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ponse our results uncover a

Introduction

Studies on the regulation of transcriptional memory are
challenging. Conceptually, the regulation consists of two phases:
establishment and maintenance. Molecular mechanisms for the
maintenance of the memory are relatively well understood
compared with those for the establishment of memory. Indeed,
how the establishment of transcriptional activation occurs is
largely unknown because it has been difficult to distinguish
mechanisms for establishment from those for maintenance,
presumably due to functional redundancies and spatial and
temporal overlap between them. Moreover, if transient regula-
tion is involved during the establishment phase, it is extremely
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difficult to tease apart and analyze the respective underlying
mechanisms.

For the establishment of transcriptional activation of develop-
mentally regulated genes in stem cells, we know that the poised
RNAPII should be released from pausing in the promoter-
proximal coding region, as occurs in response to various
microenvironmental cues [1], and that the associated chromatin
should be kept competent for transcription by RNAPII throughout
a coding region. P-TEFb, a cyclin-dependent kinase complex,
plays a pivotal role in the RNAPII pause release by alleviating the
repressive effects of DRB sensitivity-inducing factor (DSIF) and
negative elongation factor (NELF), and by phosphorylating the
Ser2 residue of the carboxyl-terminal domain of RNAPII [2-5]. In
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addition to recruitment of P-TEFb, it has been proposed that
recruitment of a certain chromatin remodeling factor is also
crucial to the release of paused RNAPII [3], which appears to be
situated adjacent to the first nucleosome downstream of the
transcription start site [6]. Thus, it seems that at least two
independent mechanisms are required to trigger productive
transcriptional elongation. It is conceivable that these mechanisms
are engaged throughout the coding region to maintain active gene
expression. In addition, the activation-of Polycomb group-target
genes further requires several counteracting mechanisms against
the Polycomb repressive complexes (PRCs) [7]. However, these
mechanisms underlying the establishment of transcriptional
memory and how these mechanisms are orchestrated remain
clusive.

Ashll is the mammalian equivalent of the Drosopfula Ashl
protein. Although Ashl is one of the first identified members of the
trithorax group proteins [7], both the Ashl- and Ashll-containing
complexes remain uncharacterized. Both Ashl and Ashll are
localized in chromatin and have been identified specifically in
promoter-proximal coding regions of a number of active genes
[8,9], suggesting a role during an ecarly step of transcriptional
elongation. Additionally, artificial tethering of Ashl to chromatin
containing a reporter gene results in gene activation in a SET
domain-dependent manner [10]. These results suggest that Ashl is
an epigenetic activator found in an “ON” state of target genes,
although the underlying mechanism of its action remains
unknown.

Like a number of SET domain-containing proteins, both Ashl
and Ashll possess histone lysine methyltransferase activity.
However, it is currently controversial as to which lysine residue
is targeted in vivo, although recent reports have suggested that Lys4
and Lys36 of histone H3 are the most plausible candidates [8—11].
So far, Lys4 is widely believed as a target residue due to several
lines of in vivo evidence [8-10], compared with only one for Lys36
[12]. It is consistent with the activator function of Ash1 [10], while
Lys36 methylation (Lys36me) has been shown to occur as a
consequence of transcription [13-15]. However, it should be noted
that an analysis of the enzymatic activities of Ashl and Ash1l i vivo
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has been difficult due to their physical and functional interactions
with other enzymes that methylate Lys4 [16,17] and also due to
the redundancy of enzymes methylating Lys36, such as Setd2,
Nsdl, Nsd2 and Nsd3 in mammals. Moreover, expression of the
full-length recombinant Ashll and detection of the endogenous
Ashll by immunoblot has been as yet unsuccessful, thereby
making analyses more challenging.

To eclucidate the molecular mechanism of the Ashll-mediated
establishment of gene expression, we developed a knock-in allele
expressing mutant of Ashll without part of the SET domain.
Using the mutant ES cells, we show that Ash11 methylates Lys36 of
histone H3 both i vitro and iz vive. Importantly, using DRB, a P-
TEFb kinase inhibitor that blocks productive transcriptional
clongation, we show that the methylation by Ashll and its effect
on PRC exclusion occur independently of productive transcrip-
tional elongation. In particular, an accumulation of Lys36me3 in
RAR-associated genes independent of transcriptional elongation
implicates a certain special function for establishing transcriptional
activation of Polycomb group-target genes. Moreover, the broad
chromatin domains carrying Lys36me were co-regulated with the
Tip60 or Mof complexes in a region-dependent manner, which in
turn acetylate the Lys16 of histone H4. We further investigated a
mechanism for the promotion of gene expression by Ashll, and
found an Ashll-dependent association with Brgl, another
founding member of the trithorax group proteins. These
molecular data in ES cells are supported by expression patterns
of Hox genes and skeletal phenotypes in Ashll mutant mice. Thus,
through genetic and biochemical analyses of Ashll, we have
elucidated a novel cascade of interplays from Ashl1l to Brgl, which
ultimately promotes chromatin reprogramming that counteracts
Polycomb silencing.

Results

Ash 1/ knock-in mutant ES cells demonstrate impaired
retinoic acid response

To explore a function of the methyltransferase activity of
mammalian Ashll, we generated knock-in mice and ES cells
expressing mutant Ashll containing a short in-frame deletion
within the AWS-SET domain (represented by ASET, Figure 1A).
Mouse Ashll mRNA was ubiquitously expressed in embryos, while
it was relatively enriched in the adult brain (Figures S1A, S1B and
data not shown). Expression of Ash// mRINA was not affected in
ASET embryos and ES cells (Figures 1B and 1C). Homozygotes
were viable and fertile (Table S1).

Since Ashll is a member of the trithorax group proteins that
regulate transcriptional activation of Hox genes, and retinoic acid
(RA) is known to induce expression of Hox genes in ES cells, a role
for Ashll methyltransferase activity in RA-induced Hox gene
expression was investigated in differentiating ES cells. A culture
protocol is shown in Figure 1D. Here, we analyzed representative
RA-responsive Hox genes, Hoxb4, and Hoxd4. Using a series of RA
concentrations, we found that expression levels of Hoxb4 and
Hoxd4 mRNAs were reduced in ASET ES cells (Figure 1E).
Specifically, the threshold concentration of RA required to trigger
the Hoxd4 mRINA expression was significantly increased in ASET
ES cells compared with that in wild-type cells (Figure 1F).
Moreover, the activation of the Hoxd4 mRNA expression was
relatively slow in ASET ES cells (Figure 1G). These results indicate
that the methyltransferase activity of Ashll is necessary for an
appropriate response to RA.

We further performed gene expression analyses of RA-treated
differentiating ES cells by RNA-sequencing (RNA-Seq) to
determine if RA-responsive genes were generally affected in
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Figure 1. Basic characterization of Ash1l mutant ES cells and Hox gene expression in response to RA. (A) Schematic representation of
the strategy used for targeted disruption of the Ash1/ gene. Exons 11-12 encoding the AWS-SET domain with their flanking introns were floxed by
loxP sequences. Cre-mediated germ-line recombination resulted in the generation of the ASET allele. (B) A PCR primer-pair of SET_flank_F/R was used
to distinguish between expression from the wild-type allele and that from the ASET allele as shown in (A). A PCR primer-pair of Ab3_F/R was used to
determine total expression from both alleles. The PCR primer-pairs are listed with their sequences in Table S4. (C) Comparison of Ash7/ mRNA
expression among E10.5-litter-mate embryos by conventional RT-PCR. Expression levels of Gapdh mRNA are shown as controls. (D) Protocol for RA-
induced differentiation of ES cells. (E) Conventional RT-PCR analyses of Hoxb4 and Hoxd4 mRNA expression levels in response to various
concentrations of RA. (F and G) Quantitative RT-PCR analysis of Hoxd4 mRNA expression levels. RA-titration analysis after 48 hours of induction (F),
and a time-course analysis using 1 nM RA (G). The results are represented as relative expression levels between wild-type and ASET ES cells. Wild-type
cells (blue bars or line) and homozygous ASET ES cells (orange bars or line) are shown. These results represent means and standard deviations (s.d.) of

three independent PCR reactions (Student's t-test, *P<<0.05).
doi:10.1371/journal.pgen.1003897.g001

ASET ES cells. Among 14,255 annotated genes, there were 543
genes that were highly up-regulated by RA treatment (more than
5-fold). Among those 543 genes, we found 152 genes (28.0%) in
ASET ES cells showing impaired responses to RA (more than 2-
fold decrease compared with wild-type cells, Figure 2A and Table
S2), in which several Wnt and Hox family genes appeared to be
affected (Figure S2). As expected, gene ontology analysis of the 152
genes revealed that biological functions of Ashll were highly
related to body pattern formation during development (Figure 2B).

The status of chromatin signatures in ES cells can be classified
in terms of the presence of Lys4me3 or Lys27me3 in histone H3
polypeptides: Lys4me alone, Bivalent (positive for both Lys4me3
and Lys27me3), Lys27me alone and None (negative for both
Lys4me3 and Lys27me3) [18]. Interestingly, the 152 RA-
responsive and ASET-impaired genes were significantly enriched
in a group positive for Lys27me3 (Figure 2C) and further enriched
especially in the Bivalent gene group (Figure 2D), suggesting that
the methyltransferase activity of Ashll counteracts Polycomb
silencing upon activation of developmentally regulated genes.
Chromatin immunoprecipitation-sequencing (ChIP-Seq) analysis
revealed that Ashll was present in more than 30% of those
affected genes (Figure 2E).

RNA-Seq analysis of undifferentiated ES cells showed that
expression levels of a majority of marker genes, including core
stem cell markers, were unchanged, while some endoderm
markers were moderately up-regulated in ASET ES cells (Figure
S3A). RA treatment of ES cells further enhanced the up-regulation
(Figure S3B). Comprehensive analysis of RINA expression levels
of 14,255 annotated genes revealed that 57 genes were
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down-regulated more than 2-fold in undifferentiated ASET ES
cells, while 59 genes were up-regulated (Table S3). Several
microRNAs and Snord family genes were highly dys-regulated in
ASET ES cells, although the impact of the methyltransferase
activity of Ashll on these genes i vivo remains unclear. While this
manuscript was under preparation, a report describing the
methyltransferase activity of Ashll for Hox gene repression was
published online [19]. Reason for discrepancy between our results
and theirs is currently unknown. However, conditions of basic
materials and methods may affect each result: knock-in mutant ES
cells and mice for ours, exogenous transient over-expression in

K562 cells for theirs.

