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Immunodeficiency, centromeric instability and facial anomalies type I (ICF1) syndrome is a rare genetic disease
caused by mutations in DNA methyltransferase (DNMT) 3B, a de novo DNA methyltransferase. However, the mo-
lecular basis of how DNMT3B deficiency leads to ICF1 pathogenesis is unclear. Induced pluripotent stem cell
(iPSC) technology facilitates the study of early human developmental diseases via facile in vitro paradigms.
Here, we generate iPSCs from ICF Type 1 syndrome patient fibroblasts followed by directed differentiation of
ICF1-iPSCs to mesenchymal stem cells (MSCs). By performing genome-scale bisulfite sequencing, we find that
DNMT3B-deficient iPSCsexhibit global loss of non-CG methylation and select CG hypomethylation at gene promo-
tersandenhancers.Furtherunbiasedscanningof ICF1-iPSCmethylomesalso identifies largemegabaseregionsof
CGhypomethylation typically localized incentromericandsubtelomericregions.RNAsequencingof ICF1andcon-
trol iPSCs reveals abnormal gene expression in ICF1-iPSCs relevant to ICF syndrome phenotypes, some directly
associated with promoter or enhancer hypomethylation. Upon differentiation of ICF1 iPSCs to MSCs, we find virtu-
ally all CG hypomethylated regions remained hypomethylated when compared with either wild-type iPSC-derived
MSCsorprimarybone-marrowMSCs.Collectively,our resultsshowspecificmethylomeandtranscriptomedefects
inboth ICF1-iPSCsanddifferentiatedsomaticcell lineages, providingavaluablestemcell system for further invitro
study of the molecular pathogenesis of ICF1 syndrome. GEO accession number: GSE46030.

INTRODUCTION

DNA cytosine methylation is a major epigenetic factor that regu-
lates many developmental events including genomic imprinting,
X-inactivation and developmental gene regulation (1). DNA
methylation is established and maintained by a family of DNA
methyltransferases (DNMTs) including DNMT1, DNMT3A

and DNMT3B (2). Mutations in these enzymes have been asso-
ciated with a number of human diseases such as cancer, immuno-
deficiency and neurological disorders (3). For example, DNMT1
mutations are linked to hereditary sensory and autonomic neur-
opathy type 1 disease in which patients develop dementia and
hearing loss in adulthood (4). DNMT3A mutations are coupled
with subtypes of leukemia (5,6), and DNMT3B mutations cause
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a raregenetic disorder namely ICF syndrome(immunodeficiency,
centromere instability and facial anomalies) (7,8). Relevant to the
loss of DNMT3B activity, lymphoblasts from ICF patients exhibit
hypomethylation of pericentromeric regions and selective
demethylation of promoters associated with altered gene expres-
sion (3,9,10). Collectively, these results have highlighted the need
for precise regulation of DNA methylation patterns for normal
growth and development.

DNA methylation plays an important role in stem cell differen-
tiation (11,12). We and others have demonstrated that DNA
methylation acts in parallel with other known regulatory mechan-
isms such as transcriptional networks and histone modifications to
control tissue- and cell-specific gene expression patterns (13–17).
Upon differentiation, embryonic stem cells (mESCs and hESCQ1 s)
undergo a wave of de novo methylation which serves to silence
pluripotency genes and establish tissue-specific methylation pat-
terns (14,15,18,19). In the absence of Dnmts, demethylated
mESCs undergo apoptosis soon after inducing in vitro differenti-
ation (20,21). More recently, there has been increasing interest in
elucidating the function of DNA methylation during cell repro-
gramming. It has been postulated that epigenetic barriers such
as DNA methylation have to be overcome in order to achieve suc-
cessful reprogramming of induced pluripotent stem cells (iPSCs).
Indeed, selective promoter demethylation of pluripotent genes
such as Oct4andNanogareassociated withsuccessful reprogram-
ming of somatic cells to iPSCs (22–26). In addition, inhibiting
DNMTs activities with 5-aza-cytidine, or DNMT1 knockdown,
promotes partially reprogrammed cells into fully reprogrammed
iPSCs (22,23,27). On the other hand, a wave of de novo methyla-
tion also occurs during late stage reprogramming (28). During this
phase, tissue-specific genes and so-called partially methylated
domains (PMDs) becomes hypermethylated (29,30), and hall-
mark enrichment of non-CG methylation becomes re-established
in iPSCs (29,31,32). Together, these results indicate major methy-
lome alterations underlie cellular reprogramming.

