The bar graphs show the methylation levels of the genes that show gradual demethylation (~20%
decrease) in day 21 of in vitro differentiation. (D) The liver-specific hypomethylated region around the APOA! gene. In the upper panel of the UCSC browser,
nine black boxes indicate the position of PCR amplicons in a MassARRAY analysis. The methylation levels around the APOAI gene among ES cells and adult

liver tissues are shown in the lower panel.

TET1, TET2 and TET3, are candidate proteins responsible
for the erasure process through an oxidative demethylation
pathway (32,36), further investigations are needed. The unex-
pected dynamics of DNA methylation during cellular differen-
tiation might give us an important clue to elucidate the
mechanism of cell fate determination during embryogenesis.

An alternative explanation for the tissue-specific demethyla-
tion seen in CpG-poor promoters is passive demethylation,
which is usually observed in asymmetric cell division or
highly proliferating cells like cancer cells. Inhibiting mainten-
ance of cytosine methylation of the template strand could
result in dilution of methylation in differentiated daughter
cells. According to this scenario, transcription factor-related
inhibition of DNA methyltransferase at the timing of cell div-
ision might be necessary because the developmental hypo-
methylation we observed here occurs not in a genome-wide

manner but in a regional manner. Indeed, the enrichment of
transcription factor-binding motifs is seen at the demethylated
regions in a tissue-specific manner. Recently, it was shown
that mitotically retained transcription factors are associated
with the asymmetric cell division in some contexts (37,38).
If sustained binding of transcription factors inhibits propa-
gation of DNA methylation into the newly synthesized
strand, transcription factor-driven demethylation will be inher-
ited in proliferating cells. In our study, we examined in vitro
differentiation in a series of promoters and found that a
wave of demethylation develops from the TSS of APOAI
and ITIH3 promoters. Once the binding of transcription
factors at demethylated regions induces gene expression in
the tissue progenitor cells, sustained induction in response to
appropriate extrinsic stimuli may result in loss of propagation
of DNA methylation marks in the promoter regions for
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long-lasting maintenance of a transcriptionally active state.
Subsequently, in this model, chromatin conformation
changes in terminally differentiated cells would expand the
demethylated regions and contribute to the establishment of
stable and highly efficient expression of specific gene subsets.

Growing evidence suggests that forced induction of master
regulator genes has the potential to change the fate of
lineage-restricted cells, even in terminally differentiated cells
(39-41). We identified restoration of methylation during
reprogramming into iPS cells. The feasibility of cell repro-
gramming suggests that differentiated cells still have much
more plasticity in the epigenetic status including DNA methyl-
ation than we had expected. Further analysis of methylation
changes might provide novel insight into mechanisms that
will generate a transcriptional repertoire for variable cell
lineages and give us useful clues to control cell fate fixation,
which might be applicable for regenerative medicine.

MATERIALS AND METHODS
Genomic DNA from human normal tissues

Frozen tissues of the brain, lung, liver and kidney were obtained
from surgical specimens. Patients undergoing surgical resection
at the Tokyo University General Hospital provided tissue after
obtaining informed consent. Buccal swabs of oral mucosa, per-
ipheral blood and placental tissue were from healthy volunteers.
This study was certified by the Ethics Committee of Tokyo Uni-
versity. Genomic DNA from these clinical samples was
extracted using the QIAamp DNA Mini Kit (QIAGEN).
Genomic DNA of further individuals was purchased from Bio-
Chain (details are listed in Supplementary Material, Table S1).
For the methylation-negative control, totally unmethylated
genomic DNA was synthesized by a whole-genome amplifica-
tion system, GenomiPhi (GE healthcare). For a positive
control, fully methylated genomic DNA was generated by
Sss.] CpG methylase (New England Biolabs) treatment of
lymphocyte DNA.

Human ES cell lines

Human ES cell lines, KhES1, KhES2, KhES3, KhES4, were
established and maintained as described previously (42).
Human ES cell lines (HI, H9) and human iPS cell lines
[iPSIMR90)-1 and iPS(IMR90)-4] were obtained from
WiCell Research Institute. HES3 cell line was obtained from
ES Cell International.

Briefly, undifferentiated human ES cells were maintained
on a feeder layer of MEF in DMEM/F12 (Sigma) sup-
plemented with 20% KSR, 1-Glu, NEAA and B-ME under
3% CO,. To passage ES cells, ES cell colonies were detached
from the feeder layer by treatment with 0.25% trypsin and
0.1 mg/ml of collagenase IV in PBS containing 20% KSR
and 1mm of CaCl, at 37°C for 5 min, followed by the
addition of culture medium. ES cell clumps were disaggre-
gated into smaller pieces by gentle pipetting.

An in vitro differentiation experiment was performed
following the reported method, with some modification (43).
Briefly, KhES3 cells were cultured in differentiation medium
[RPMI supplemented with human recombinant activin A

Human Molecular Genetics, 2011, Vol. 20, No. 14 2719

(100 ng/ml) and defined FBS]. FBS concentrations were 0%
for the first 24 h, 0.2% for the second 48 h and 2.0% for sub-
sequent days of differentiation. Media were replaced every 2
days with fresh differentiation medium supplemented with
growth factors. ES cells were cultured in differentiation
medium (DMEM supplemented with 10% KSR, Dex and
HGF) for up to 30 days.

Methylation profiling

Methylation status was analyzed using HumanMethylation27
BeadChip (Illumina). Genomic DNA for methylation profiling
was quantified using the Quant-iT dsDNA BR Assay Kit (Invi-
trogen). Five hundred nanograms of genomic DNA was
bisulfite-converted using an EZ DNA Methylation Kit
(Zymo Research). The converted DNA was amplified, frag-
mented and hybridized to a BeadChip according to the manu-
facturer’s instructions. The raw signal intensity for both
methylated (M) and unmethylated (U) DNA was measured
using a BeadArray Scanner (Illumina). The methylation
level of the each individual CpG is obtained using the
formula (M)/(M)+(U)+100 by the GenomeStudio (Illumina).

Quantitative methylation analysis using the MassARRAY
system

Bisulfite treatment of genomic DNA was performed using an
EZ Methylation Kit (Zymo Research). Primer sequences are
given in Supplementary Material, Table S4. This system uti-
lizes MALDI-TOF mass spectrometry in combination with
RNA base-specific cleavage (MassCLEAVE). A detectable
pattern is analyzed for the methylation status. Mass spectra
were acquired using a MassARRAY Compact MADLI-TOF
(Sequenom) and spectra’s methylation ratios were generated
using Epityper software v1.0 (Sequenom).

Bisulfite sequencing

Bisulfite sequencing analysis was performed as described pre-
viously (44). Bisulfite treatment of genomic DNA was per-
formed using an EZ Methylation Kit (Zymo Research). All
primer sequences and melting temperatures for the polymerase
chain reaction (PCR) are given in Supplementary Material,
Table S4. PCR amplicons were subcloned into the pGEM-T
vector (Promega). Clones were sequenced using PRISM3100
Sequencer (Applied Biosystems).