Ash1l methylates Lys36 of histone H3 in vitro

To eclucidate an underlying mechanism involved in the
regulation of gene expression by Ashll, we examined the
biochemical activity of Ashll i vitro. We employed a bacterially
expressed GST-fusion Ashll protein (Figure 3A) since it has no
associated protein that methylates histone polypeptides. As shown
in Figure 3B, wild-type Ash1l (NF-WT) methylated histone H3 in
nucleosomes, but did not methylate free histone octamers or (H3-
H4), tetramers bound to DNA. Addition of H2A-H2B dimers to
the (H3-H4), tetramers on DNA in the reaction mixture failed to
replicate the methylation activity [K.N. unpublished observation],
and an amino acid substitution within the core catalytic part of the
SET domain (NF-H2213K) abolished it. Additionally, wild-type
Ash1l methylated wild-type histone H3 and its Lys4-to-Ala (K4A)
mutant to a similar extent, but not its Lys36-to-Ala (K36A) mutant
(Figure 3C). These results clearly indicate that Ashll specifically
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Figure 2. Comprehensive gene expression analyses of differentiating ES cells. ES cells were treated with 10 nM RA for 2 days, and purified
total RNA samples were subjected to RNA-Seq analyses. (A) RA-responsive genes (those whose expression levels were increased more than 5-fold
compared with undifferentiated ES cells: 543 genes out of 14,255 eligible annotated genes) were plotted on the graph using modified fragments/kb
of transcript/million fragments mapped (FPKM) values. The x-axis corresponds to expression levels of each gene (shown as log2 transformation of
each FPKM value plus 0.1), and the y-axis corresponds to fold change in gene expression levels between ASET ES cells and wild-type (shown as Alog2
transformation). The encircled area was enriched for some Hox and Wnt family genes (arrows, see also Figure S2). (B) Gene ontology analysis of ASET-
impaired 152 genes. A subset of RA-responsive genes demonstrating a greater-than-2-fold decrease in the modified FPKM values in differentiating
ASET ES cells was analyzed. Gene enrichment P-values were calculated by Chi-square test. The numbers of genes in each group are shown in
parentheses. (C) Bar chart showing relative ratios of the numbers of genes carrying trimethylation of Lys27 (18], a hallmark of the Polycomb-regulated
genes. Genes showing a difference greater than 2-fold were analyzed (up- or down-regulated). In addition, RA-responsive genes in the down-
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chromatin signatures for indicated gene group as in (C). (E) Venn diagram showing the relationship between Ash1l-target genes and ASET-affected

genes. The numbers of genes in each compartment are shown. The total number of annotated genes analyzed was 18,724.

doi:10.1371/journal.pgen.1003897.g002

methylates Lys36 of histone H3 and presumably recognizes the
preinstalled H2A-H2B dimer in a nucleosome to target Lys36.
Furthermore, recombinant Ashll carrying a deletion at the N-
terminal flanking region of the AWS domain (ANF-WT) was
catalytically inactive, indicating that this region is necessary for
optimum methyltransferase activity.

Ash1l methylates Lys36 of histone H3 upon gene
activation

We next examined whether our i wiro results could be
recapitulated in an i wvivo setting. Histone modification patterns
and Ashll occupancy in Hoxd4 in differentiating ES cells were
analyzed by ChIP assays. PCR primer-pairs were set as shown in
Figure 3D (Table S4 for sequences). A promoter-proximal coding
region of Gapdh was also investigated as a constitutively active
control. Hoxd4 chromatin has been reported to be bivalent in
undifferentiated ES cells [18]. Consistent with the report, even in
the absence of RA, peaks of histone H3 Lys4me2 and me3
(Lys4me2/3) were clearly detected in a promoter-proximal coding

PLOS Genetics | www.plosgenetics.org

region of Hoxd4, while the levels of histone H3 Lys36me?2 and me3
(Lys36me2/3) were rudimentary (Figure 3E). Surprisingly, Ashll
was clearly present in Hoxd4 even in the absence of RA (Figure 3E).
We also observed considerable amounts of Ash1lin the promoter-
proximal coding region of Gapdh. However, we observed no
difference between wild-type and ASET ES cells in these ChIP
assays.

Following RA treatment, while the levels of Lys36me2/3 were
increased in Hoxd4 coding regions in wild-type cells, this was not
observed in ASET ES cells (Figure 3F). There was no significant
change in the levels of Lys4me2/3 of Hoxd4 in ASET ES cells. We
found that the levels of Ash1l in coding regions of Hoxd4 and Gapdh
were maintained after RA treatment. We observed no difference
in the levels of Ash1l between wild-type and ASET ES cells. These
results indicate that Ashll specifically methylates Lys36 in vivo, as
expected from our i viiro results, and suggest that the enzymatic
activity of Ash1lis activated upon the addition of RA. Since Ashll
is a dimethylase [11], the observation that there was no increased
Lys36me3 in ASET ES cells may be a consequence of an impaired

November 2013 | Volume 9 | Issue 11 | e1003897
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Figure 3. Ash1l specifically methylates Lys36 of histone H3 both in vitro and in vivo. (A) Structure of full-length Ash1l (left) and GST-fusion
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recombinant nucleosomes containing wild-type or mutant histone H3 as indicated. CBB: Coomassie brilliant blue staining for histone polypeptides
separated on a SDS-PAGE gel. Position of histone H3 in the autoradiogram is indicated in each assay (arrowheads). (D) Diagram of the Hoxd4 gene.
Black and grey boxes represent exons and a 3’ retinoic acid responsive element (RARE), respectively. Black bars under the diagram indicate the
regions analyzed by ChiP assays. TSS: transcription start site. (E and F) ChiP assays of various regions in differentiating ES cells before (E) or after (F) RA
treatment (see the culture protocol shown in Figure 1D). The results are represented as mean values relative to input (% input). Error bars represent
s.d. (Student’s t-test, ¥*P<<0.05). The antibodies used are indicated above each graph. Broken lines indicate approximate levels of ChIP signals in the
12ra promoter as a control.

doi:10.1371/journal.pgen.1003897.g003

Lys36me2-platform that is required as a substrate for a certain Lys36-methylases other than Ashll could be involved,

trimethylase. although the identity of the enzyme recruited to the region
has yet to be determined. In Gapdh, DRB increased Lys36me2

Lys36me occurs independently of RNAPII Ser2p levels in wild-type cells, but DRB treatment resulted in a clear
Based on several studies conducted in yeast, the presence of ~ decrease in Lys36me3 levels (Figure 4B), suggesting that DRB
Lys36me in a coding region is widely believed to be a consequence specifically affected association of a certain trimethylase that
of transcriptional elongation [13-15] and to function to recruit the was recruited in a RNAPII Ser2p-dependent manner. Similar

histone deacetylase complex [20,21]. However, our results results were obtained for Hoxb4 and Hprtl (Figure S4). These
suggested a novel hypothesis: Lys36me by Ashll in a coding results indicate that Lys36me2 by Ashll and other dimethy-
region occurs during the establishment of Hox gene activation to lases occurs independently of RNAPII Ser2p. However,
promote a proper response to RA (sce Figures 1F and 1G). yvhether Lys36me3 occurs independently of RINAPII Ser2p
Therefore, in this case, the Lys36me should be independent of the is gene-dependent.
productive transcriptional elongation.

To test our hypothesis, we employed DRB, which reversibly Lys36me2 in a large number of regions occurs
blocks productive transcriptional elongation by inhibiting the independently of the Ser2-phosphorylation of RNAPII,
kinase activity of P-TEFb. DRB artificially creates the poised while Lys36me3 occurs in a context-dependent manner
RNAPIL closely mimicking the promoter-proximally paused Having established that Hoxd4 and Gapdh were DRB-responsive
RNAPII in a gene demonstrating bivalent chromatin in ES cells, genes in that Lys36me2(/3) was increased in response to DRB, we
thereby manifesting intermediate steps for the establishment of analyzed if the observed response was applicable genome-wide.
transcriptional activation. If Lys36me by Ashll is independent of First, immunoblot analyses for bulk Lys36me2 and Lys36me3
the RNAPII Ser2p or transcriptional elongation, then DRB would levels were performed (Figure 4C). In the presence of RA, we
not affect methylation levels. In the next experiments, DRB was found the bulk Lys36me2 levels in wild-type and ASET ES cells
added to differentiating ES cells during RA treatment and ChIP were simi]arly increased in response to DRB’ while those of

assays were performed. Two Ashll-associated genes were com- Lys36me3 were not, and instead decreased.

pared: Hoxd4, representing a Polycomb group-target gene, and Next, we performed ChIP-Seq analyses to obtain genome-wide

Gapdh, a constitutively active gene. profiles of Lys36me2/3 in response to DRB. Distributions of
As shown in Figure 4A, far from a decrease in the Lys36me Lys36me2/3 relative to a metagene show a clear difference

level, wild-type ES cells displayed a clear increase in Lys36me2/3 between Lys36me2 and me3 in response to DRB: Lys36me3 levels

levels in the promoter-proximal coding region of Hoxd4 in were decreased in isolated, entire regions, while in contrast,

response to DRB. Interestingly, differences in the Lys36me2/3 Lys36me2 levels were increased in most of the regions (Figure 4D).
levels between wild-type and ASET ES cells were more evident in Thus, having observed that Lys36me3 of Hoxd4 was increased in
the presence of DRB. On the other hand, DRB also increased response to DRB, here we found that its genome-wide level
the Lys36me2/3 levels in ASET ES cells, albeit to a lesser showed the opposite response, indicating that genes demonstrating
extent [compare (—) and (+) in ASET], suggesting that some increased Lys36me3 levels in response to DRB were minorities.
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Figure 4. Lys36me2 occurs independently of the Ser2-phosphorylation of RNAPII, while Lys36me3 occurs in a context-dependent
manner. ChIP assays of differentiating ES cells either with (+) or without (—) DRB treatment. Promoter-proximal coding regions of either Hoxd4 (A) or
Gapdh (B) were analyzed. DRB was added during RA treatment, and then ES cells were cultured for another 16 hours. The antibodies used are
indicated above each graph. The results are represented as means and s.d. (Student’s t-test, *P<0.05). Broken lines indicate approximate levels of
ChlP signals in either /i2ra promoter as controls. (C) In the presence or absence of DRB, bulk histones in differentiating ES cells were analyzed by
immunoblot using the indicated antibodies. (D) Distributions of Lys36me2/3 ChIP-Seq read counts relative to a metagene in the presence or absence
of DRB. The y-axis corresponds to relative read counts to base-read counts (shown as log2 transformation). TSS: transcription start site, TES:
transcription end site. (E and F) Genomic profiles for Lys36me2/3, RAR, and Ash1l ChIP-Seq signals of numbers of genomic loci in differentiating ES
cells (10 nM RA treatment for 2 days). DRB was used during culturing of cells where indicated. The x-axis corresponds to genomic locations; the y-axis
corresponds to the normalized ChIP-Seq signal density. Representations of UCSC genes are shown on the bottom, in which Hox loci (E) and the other
representative loci (F) are shown. RAR ChlIP-Seq datasets (GSE19409) [22] were downloaded from the NCBI Short Read Archive database. (G) Bar
charts showing relative ratios of the numbers of RAR-associated genes in indicated gene groups in differentiating ES cells. The gene groups are
classified according to fold change in Lys36me2/3 levels in response to DRB: Alog2 transformation of normalized reads/kb/million mapped (RPKM)
values of each gene in DRB (+) over those in (—). Total numbers of genes in each gene group are indicated on the right side of each graph. Chi-square
testing was used for calculation of P-values where indicated, *P<<0.001. (H) Distributions of Lys36me2/3 ChIP-Seq read counts relative to RAR binding

sites in ES cells in the presence or absence of DRB.
doi:10.1371/journal.pgen.1003897.g004