To understand how DNMT3B contributes to methylation
changes during cellular reprogramming and differentiation, we
generated iPSCs from human Immunodeficiency, centromeric
instability and facial anomalies type I (ICF1) syndrome patient
fibroblasts carrying DNMT3B mutations, and profiled their
global methylation levels and patterns through genome-wide
bisulfite sequencing. We identified several unique targets of
DNMT3B at both the large-scale megabase domains as well as
at select gene promoters and enhancers. ICF1 iPSCs also exhibit
dramatic loss of non-CG methylation, indicating that DNMT3B
is the major enzyme for catalyzing this process. Through RNA se-
quencing, we identified altered gene expression in ICF1 iPSCs
linked to the disease phenotype in ICF1 syndrome patients.
Finally, upon differentiation of ICF1 iPSCs to mesenchymal
stem cells (MSCs), we found many aberrations are preserved in
ICF iPSC-derived MSCs. Overall, these data suggest that ICF
iPSCs would be a valuable tool to study ICF pathogenesis in vitro.

RESULTS

Generation of human iPSCs from patient fibroblasts
carrying DNMT3B mutations

To study the early molecular pathogenesis of ICF1 syndrome, we
generated iPSCs derived from two fibroblast lines of ICF

patients. These ICF1 fibroblasts carry compound heterozygous
point mutations in the catalytic domain of DNMT3B, typical
of type 1 ICF syndrome (Fig. 1A; see Material and Methods).
Similar to Dnmt3b-deficient mouse somatic cells (33), ICF fibro-
blasts can also be reprogrammed with no obvious difference
in reprogramming efficiency. Immunostaining and RT-PCR
demonstrated ICF1-iPSCs expression of typical markers for
pluripotency equivalent to normal iPSCs and hESCs (Supple-
mentary Material, Fig. S1a and b). Incidentally, DNMT3A and
DNMT3B transcript expressions are unaffected in ICF1 iPSCs
(Supplementary Material, Fig. S1a). ICF1 iPSCs form teratomas
in vivo, demonstrating that these reprogrammed cells can be

Figure 1. DNMT3B mutations lead to global DNA hypomethylation. (A). Sche-
matic of the compound heterozygous point mutations in DNMT3B from two sep-
arate ICF1syndromepatients. (B). Bar plotof LC–MS/MS-MRM measurements
of total methylcytosine (5mC) levels in various cell types. 5mC levels are
expressed as percentage of the total cytosine pool. Data represent mean and
SDs from triplicate analyses. (C) Bar chart showing global methylation in CG,
CHG and CHH motifs as measured by whole-genome shotgun bisulfite sequen-
cing. Levels of CG (color), CHG (color) or CHH (color) methylation are
expressed as a percentage of total shared cytosine residues in all four cell lines
(n ¼ 9 766 941 CGs; n ¼ 46 480 622 CHGs; and n ¼ 117 356 835 CHHs Q2).
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differentiated into all three germ layer lineages (Supplementary
Material, Fig. S1c). Interestingly, in contrast to major chromo-
somal instabilities seen in ICF1 patient B cells, ICF1-iPSCs kar-
yotype appeared normal (Supplementary Material, Fig. S1d).
However, hallmark hypomethylation at Satellite 2 repeats
were consistently hypomethylated in ICF iPSCS (Supplemen-
tary Material, Fig. S1e). Overall, we conclude that DNMT3B
is dispensable for reprogramming, but retains typical methyla-
tion patterns as previously observed in somatic cells.

DNMT3B contributes to de novo methylation during
cellular reprogramming

iPSCs exhibit higher levels of methylation compared with
somatic cells, suggesting that reprogramming involves a wave
of de novo methylation. Because Dnmt3B is more dramatically
upregulated in iPSCs when compared with levels of Dnmt1
and Dnmt3A (34), we hypothesized DNMT3B may play a
major role in regulating methylation during cell reprogramming.
To investigate the effect of DNMT3B deficiency on DNA
methylation during reprogramming, we first measured global
levels of 5mdC by combined liquid chromatography-tandem
mass spectrometry with multiple reaction monitoring (LC–
MS/MS-MRM) in a panel of somatic and iPS cells including
ICF samples. Our analysis revealed that ICF iPSCs exhibit sig-
nificantly reduced levels of global methylation compared with
normal iPSCs (Student’s t-test, P , 1 × 1026) (Fig. 1B). In con-
trast, ICF1 fibroblasts have relatively similar levels of methyla-
tion compared with normal fibroblasts, which is consistent with
previous literature (35). However, ICF1 iPSCs have higher
methylation levels compared with both normal and ICF1 fibro-
blasts, indicating that DNMT3A also contributes to a wave of
de novo methylation during cell reprogramming. To precisely
map DNA methylation alterations in ICF1 iPSCs at base reso-
lution, we performed whole-genome shotgun bisulfite sequen-
cing in two separate ICF1 patient iPSCs and achieved an
average coverage of 10× (ICF1-1 iPS) and 4× (ICF1-2 iPS)
per strand. Consistent with the global levels of methylation as
determined by LC–MS/MS-MRM, whole-genome bisulfite se-
quencing estimated a similar loss of global methylation in both
ICF iPSC lines compared with control (Fig. 1C). Notably, our
base pair resolution revealed non-CG methylation levels were
drastically reduced, whereas CG methylation was only mildly
diminished (Fig. 1C). Loss of non-CG methylation appeared to
be uniform across chromosomes and genes (Supplementary Ma-
terial, Fig. S2), which was confirmed at select loci using conven-
tional bisulfite sequencing (Supplementary Material, Fig. S3).