RNA extraction and gene expression microarray analysis

Genome-wide analysis of mRNA expression levels using
U133plus2.0 human expression array® (Affymetrix) was
done essentially as described previously (45). Briefly, total
RNA was isolated using TRIzol reagent (Invitrogen), accord-
ing to the manufacturer’s instructions. One microgram of RNA
was used for the generation of double-stranded cDNA with the
SuperScript Double-Stranded ¢cDNA Synthesis Kit (Invitro-
gen) according to the manufacturer’s protocol. Double-
stranded cDNAs were hybridized to the microarray.
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Reverse transcription—polymerase chain reaction analysis

RNA extraction and reverse transcription—polymerase chain
reaction (RT—PCR) were done as described (46). Total RNA
was extracted using TRI Reagent (Sigma-Aldrich) or the
RNeasy micro-kit (Qiagen) and then treated with DNase
(Sigma-Aldrich). Three micrograms of RNA was reverse-
transcribed using Moloney Murine Leukemia Virus reverse
transcriptase  (Toyobo, Japan) and oligo(dT) primers
(Toyobo). The primer sequences are shown in Supplementary
Material, Table S4. The PCR conditions for each cycle were as
follows: denaturation at 96°C for 30 s, annealing at 60°C for
2 s and extension at 72°C for 45 s. RT—PCR products were
separated by 5% non-denaturing polyacrylamide gel electro-
phoresis, stained with SYBR Green I (Molecular Probes),
and visualized using a Gel Logic 200 Imaging System
(Kodak).

Definition of probe classes and promoter classes

We classified 27 578 probes into three categories: HCG, ICG
and LCG. Each probe position was defined with respect to
the position of a given CpG site. We determined the GC
content and the ratio of observed versus expected CpG dinu-
cleotides in a surrounding 500 bp window. The CpG ratio
was calculated using the following formula: (number of
CpGs x number of bp) (number of Cs x number of Gs).
Three categories of probes were determined as follows: (i)
HCGs (8098 probes) covering a 500 bp area with a CpG
ratio above 0.75 and GC content above 55%; (ii) LCGs
(8374 probes) excluded from a 500 bp area with a CpG ratio
above 0.48; and (iii) ICGs (11 106 probes) that could not be
categorized as either HCGs or LCGs.

Clustering analysis

To analyze the similarity of the methylation levels among
human somatic tissues, ES cells and iPS cells, we used the
data set of tissue-specific hypomethylation selected in
Figure 2A for the cluster analysis. We applied a hierarchical
clustering algorithm using the uncentered correlation coeffi-
cient as the measure of similarity and average linkage cluster-
ing (47) and visualized the dendrogram and the heatmap using
TreeView (48).

GO functional annotation analysis

GO functional annotations for differentially hypomethylated
and hypermethylated gene sets were performed using the
Database for Annotation, Visualization and Integrated Discov-
ery (DAVID) Bioinformatic Resources v6.7 (http://niaid.abcc.
nciferf.gov/ home.jsp). The lists of 250 gene symbols that
show specific hypermethylation or hypermethylation for each
tissue were submitted and DAVID default population back-
ground (Homo sapiens) was chosen to detect significantly
over-represented GO  biological processes (GOTERM
BP-FAT). P-values were calculated by a modified Fisher’s
exact test and adjusted for multiple hypotheses testing using
Bonferroni correction. The three GO terms with the most

significant P-value and the number of genes involved in the
term were listed for each tissue.

Enrichment analysis of transeription factor-binding motifs

To determine over-represented transcription factor-binding
sites in tissue-specific hypomethylated and hypermethylated
regions, sequences around the probe within a 500 bp
window were screened for the presence of binding sites
using Genomatix RegionMiner (http://www.genomatix.de,
matrix library version 7.1). The number of binding site
motifs was determined and over-representation over the back-
ground of random mammalian promoter sequences was calcu-
lated as the Z-score. Transcription factor families with a
Z-score greater than 8.0 were considered highly significant.
The Z-scores of these representative TF modules are visual-
ized in the heatmap using TreeView (48).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Screening ethnically diverse human embryonic stem
cells identifies a chromosome 20 minimal amplicon
conferring growth advantage

The International Stem Cell Initiative!

The International Stem Cell Initiative analyzed 125 human embryonic stem (ES) cell lines and 11 induced pluripotent stem

(iPS) cell lines, from 38 laboratories worldwide, for genetic changes occurring during culture. Most lines were analyzed at an
early and late passage. Single-nucleotide polymorphism (SNP) analysis revealed that they included representatives of most major
ethnic groups. Most lines remained karyotypically normal, but there was a progressive tendency to acquire changes on prolonged
culture, commonly affecting chromosomes 1, 12, 17 and 20. DNA methylation patterns changed haphazardly with no link to
time in culture. Structural variants, determined from the SNP arrays, also appeared sporadically. No common variants related

to culture were observed on chromosomes 1, 12 and 17, but a minimal amplicon in chromosome 20q11.21, including three
genes expressed in human ES cells, /D1, BCL2L1 and HM1 3, occurred in >20% of the lines. Of these genes, BCL2L1 is a strong

candidate for driving culture adaptation of ES cells.

In human ES cell cultures, somatic mutations that generate a selective
advantage, such as a greater propensity for self-renewal, can become
fixed over time!. This selection may be the reason for the nonrandom
genetic changes found in human ES cells maintained for long periods
in culture. These changes, mostly detected by karyotypic analyses,
commonly involve nonrandom gains of chromosomes 12, 17, 20 and
X, or fragments of these chromosomes?~12. The embryonal carcinoma
(EC) stem cells of human teratocarcinomas, the malignant counter-
parts of ES cells, though typically highly aneuploid, always contain
amplified regions of the short arm of chromosome 12 and, commonly,
gains of chromosomes 1, 17 and X*3-16, Gain of chromosome 20q has
also been noted in yolk sac carcinoma and nonseminomatous germ
cell tumors, which contain EC cells!”~1°. Such observations suggest
that these specific genetic changes in ES cells may be related to the
nature of pluripotent stem cells themselves rather than the culture
conditions. Mouse ES cells also undergo karyotypic changes upon
prolonged passage?’, often with gain of mouse chromosomes 8 and
11 (ref. 21); mouse chromosome 11 is highly syntenic with human
chromosome 17 (ref. 22).

Structural variants in otherwise karyotypically normal human
ES cells have also been described!%:11:2324 These structural variants
include gains on chromosome 4, 5, 15, 18 and 20 and losses on chro-
mosome 10, although only gains on chromosome 20 were commonly
observed in multiple cell lines.