Figures 4E and 4F show profiles of the representative genomic
regions. In these genomic profiles, we found that the level of
Lys36me2 in wild-type cells was generally unchanged in response
to DRB in a broad range of regions, or rather increased in some
parts, while that of Lys36me3 was decreased in most regions.
However, we also found that substantial levels of Lys36me3
remained in scattered regions, including some inter-genic regions.
Interestingly, quite a few such regions were found in the vicinity of
RAR binding sites [22], implicating a functional relationship
between Lys36me3 in response to DRB and RA signaling. Indeed,
the numbers of RAR-associated genes were significantly under-
represented in a gene group with decreased levels of Lys36me3 in
response to DRB (Figure 4G, ALog2<<—0.6). Most strikingly,
RAR binding sites showed a major peak in the Lys36me3 ChIP-
Seq read density plot (Figure 4H). Additionally, in B16 cells, which
express Hoxd4 constitutively without the addition of RA, we
observed only a small increase in Lys36me3 levels in response to
DRB (Figure S5). These results further support our proposed
relationship. Taken together, our results indicate that Lys36me2
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by Ash1l and other dimethylases occurs independently of RNAPII
Ser2p in a large number of genomic regions. However, whether
Lys36me3 occurs independently of RNAPII Ser2p is context-
dependent, and at least in a portion of genomic regions, RAR may
play a substantial role for maintaining Lys36me2/3 levels.

Lys36me occurs independently of productive
transcriptional elongation

In the above experiments, it is possible that past productive
transcriptional elongation had left unknown traces on the
transcribed chromatin, which in turn was targeted by several
Lys36-methylases including Ashll, although recruitment of the
methylases is independent of RNAPII Ser2p. Moreover, it remains
unclear whether the activation of the enzymatic activity of Ashll
requires the productive transcriptional elongation. Therefore, in
the next experiments, to block the productive transcriptional
elongation completely, we used DRB prior to administering RA.
Specifically, DRB was added 1 hour before the addition of RA,
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Figure 5. Lys36me2/3 and exclusion of the PRCs occur
independently of productive transcriptional elongation. (A)
Protocol for RA-induced differentiation of ES cells under DRB
pretreatment. DRB was added to the culture medium 1 hour before
the addition of RA, then the ES cells were cultured for another 16 hours
in the presence of 100 nM RA. (B) Nuclear run-on assay in combination
with RT-gPCR analyses of Hoxd4 mRNA expression either with or
without DRB pretreatment. The results are represented as values
relative to Gapdh mRNA in each cell type. Error bars represent s.d.
(Student’s t-test, *P<<0.05). ND: not detected. (C and D) ChiP assays of
differentiating ES cells either with (+) or without (—) DRB pretreatment.
A promoter-proximal coding region of Hoxd4 was analyzed. The
antibodies used are indicated above each graph. The results are
represented as means and s.d. (Student’s t-test, *P<<0.05). Broken lines
indicate approximate levels of ChiP signals in either /2ra promoter (C)
or Gapdh coding region (D) as controls.

doi:10.1371/journal.pgen.1003897.g005

and then the cells were cultured for another 16 hours in the
presence of RA (Figure 5A).

Under these conditions, Hoxd4 mRNA was not increased at
all from the basal level that was observed in undifferentiated ES
cells, indicating that DRB blocked the productive transcription-
al elongation completely (Figure 5B). As shown in Figure 5C,
while wild-type ES cells displayed mild increases in Lys36me2/3
levels in the promoter-proximal coding region of Hoxd4 in
response to DRB, ASET ES cells did not, resulting in clear
differences between wild-type and ASET ES cells in the
presence of DRB. The results indicate that Ashll-dependent
Lys36me2/3 in Hoxd?¢ occurs independently of productive
transcriptional elongation during the establishment of transcrip-
tional activation. This may be reasonable since Ashll is
preloaded on the Hoxd4 chromatin before the addition of RA
(see Figure 3E).

Ash1l promotes exclusion of the PRC1 in a transcription-
independent manner

Can transcription-independent Lys36me by Ashll counteract
Polycomb silencing? A previous report showed that transcription is
necessary to exclude the PRCs from local chromatin [23].
However, proof remains elusive of whether progression of RNAPII
itself is the major determinant factor for the exclusion. Moreover,
how the PRCs are removed upon gene induction is poorly
understood. Therefore, under the same conditions, ie. the
addition of DRB prior to RA, we characterized the status of
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Polycomb silencing in ES cells by analyzing Suz12 (a component
of the PRC2), Lys27me3 (an enzymatic product of the PRC2),
ubiquitination of histone H2A (H2Aub, an enzymatic product of
the PRC1), Mell8, and Rnf2 (components of the PRC1) in Hoxd4
chromatin.

We found significantly higher levels of Mell8 and Rnf2 in
Hoxd4 chromatin of ASET ES cells compared to wild-type cells
in the absence and presence of DRB (Figure 5D). Interestingly,
wild-type and ASET ES cells displayed clear decreases in Mell8
and Rnf2 levels upon blocking of transcription by DRB,
demonstrating anti-parallel ChIP patterns against those of
Lys36me2/3 (compare Figures 4A, 5C and 5D). Similar results
were obtained for a distal coding region of Hoxd4 (Figure S6C).
Suz12 and H2Aub levels showed more rapid and clear decreases
in response to RA. However, differences between wild-type and
ASET ES cells in the occupancies of Suzl2 and H2Aub were
unclear, suggesting that there was an Ashll-independent
pathway to exclude these molecules. Lys27me3 levels displayed
only a marginal response to both DRB and RA under these
conditions (Figure 5D). However, we observed a clear decrease
in Lys27me3 levels after a longer induction by RA, in which
there was a substantial difference between wild-type and ASET
ES cells (Figure S6D).

In summary, these experiments showed that Suzl2, H2Aub,
Mell8 and Rnf2 demonstrated relatively rapid responses to RA
compared with Lys27me3, and contradicting a previous notion,
their exclusion was not dependent on transcriptional elongation.
Importantly, we found that exclusion of Mell8 and Rnf2 from
chromatin upon RA induction was specifically impaired by loss of
the methyltransferase activity of Ashll, suggesting a negative
relationship between PRC1 chromatin association and Ashll
activity. Although ASET ES cells displayed mild decreases in
RINAPII Ser2-phosphorylation (Ser2p) levels in the coding regions
of Hoxd4, the decreased levels of Lys36me did not affect the basic
status of RNAPII for the most part (Figures S7TA-S7C). Similar
results were obtained even for a relatively larger gene, Wat6
(Figures S7D and S7E). These results suggest that the methyl-
transferase activity of Ashll mainly contributes to promoting the
anti-Polycomb silencing function rather than the activation of
RNAPII directly.

The functional link between Lys36me and Lys16ac in an
entire coding region

Having established that Lys36me in Hoxd4 occurs independent-
ly of productive transcriptional elongation and that DRB enhances
the difference between wild-type and ASET ES cells, we next
asked how the Lys36me facilitates transcriptional elongation.
Given that certain histone acetylations have more direct effects on
activation of transcription, ChIP assays were performed to analyze
the effects of Lys36me on representative histone acetylations, such
as Lys9/ 14 acetylation of H3 (Lys9/14ac) and Lys16 acetylation of
H4 (Lysl6ac). In all subsequent experiments, when necessary,
DRB was added during RA treatment as in Figure 4.

Interestingly, the ChIP pattern of Lysl6ac in Hoxd4 was similar
to that of Liys36me in that the ChIP signals were not decreased in
the presence of DRB. In fact, they were increased in wild-type ES
cells, and became clearly lower in ASET ES cells compared with
wild-type cells (Figure 6A), thereby revealing the effect of Lys36me
by DRB. The ChIP pattern of Lys9/14ac did not resemble even
slightly that of Lys36me. These results collectively indicate that
Lysl6ac specifically correlates with Ashll-dependent Lys36me,
both of which are independent of RNAPII Ser2p. This was
consistent with a recent report conducted in Drosophila, where
connections were made between Lys36me2 with dMes-4 and
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doi:10.1371/journal.pgen.1003897.g006

Lysl6ac by an unknown enzyme in proximal coding regions [24].
Interestingly, in our study, similar results were also obtained for
Gapdh (Figure 6B), even in a further downstream distal coding
region (Figures 6C and 6D), suggesting that cooperative action
between Lys36-methylases including Ashll and a certain Lysl6
acetyltransferase influences these histone modifications in an entire
coding region independently of RNAPII Ser2p. Similar results
were obtained for Hoxb4 and Hprtl (Figure S8), suggesting that the
observed parallel link is a general phenomenon. In ASET ES cells,
the global levels of Lys36me2 and Lys16ac, but not of Lys36me3,
were found to be reduced (Figure 6E), which further corroborated
the ChIP results.

The Tip60 and Mof complexes are co-regulated with
Lys36me in a region-dependent manner

Since we observed no significant difference in the levels of
Ashll, RNAPII, and Serdp between wild-type and ASET ES
cells (see Figure 4A), we speculated that Lys36me contributed to
the association of a certain Lysl6-acetyltransferase with a
coding region chromatin. We next analyzed the Mof and Tip60
complexes as these complexes preferentially acetylate Lys16 of
histone H4 and are highly relevant to transcriptional activation.
Furthermore, since these complexes contain chromodomain
proteins (Msl3l [25] in the Mof complex and Mrgl5 [26] in the
Tip60 complex) that bind Lys36-methylated histone H3 [27,28],
both complexes can associate with the Lys36-methylated
chromatin. The ChIP patterns of Tip60 in the promoter-
proximal coding region of Hoxd4 and Gapdh were similar to
those of Lys16ac, while Mof showed distinct patterns (Figures 6F
and 6G). However, in the distal coding region of Gapdh, the
ChIP pattern of Mof was similar to that of Lysl6ac (Figure 6H),
while the similarity in that of Tip60 became less prominent.
These results suggest that both Tip60 and Mof are the enzymes
that acetylate Lys16 downstream of Ashll-dependent Lys36me
and that they differentially associate with a target gene in a
region-dependent manner, ie. Tip60 in a promoter-proximal
coding region and Mof in a distal coding region. The
involvement of the acetyltransferase activity of Tip60 in Hoxd4
activation was further suggested by utilizing 7Tip60 knock-in
mutant ES cells (heterozygote) (Figure S9). Under these
conditions, Lys36me2 was likely to be affected, suggesting
crosstalk between Ashll and Tip60.