Although the vast majority of non-CG methylation was abro-
gated in ICF iPSCs, some residual non-CG methylation was
detected. Interestingly, both ICF1-1 and ICF1-2 iPSCs had
greater levels of non-CG methylation compared with their paren-
tal fibroblast cell lines (Supplementary Material, Fig. S4a).
Strikingly, the few remaining methylated non-CG sites were
significantly conserved in both ICF1 iPSCs, suggesting that
DNMT3A has a conserved minor role for targeting non-CG
sites (Supplementary Material, Fig. S4b). Sequence motif ana-
lysis of the highly methylated non-CGs in control iPSCs
reveals an enriched TACAG motif, consistent with previous
reports (36) (Supplementary Material, Fig. S4b). However, the
TACAG motif is abolished in the highly methylated non-CG

sites in ICF iPSCs, though a strong CA motif is still present. Col-
lectively, these data indicate that DNMT3A can redundantly
compensate for DNMT3B deficiency at most CpG sites, but
DNMT3B is the foremost enzyme in establishing non-CG
methylation in human iPSCs.

Minor role for non-CG methylation in ICF1 iPSCs

Non-CG methylation was initially reported to have a positive as-
sociation with gene expression in hESCs (31). To determine
functional consequences for loss of non-CG methylation in
ICF1 iPSCs, we performed mRNA-Seq on ICF1 and control
iPSCs (Fig. 2A). Because average levels of non-CG methylation
are relatively low (�5%) compared with CG methylation
(.80%), non-CG methylation may have subtle influence on
gene expression. We therefore used relatively relaxed criterion
to reduce the number of false negatives in differentially
expressed genes (FDR ,10% and .1.5-fold). Despite the
loose cutoff, 270 and 195 significantly up- and downregulated
genes in ICF iPSCs were identified (Fig. 2A; Supplementary Ma-
terial, Table S1), indicating non-pervasive effects from loss of
non-CG methylation. Indeed, non-CG methylation patterns
across upregulated genes were no different from the genomic
average in control hiPSCs (Supplementary Material, Fig. S5),
suggesting that upregulated genes were probably not due to
loss of non-CG methylation. Conversely, downregulated genes
tended to have lower non-CG methylations in the gene-body
compared with the genomic average. However, the reduced
levels of non-CG methylation were also accompanied by
reduced CG methylation levels, consistent with previous
reports that non-CG methylation tend to flank methylated CGs
(37,38). Gene ontology analysis revealed no functional enrich-
ment for the set of upregulated genes, whereas the downregu-
lated set of genes were significantly enriched for terms in
gastrulation, neural development and cell adhesion (Fig. 2B).

A previous report identified genes that appeared differential-
ly regulated by non-CG methylation in mouse glial and neuron-
al cells (39). For example, 174 genes were uniquely CH
hypermethylated in glial cells but not neurons. We asked
whether these genes potentially share similar non-CG regula-
tion in hiPSCs. Strikingly, we found a small yet significant
overlap of 7 (out of 134 expressed in hiPSCs) neuronal genes
that are mCH hypermethylated in control hiPSCs, but are
downregulated in ICF1 hiPSCs (P ¼ 6.6 × 1024, hypergeo-
metric test). These genes included FOXG1, PLXNA2, SPRY2,
TUBB2A and most notably, the gamma protocadherin cluster
(PCDHG-3, -4 and -5). With exception of the PCDH gene
cluster, all other genes were not differentially methylated in
the CG context and therefore may be downregulated due to
loss of non-CG methylation. By visual inspection of the proto-
cadherin clusters, we found dramatic CG demethylation across
the entire cluster (.30%) associated with gene repression
(Fig. 2C). Collectively, our findings are consistent with the pre-
viously reported positive correlation between non-CG methyla-
tion and gene expression (31), though it is still unclear whether
non-CG methylation directly regulates these genes. Neverthe-
less, many downregulated genes involved in the neural devel-
opment pathway may contribute to mental defects observed
in ICF syndrome patients.
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Select regions of CG demethylation in ICF1 iPSCs