Marked epigenetic changes have also been noted on prolonged pas-
sage; studies of global DNA methylation in human ES cells found con-
siderable instability with time in culture?>26. Functional gain of the
X chromosome, resulting from loss of X-chromosome inactivation in
culture-adapted ES cells with two karyotypically normal X chromosomes

has been reported?”. On the other hand, some imprinted genes retain
their monoallelic expression over long-term culture of human ES cells,
although this stability is not invariant for all loci?$-31.

Because stem cells can adopt alternative fates (that is, self-renewal,
differentiation or death), it might be expected that those maintained
in the pluripotent state for many passages would be subject to strong
selection favoring variants that enhance the probability of self-
renewal®2. Viewed in this light, the increased frequency of genetic
variants in ES cell cultures over time might be considered inevitable®3,
Indeed, ES cell lines do often show progressive ‘adaptation’ to culture,
with the result that late-passage cells may be maintained more easily,
showing enhanced plating efficiencies?”. Similarly, some mouse and
human EC cell lines derived from germ cell tumors are nullipotent,
as if selected for the capacity for self-renewal exclusively>43. Taken
together, these observations suggest that acquisition of extra copies
of portions of chromosomes 12, 17, 20 and X by human ES and EC
cells is driven by increased dosage of a gene or genes that favor self-
renewal, independent of culture conditions.

However, there are also reports of human ES cell lines that have
been maintained for many passages in vitro without overt karyotypic
changes. It has been argued that some culture techniques, such as
manual ‘cutting and pasting’ of ES cell colonies, favor maintenance of
cells with a diploid karyotype®®. As the appearance of a genetic variant
in an ES cell culture must involve both mutation and selection, the low
population size in cultures maintained by these methods may simply
beat the mutation frequency??. Nevertheless, culture conditions them-
selves might influence the mutation rate independently of selection,
and a population bottleneck, such as cloning, could allow a viable
genetic variant to dominate in the absence of a selective advantage.

1A full list of authors and affiliations is provided at the end of the paper.
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Candidate genes from the commonly amplified regions can be pos-
ited to provide the driving force for selection of variant ES cells, but
direct evidence for the involvement of any specific gene is lacking. For
example, NANOG, on human chromosome 12p, promotes the self-
renewal of ES cells when overexpressed>6-38, but one of the two minimal
amplicons of chromosome 12p in EC cells has been reported to
exclude the NANOG locus™®. It is also unclear to what extent changes
affecting different loci are selected independently of one another
or whether alterations at some loci act synergistically. Further,
overexpression of disparate genes affecting a common pathway(s)
could lead to an increased proliferative potential. Although the fre-
quent gain of chromosomes 12, 17, 20 and X in both ES and EC cells
argues for a selective advantage independent of culture conditions,
changes affecting other regions might be more likely to depend upon
culture conditions.

To provide better insight into the frequency and types of genetic
changes affecting human ES cells on prolonged passage, the
International Stem Cell Initiative (ISCI) surveyed by karyology and
high-resolution SNP array 125 independent human ES cell lines, pro-
vided by 38 laboratories in 19 countries around the world, particularly
to identify the common genetic changes that occur during prolonged
culture (Supplementary Table 1). An opportunity was also taken to
screen the samples against a specialized custom DNA methylation
array focused on polycomb-target genes. These likely play a role in
controlling ES cell differentiation and could be primary targets for
the types of epigenetic change observed in cancer cells®’. Thus, they
may provide a source of selective advantage for variant stem cells. In
most cases, each line was analyzed at both an early- and a late-passage
level, using all three types of assay. The scale and design of this screen
helped ensure that the ES cell lines sampled were representative
of the world population. A group of 11 human iP$ cell lines from
three laboratories was also included to provide a pilot comparison
of these pluripotent cells derived by reprogramming. Our results
indicate that the common gains of chromosomes 12 and 17 in human
ES cells are unlikely to be driven by the gain of single genes, but that
the gain of chromosome 20 may be driven by the gain of a single
gene, BCL2L1.

RESULTS
Diversity and population structure of the cell lines surveyed
To define the range of ethnicity represented by the human ES cell lines
included in this study, we first analyzed the SNP calls identified in
the SNP array data by referencing them to ethnically defined human
genotyping data sets. Of the samples submitted for SNP analysis, three
cell lines were included twice, and four pairs of ES cell lines and a
set of three lines were identified as having a full sibling relationship
(Supplementary Table 1). After accounting for these, 112 genetically
unrelated ES cell lines passed SNP quality-control criteria. Subsequent
analysis allowed us to determine whether specific structural variants
found in particular cell lines are limited to the population from which
they were derived or common to all human ES cell lines studied.
For population structure analysis, the international breadth of
this study required the use of a diverse set of reference samples to
compare to these 112 genetically unrelated cell lines. The reference
samples were pooled from the HapMap*!, the human genome diver-
sity panel (HGDP)*2 and the Pan-Asian SNP Initiative*? to generate
an ethnically diverse set of 1,868 reference samples. We performed
cluster analysis* of the human ES cell samples against these reference
samples, using the CEU (European), Chinese, Japanese and African
HapMap populations as references, to arrive at the population struc-
ture of the human ES cell lines analyzed (Fig. 1a).

NATURE BIOTECHNOLOGY VOLUME29 NUMBER 12 DECEMBER 2011
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Of the 112 genetically unrelated ES cell lines, 61 (54%) were of
European ancestry (excluding Middle East-East European and
Central-South Asia-South European), 31 (28%) of Asian ancestry,
3 (3%) of African ancestry, 12 (10%) of Middle East and East European
ancestry, and 4 (4%) of Central-South Asian and South European
ancestry (Table 1). The European ES cell lines were further stratified
using a recently described comprehensive European reference set*®
and were found to match subpopulations from many different regions
of Europe (Fig. 1b). The cell lines of Asian descent were stratified into
those of East Asian origin, including those of Han Chinese, Korean,
Japanese and Indian origin, and those of Central or Central-South
Asian origin (Fig. 1c,d). Five of the cell lines classified as Middle East
and East European clustered with one another but not particularly
close to any of the reference samples used in this study, namely clusters
belonging to HGDP-Central/South-Asia, HGDP-Middle East and
the HGDP-European samples (Fig. 1d). Four of these five lines were
derived in Iran, and are most likely of Persian ancestry, a population
not represented in the reference samples. It is notable that the nine
ES cell lines most commonly cited in the scientific literature are rep-
resentative of the genetic backgrounds of populations from northern,
northwestern and central European, Han Chinese, Indian and Middle
Eastern populations (Table 1).

Karyotype analysis

Stability of the cell lines. Analyses were carried out on all 120 human
ES cell lines (including duplicate and sibling cell lines) provided for
karyotyping at both early- and late-passage levels (‘paired’ lines), as
well as on five additional lines that were provided only in early passage
(Supplementary Table 1). Among this total of 125 lines, 42 (34%) had
abnormal karyotypes (defined as at least two metaphases with iden-
tical, abnormal karyotypes of at least 30 metaphases screened) in at
least one passage level. The data from this study confirm that human
ES cells are commonly diploid soon after derivation, and that many
do retain a normal karyotype after many passages (Fig. 2a).