PLOS Genetics | www.plosgenetics.org

Interplay with Brg1, a key factor for chromatin
reprogramming, is revealed by DRB

Having demonstrated functional interaction between Lys36me
by Ashll and Lysl6ac by Tip60 or Mof, we then analyzed other
events that the interaction influences. Among the chromatin
remodeling complexes associated with gene activation, several i
vitro studies suggest that the Brgl complex is the most plausible
candidate that targets Lysl6ac [29,30], although whether this
applies i vivo remains unclear. The ChIP pattern of Brgl in the
promoter-proximal coding region of Hoxd4 was mostly similar to
those of Lys36me and Lys16ac (Figure 61, left panel). We observed
a similar result for Gapdh (Figure 61, middle panel), even in the
distal coding region (Figure 61, right panel). Next, as the active P-
TEFb complex containing both Cdk9 and Brd4 has been shown to
target Lysl6ac [31], we also analyzed the occupancy of Cdk9.
However, the ChIP pattern of Cdk9 showed only a limited
similarity to those of Lys36me and Lysl6ac (data not shown).
Therefore, these results suggest that Lys36me by Ash1l contributes
to Brgl association in an entire coding region.

Ash1l is required for a proper response to a certain
activating cue during development

We next examined whether our results in ES cells could be
recapitulated in development of mice. Whole-mount @ situ
hybridization was employed to determine expression patterns of
representative Hox genes in various parts of developing embryos
that carry the ASET mutation. While the expression patterns of
Hoxb4, d4, and a4 mRNAs were largely similar between wild-type
and ASET embryos, the anterior boundaries of their expression
domains were shifted posteriorly along the antero-posterior axis at
the paraxial mesoderm in ASET embryos (Figures 7, S10A and
S10B). Thus, consistent with the results in ES cells, these findings
suggest that the methyltransferase activity of Ashll promotes a
response to a certain activating cue that triggers Hox gene
expression during development.

A genetic interaction between Ash1/ and Mel18 in a
skeletal phenotype

To examine whether the observed posterior shifts of the
expression domains of Hoxb4 and Hoxd4 mRNAs are reflected
by skeletal phenotype, we compared vertebrae of wild-type and
mutant mice. Consistent with Ashll being one of the trithorax
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Figure 7. Posterior shifts of the expression boundaries of
Hoxb4 and Hoxd4 mRNAs. Whole-mount in situ hybridization
analyses of Hoxb4 and Hoxd4 mRNA expression in E10.5 embryos.
Shown are normal (white arrows) and affected (orange arrow-heads)
anterior expression boundaries at the paraxial mesoderm in wild-type
and ASET mutant embryos, respectively.
doi:10.1371/journal.pgen.1003897.g007

group proteins, obvious alterations in the identities of vertebrae
were observed (Table 1, Figures 8A and S10C-S10I). In
particular, 42-56% of the mutant mice had cervical vertebrae
affected, showing the homeotic transformation of the C2 vertebra
into the C1 vertebra. These phenotypes were similar to those
caused by mutations in group 4 Hox genes, since the C2-to-C1
transformation was caused by a functional loss of either Hoxb4 or
Hoxd4 [32], which support our results in ES cells and embryos.
Importantly, we found that the ASET allele partially suppressed
the C2-to-C3 transformation caused by homozygous mutations in
Mel18, indicating a role for Ashll in anti-Polycomb silencing in vivo
(Figure 8B).

Discussion

In contrast to prevalent notions, at least with regards to Hox
gene activation, the present study has shown that both Lys36me2/
3 in a coding region and the accompanying exclusion of the PRCs
from the region occur independently of productive transcriptional
elongation. RNA-Seq analysis revealed a significant functional
relationship between Ashll and Polycomb-regulated genes in that
Ashll-mediated Lys36me counteracts Polycomb silencing. Intrigu-
ingly, ChIP-Seq analysis has suggested that the preceding
Lys36me2/3 during the establishment of Hox gene expression is
applicable to a subset of RAR-associated genes. We have also
uncovered a functional link among Ashll, Tip60, Mof, and Brgl,
which cooperatively promote Hox gene expression in response to
RA. Collectively, our results reveal insights into mechanisms
underlying the establishment of transcriptional memory that
counteracts Polycomb silencing, which have until now been
difficult to analyze by conventional methods.

Here, we propose that Ashll and RAR coordinate to
orchestrate a novel regulatory cascade of chromatin reprogram-
ming (Figure 9). The Lys36me2/3 preceding productive tran-
scriptional elongation may directly counteract association of the
PRC:s in target chromatin [33,34], resulting in de-repression from
Polycomb silencing, likely through loosening of the compacted
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chromatin structure [35]. Therefore, Lys36me2/3 by Ashll and
other Lys36-methylases constitute a rate-limiting step, which may
promote Lys16ac by Tip60 or Mof'in a region-dependent manner.
Lys16ac may lead to further loosening of the chromatin structure
[29], allowing the Brgl chromatin remodeling complex to be
associated and to promote chromatin reprogramming, presumably
by further excluding the PRCs to alleviate Polycomb silencing and
by remodeling nucleosomes to facilitate productive transcriptional
elongation.

The proposed mechanism might be also applied to transcrip-
tional regulation in the Drosophila species, showing a correlation
between Lys36me2 and Lysl6ac [24]. Indeed, the consecutive
regulatory steps described above might explain a previous report
detailing progression of the ecdysone-induced puff 74EF in
polytene chromosomes of Drosophila larvac under pretreatment
with DRB [36]. However, the mechanism would not apply in
yeast, in which an anti-correlation between Lys36me2 and histone
H4 acetylation has been reported [20,21]. These observations
suggest that such regulatory mechanisms are unique to metazoans.

What is the significance of Lys36me3 during the establishment
of transcriptional activation? At least in a promoter-proximal
coding region of Hoxd4, we found Lys36me3 could occur
independently  of  productive  transcriptional  elongation
(Figure 5C). An accumulation of Lys36me3 on the Lys36me2-
platform may ensure de-repression from Polycomb silencing
because Lys36-demethylases Kdm2a/b would not recognize
Lys36me3 as a substrate {33]. The degree of Lys36-trimethylase
recruitment was presumably RA-dependent as we observed only a
small increment in the level of Lys36me3 in the presence of DRB
in B16 cells without addition of RA (Figure S5). A predisposition to
underrepresent RAR-associated genes in the “decreased” gene
groups in response to DRB as well as accumulations of Lys36me2/
3 around RAR binding sites further support our surmise
(Figures 4G and 4H). Of note, DRB clearly increased the
Lys36me2/3 levels in promoter-proximal coding regions of
Hoxb4/d4 in ASET ES cells (Figures 4A and S4B). Therefore,
we speculate that several Lys36-methylases, including Ashll, play
a role during the establishment of transcriptional activation in an
RA-dependent manner. Consistent with this speculation, Ashll,
Nsdl, and a major mammalian Lys36-trimethylase Setd?2, all have
a nuclear receptor binding motif, LYXLL. Indeed, approximately
60% of RAR binding sites were co-occupied with Ashll (Figure
S1G). Thus, it is tempting to speculate that nuclear receptor-
dependent developmental programs may have similar underpin-
nings to the Hox genes regulator mechanisms revealed in this
study.

Our results suggest that a part of the function of Lys36me2/3 in
Hoxd4 mRINA expression is masked after productive transcrip-
tional elongation. Specifically, the effect of Lys36me2/3 on the
association with Tip60 and Brgl was more evident in the presence
of DRB (Figures 6F—6I), suggesting that this association is partially
dependent on P-TEFb activity. Once the active P-TEFb complex
associates with target chromatin and triggers the productive
transcriptional clongation, it may have a dominant effect on the
association over that of Lys36me2/3. However, upon gene
activation but before tethering of the P-TEFb complex,
Lys36me2/3 may have a dominant comprehensive function,
involving exclusion of the PRCs and promoting association of
Tip60 and Brgl, thereby facilitating the RA response (Figure 9).
This idea is consistent with our results demonstrating that
sensitivity against a certain activating cue appeared to be affected
in ASET mice and ES cells (Figures 1F, 7, S10A and S10B).

One of the important issues when studying transcription
mechanisms on a chromatin template is how a dramatic change
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Table 1. Skeletal phenotypes observed in progenies by intercrossing of heterozygotes.

Region and type of abnormalities

Cervical region

Thoracic region

Abnormal rib cage

L6 to 51

Total number unaffected

Total number ana

Genotypes

2 (6%)

12 (100%) 17 (47%) 5 (20%)

doi:10.1371/journal.pgen.1003897.t001

in chromatin structure occurs upon gene activation: in particular,
whether the open chromatin structure is established before or after
the first RNAPII travels along the template DNA [37]. So far, it is
widely believed that a specially equipped RNAPIIL, or so-called
“pioneer polymerase”, is required for the initial opening of the
condensed chromatin. This special RNAPII breaks down the
condensed chromatin structure into the open structure during the
first transcriptional elongation, thereby ultimately creating the
transcription-competent chromatin. However, the results of the
present study led us to the notion that the driving forces initiated

Mel18 (+/+)

Mel18 (/)
Ash1l (+/+)

Mel18 (-+-)
Ash1l (+/ASET)

B

Ash1l (+/+)

Figure 8. Typical skeletal phenotypes of Ash7/ASET mice, and a
genetic interaction between Ash1/and Mel78. Lateral views of the
cervico-thoracic region of the axial skeleton are shown. (A) The C2-to-
C1 transformation in a ASET mouse (C2*), deformities of the anterior
arch of the atlas (aaa* at C1*) and an ectopic rib (arrow-head) on the C7
vertebra (C7*%). (B) A genetic interaction between Me/718 mutant allele
and Ash1/ ASET allele. The C2-to-C3 transformation (C2**) in a Mel718
mutant mouse is partially suppressed by an additional Ash1/ ASET allele
(C24).

doi:10.1371/journal.pgen.1003897.g008
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by the methyltransferase activity of Ashll promote the establish-
ment of the open and transcription-competent chromatin structure
prior to the first productive transcriptional elongation by fully-
activated RNAPIL. Our hypothesis may be applied to active but

Target gene (repressed)

i

Target gene (being activa{ed)

Figure 9. A proposed role of Ash1l with RAR in the
establishment of transcriptional activation. In the upper panel,
Ash1l is preloaded in the promoter-proximal coding region with the
condensed bivalent chromatin (thick and short gene body) that mainly
generates immature short transcripts (represented in orange on the
gene body). Enzymatic activity of Ashi1l is inactivated under the
condition (light-red). During the establishment of transcriptional
activation, retinoic acid and its receptor (RA&RAR) promote activation
of Ash1l (dark-red), as well as association of the other Lys36-methylases
with the target chromatin. These Lys36-methylases, including Ashil,
orchestrate the downstream mechanisms directly or indirectly, thereby
further promoting RA response through alleviating the repressive effect
of the PRCs and opening the condensed chromatin (represented by the
extended shape of the gene body in the bottom panel) independently
of transcriptional elongation. The Brg1 complex may indirectly target
Lys36me2/3 through Lys16ac.

doi:10.1371/journal.pgen.1003897.g009
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non-productive bivalent genes; however, it remains unclear
whether it can be applied to inactive, inducible monovalent genes.