Although global CG methylation patterns appeared normal
across chromosomes, we observed select regions of hypo-
methylation in ICF1 iPSCs in both megabase and kilobase
regions. For example, megabase regions were dramatically
demethylated in pericentromeric and subtelomeric regions
(Supplementary Material, Fig. S2). Satellite 2 repeats

(typically found at pericentromeric regions) were confirmed
to be selectively demethylated but not other repeat motifs (Sup-
plementary Material, Fig. S6). In total, we identified 110 Mb
demethylated regions that showed at least 30% reduced CG
methylation (Supplementary Material, Table S2). Overall,
these regions represent ,10% of all analyzed CpGs and are
also hypomethylated in fibroblast cells, suggesting impaired
de novo methylation during reprogramming (Supplementary
Material, Fig. S7). Intriguingly, analysis of DNMT binding in
these regions did not show particular enrichment for
DNMT3B compared with DNMT3A or DNMT1 (Supplemen-
tary Material, Fig. S8).

Unexpectedly, megabase regions of CpG demethylation in
ICF-iPSCs had a significant overlap (�80%) and share well-
defined borders with previously identified non-CG DMRs (29)
(Fig. 3A). In normal hiPSCs, non-CG DMRs are megabase
domains with similar levels of CG methylation, but lower
levels of non-CG methylation when compared with hESCs. Im-
portantly, somatic cells also show low levels of CpG methylation
in these genomic regions (29) (Fig. 3B). Therefore, the partial re-
duction of CpG methylation in ICF-iPSCs supports the notion
that DNMT3B is involved in de novo CpG methylation at
non-CG DMRs in normal iPSCs (Fig. 3A-B). Strikingly, in
normal hESCs, non-CG DMR regions are depleted of 5hmC,
though the boundaries are clearly demarked by 5hmC enrich-
ment (Supplementary Material, Fig. S9). This is reminiscent of
DNA methylation canyons recently characterized in mouse
hematopoietic stem cells (40). Altogether, our analysis shows
non-CG DMRs represent a unique epigenetic context that
involves specialized targeting of DNMT3B for maintaining
CG but not non-CG methylation.

Next, we examined the methylation status at other large-scale
regions of reduced CpG methylation in somatic cells, termed
PMDs, which normally become fully methylated in iPSCs (29).
However, PMDs in ICF iPSCs showed a range of methylation
levels, indicating some PMDs do not fully reacquire DNA methy-
lation in the absence of DNMT3B,whereas others can becompen-
sated by DNMT3A in ICF iPSCs (Supplementary Material,
Fig. S10). We also looked into nuclear lamina-associated
domains (or LADs). Although LAD methylation levels are com-
parable between normal and ICF iPSCs, we found dramatic LAD
hypomethylation in ICF lymphoblasts (Fig. 3C). These observa-
tions are consistent with the normal karyotype of ICF1 iPSCs,
but atypical of the karyotype observed in ICF lymphoblasts.
Thus, LAD hypomethylation appears specific to the hematopoi-
etic lineage, and may contribute to chromosome aberrations
observed uniquely in ICF B cells.

Although ICF lymphoblasts displayed globally hypomethy-
lated genes compared withcontrol lymphoblasts, they aremost se-
verely demethylated in LADs and the X-chromosome. However,
unlike LADs, ICF iPSCs also exhibit chromosome-wide
demethylation on the X-chromosome (Fig. 3D). Strikingly,
X-chromosome demethylation was associated with a large
number of upregulated genes, many of which were found on the
X-chromosome short arm. Further analysis showed that many of
these genes (�25%) are previously characterized XCI-escape
genes, while the remaining are associated with inactive genes.
Thus, our current study indicates a greater number of deregulated
X-linked genes upon X-chromosome demethylation than was
previously appreciated.

Figure 2. ICF1 iPSCs exhibit altered gene expression. (A). Scatterplot of average
expression levels from ICF1-1 and ICF1-2 and control IMR90/FF1911 iPSCs are
shown are X- and Y-axes, respectively. Significantly up- and downregulated
genes (FDR ,10% and fold-change .1.5) in ICF1 iPSCs are shown in red
and blue, respectively. (B). Gene ontology terms of downregulated genes in
ICF1 iPSCs. The abscissa shows Benjamani–Hochberg-adjusted P-values.
(C). Genome-browser view of demethylated protocadherin gene clusters. Top
four tracks (in black) are normalized RNA-seq reads (RPM) and bottom four
tracks are CG methylation levels (in red) as measured by bisulfite sequencing
(between 0 and 1).
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Select gene promoter and enhancer hypomethylation
in ICF1 iPSCs