Late-passage cultures of the paired lines were approximately twice
as likely to have a chromosome abnormality (39/120, 33%) as those
from the early-passage cultures (17/120, 14%). Among the five lines
submitted only at an early-passage level, one (20%) had an abnormal
karyotype with an extra copy of chromosome 17q. Of the 39 paired
lines with abnormal karyotypes at late passage, 24 were normal at
the early passage, whereas the remaining 15 also had abnormalities
at both passage levels. In this case, the abnormalities seen at the late
passage were mostly similar to those seen at the early passage. About
half of all the abnormalities involved combinations of chromosomes
1, 12, 17 and 20 (Fig. 2a).

A number of cultures were mosaic with, mostly, two populations
of cells, one with a normal karyotype and one with a particular
abnormal karyotype; 10 of 24 with abnormalities only at late pas-
sage, and 8 out of 15 with abnormalities at both passage levels were
mosaic (Supplementary Table 1). Five lines that were mosaic at early
passage showed an increase in the abnormal cell population at late
passage. In all of these cases, the abnormality involved extra cop-
ies of chromosomes 1, 12, 17, 20 or X. One pair showed additional
chromosome changes in the late passage and one pair had unrelated
abnormal karyotypes at each passage level. Two lines were scored as
abnormal in early passage but normal at late passage. However, both
were mosaic, with 3/30 metaphases in one case with a translocated
chromosome t(2:19), and 5/30 metaphases in the other with a dupli-
cation on chromosome 13. Both chromosomal rearrangements were
unique to these lines and most likely represent random changes that
were outcompeted by the normal cells over time.
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Figure 1 Population structure of the human ES cell lines analyzed. Principal component (PC) analyses were conducted on the entire final merged data set.
PC1 and PC2 are plotted on the y and x axes, respectively. (a) The overall distribution of the human ES cell lines studied compared to the major ethnic
groups identified in the HapMap study?!, the human genome diversity panel (HGDP)#2 and the Pan-Asian SNP Initiative43. (b-d) The cell lines were
further subdivided to show their relationships to European (b), East Asian and Indian (¢) and Middle East-European-Central South Asian populations (d).

Among the 11 iPS cell lines examined, three exhibited chromo-
some abnormalities, a frequency (27%) comparable to that found in
ES cell lines. Of these, one line (RR01) exhibited trisomy 12 at both
early and late passage. The other two lines were provided only at one
passage level; one had a trisomy 12 (RR05) and one an inversion on
chromosome 5 (RR03). None of these abnormalities were present in
the somatic cells from which they were derived. These results are con-
sistent with recent analysis of human iPS cell chromosomal instability
both in the general frequency of aberrations and over-representation
of chromosome 12 alterations!>46,

A common source of cells with abnormal karyotypes. The propor-
tion of cell lines with abnormal karyotypes did increase with delta, the
difference in estimated number of population doublings (P = 0.048)
(Fig. 2b). There was also a marked variation in the proportion of
abnormal ES cell lines submitted by the different participating labo-
ratories. The 42 abnormal lines were among cell lines submitted by 21
laboratories, whereas no abnormal lines were found among the other
38 lines submitted from the remaining 11 laboratories. This was not
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directly linked to the delta of the submitted lines and might simply
reflect the stochasticity of mutation, or could imply a laboratory effect.
The cell lines in each category were from diverse ethnic origins, and
were cultured under very similar conditions, although a role for subtle
variations in culture technique cannot be excluded. Nevertheless, con-
sistent with suggestions that enzymatic mass-passaging techniques
may favor the generation of abnormalities, a twofold higher propor-
tion of the paired lines that had an initially normal karyotype but
became abnormal at late passage were passaged by enzymatic methods
(18/58, 31%), relative to those passaged by the manual cut-and-paste
technique (6/43, 14%) (%2, P = 0.009). This effect is significant even
after adjusting for delta (P = 0.017).

Candidate regions/genes. Aberrations of all chromosomes with the
exception of chromosome 4 were observed (Fig. 3). However, most
chromosomes were affected in very few instances, and four cell lines
with particularly abnormal karyotypes accounted for many of these
sporadic changes (Supplementary Table 1). In addition, there were
three instances of balanced rearrangements seen as sole aberrations,

NATURE BIOTECHNOLOGY
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Table 1 Ethnic origin of human ES cell lines analyzed indicating
ancestry of those most often cited

Number of  Most commonly  No. citations
Ancestry cell lines?  used cell lines (2008 to 2009)°
European 63 (61°)
italian 4
Southwestern European 2
Southeastern European 2
Northeastern European 144
Northern European 8 BGO1 13
Northwestern European 244 HUES7 18
Central European 11 H1 95
Asian 33 (329
Central Asian 3
Central-South Asian 1
Han Chinese 14 HES2 16
HES3 14
Japanese 3
Korean 9
Indian 3d HES-1 6
African 4 (39
East African 1
West African 3d
Middle East-East European 14 (129
H9 122
H7 25
HSF-6 12
Central-South Asia South 4
European
Total cell lines 118 (1129

aThe numbers of cell lines shown includes only those that passed quality control for SNP
analysis. Y"UMass Stem Cell Registry (http://www.umassmed.edu/iscr/hESCusage.aspx). “Total
number of genetically unrelated cell lines. %Includes two cell lines from siblings. ®Includes
three cell lines from siblings.

a translocation between 2 and 19 in an early-passage human ES cell
culture, an inversion of 11 in a late-passage culture, for which the early
passage was normal, and a Robertsonian translocation between chro-
mosome 21 and 22 in both passages of one line. There were also abnor-
malities affecting chromosome 7 in seven ES cells, but five came from
one laboratory, suggesting an unknown cause particularly associated
with that group, perhaps related to their derivation of ES cells from
prenatal genetic screening material. By contrast, in most abnormal lines
(25/42), the changes involved one or more of chromosomes 1, 12, 17
and 20. Of the 17 lines that were abnormal in early passage, eight had
abnormalities involving these chromosomes, whereas, of the 24 lines
that acquired abnormalities between early and late passage, 16 lines had
changes involving acquisition of one or more of these chromosomes
(Fig. 2a). Among the gains, there were minimal amplicons affecting the
telomeric region of chromosome 17 (17925) in two lines, and another
affecting 20q11.2 was apparent in another line (Fig. 3). Gains of only
the short arm of chromosome 12 were found in three cell lines.

The large differential in frequency between gain and loss of chro-
mosomes is remarkable. In contrast to the 39 ES cell lines that showed
gains of chromosomal material in late passage, 20 lines showed losses
of chromosomal material. However, only two lines exhibited chromo-
somal deletions that were not caused by unbalanced translocations
(one, UU03, had two unrelated deletions of chromosomes 6 and 18),
although even in these there were also unrelated chromosome gains.
Excepting the deletions on chromosome 7, which only occurred in
the lines from one laboratory, three regions showed recurrent loss,
10p13-pter (five cases), 18q21-qter (five cases) and 22q13-gter (three
cases); in several cases these were the sole changes (Fig. 3).