Results from whole-mount w situ hybridization analyses in Ashl{
ASET mice (Figures 7, S10A and S10B) were clearly distinct from
those in mutant mice carrying a deletion in the SET domain of
MIll, a representative Lys4-methylase belonging to the trithorax
group, which displayed a normal expression boundary and an
impaired maintenance of Hoxd4 mRNA expression [38]. On the
other hand, the results in As#/] ASET mice were similar to those in
the Polycomb group mutant mice in that the mutants demon-
strated shifts of expression boundaries at the paraxial mesoderm
(Mel18 in [39]; Phel/2 in [40]), although directions of the shifts in
Polycomb group mutant mice were opposite to those in Ashll
ASET mice. Collectively, these results suggest that Ashll has a
distinct function from MIl1 and directly counteracts the function of
the Polycomb group proteins. Consistent with this idea, Askll
ASET mice only demonstrated additive and non-synergistic
phenotypes with the double-heterozygous M/ mutation [YY &
KN, unpublished observation], and a partial suppression in the
phenotype with the Aell/8 mutation (Figure 8B).

We also observed that Ashll was localized in a promoter-
proximal coding region (Figures 3E, 3F and S1E), corroborating
previous reports [8,9]. Bromo-, PHD- and BAH-domains in the
carboxyl-terminal region of Ashll supposedly function to restrict
localization. The distribution of Ashll in Hoxd4 was similar to
those of Lys4me2/3, and a large portion of Ashll was co-
localized with Lys4-methylated chromatin (Bivalent and Lys4me
alone, Figure S1F). It is tempting to speculate that the specific
localization of Ashll may be necessary for certain interaction
partners of Ashll, such as Ly4-trimethylases, to be recruited in a
promoter-proximal coding region. Of note, we also found that
Ashll was clearly present in the absence of RA (Figure 3E) and
in genes that were not expressed (Figures SIF and S1G).
Surprisingly, it appeared that the methyltransferase activity of
Ash1l was inactive under these conditions. Presumably, Ash1] is
deposited but poised to achieve an immediate action in response
to RA. It remains unclear how the enzymatic activity of Ashll
protein is activated. Future studies on the Ash1l complex and its
interaction partners, as well as using knockout mice, may resolve
these issues.

Unexpected is the increase in the level of Lys36me2 upon DRB
treatment. It is possible that, under normal conditions, there may
be a competition for methylation sites between Lys36-trimethylase
Setd? and other Lys36-dimethylases including Ashll. In the
presence of DRB, the lack of transcription-dependent trimethyla-
tion by Setd2 would result in a spreading of Lys36me2 catalyzed
by the dimethylases. In a subset of RAR-associated genes, the
Lys36-trimethylase, accompanied with RAR, may genecrate
Lys36me3 on the plat-form of accumulated Lys36me2 in a
transcription-independent manner. This may explain the in-
creased levels of Lys36me2/3 upon DRB treatment in the subset
of RAR-associated genes including Hoxd4.

‘In this study, using an Ashll mutant and DRB, we have
revealed a novel function for Ashll during the establishment of
transcriptional activation of Polycomb-regulated genes, including
Hox and Wnt family genes. Given that the Wnt signaling pathway
integrates numecrous environmental signals ¢ o, Ashll may
modulate a variety of signals in many biological processes. We
have also found novel functional links among several chromatin
modifiers that reprogram the status of target chromatin. Future
studies on these factors will provide further insights into precise
mechanisms for the establishment of transcriptional memory that
counteracts Polycomb silencing of developmentally regulated
genes.

PLOS Genetics | www.plosgenetics.org

11

Anti-Polycomb Silencing Mechanisms by Ash1l

Materials and Methods

Ethics statement

The animals’ care was in accordance with institutional
guidelines of National Institute of Genetics in Japan and Saga
University Faculty of Medicine.

Generation of Ash1/ ASET mice

The schematic representation of the strategy used for targeted
disruption of mouse Ask// gene is shown in Figure 1A. A targeting
vector was constructed by insertion of DNA fragments of introns
10-12 (5'Sphl-Spel) of mouse 4si/{ gene into a ploxFNFDT-SS
backbone vector, in which 5'BamHI-3’Sphl fragment was
replaced to a PCR-cloned floxed exon fragment (exons 11-12)
with a Pgk-Neo® cassete. PCR primer-pairs used for the cloning
are listed in Table S4. ASET mice were generated with M1 ES
cells (derived from F7 of C57BL/6] and 129/Sv), and backcrossed
to CG57BL/6] between two to six times. Genotypes were
determined by PCR using the primer-pairs listed in Table S4.

Generation and characterization of polyclonal antibodies

against mouse Ash1l protein

c¢DNA encoding a part of Ashll protein (2803-2891, Figure
S1C) was inserted into the bacterial expression vector pGEX 6P-1
(GE Healthcare). The PCR primer-pairs used are listed in Table
S4. GST-fusion proteins were induced and were purified using
glutathione-sepharose beads. The cluates containing the recombi-
nant proteins were pooled and dialyzed against PBS. The
antibodies were raised against each GST-fusion protein and
affinity-purified. Since endogenous Ashll protein was difficult to
detect by immunoblot, the specificity of the antibodies was
checked by immunofluorescence analysis under transient expres-
sion of lentiviral-mediated shRINA directed against mouse Ashll
mRNA (Figure S1D). Pseudovirus was produced from HEK293T
cells by cotransfection of packaging plasmids (Addgene) and
pRSI9 vector (Cellecta, Decipher Project)  using PEI-MAX
(Polysciences). The target sequence in Asi// mRNA was following:
5'-GCCAAAUUCUCCUUCUCAUUU-3’.

Cell cultures

ES cells were cultured on gelatin-coated dishes in a basic culture
medium of KO-DMEM (Gibco) containing 1x GlutaMAX-I
(Gibco), 1x MEM NEAA (Gibco), 0.1 mM 2-mercaptocthanol
(Gibco), 50 units/ml penicillin (Gibco), 50 pg/ml streptomycin
(Gibco), without feeder cells. For culturing undifferentiated ES
cells, the above basic culture medium was supplemented with
1,000 units/ml of leukemia inhibitory factor (LIF) (Chemicon),
15% Knockout Serum Replacement (Invitrogen), and 1% fetal calf
serum (Gibco), and 10 mM 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (Hepes) buffer. For culturing differentiating ES
cells, only 10% fetal calf serum (Gibco) was supplemented to the
above basic culture medium. A typical protocol for cell culture is
shown in Figure 1D, in which RA is added to the differentiation
medium at indicated time points. DRB (Sigma) was added at a
final concentration of 75 uM on either Day 3 or Day 4 (16 hour--
exposure) before analysis.

ChlIP assays

Chromatin immunoprecipitation was performed according to
online protocols provided by Millipore (for histone modifications)
or Abcam (for the other proteins) with modifications in fixation
protocols. The antibodies and fixation protocols used are listed in
Table S5. Immunoprecipitated DNA was purified using a PCR
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Purification Kit (Qiagen), and was quantified by real-time PCR
using SYBR green dye on a LightCycler480 machine (Roche).
PCR temperatures for acquisitions of DNA amplification signals
were determined empirically. PCR primer-pairs used are listed in
Table S4. Background signals are shown in Figure SI11A and are
subtracted from most of the respective results. Control ChIP
signals in either a promoter-proximal coding region of Gapdh or a
promoter region of [l2ra are indicated in relevant figures (Figure
S11B). Unless otherwise stated, each result and error bar in graphs
represent mean and s.d., respectively, of three independent PCR
reactions from a single ChIP experiment that is representative of
several that were performed (3 to 5 experiments).

ChIP-Seq and data analysis

For ChIP-Seq, 1-5x107 ES cells were used and chromatin was
sheared to an average DNA fragment size of 150-250 bp. After
immunoprecipitation using Dynabeads protein G (Invitrogen),
ChIP-Seq libraries were prepared according to Illumina protocols.
The libraries were sequenced using an Illumina HiSeq 1000. All
ChIP-Seq reads were mapped to the mouse genome (mm9) using
Bowtie2 with default parameters. Genomic profiles were generated
using igvtools and were viewed in Integrative Genomics Viewer
(IGV). Peaks of Ash1ll and RAR ChIP-Seq signals on genome were
determined using MACS?2 with false-discovery rate as 0.05. Each
associated gene for the peaks was determined using Entrez gene
annotation with in-house computer program, in which Ashll-
target genes were defined as genes containing Ashll-peaks around
transcription start site (I'SS) within +/—4 kb and RAR-associated
genes were defined as genes containing RAR-peaks in up-stream
(from —20 kb to TSS) and coding regions. Datasets for reads/kb/
million mapped (RPKM) values of Lys36me2/3 in coding regions
of each gene were normalized to 75th percentile. Raw sequencing
data were submitted to the NCBI Short Read Archive database
under accession number (GSE48421). Mouse ES cell RAR ChIP-
Seq datasets (GSE19409) [22] were downloaded from the NCBI
Short Read Archive database and were compared with
Lys36me2/3 datasets generated by our study.

In situ RNA hybridization

Hox ¢cDNAs were RT-PCR-cloned from embryonic total RNA
into pBluescript. Primer-pairs used for PCR amplification are
listed in Table S4. Single-stranded RINA probes labeled with either
[®*S]-UTP (for section) or digoxigenin-UTP (for whole-mount)
were synthesized according to manufacturer’s instructions (Pro-
mega; Roche). In situ hybridization was performed according to
the procedures described previously [41,42]. After hybridization
and washing, the sections were immersed in Kodak NBT emulsion
(diluted 1:1 with 2% glycerol), exposed for 2 wecks and developed
in a Kodak D-19 developer. For whole-mount w situ hybridization,
probes were detected using alkaline phosphatase-conjugated anti-
digoxigenin Fab fragment (Roche) and signals were developed
using Nitro blue tetrazolium chloride (NBT) and 5-Bromo-4-
chloro-3-indolyl phos- phate, toluidine salt (BCIP) (Roche).

Skeletal analysis

Skeletal preparations were prepared from perinatal mice as
described previously [41]. Cartilage and ossified bone were stained
with alcian blue-alizarin red.