We next examined whether DNMT3B could directly regulate a
subset of gene promoters or enhancers. We found that 19 (15%)
upregulated genes showed at least 20% promoter demethylation,
indicating that these genes may be uniquely regulated by
DNMT3B (Fig. 4A). For example, TCERG1L and FAM19A5
showed localized proximal promoter demethylation concomi-
tant with increased gene expression (Fig. 4B). DNMT3B target-
ing did not appear to depend on promoter CG density. TCERG1L
and FAM19A5, RBMXL2 and ZNF560 gene promoters contain
CpG islands, whereas gene promoters for NLRP2 and CXorf61
have low CG density. Some downregulated genes also showed
significant promoter demethylation, but many of these can be
explained by broad demethylation of the entire protocadherin
cluster (Fig. 2C). These genes are likely downregulated by
some indirect mechanism.

We next examined whether deregulation of enhancers could
affect some of the observed gene expression changes. Globally,
enhancers showed significant demethylation in ICF1 iPSCs
(P , 0.01, Kolmogorov–Smirnov test). In total, we identified,
39 (�0.8%) class I enhancers and 54 (2.4%) class II enhancers
that were demethylated by .50% compared with control
iPSCs (Supplementary Material, Fig. S11). Class I enhancers
are characterized with H3K4me1 and H3K27ac marks,
whereas class II enhancers are associated with H3K4me1 and

H3K27me3 marks (41). To gain greater perspective for these
enhancers, we leveraged publically available methylomes to de-
termine whether ICF iPSCs share enhancer methylation patterns
with other cell types. Our analysis indicated enhancer demethy-
lation was associated with several different cell types (Fig. 4C).
These cell-type-specific enhancers also gain H3K27ac, consist-
ent with newly acquired enhancer activity (Fig. 4D). Together,
our data suggest multiple modes for gene deregulation by
DNMT3B.

We compared our methylome and gene expression dataset to
publically available data on ICF1 patient lymphoblasts (9,42),
and found some deregulated genes observed in ICF1 iPSCs
were also seen in lymphoblasts. For example, previous studies
have found deregulated genes involved in immune function
and neurogenesis in ICF1 patient lymphoblasts (9,42). By cross-
referencing our set of deregulated genes in ICF1 iPSCs with pre-
vious studies, we identified 11 commonly upregulated genes
between ICF1 iPSCs and ICF1 lymphoblastoids (P ¼ 7.7 ×
1024, hypergeometric test) including ADCY1, BEX2, CASK,
EIF2S3, FRAS1, GLT1D1, KCNN2, PDPN, PLS3, TBL1X and
WWC3. Of these, five have been implicated in neural function,
and another three are involved in cell adhesion. Notably,
GLTD1 showed selective promoter demethylation, indicating
GLTD1 may be a direct target of DNMT3B (Supplementary Ma-
terial, Fig. S12). Commonly downregulated genes include
COL5A1, JAKMIPI, RHOBTB3, S100A11 and a cluster of proto-
cadherin (PCDH) genes (Fig. 2C). Deregulation of the PCDH

Figure 3. ICF iPSCs have aberrant megabase domains of hypomethylation. (A). Genome browser view of methylation level in a representative normal iPSCs and
ICF1-1 iPSCs. Note coincidence of reduced non-CG methylation in normal iPSCs and reduced CG methylation in ICF1 iPSCs. CG methylation tracks are colored
in red (y-axis limits between 0 and 1) and non-CG methylation tracks are colored in blue (y-axis limits between 0 and 0.05 for CHG methylation and 0–0.02 for
CHH methylation). (B). Metaplot analysis of CG methylation in non-CG DMRs for control and ICF1 iPSCs as well as somatic cells. (C). Methylation profile of
X-chromosome in ICF1 (red) and control (black) iPSCs. Loci of upregulated genes are shown in red dots and known loci of X-chromosome inactivation escape
genes are shown in blue dots. (D). Average methylation profile across LADs in control and ICF iPSCs and somatic cells.
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gene cluster may be associated with the neural deficiency
observed in ICF syndrome patients. Together, our results
demonstrated that ICF iPSCs exhibit characteristic features of
gene expression associated with disease phenotypes of ICF syn-
drome.