Structural changes determined by molecular karyotyping
Identification of ES cell-associated structural variants. As genomic
structural changes do occur below the ~5 MB detectable limit of
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karyotyping, we used SNP data to identify structural variants and
detect structural changes down to a minimum of 1 kb in length. We
identified structural variants for all samples that passed quality con-
trol, but restricted our detailed analyses to those cells judged to have
a normal karyotype, because of the difficulty of ascribing functional
significance to a small structural genomic change in a background of
a much larger karyotypic abnormality. Nevertheless, we did examine
the breakpoints in six cases of balanced rearrangements (PP-107, NN-
12,7-02, CC-05, AA-03, RR-03) but found no evidence of structural
variants associated with these (Supplementary Table 1). In addition,
although loss of heterozygosity can be detected with the SNP plat-
form, we focused our attention primarily on structural variant analy-
sis as this is the more likely structural change to lead to a selective
advantage. Nonetheless, we provide a spreadsheet of overlapping loss
of heterozygosity across the 225 human ES cell samples and an asso-
ciated .bed file with all loss-of-heterozygosity calls (Supplementary
Data Sets 1 and 2). Structural variants were identified in the 200 DNA
samples from karyotypically normal ES cells that passed quality con-
trol by comparison with the reference genome (hg18). Further quality
controls removed one sample due to an extremely high number of
structural variants called and two more for extremely high total length
of structural variants (Supplementary Fig. 1). A total of 27,409 dele-
tions with an average size of 40.2 kb, and 7,413 duplications with an
average size of 95.4 kb, were detected. The sizes of these structural
variants and the total number of differences between deletions and
duplications are consistent with previous structural variant studies of
human populations?’. As structural variants are a common feature
of variation between individuals, the majority of structural variants
detected in the human ES cells most likely represent the condition of
the genomes of the respective embryos from which they were derived,
and are unrelated to human ES cell culture.

To aid in distinguishing culture-associated structural variants, we
compared the human ES cell structural variants to those identified
using the same platform to analyze a set of 267 HapMap samples
(raw data directly supplied by Illumina). Though relatively restricted
in population diversity compared to our human ES cell data set, the
HapMap samples provide a set of common reference structural
variants. Our subsequent analyses focused only on variant regions
enriched in human ES cell lines over the HapMap samples. We identi-
fied 504 regions of gain and 860 regions of deletion in the karyotypi-
cally normal ES cell lines as ‘ES cell associated” (Supplementary Data
Set 3 and Supplementary Table 2).

Genome-of-origin variants. The apparent ES cell-associated
structural variants most likely include some rare and/or localized
variants absent in the HapMap set, yet unrelated to human ES cell
culture selection. There are a number of examples in which a par-
ticular variant occurs in a single line in both the early and late pas-
sage. Although we cannot exclude that such variants arose in culture
before the early-passage samples being obtained, it is more likely
they represent rare and/or localized variants present in the genomes
of the donated embryos. We did see such a case among the iPS cell
lines for which we have SNP data from the parental somatic cell line.
For instance, in three iPS cell lines derived from the same parental
fibroblast, the same rare gain (chr12:106,928,902-107,008,902) was
detected in both the early and late passages and the parental line
(Supplementary Data Set 3). Also, among the sibling human ES cells
lines, we found recurring rare variants specific to each family. For
instance, a gain at chr3:45,220,749-45,263,539 was found in the early
and late passages of human ES cell lines G02 and G05, although this
allele was absent in G04, the third of these sibling lines. At another
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bar indicate the total number of lines that fall into the four categories out of the total number of pairs of lines analyzed. Two cell lines (CO2 and CCO5)
in the ‘abnormal early, abnormal late’ category were known to be derived from karyotypically abnormal embryos (a trisomy 13 and ring chromosome 18).
One abnormal cell line (AAD6) has been excluded from this figure as only one passage was available for analysis. (b) Proportion of pairs of lines that
acquired karyotypic abnormalities over different periods in culture. The pairs of lines are grouped according to ‘Delta’, the difference in estimated
population doublings between the early and late passages. Only those lines that had a normal karyotype at the early-passage level were included in the
analysis, and of those only 115 pairs could reliably be assigned an estimated population doubling time estimate.

location, chr3:167,536,633-167,837,107, a gain occurs in the early and
late passage of all three of these sibling lines. For the purposes of this
study, we have assumed that none of these rare variants arose during
ES cell culture, and we define them as ‘genome-of-origin’ variants
(Supplementary Table 2).

Dynamically changing variants. Some structural variants that were
detected are represented in the HapMap population and change
dynamically in ES cell culture, suggesting the labile nature of at least
some genomic elements. For example, 18 human ES cell lines had a
gain at chr17:75,289,455-75,296,305 (Supplementary Table 2, labile
structural variant), but this was also present in four HapMap sam-
ples. Among the human ES cell samples, this structural variant was
present in the late but not early passage of four lines, but in five other
definitive cases it was present in the early but not late passage. Thus,
this represents a dynamically changing variant with no evidence for
positive selection in human ES cell culture but provides an example
of the labile nature of the human genome.

Structural variants enriched in late-passage cultures. In the subset
of structural variants enriched in the ES cells, there was no overall
trend toward a gain of total structural variant numbers between early-
passage and late-passage samples: that is, there was an increase in the
total number in the late passage of some lines, but a decrease in others
(Supplementary Table 2). Among the particular structural variants
that did show increases in several lines in a late passage, a number
encompassed regions known to encode genes that may be relevant to
human ES cell behavior, but they were isolated instances. For exam-
ple, a deletion variant spanning the SOX21 locus, a gene encoding
a transcription factor associated with differentiation of human ES
cells, was found in one line (UU03-E), and a minimal deleted region -
at chr4:983425-997875, which spans the promoter and first exon of
FGFRL1, was present in the late but not early passage of two lines
(L03-1, TT20-1). FGFRLL1 is expressed in human ES cells and may
act as an inhibitory sink for FGF2, which is important for human
ES cell maintenance?®, Late-passage samples of both the MMO1 and
TT20 lines share a minimal overlapping deletion variant of ~540 bp
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at chr3:196,472,618-196,473,157. This spans a highly conserved open
reading frame (C3orf21) that is expressed in human ES cells but has
no known function*s.