Nuclear run-on assays

The run-on transcription assay was performed as described
previously with following modifications {43]. Briefly, 57 x 10° cells
were treated with ice-cold hypotonic nuclei isolation buffer
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(20 mM Hepes-KOH [pH 7.6], 10 mM NaCl, 5 mM MgCl,,
0.5% NP-40, 1 mM DTT, 0.2 mM PMSF, 1 mM Bezamidine-
HCI) and the isolated nuclei were re-suspended in storage buffer
(50 mM Hepes-KOH [pH 7.6], 0.1 mM EDTA, 5 mM MgCl,,
40% glycerol) to give a total 30 pl for each reaction. Transcription
was re-started by addition of 30 ul of transcription buffer (10 mM
Hepes-KOH [pH 7.6], 0.3 M KCl, 4 mM DTT), 40 units of
RNase inhibitor, 3 pl of Biotin RNA Labeling Mix (Roche). The
reaction was incubated at 30°C for 45 min on a vortex mixer.
After DNase I (Takara) treatment, total RNA was isolated using
Isogen II (Nippongene) and 10-20 ug of total RNA was subjected
to further purification of nascent RINA molecules using 50 pl of
Dynabeads MyOne Streptavidin T1 (Invitrogen) in Click-iT
Nascent RNA Capture Kit (Invitrogen). Complementary DNAs
were synthesized from purified nascent RNA molecules by on-
beads reverse transcription according to the manufacturer’s
instructions, and the cDNAs were subjected to real-time PCR
analyses.

RNA-Seq and data analysis

Total RNA was prepared using Isogen II (Nippongene) and
subjected to DNase I (Takara) treatment and further purified by
aid of RNeasy Mini Kit column (Qjagen). The poly(A)-containing
mRNA were purified and libraries were prepared according to
Mumina TruSeq RNA protocols. Data were obtained with the
Mumina HiSeq 1000 sequencing machine. All RNA-Seq reads
were mapped to the mouse genome (mm9) using TopHat2.
Transcript abundance was quantified using Cufflinks and anno-
tations from Ensembl release 70, and FPKM (fragments/kb of
transcript/million fragments mapped) values were calculated. To
minimize dispersion effect by low-FPKM values, all the FPKM
values were modified by addition of 0.1 in log2 transformation.
For a classification of chromatin signature, a supplementary table
and ChIP-Seq data in Mikkelsen, et al. [18] were used as
references. Gene ontology analysis for biological process of the
selected genes was performed using Partek Genomic Suite (Ryoka
systems). Raw sequencing data were submitted to the NCBI Short
Read Archive database under accession number (GSE48419).

Remaining materials and methods including the method for
histone methyltransferase assay are available in Text S1.

Supporting Information

Figare S1 Characterization of Ashll gene product (mRNA
expression and genomic distribution of Ashll protein). (A)
Northern blot analysis of AskI/l mRNA expression using total
RNA from various adult tissues and whole embryos. (B)
Conventional RT-PCR analyses of 4sh// mRNA expression levels
in undifferentiated or differentiated ES cells, developing embryos
(E8.5, 10.5, 14.5) and embryonic fibroblasts (MEFs). As controls,
expression levels of Oci4, Hoxd4, and Gapdh mRNAs are shown.
After RA was added to the culture medium at a final
concentration of 1 pM in the absence of LIF and feeder cells,
ES cells were further cultured for 4 days. (G and D)
Characterization of the antibodies against Ashll protein. Rabbit
polyclonal antibodies were raised against the carboxyl-terminal
region of mouse Ashll protein (an arrow in C, sec Materials and
Methods). Immunofluorescence analysis of Ashll protein in mouse
embryonic fibroblasts (D). A lentivirus vector expressing shRNA
directed against Ash// mRNA was constructed, and a recombinant
virus was infected to mouse embryonic fibroblasts. The virus-
infected fibroblasts were labeled by TagRFP. Nuclei were labeled
by DAPL The empty vector was used as a shRNA-negative
control. (E) Distribution of Ashll ChIP-Seq read counts relative to
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TSS in ES cells. (F) Pie chart showing relative ratio of status of
chromatin signatures [18] for Ashll-target genes. (G) Venn
diagrams showing the relationship of Ashll-target genes with
cither Lys4me-positive genes [Lys4me3 (+)], expressed genes
(Expressed, FPKM values from RINA-Seq analysis over 0.1), or
RAR-associated genes [RAR (+)]. The numbers of genes in each
compartment are shown. The total number of annotated genes
analyzed was 18,724.

(TTE)

Figure 82 RNA-Seq data for Hox and Wnt family genes in
differentiating ES cells. (A and B) The results of Hox (A) and Wnt
(B) family genes were plotted on the graphs using modified FPKM
values. The x-axis corresponds to expression levels of each gene
(shown as log2 transformation of each FPKM value plus 0.1), and
the y-axis corresponds to fold change in gene expression levels
between ASET ES cells and wild-type (shown as Alog2
transformation). (C) Quantitative RT-PCR analyses of Hoxd4,
What6, and Gapdh mRNAs in differentiating ES cells to verify the
RNA-Seq results.

(TIF)

Figure 83 RNA-Seq data for marker gene expression. The
results of indicated marker genes are plotted on the graphs using
modified FPKM values. The x-axis corresponds to expression
levels of each gene (shown as log2 transformation of each FPKM
value plus 0.1), and the y-axis corresponds to fold change in gene
expression levels between ASET ES cells and wild-type cells
(shown as Alog2 transformation). (A) Undifferentiated ES cells. (B)
Differentiating ES cells.

(T1F) '

Figure 84 ChIP assays of histone modifications for Hoxb4 and
Hprtl in differentiating ES cells. (A) Diagrams of Hoxb4 and Hprtl
genes. Black boxes represent exons. (B-ID) ChIP assays of histone
modifications and the status of RNAPII in differentiating ES cells
cither with (+) or without (—) DRB treatment. The antibodies used
are indicated at the top of each graph. The results are represented
as means and s.d. (B) The promoter-proximal coding region of
Hoxb4 was analyzed. (C) The promoter-proximal coding region of
Hprtl was analyzed. (D) The distal coding region of Hprtl was
analyzed.

(TTE)

Figure 85 Comparison of DRB-response between ES cells and
B16 cells. (A) Quantitative RT-PCR analyses of Hoxd4 and Gapdh
mRNAs in differentiating ES cells and a melanoma cell line, B16.
ES cells were cultured in the presence of RA (see the culture
protocol shown in Figure 1D). Hoxd4 was constitutively active in
B16 cells without addition of RA. The left panel depicts expression
of Hoxd4 mRNA in the presence (+) or absence (—) of DRB. The
right panel depicts expression of Gapdh mRINA. The results are
represented as the means and s.d. of three independent PCR
reactions. (B) RA-dependent increases in Lys36me2/3 levels of
Hoxd4 chromatin in response to DRB. ChIP assays of B16 cells
and differentiating ES cells either with (green bars) or without
(black bars) DRB treatment. The promoter-proximal coding
region of Hoxd4 in each cell was analyzed. The antibodies used
are indicated at the top of each graph. The results are represented
as means and s.d.

(TIF)

Figure 86 Exclusion of the PRCs occurs in a transcription-
independent manner. ChIP assays of Lys27me3 and Mell8 in
differentiating ES cells either with (+) or without (—) DRB
treatment. (A) Occupancies of Lys27me3 and Mell8 in the
promoter-proximal coding region of Hoxd4 before addition of RA.
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(B and C) DRB was added to the culture medium prior to RA,
resulting in induction over 16 hours. The promoter-proximal (B)
and distal (C) coding regions of Hoxd4 were analyzed. In (B), the
same dataset as in Figure 5D was used. (D) RA was added to the
culture medium prior to DRB as shown in Figure 1D, resulting in
induction over 48 hours. The antibodies used are indicated at the
top of each graph. The results are represented as means and s.d.
(TIF)

Figure 87 The status of RNAPII is mostly unaffected in ASET
ES cells. (A and B) ChIP assays of various regions of Hoxd4 in
differentiating ES cells before (A) or after (B) addition of RA. The
results are represented as relative values that were obtained by
normalizing cach result to Gapdh in each cell type. Error bars
represent s.d. of three independent ChIP experiments. The
antibodies used are indicated above each graph. Broken lines
show approximate levels of ChIP signals in the //2ra promoter. We
found that RINAPII was relatively enriched in the promoter-
proximal region even before Hoxd4 activation (A), demonstrating
one of the features of promoter-proximal pausing of the poised
RNAPIL After RA treatment, the RNAPII levels in the coding
regions were increased in both wild-type and ASET ES cells to a
similar extent (B), suggesting that the recruitment and progression
of RNAPII were not affected in ASET ES cells. Similar results
were obtained with the phosphorylation levels of Ser2 (Ser2p) and
Serd (Ser5p) at the carboxyl-terminal domain of RNAPIJ;
however, the Ser2p levels in the coding regions of ASET ES cells
were observed to be slightly affected (B). (C) A diagram of the
Hoxd4 gene. Black and grey boxes represent exons and a 3’
RARE, respectively. Black bars under the diagram indicate the
regions analyzed by ChIP assays. TSS: transcription start site. (D)
ChIP assays of promoter-proximal and distal coding regions of
What6 in differentiating ES cells. The results are represented as
relative values that were obtained by normalizing each result to
Gapdh in each cell type. Error bars represent the s.d. of three
independent ChIP experiments. The antibodies used are indicated
above each graph. Broken lines show approximate levels of ChIP
signals in the //2ra promoter. (E) A diagram of the Wni6 gene.
Black boxes represent exons. Black bars under the diagram
indicate the regions analyzed by ChIP assays.

(T1F)

Figure S8 ChIP assays of histone H4 Lysl6 acetylation for
Hoxb4 and Hprtl in differentiating ES cells. Diagrams of Hoxb4 and
Hprtl genes are shown on top of each ChIP result. Black boxes
represent exons. ChIP assays were performed using differentiating
ES cells cither with (+) or without (—) DRB treatment. The results
are represented as means and s.d. (A) The promoter-proximal
coding region of Hoxb4 was analyzed. (B) The promoter-proximal
(left) and distal (right) coding region of Hprt! was analyzed.