Differentiation of ICF1 iPSCs into MSCs

To demonstrate that ICF iPSCs provide a valuable resource for
modeling ICF pathogenesis, we differentiated ICF iPSCs into
MSCs following a previously established protocol (43) (Supple-
mentary Material, Fig. S13). LC–MS/MS-MRM analysis
showed that ICF-derived MSCs exhibited slightly reduced
global methylation compared with ES- or iPSC-derived MSCs
(Fig. 5A). We next performed reduced representation bisulfite
sequencing (RRBS) for ICF1-iPSCs-derived MSCs and a
subset of control MSCs including primary bone marrow cells.
Our RRBS data consistently showed globally minor changes in
CG methylation (Fig. 5B). Since RRBS does not comprehen-
sively cover the genome, we were primarily able to assess differ-
ential methylation at CG islands and gene promoters. In total, we
identified 181 gene promoters demethylated by .30% in ICF1

MSCs when compared with hESC-derived MSCs and primary
bone marrow. Strikingly, 87 (48%) of demethylated promoters
in ICF1-MSCs overlapped with demethylated promoters identi-
fied in ICF1 iPSCs (P , 10216, hypergeometric test) (Fig. 5C).
These shared gene promoters included FAM19A5 and the proto-
cadherin cluster of genes (Fig. 5D). As expected, gene ontology
analysis of demethylated promoters in ICF1-MSCs revealed en-
richment in cell-adhesion terms, again similar to what was
observed in ICF1 iPSCs. In summary, ICF1-iPSC differentiated
MSCs retain aberrant DNA methylation patterns similar to what
was observed in ICF1 iPSCs. Thus, our MSC differentiation
paradigm provides proof of principle that ICF1 iPSCs would
serve as a useful tool for further studies of ICF1 molecular patho-
genesis in various tissues.

DISCUSSION

Through reprogramming ICF patient fibroblasts carrying
DNMT3B mutations, we discovered that DNMT3B is necessary
for many de novo methylation signatures, but is dispensable for
overall iPSC derivation. Our finding reinforces the findings from
a recent study that showed mouse iPSCs can be readily generated

Figure 4. Selective promoter and enhancer demethylation in ICF1 iPSCs. (A). Scatterplot showing the relative fold change in gene expression (y-axis) and absolute
changes in proximal promoter methylation (x-axis) for the subset of differentially expressed genes as shown in Figure 2A. Genes with significant promoter demethyla-
tion (delta-beta .30%) and transcript up- or downregulated are colored in red and blue, respectively. (B). Genome browser view of the FAM19A5 gene locus. Top four
tracks (in black) are normalized RNA-seq reads (RPM) and bottom four tracks are CG methylation levels (in red) as measured by bisulfite sequencing. Both alternative
promoters are selectively demethylated (highlighted in blue bar). (C). Bar graph showing number of hypomethylated enhancers in various cell types that are also
hypomethylated in ICF1 iPSCs compared with control iPSCs. (D). Genome browser example of a specifically hypomethylated enhancer that only exhibit
H3K27ac occupancy in GM12878 lymphoblasts but not H1 hESCs. Red tracks are methylation levels measured by bisulfite sequencing (between 0 and 1). Blue
tracks are normalized tags of H3K27ac from ENCODE.
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from embryonic fibroblasts deficient of either Dnmt3a or
Dnmt3b, or both (33). Thus, although a wave of de novo methy-
lation in cell reprogramming contributes to iPSC-specific
methylation, demethylation in pluripotency genes is more asso-
ciated with pluripotency. Consistently, mouse ESCs tolerate
total demethylation while maintaining stem cell self-renewal
(21,44).

Our finding that DNMT3B is the predominant enzyme for cata-
lyzing non-CG methylation has support in the literature. For
example, Suetake et al. (45) demonstrated that recombinant
Dnmt3b has greater activity toward CpA and CpT compared
with Dnmt3a. Therefore, the greater contribution for DNMT3B-
mediated non-CG methylation may be due to biochemical differ-
ences in enzyme specificities. However, recombinant proteins
may not accurately represent non-CG activity in vitro. We have
performed genome-wide bisulfite sequencing in Dnmt32/2 and
Dnmt3b2/2 mESCs (Huang et al., unpublished), and found that
non-CG methylation is equivalently and mildly reduced in both
cell lines, suggesting thatDnmt3a andDnmt3bare functionallyre-
dundant for non-CG methylation in mESCs. Interestingly, Ziller
et al. (46) demonstrated a strong correlation between non-CpG
methylation and DNMT3 expression levels through siRNA
knockdown experiments in human ESCs. Their study also
showed knockdown of DNMT3B led to a greater loss of
non-CG methylation. However, their study may also be con-
founded by knockdown efficiencies. In the current study, we
showed that DNMT3B mutations lead to the loss of over 90%
of non-CG methylation, indicating DNMT3B is the predominant

de novo methyltransferase for non-CG methylation in hiPSCs.
This may suggest the regulation of non-CG methylation is
species specific. We have also examined the localization of
residual highly methylated non-CGs (.30% methylation) in
ICF1 iPSCs. Consistent with previous reports in germ cells that
non-CG methylation tend to accumulate around methylated
CGs (37,38), remnant non-CGs in ICF1 iPSCs also tend to
cluster around highly methylated CGs compared with unmethy-
lated non-CpG sites (data not shown). These data support that
notion that DNMT3A has some minor non-CG activity that loca-
lizes around highly methylated regions.