Structural variants in karyotypically normal ES cells

We next analyzed structural variants in regions subject to common
karyotypic abnormalities. In one region of chromosome 1q, two cell
lines (V09 and FF01) in late, but not early, passage, have an over-
lapping 3.1 MB gain (chr1:199,985,282-203,092,388), which spans
JARIDIB, a polycomb-related gene encoding a histone H3 lysine-4-
demethylase?*>%, On chromosome 12, two cell lines (B02 and F04)
have an overlapping gain of 1.1 MB in chr12:5,592,150-6,749,326 in
the late-passage samples. This structural variant is within a minimal
amplicon identified by karyology (12p13.31) and includes NANOG,
CD9and GAPDH, all of which are expressed in human ES cells. There
was little evidence for repeated occurrence of gains below the resolu-
tion of standard banding techniques in regions of chromosome 17
(Supplementary Fig. 2).

In contrast, there was a striking occurrence of a structural vari-
ant gain within chromosome 20 in 22 karyotypically normal cell
lines. Notably, these gains, many validated by quantitative PCR
(Supplementary Fig. 3), are within the minimal amplicon 20q11.2
found by karyology (Fig. 4). Among these 22 cell lines, there were five
instances where the gain was detected in both early and late passage
but 17 instances where it was detected only in the late passage. There
were no instances of this gain in early passage but absence in late
passage of the same cell line. This gain was also present in an ES cell
line (JO1) that had an abnormal karyotype at late passage and in an
iPS$ cell line (RRO1) that contained an extra copy of chromosome 12
(Supplementary Table 1). This strongly suggests that once genomic
rearrangements occur in this region, they provide a positive selective
advantage during subsequent culture. The least difference in passage
number between the early and late passage from the same cell line,
which had the gain in the late passage alone, was 22. The apparent
strong positive selection for gain of this region suggests that a gene
providing a cell-autonomous functional advantage under normal
human ES cell culture conditions is encoded within the DNA of the
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Figure 3 ldeogram demonstrating the chromosome changes found in this study. Each colored bar represents one chromosome change occurrence in
one cell line. Chromosome losses and gains are shown to the left and right of the ideogram, respectively, except that those instances where a single
chromosome rearrangement results in a gain and a loss the colored bars are shown together for clarity. The cytogenetic changes are color coded:
Maroon, loss of a whole chromosome (monopsony); red, loss via a structural chromosome rearrangement (unbalanced translocation or interstitial
deletion); dark green, gain of a whole chromosome (trisomy); light green is gain via a structural chromosome rearrangement (unbalanced translocation
or interstitial duplication); blue represents the occurrence of an apparently balanced rearrangement the nature of which is labeled. Instances in which
a change affected only a single chromosome are denoted by ®, whereas changes associated with complex karyotypes (>5 unrelated chromosome
aberrations) are denoted by %. Two cell lines (CO2 and CCO5) were known to be derived from karyotypically abnormal embryos and contain a trisomy 13
and ring chromosome 18 respectively. iPS cell lines are excluded from this figure. Based upon these studies the minimal critical chromosomal regions
subject to gain in culture adapted human ES cell lines were 1g21-gter, 12p11-pter, 17g21.3-qter and 20q11.2. The minimal regions subject to loss

were 10p13-pter, 18g21-qter and 22q13-qter.

shared overlapping region. Moreover, three cell lines (F-01, Q-02 and
K-05) that had a normal karyotype and a 20q11.21 structural variant
gain in early passage acquired an abnormal banded karyotype in sam-
ples from later passage. The late-passage abnormal karyotypes of F-01,
Q-02 and K-05 were 46,XX,der(15)t(15;17)(p11;q21); (47,XX,+der(1)
(t(1;1)(p?21.2;q11); and 47,XX,t(1;11)(p?36;q13),trp(17)(p11.2),+20,
respectively. This preliminary evidence suggests that early gains in
20q11.21 might promote further subsequent genetic change.

The duplicated regions of chromosome 20 in the various cell lines
and the minimal amplicon are diagrammed in Figure 4b. The proxi-
mal ends of each of the structural variant gains within chromosome 20
are presumed to lie in a nonbridged sequencing gap sized at 1 MB
near the centromeric region of the long arm. The most proximal SNP
identified in all these gains is the first occurring after this gap, at
position 29,267,954. The distal end of the gain varies across the lines.
The longest gain extends to 31,793,485 with a measured length of
2.5 MB, similar to the shortest karyotypically identified gain in this

NATURE BIOTECHNOLOGY VOLUME 29 NUMBER 12 DECEMBER 2011

region, dup(20)q11.21 in cell line UU01 (Fig. 3). The shortest gain is
0.55 MB extending to 29,821,940 and contains 13 genes (Fig. 4c).
Three of these genes, IDI, BCL2L1 and HM13, are known to be
expressed in human ES cells based on mRNA-Seq data (Fig. 4¢) and
published microarray data?”. Although a single RefSeq-annotated
microRNA lies in this region, there is no evidence for its expression
in human ES cells®!. Further, combined with the mRNA-Seq data,
ChIP-Seq data from H1 human ES cells of histone modifications,
considered universal predictors of enhancer and promoter activity
(H3K4me3, H3K27ac), do not suggest additional functional regions
other than those associated with the three RefSeq genes identified as
expressed in human ES cells (Fig. 4c).

When four pairs of cell lines with and without the chromosome 20
gain were analyzed, there was no clear correlation between increased
expression and the presence of the 20q11.21 gain for these three
expressed genes (Fig. 4d). Nevertheless, preliminary results indi-
cated a strong selective advantage in culture for cells with the gain
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Figure 4 Copy number variation occurrence in human ES cell lines during prolonged passage. (a) 20q11.21 gain. The region on chromosome 20
frequently found to experience gain over extended human ES cell culture is indicated by the red boxed region in the chromosome ideogram. Also
shown are the B allele frequency and logR ratio plots representing instances of one of the longest and one of the shortest 20g11.21 structural
variants. (b) Length representation of all individual occurrences of gains in the 20q11.21 region. Samples from which the structural variant was
derived are indicated on the left-hand column. The invariant 5’ region and the variable 3’ positions are indicated. Position of genes outside of the
minimal amplicon that show greater than 20 RPKM level of expression in human ES cells are shown (RPKM = number of reads that map per kilobase
of exon model per million mapped reads for each gene). (c) Expression, RefSeq gene, and regulation tracks in the minimal amplicon. Positive

and negative strand mRNA-Seq data from H1 human ES cells indicating polyA RNA transcripts expressed within the minimal amplicon region
(chr20:29,267,954-29,853,264) are shown together with H1 human ES cell ChIP-Seq data of histone modifications considered universal predictors
of enhancer and promoter activity. (d) Comparison of expression levels of three genes (HM13, /D1, BCL2L1) contained within the identified minimal
20q11.2 amplicon between early- (normal) and late-passage (20g11.2 CNV carrying) samples. MMO1 and FFO2 are genetically identical sub-lines
from two separate laboratories, MMO1 has no amplification at 20q11.2, whereas FFO2 possesses a copy number change at 20q11.2 that includes the
identified minimal amplicon (b).
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population doublings (range 210 to 1,482).

over those without (Supplementary Fig. 4). It has also been recently
reported that Bcl-X;, the long, anti-apoptotic isoform encoded by
the BCL2LI locus, can suppress apoptosis in human ES cells
and increase their cloning efficiency”. Further, when we trans-
fected MMO1 ES cells with a constitutive vector encoding Bcl-Xy,
the predominant isoform expressed in human ES cells, these cells
showed a distinct growth advantage with respect to the parental cells
(Supplementary Fig. 4).