(T1F)

Figure 89 Generation of 7260 knock-in mutant ES cells. (A)
Schematic representation of the strategy used for targeted
replacement of exon 10 in the 760 gene. The mutated exon
10 encoding a part of the histone acetyltransferase domain with its
flanking introns was floxed by loxP sequences. FLPe-mediated
recombination resulted in the generation of the mutated allele
(Q325E and G328E, heterozygote). Red bars represent mutations
in exon 10. (B) RT-PCR analysis of RA-induced Hoxd4 mRNA
expression. (C) ChIP assays of histone modifications in differen-
tiating ES cells either with (+) or without (—) DRB treatment. The
promoter-proximal coding region of Hoxd4 was analyzed. The
antibodies used are indicated at the top of each graph. The results
are represented as means and s.d. Likely due to the heterozygosity
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of the knock-in mutation, we observed a mild difference in the
levels of Lys16ac between wild-type and knock-in mutant ES cells.
(TTE)

Figure S10 [n viwo analyses of Ash/! ASET mutant mice.
(A and B) In situ hybridization analysis of Hoxa4 mRNA in
E11l.5-embryes. In (A), results of whole-mount in situ hybridizations
for Hoxa4 mRNA are shown. Normal (white arrows) and affected
(orange arrowheads) anterior expression boundaries at the paraxial
mesoderm in wild-type and ASET embryos. In (B), results of in situ
hybridizations for Hoxa4 mRNA are shown in a representative
cross-sectional image. A radio-isotope-labeled antisense-riboprobe
was used for the detection of the mRNA. Yellow lines represent
boundaries between each pre-vertebra (pv). Each arrow indicates
the most anterior boundaries of Hoxa4 mRNA expression. An atrial
chamber of the heart in each embryo is encircled by a blue-broken
line. (C-H) Typical skeletal phenotypes of Ashll ASET mice.
Ventral views of the axial skeleton are shown. (G, D and E) Wild-
type, (F, G, and H) ASET mice. (C and F) The cervical region. In
(F), the dens of the C2* is fused to the C1%, affecting the formation of
the anterior arch of atlas (aaa*). (F and G) The thoracic region. In
(G), the abnormal rib cage is shown. Identities of sternoclavicular
joints are mismatched between the left and right sides (for example,
r2 to r1#¥). (E and H) The lumbo-sacral region. In (H), the transverse
process of the L6* is fused to that of the S1. (I) Schematic
representation summarizing the homeotic transformations. The
vertebrae are numbered serially from the Cl vertebra, in which
the cervical region is from 1 to 7, the thoracic region is from 8 to
20, the lumbar region is from 21 to 26, and the sacral region is
from 27 to 30. a, the C2-to-C1 transformation. b, the C7-to-T1
transformation. c, the T1-to-C7 transformation. d, the L6-to-S1
transformation.

(TIF)

Figure S11 Background and control signals in ChIP assays. (A)
Background ChIP signals in the promoter-proximal regions of
indicated genes with (+) or without (—) DRB treatment are shown.
The fixatives that were used are indicated above each graph (see
Table S5 for fixation protocols). The results are represented as the
means. Most background ChIP signals were around 0.01% input
and are subtracted from most of the respective results. (B) Control
ChIP signals in either a promoter-proximal coding region of Gapdh
(for Lys27me3, Mell8, Suzl2, H2Aub, and Rnf2) or a promoter
region of I/2ra (for the others). ChIP assays were performed using
indicated antibodies and approximate levels of each result are
indicated in relevant figures.

(TTF)
Table S1 Results from intercrossing of Ashll ASET heterozy-
gote. Each offspring obtained by mating heterozygotes was
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genotyped around 3 to 4 weeks after birth by allele-specific PCR
using the primers listed in Table S4.
(XLSX)

Table $2 RA-responsive genes and ASET-impaired genes.
Listed are 543 genes with a value over 2.5 following Alog2
transformation of modified FPKM values in wild-type ES cells
after 10 nM RA treatment for 2 days (WT+RA) over those of
undifferentiated cells (WT). Raw FPKM values are shown here.
Genes that were down-regulated in ASET ES cells are indicated as
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Table 83 Dys-regulated genes in undifferentiated ES cells.
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undifferentiated wild-type and ASET ES cells. Raw FPKM values
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Table 85 Antibodies used in this study. These antibodies were
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Text S1 Supplemental Materials and Methods. Remaining
materials and methods are described here.
(DOCX)
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REVIEW

Epigenetic and genetic alterations of the imprinting
disorder Beckwith-Wiedemann syndrome and

related disorders

Hidenobu Soejima and Ken Higashimoto

Genomic imprinting is an epigenetic phenomenon that leads to parent-specific differential expression of a subset of genes.
Most imprinted genes form clusters, or imprinting domains, and are regulated by imprinting control regions. As imprinted
genes have an important role in growth and development, aberrant expression of imprinted genes due to genetic or epigenetic
abnormalities is involved in the pathogenesis of human disorders, or imprinting disorders. Beckwith-Wiedemann syndrome
(BWS) is a representative imprinting disorder characterized by macrosomia, macroglossia and abdominal wall defects, and
exhibits a predisposition to tumorigenesis. The relevant imprinted chromosomal region in BWS is 11p15.5, which consists of
two imprinting domains, IGF2/H19 and CDKN1C/KCNQ10T1. BWS has five known causative epigenetic and genetic alterations:
loss of methylation (LOM) at KvDMR1, gain of methylation (GOM) at HI9DMR, paternal uniparental disomy, CDKNIC
mutations and chromosomal rearrangements. Opposite methylation defects, GOM and LOM, at H19DMR are known to cause
clinically opposite disorders: BWS and Silver-Russell syndrome, respectively. Interestingly, a recent study discovered that loss
of function or gain of function of CDKNIC also causes clinically opposite disorders, BWS and IMAGe (intrauterine growth
restriction, metaphyseal dysplasia, adrenal hypoplasia congenita, and genital anomalies) syndrome, respectively. Furthermore,

several clinical studies have suggested a relationship between assisted reproductive technology (ART) and the risk of imprinting
disorders, along with the existence of trans-acting factors that regulate multiple imprinted differentially methylated regions. In
this review, we describe the latest knowledge surrounding the imprinting mechanism of 11p15.5, in addition to epigenetic and

genetic etiologies of BWS, associated childhood tumors, the effects of ART and multilocus hypomethylation disorders.
Journal of Human Genetics (2013) 58, 402-409; doi:10.1038/jhg.2013.51; published online 30 May 2013

Keywords: assisted reproductive technology; Beckwith-Wiedemann syndrome; DNA methylation; genomic imprinting; IMAGe
syndrome; multilocus hypomethylation disorders; Silver-Russell syndrome

INTRODUCTION

Genomic imprinting is an epigenetic phenomenon that leads to
parent-specific differential expression of a subset of mammalian
genes. So far, > 100 imprinted genes have been identified in humans
and mice, and most imprinted genes often form clusters, or
imprinting domains. The expression of imprinted genes within these
domains is regulated by imprinting control regions (ICRs)."? ICRs
are identical to differentially methylated regions (DMRs), which are
characterized by DNA methylation on one of the two parental alleles,
or maternally methylated DMRs and paternally methylated DMRs. In
addition, there are two classes of imprinted DMRs, gametic DMRs
and somatic DMRs. Gametic DMRs acquire DNA methylation during
gametogenesis, and the methylation is maintained from zygote to
somatic cells during all developmental stages. Most gametic DMRs are
identical to ICRs. Methylations of somatic DMRs are established
during early embryogenesis after fertilization under the control of
nearby ICRs.!?

As most imprinted genes have an important role in the growth and
development of embryos, placental formation, and metabolism,
aberrant expression of imprinted genes due to epigenetic or genetic
abnormalities is often implicated in the pathogenesis of human
disorders such as congenital anomalies and tumors.? Epigenetic
abnormality leading to aberrant expression of imprinted genes mostly
includes aberrant hypomethylation or hypermethylation at ICRs.
Genetic abnormalities include uniparental disomies, chromosomal
deletions, duplications, translocations, inversions of imprinting
domains, and point mutations of imprinted genes. Representative
imprinting disorders and their corresponding imprinted loci are as
follows: Beckwith~Wiedemann syndrome (BWS) at 11pl15.5, Prader-
Willi/Angelman syndromes at 15q11-q13, pseudoparahypothyroidism
type 1b at 20q13.3, Silver-Russell syndrome (SRS) at 11p15.5 and
chromosome 7, and transient neonatal diabetes mellitus type 1 at 6q24.

Here, we review BWS, focusing especially on imprinting
mechanisms of 11pl15.5, epigenetic and genetic etiologies leading to
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aberrant expression of corresponding imprinted genes, relationships
between epigenetic/genetic alterations and clinical features, and
associated childhood tumors. We also describe the relationship
between assisted reproductive technology (ART) and imprinting
disorders and explore multilocus hypomethylation disorders (MHDs).

CLINICAL FEATURES AND CAUSATIVE ALTERATIONS OF BWS
BWS (OMIM #130650) is a pediatric overgrowth disorder that is
characterized by the peculiar traits of prenatal and postnatal
macrosomia, macroglossia, abdominal wall defects as originally
described by Beckwith and Wiedemann.>* The incidence has been
reported to be 1 in 13700,% and the male-to-female ratio is ~ 1:1.
BWS also shows other variable features, including anterior ear lobe
creases and/or posterior helical pits, neonatal hypoglycemia, intra-
abdominal visceromegaly, cytomegaly of adrenal fetal cortex, renal
abnormalities, hemihyperplasia and cleft palate. The development of
embryonal tumors (for example, Wilms” tumor, hepatoblastoma and
rhabdomyosarcoma) is an important feature of BWS, and the overall
tumor risk has been estimated at 7.5% with a range of 4-21%.%7
Although several clinical criteria have been proposed so far,31°
there is no single unified criterion. However, a criteria scheme
proposed by Weksberg et alll is generally accepted for clinical
diagnosis: the presence of at least three major findings, or two major

Table 1 Major and minor finings associated with
Beckwith-Wiedemann syndrome*!

Major findings
Abdominal wall defect: omphalocele (exomphalos) or umbilical hernia
Macroglossia
Macrosomia (traditionally defined as height and weight > 97th percentile)
Anterior ear lobe creases and/or posterior helical pits (bilateral or unilateral)
Visceromegaly of intra-abdominal organ(s); for example, liver kidney(s), spleen,
pancreas and adrenal glands
Embryonal tumor in childhood
Hemihyperplasia
Cytomegaly of adrenal fetal cortex, usually diffuse and bilateral
Renal abnormalities, including medullary dysplasia and later development of
Medullary sponge kidney
Positive family history of Beckwith-Wiedemann syndrome
Cleft palate

Minor findings
Pregnancy-related findings of polyhydramnios, enlarged placenta and/or
thickened umbilical cord, premature onset of labor and delivery
Neonatal hypoglycemia
Nevus flammeus
Cardiomegaly/structural cardiac anomalies/cardiomyopathy
Diastasis recti
Advanced bone age
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findings and one minor finding, from those reported in Table 1.
Simpson—Golabi-Behmel syndrome, Costello syndrome, Perlman
syndrome, Sotos syndrome and mucopolysaccharidosis VI (Maro-
teaux—Lamy syndrome) are considered as differential diagnoses.

Approximately 85% of BWS cases are sporadic; the other 15% are
familial showing autosomal dominant inheritance. The relevant
imprinted chromosomal region in BWS, 11p15.5, consists of two
independent imprinting domains, IGF2/HI9 and CDKNIC/
KCNQIOTI. Several causative alterations have been identified for
sporadic cases of BWS: loss of methylation (LOM) at KvDMRI1
(~50%), gain of methylation (GOM) at HI9DMR (~5%), paternal
uniparental disomy (patUPD; ~20%), CDKNIC mutations (~ 5%),
duplications of 11pl5 (<1%) and translocations or inversions
involving 11p15 (<19%) (Table 2).1'-1> However, no alteration of
11p15.5 can be found for ~20% of BWS cases. Interestingly, among
these causative alterations, methylation abnormalities, such as
KvDMRI-LOM and H19DMR-GOM, and patUPD are mosaic in
the patients; however, other genetic alterations including CDKNIC
mutation are essentially not mosaic.