The gene expression analysis of ICF-iPSCs allowed us to
identify several genes that are deregulated both in ICF patient
somatic cells and iPSCs. In our study, we used a relatively
relaxed criterion for calling significantly deregulated genes,
and still found small differences in transcriptomes between
normal and ICF1 iPSCs. It is likely that DNMT3A compensates
for a vast majority of DNMT3B deficiency. Indeed, CG methy-
lation is largely unchanged with exception at select loci in ICF1
iPSCs. In addition, mutations in DNMT3B do not affect tran-
script and protein levels, so non-catalytic functions of
DNMT3B may still be preserved (10). Nevertheless, some
genes were consistently deregulated between normal and ICF1
iPSCs. Most notably, loss of cell adhesion appears to be a recur-
rent theme underlying ICF transcriptome in all cell types. In add-
ition, we found that several genes required for lymphocyte
differentiation and genome stability are already deregulated in
ICF iPSCs, suggesting that altered lymphocyte cell development

Figure 5. Methylation profiling of ICF1-iPSCs-derived MSCs. (A). Results of LC–MS/MS-MRM measurements of total methylcytosine levels in various MSC cell
types as well as primary bone marrow. 5mC levels are expressed as percentage of the total cytosine pool. Data represents mean and standard deviations from triplicate
analyses. (B). Bar chart showing global methylation in shared CG sites as measured by RRBS. Values represent average methylation of all measurable CpGs (n ¼ 738
952). (C). Venn diagram representing number of demethylated gene promoters in ICF1 cells compared with respective controls. (D). Genome browser view of DNA
methylation levels in the protocadherin cluster. Methylation level of individual CpGs is represented in vertical red bars (between 0 and 1), with the horizontal black line
representing methylation level of 0.5 for comparison.
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in ICF patients can be predicted from altered gene expression in
mutant ICF-iPSCs. Thus, the derivation of ICF-iPSCs also pro-
vides a valuable system to study ICF syndrome pathogenesis
through in vitro differentiation into a variety of somatic cell
types relevant to ICF syndrome phenotypes such as hematopoi-
etic and neural crest lineage cells.

MATERIAL AND METHODS

Derivation and cultures of human iPSCs and hESCs

The production of human iPSCs follows the protocol previously
described (47,48) using retroviruse expression of OCT4, SOX2,
KLF4 and c-MYC or OCT4, NANOG, KLF4 and LIN-28. One
line of ICF1 patient fibroblasts (ICF1-1 as designated in this
paper) was purchased from Coriell Institute of Medical Research
(GM08747), and the other line of ICF1 patient fibroblasts
(ICF1-2) was from Great North Children’s Hospital in Newcas-
tle, UK (Dr. Andrew Gennery) (49). Mutations were confirmed
via Sanger sequencing (Supplementary Material, Fig. S14).
Control ESC and iPSC lines have been described previously
(32). Human ESC and hiPSCs were maintained in DME supple-
mented with 20% KSR, nonessential amino acids (Invitrogen),
L-glutamine (Mediatech), Penn/Strep, 2-mercaptoethanol with
a feeder layer of MEFs as previously described (50). For both
gene expression and methylation analysis, the hESCs and
hiPSCs were passaged onto feeder-free gelatin-coated plates
twice before harvesting RNA and DNA. RNA was isolated
using Trizol (Invitrogen) while DNA was isolated using
PureLinkTM genomic DNA purification kit (Invitrogen).

Southern blot analysis

Genomic DNAs were digested with HpaII enzymes overnight
and fractionated through agarose gel electrophoresis then trans-
ferred to a nitrocellulose membrane. Satellite 2 and 3 probes
were end-labeled with P32 and were hybridized with Quickhyb
(Stratagene, San Diego), following the manufacturer’s protocol.
Radioautography was performed with hybridized membranes
and developed with a Kodak film developer.

Bisulfite conversion and sequencing

Bisulfite conversion was performed as described (50). Briefly,
genomic DNA was overnight digested with BglII, then incubated
with a sodium bisulfite for 16 h. Bisulfite-treated DNA was
desalted and precipitated and 10% of the precipitated material
was used for each PCR. Nested primers were used, and products
were gel purified and used for Topo Cloning (Invitrogen).