DNA methylation analysis

To examine whether cell lines that are genetically unstable at the
karyotype level tend to show higher levels of epigenetic instability,
we analyzed DNA methylation patterns, focusing on developmentally
relevant genes known to be targets of abnormal promoter DNA

Table 2 The top 20 genes that were most frequently gained, lost
or showed no change in DNA methylation levels in the 120 ES cell
lines analyzed at early and late passage

Gained DNA methylation  Lost DNA methylation

No change in DNA methylation

GPC3 CBLN4 NR4A3
RAB9B HISTIH3C EPHA4
TCEAL4 LY6H COL12A1
ILIRAPLZ HISTIHA4L TIGD3
ESX1 ANKRD20B SNX7
TCEAL3 HISTIH4F PIP5K1B
AMMECR1 DMRT2 KCNJZ
MGC39900 TTLL7 T

LRCH2 FOXD4L1 ZBTB7A
ZCCHC12 FOXD4L2 IL20RA
REPS2 ONECUTI GNAO1
SOX3 MAL EPB41L4A
RP13-360B22.2 SYT6 VDR
T7SC22D3 BHLHB4 HS6ST3
NHS HIST1H3! VGLLZ
TCEAL7 XTP7 SIX1
MGC4825 NEUROG1 SFT2D2
GPR50 TFAPZD BCAN
BCL2L10 DRD5 ELMODI
CcDX4 ASCL2 PTGER4

GPC3 gained more than 5% DNA methylation (range: 98-5%) in over 70% of the

samples analyzed, whereas CBLN4 lost more than 5% DNA methylation (range: 70-5%)
in over 60% of them. The genes listed in the “No change” column showed fluctuations
in DNA methylation <1% in all samples profiled.

NATURE BIOTECHNOLOGY VOLUME 29 NUMBER 12 DECEMBER 2011

methylation in cancer?l, and thus most likely to be subjected to
selection for altered expression during culture adaptation. For this
we used a custom GoldenGate DNA methylation array developed
to interrogate DNA methylation changes in known polycomb group
protein (PcG) targets in human ES cells®?. In general, the DNA methy-
lation patterns of the human ES cells tended to be unstable, with
both increases or decreases depending upon the locus (Fig. 5 and
Supplementary Data Set 4). Table 2 summarizes those genes that
were most frequently subject to gain or loss of methylation during
passage, or that showed the least change. Overall, we did not observe
any hot spots for DNA methylation at the ~1,500 loci interrogated in
the array used in this study, and chromosomes 12, 17 and 20 were not
any more methylated, on average, than the rest of the genome.

As shown by cumulative distribution function (CDF) curves, most
cell lines underwent extensive DNA methylation changes during their
time in culture (Online Methods). However, there was a marked dif-
ference between the cell lines. For example, in some cell lines there
were few changes observed even if there was a large difference in pas-
sage level between the early- and late-passage samples (Fig. 5 Q4 and
Supplementary Table 3), whereas with other pairs there were large
differences observed even when the passage-level difference between
the samples was small (Fig. 5 Q1 and Supplementary Table 3).
However, the causes of the variation in methylation stability between
the lines were not evident. There was no obvious laboratory effect,
and the karyotypically abnormal cell lines were not any more unsta-
ble than their karyotypically normal counterparts. This suggests that
genetic instability played little to no role in the epigenetic instability
of the cell lines analyzed. In addition, the DNA methylation patterns
of the sibling ES cell lines were as different between themselves as
they were between unrelated lines (Supplementary Data Set 4),
suggesting that the genetic background of human ES cells plays a
minor role in the degree of their epigenetic instability.

DISCUSSION

The occurrence of genetic and epigenetic change in human ES cells
on prolonged passage is clearly important with respect to their use in
regenerative medicine. Understanding the key genes involved and the
mechanisms that drive change is important, not only for minimizing
the impact of such variants in applications of ES and iP$ cells, but also
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Figure 6 Recent pericentric inversion a
associated with 20q11.21 susceptibility to
gain. (a) The ancestral condition of chromosome
20 before a pericentric inversion in the last
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lines studied (79/120 pairs, 66%) remained
karyotypically normal, even after many pas-
sages, whereas it was only with respect to chromosome 20 that evi-
dence for structural variants in a specific region offering a strong
selective advantage could be deduced. Among the small number of
iPS cell samples studied, 3 out of 11 had abnormal karyotypes, with 1
of the 3 having the 20q11 gain in the late-passage sample.

Since the first reports of nonrandom chromosomal gain in human
ES cells, many studies by standard karyology and by various molecular
techniques, including CGH and SNP arrays, have found that, indeed,
certain regions of the genome of both ES and, more recently, iPS
cells are particularly subject to such genetic change upon prolonged
passage in culture. Recently, it was also shown that iPS cells acquire
mutations during their derivation, although many such mutations
are lost on subsequent passaging®. It is commonly assumed that
those genetic changes that repeatedly appear in pluripotent stem cells
provide variant cells with a growth advantage, but the nature of the
selective advantage is unclear. At the molecular karyotype level, it
is difficult to disentangle changes that simply reflect variants exist-
ing in the human population from those acquired during culture. To
address this, we explicitly sought to compare the genomes of a large
set of human ES cell lines at two different passage levels and from as
diverse a set as possible of the principal laboratories isolating these
cells around the world. Although the number of human ES cell lines
that have been derived worldwide is uncertain, the 125 ES cell lines
analyzed in this study represent a substantial proportion of those
commonly available. Notably, our data show that these lines include
representatives of most major ethnic groups, reflecting far greater
ethnic diversity than previously reported®%6.

One feature of the human genome emphasized by the current
study is that some regions are especially dynamic, particularly but
not exclusively those including repetitive elements. In the current
panel of ES cells, many regions showed gains or losses between the
passage levels, but with no consistency, suggesting that there is no
common selection pressure driving the copy number changes. That
such dynamically variable regions were readily detected suggests that
human ES cell cultures may go through population size restrictions
more often than appreciated. Indeed, the cell cycle time of human ES
cells is about 18-20 h, but common culture practice involves splitting
cultures at low split ratios every 4-5 d or longer. This implies a very
large proportion of undifferentiated cells, maybe as many as 90%, are
lost between passages of stock cultures33.