Whole-genome bisulfite sequencing analysis

Whole-genome shotgun bisulfite sequencing libraries (BS-seq)
were prepared as previously described (29) and sequenced on
the Illumina HiSeq2000 machine following manufacturer
instructions. BS-seq raw reads were mapped to the hg18
genome using default parameters in BS-Seeker (51). Methyla-
tion calling was performed using in-house scripts following pre-
viously described methods (31). Metaplot figures for DMRs
were constructed by dividing DMRs into 10 equally sized bins

flanked both up- and down-stream with 10 equally sized bins
that were normalized by the DMR length. For chromosome
wide plots, a smoothed average of 10 kb windows was used.
Regions of differential methylation was calculated by pooling
cytosine methylation levels for control or ICF1 iPSCs, then
using cutoff of FDR ,1% (based on the Kolmogorv–Smirnov
test) and delta-beta .30%. Proximal promoters were defined
as 500 bp sequences up- and down-stream of the transcription
start site (TSS). Enhancers were defined as previously described
(41,52).

RNA-sequencing analysis

RNA isolation and library construction was performed as previ-
ously described (53). Reads were mapped to the hg18 genome
using default parameters from BWA aligner (54); unmapped
reads were further mapped to hg18 reference mRNA sequences.
Uniquely aligned transcript reads were normalized to RPKM and
low or not expressed transcripts (RPKM ,0.5) were filtered out.
The remaining gene list was used as input for differential expres-
sion analysis by running default parameters in DEseq (55).
Genes with Benjamini and Hochberg-adjusted P-values (FDR)
,10% and mean fold-change .1.5 were considered differen-
tially expressed. Gene ontology analysis was performed using
DAVID Bioinformatics Resource (56).

Quantitative real-time PCR

RNA was DNase I treated (Invitrogen) and then quantified. cDNA
conversion was completed using the iScript kit (Bio-Rad). Quan-
titative PCR was done on a MyIQ Thermocycler (Bio-Rad) using
the Sybr Green Supermix (Bio-Rad). Relative expression levels
were normalized to 18S amplicons.

Mesenchymal stem cell differentiation

MSC differentiation was performed as previously described (43).
Briefly, human ESC colonies were detached with 1 mg/ml col-
lagenase IV(Invitrogen) for 10–15 min.Detached hESC colonies
were incubated in bFGF-depleted hESC medium suspension in
bacterial dishes for 7 days to form EBs. Media was changed
every other day. EBs were re-attached on a tissue culture dish
after selecting for well-rounded EBs under the microscope.
Attached EBs were cultured in DMEM high glucose (Gibco) con-
taining 15% fetal bovine serum (FBS) (Gibco), non-essential
amino acid (NEAA) (Gibco), antibodic (Gibco) and 10 ng/ml
bFGF (RD). Cell outgrowths from EBs were sorted by flow cyto-
metry (Aria II, BD Biosciences).

Flow cytometry was performed by dissociating cells with
0.25% trypsin ethylenediaminetetraacetic acid (Invitrogen) at
37? for 1 min, washed with PBS containing 2% FBS and incu-
bated for 30 min with antibodies. Antibodies for hMSC are as
follows: CD73 (APC, Biolegend) and CD146 (PE, Biolegend).

LC–MS/MS-MRM for measuring global methylation levels

This was performed as previously described (57). Briefly,
genomic DNA was digested using DNA Degradase Plus (Zymo
Research) and injected into a reverse phase ultra-high-
performance liquid chromatography column (Eclipse C18,
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2.1 × 10 mm, 1.8 mM particle size, Agilent) and eluted with a
methanol gradient. The effluent was passed through a triple quad-
ruple mass spectrometer (Agilent 6460 QQQ) via an electrospray
ion source (Agilent Jet Stream). The spectrometer was run in posi-
tive MRM mode, and 5mC levels for each sample were quantified
by dividing the 5mC MRM peak area by the combined peak areas
of 5mC, 5hmC, and C (unmodified cytosine). Calibration curves
were generated using known 5mC standards (Zymo Research).

The 5mdC peak in BJ fibroblasts and IPSCs from BJ fibro-
blasts is 3 and 5%, while similar measurements for the same
cell types have reported levels of 5 and 8%, respectively (57).
We attribute these variations to small differences in homogen-
eity/heterogeneity of the cell types in different batches prepared
at different times by different people, and to improvements in the
assay where we have made efforts to minimize ion suppression
which is particularly worrisome for poorly retained analytes
such as dC and 5mdC. Nevertheless, reproducibility of relative
peak intensities within an experiment is very good, as noted by
the small error bars.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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