Likewise, the DNA methylation status of the ES cell lines also
appeared to change dynamically. Although there was a marked
increase in differential DNA methylation with time, indicated by the
greater number of DNA methylation changes in the cell lines with the
highest differences in passage number, there was also a substantial
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variation between lines that had undergone similar differences in pas-
sage numbers. Thus, human ES cells change not only genetically, but
also epigenetically in culture. This conclusion is consistent with sev-
eral other smaller scale studies that have interrogated human ES cells
with respect to either general DNA methylation?”, or imprinting?®31,
These studies all found DNA methylation and imprinting changes
that appeared to be variable between lines and were locus dependent.
However, we could not identify specific recurring regions subject to
methylation in the genome and there was no observed correlation
between DNA methylation changes and chromosomal abnormalities.
This suggests that, in general, changes in DNA methylation may be
a dynamic process and not necessarily associated with adaptation as
such. This point is reinforced by the observation that DNA methyla-
tion is markedly different between sibling lines.

In addition to these apparently stochastic and dynamic changes
in the genome and epigenome, we did detect marked nonrandom
changes in certain parts of the genome. The karyotypic changes
seen in the current study match well with other published reports
(Supplementary Fig. 5)!. Gains of chromosomes 1, 12, 17 and 20 and
losses of chromosomes 10p and 18q are common in both data sets,
and it is only gains of chromosomes 12, 17 and 20 that are often seen
as a sole karyotypic change. However, recurrent deletion of chromo-
some 22q is a novel finding. On the other hand, the gain of chromo-
some X is a relatively common finding in published studies, whereas
only two instances of gain and three instances of loss were observed
in the present study. In the light of their relatively frequent occur-
rence, the minimal amplicons 1q21-qter, 12p11-pter, 17q25-qter and
20q11.2, and perhaps minimal deletions 10p13-pter, 18q21-qter and
22q13-qter deserve special attention as being likely to harbor genes of
particular importance for the culture adaptation of human ES cells.

The frequent nonrandom gain of chromosomes 1, 12, 17 and 20
suggests that these chromosomes include a gene(s) that, when over-
expressed, confers a growth advantage. Yet, it is striking that in our cur-
rent extensive study, as in previous studies, structural variant analysis
did not point to any frequent repetitive minimal amplicon occurring
on chromosomes 1, 12 and 17. Obvious candidate genes are located
on these chromosomes—for example, NANOG on chromosome 12—
but none seems to be more subject to structural variants than other
genes on these chromosomes in the absence of karyotypic change. We
did see gains spanning the neighboring SLC2A3/NANOGP]I region
described in a recent study®® but this is just as prevalent, if not more
s0, within our reference samples and spread across most major ethnic
groups, suggesting it is a common structural variant in the human
population rather than specific to human ES cells. Together, these
observations suggest that the selective advantage attributable to the
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gain of chromosomes 1, 12 and 17 may depend upon overexpression
of genes or genetic elements at multiple, spatially separated loci, or
upon the combination of a structural gene with a long range cis-acting
regulatory element such that both units must be amplified together
to yield an increased function. Alternatively, the appearance of gains
within smaller regions may be restricted by chromosomal structure
less susceptible to this form of mutation.

By contrast, and in agreement with other studies®10:11:2346:57 our
karyotypic and structural variant data point to a region (20q11.21)
that, when amplified, apparently drives selection. In this study,
because of the much larger number of cell lines and our ability to
compare early and late passage, we were able to map the gain to a
specific region. Other studies have also reported that gains in this
region are associated with enhanced growth characteristics®, and
at least some of the lines in the present study were reported by their
contributors to have increased population growth rates (data not
shown). The frequency of this gain (25% of the karyotypically normal
cell lines), combined with the enrichment in late-passage samples,
clearly indicates its selective advantage in human ES cell culture. The
mechanism for the selective advantage presumably lies in the minimal
region shared by all 22 affected lines, a region containing 13 genes,
only three of which are known to be expressed in human ES cells:
HM13,IDI and BCL2L1.

A recent genome-wide RNA interference (RNAi) screen highlights
the functional importance of BCL2LI, an anti-apoptotic factor, in
human ES cell biology>®. This RNAi screen ranked BCL2L1 twenty-
second of 21,121 genes in reducing proliferation after knockdown,
whereas HM13 and ID1 were ranked 6,679 and 4,224, respec-
tively®8. Additionally, a recent structural variant screen of >3,000
specimens from two dozen cancer cell types similarly identified a
reoccurring gain on 20q11.21 in which BCL2L1 was also contained
within the minimal amplicon, and knockdown experiments indicated
a role for BCL2L1 in cancer cell proliferation®. Recently, it has also
been reported that overexpression of the related anti-apoptotic gene,
BCL2, enhances the survival of human ES cells®, although BCL2 is
encoded with the region of chromosome 18 subject to recurrent loss
in the current data set. Taken together, these observations suggest
that similar mutations shared between ES and cancer cells lead to a
selective advantage during clonal evolution. The temporal compo-
nent of our study, where we see!” instances of early/normal to late/
mutated transitions, provides additional support for the notion that
the 20q11.21 mutation is the driver mutation in the clonal evolution of
these adapted stem cells. Although a role for IDI (ref. 61) and HM13
cannot be excluded, enhanced cell survival due to elevated expression
levels of BCL2L1 offers the most likely mechanism.

The repeated appearance of a structural variant across multiple
lines requires both a selective advantage for the variant (e.g., increased
expression of BCL2L1), and a predisposition for the respective mutation
to occur. It is noteworthy that the proximal end of all human ES cell
20q11.21 gains lies within a gap region of the current human assem-
bly®2. The presumption is that the highly repetitive sequence within
this gap predisposes the region to structural rearrangement. With the
link between genome rearrangements, primate evolution and disease
association®, it is notable that this gap coincides with a recent chromo-
somal rearrangement, a pericentric inversion®, occurring in the last
common ancestor of gorilla, chimp and human (Fig. 6). The gap region,
possibly a centromeric remnant of a tandem duplication®, introduces
the repetitive sequence creating 20q11.21 rearrangement (or amplifica-
tion) susceptibility. The frequency of appearance that is created by this
combination of mutability and the decreased apoptosis warrants routine
surveillance similar to that now done in karyotypic analysis.
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The identification of genes that drive both cancer progression of EC
cells in germ cell tumors and the progressive culture adaptation of ES
cells has been a goal since the first clear recognition that gain of sec-
tions of the short arm of chromosome 12 is an invariant feature of EC
cells'®. The commonality of the changes in the tumors and in the ES
cell in culture suggests common underlying mechanisms. However,
the identification of a specific driver gene on chromosomes 1, 12
and 17 has been elusive, suggesting that more than one gene may be
involved in the growth advantage of the aneuploid cells. Our present
results now point to a specific gene subject to gain, most likely the
anti-apoptotic gene, BCL2L1, on chromosome 20, that may promote
the survival of ES cells in vitro and EC cells in vivo, thereby providing
a strong growth advantage, whether in cancers or in vitro.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturebiotechnology/.

Note: Supplementary information is available on the Nature Biotechnology website.
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