IMPRINTING MECHANISMS OF 11P15.5 AND ETIOLOGIES OF
BWS

The IGF2/H19 domain

The important genes in this domain are insulin-like growth factor 2
(IGF2) and HI9. IGF2 is expressed from the paternal allele, and the
gene product has an important role in development and growth,
whereas H19 is a maternally-expressed, non-coding RNA, which may
function as a tumor suppressor, but whose precise biological role
remains unresolved.'!> One study reported that HI9 is a miRNA
precursor expressed in human keratinocytes and neonatal mice,
suggesting its involvement during development.!® The ICR of this
domain is HI9DMR, which is located 2kb upstream of HI9 and is
methylated on the paternal but not the maternal allele (Figure 1). The
methylation of HI9DMR is established during spermatogenesis.!”!8
This ICR, which contains seven CCCTC-binding factor (CTCF)
binding sites in human and four in mouse, regulates the reciprocal
expression of IGF2 and H19 by functioning as a chromatin insulator.
On the maternal allele, CTCF binding at the insulator elements within
unmethylated HI9DMR blocks enhancers downstream of H19 from
accessing IGF2 promoters. On the paternal allele, as the methylation
of HI9DMR prevents CTCF binding, the enhancers can access IGF2
promoters.!>?® Thus, these mechanisms lead to paternal expression of
IGF2 and maternal expression of HI9. Recent chromatin
conformation studies showed that CTCF binding at regulatory
regions other than HI9DMR and the enhancers surrounding the
domain formed allele-specific chromatin loops, depending on the
methylation of HI9DMR, in order to regulate the expression of IGF2
and HI9. For these CTCF-dependent chromatin loop formations, the
recruitment of cohesin to CTCF-binding sites is required and cohesin
stabilizes the chromatin conformations.?!??

Table 2 Correlation between epigenetic/genetic alteration and clinical features

Alteration type Frequency Clinical features

Tumor risk Tumor type

H19DMR-GOM 2-7%  Hemihyperplasia >25%  Wilms' tumor, Hepatoblastoma

KvDMR1-LOM ~50%  Omphalocele, Hemihyperplasia ~5%  Hepatoblastoma, Rhabdomyosarcoma, Gonadoblastoma
(No Wilms’ tumor)

Paternal uniparental disomy ~20%  Hemihyperplasia (various regions of body) >25%  Wilms’ tumor, Hepatoblastoma

CDKN1C mutation ~5%  Omphalocele, Cleft palate <b5%  Neuroblastoma

Chromosomal rearrangements <2% Unknown

Developmental delay (case with duplication) Unknown
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Figure 1 Imprinting domains at 11p15.5. Upper panel indicates the imprinting mechanisms in normal individuals. As for the /GF2/H19 domain, the
insulator model is shown. On the maternal chromosome, the binding of CTCF to unmethylated H19DMR blocks enhancers from accessing /GF2 promoters.
In contrast, on the paternal allele, as the methylation of HI9DMR prevents CTCF binding, the enhancers can access /GF2 promoters. Thus, these
mechanisms lead to paternal expression of /GFZ and maternal expression of HI9. Please refer to the text for the chromatin loop model. As for the
CDKNIC/KCNQ1OTI1 domain, on the paternal chromosome, it has been proposed that CDKNIC is repressed by KCNQ10OTI RNA coating and by a silencer
and an insulator near the KvDMR1, which is likely regulated by CTCF. A putative enhancer within the KCNQI locus acts on maternal expression of
CDKNIC. The lower panel displays causative alterations of BWS. Vertical arrows with maternal translocations and inversions indicate chromosomal break
points. Blue: paternal expressed genes; red: maternal expressed genes; green diamond: enhancers (putative enhancer in CDKNIC/KCNQIOT1 domain); wavy

line: non-coding RNA transcribed from the paternal KCNQIOTI gene.

In ~5% of BWS patients, gain of DNA methylation occurs on the
normally unmethylated maternal HISDMR (H19DMR-GOM)
(Figure 1, Table 2). Aberrant DNA methylation at maternal
H19DMR is accompanied by a change of histone modification from
accessible H3K9ac and bivalent H3K4me2/H3K27me3 to repressive
H3K9me3 and H4K20me3.?2 The aberrant DNA methylation prevents
CTCF binding to maternal HI9DMR, and the chromatin loop
formation changes from maternal-type to paternal-type due to
aberrant DNA methylation and histone modification change. The
chromatin conformation change drags the enhancers into the vicinity
of IGF2, leading to biallelic expression and loss of imprinting of IGF2
and reduced expression of HI19. Overexpression of IGF2 and reduced
expression of HI9 induce the BWS phenotype. One representative
phenotype of HI9DMR-GOM is hemihyperplasia (Table 2).12

The majority of GOM cases show an isolated epigenetic alteration;
however, ~20% of GOM cases are associated with genetic alterations,
which are variable length microdeletions including CTCF-binding
sites and point mutations and a deletion at the octamer-binding
protein (OCT) binding site.”> These genetic alterations lead to
maternal HI9DMR not being able to maintain an unmethylated
status.242 However, the mechanism by which isolated HI9DMR-
GOM occurs is still unknown. As a certain number of cases with
isolated HI9DMR-GOM show variable hypermethylation, patients
have an epigenetic mosaic of normal cells and aberrantly methylated
cells, indicating that GOM occurs in the post-fertilization stage,
especially after implantation.?6-28

Epimutation of HI9DMR is also a cause of SRS (OMIM #180860),
which is characterized by opposite clinical phenotypes such as growth
restriction.?” In ~40% of SRS patients, methylated paternal
H19DMR becomes hypomethylated (H19DMR-LOM), leading to
increased HI19 expression and decreased IGF2 expression.’’ In
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contrast to BWS, essentially no mutations of HI9DMR have been
found in SRS patients with HI9DMR-LOM. One SRS patient did
exhibit a de novo mutation in HI9DMR; however, as the mutation did
not involve any putative protein-binding sites, it remains unknown
if the mutation affected the methylation status of HI9DMR.?? As a
majority of cases with HI9DMR-LOM show variable hyper-
methylation, LOM also occurs in the post-fertilization stage.?*3!

THE CDKN1C/KCNQ10T1 DOMAIN

The important genes in this domain are CDKNIC and KCNQIOTI.
CDKNIC encodes cyclin-dependent kinase inhibitor and shows
preferential maternal expression. KCNQIOTI is a paternally-
expressed, long non-coding RNA. The ICR of this domain is
KvDMR], located in intron 10 of the KCNQI gene, and it is
methylated on the maternal but not the paternal allele (Figure 1).
The methylation of KVDMR1 is established during oogenesis.!”18 As
KvDMRI1 overlaps with the promoter of KCNQIOT], the paternal
KCNQIOT1 is expressed from unmethylated paternal KvDMRI in the
opposite direction of KCNQI, and it functions to silence genes in the
domain i cis.>? In mice, Kcnglotl RNA interacts with G9a and the
PRC2 complex, which mediates repressive histone modifications such
as H3K9me3 and H3K27me3, and forms a repressive nuclear
compartment that leads to gene silencing within the domain,
including of Cdknlc. However, this mechanism is specific to the
placenta.’®3* In mouse liver, Kenglot] RNA interacts with Dnmtl
to mediate maintenance of somatic DMRs, some of which overlap the
Cdknlc promoter, and silences genes within the domain.®® In
addition, the identification of paternal allele-specific CTCF binding
to K"'DMRI suggests that a repressive element within KvDMR1 likely
regulated by CTCF acts to silence paternal Cdknlc specifically and
without promoter methylation in a subset of tissues (for example,



kidney, liver and lung).**¥ In humans, although KCNQIOTI
coats the neighboring regions of chromatin-containing CDKNIC,
the CDKNIC promoter does not show DMR, and H3K9me may not
be involved in CDKNIC repression.®®® In two BWS families
with significantly reduced expression of CDKNIC, maternal
microdeletions for most parts of the KCNQI gene impact KvDMR1
and the following KCNQIOTI gene, but not CDKNIC, suggesting
the presence of an enhancer element within the KCNQI locus for
maternal expression of CDKNIC.4%4! In addition, the DNA fragment
containing KvDMR1 has been shown to have both silencer and
insulator activities with CTCF binding.4? Therefore, researchers have
proposed that CDKNIC is repressed on the paternal chromosome by
KCNQIOT1 RNA coating and by both a silencer and an insulator
near KvDMRI, which is likely regulated by CTCF binding that
prevents the CDKNIC promoter from accessing the enhancer
downstream of KvDMR1.4!

Loss of DNA methylation on the normally methylated maternal
KvDMR1 (KvDMR1-LOM) accounts for ~50% of BWS patients
(Figure 1, Table 2). KvDMRI1-LOM is accompanied by loss of
H3K9me2, and this leads to expression of KCNQIOTI RNA, which
in turn results in repression of CDKNIC expression on the maternal
chromosome with the mechanism as proposed above 3414344 In
addition, only three families have been reported to have maternal
transmission of the microdeletions containing KvDMRI, leading to
reduced expression of CDKNIC.4%414 Such reduced expression
induces the BWS phenotype. :

Representative phenotypes of KDMR1-LOM include omphalocele
and hemihyperplasia (Table 2).12 As certain cases with isolated
KvDMRI-LOM also display variable hypomethylation, patients are
epigenetic mosaic, which indicates that LOM occurs in the post-
fertilization stage.’5%° Interestingly, monozygotic twins discordant
for BWS are found predominantly for females. This could be in part
explained by reduction of the amount of DNMTI to maintain
KvDMR1 methylation during the overlap in timing shared by
X-inactivation and twinning.4¢

PATERNAL UNIPARENTAL DISOMY
patUPD of 11p is found in ~20% of patients (Figure 1, Table 2). All
patients with patUPD are mosaic for patUPD cells and normal
biparental cells, indicating occurrence of somatic recombination at
the post-fertilization stage. Thus, UPD is always paternal isodisomy.
Romanelli et al*® analyzed nine patients with patUPD using SNP
arrays, and found that the minimal patUPD size was ~2.7 Mb from
telomere to the centromeric side of KvDMRI1 (Figure 1). As the
minimal region includes both ICRs, HI9DMR and KvDMR1, both
H19DMR hypermethylation and KvDMR1 hypomethylation occur
depending on the percentage of mosaicism and IGF2 overexpression;
reduced expression of CDKNIC must be induced. Meanwhile,
Romanelli et al® could not find hot-spots of mitotic recombi-
nation break points. One representative phenotypes of patUPD is
hemihyperplasia, which can affect various regions of the body
(Table 2).12

The largest patUPD size is the whole genome, denoted as genome-
wide patUPD. Non-mosaic genome-wide patUPD results in hydatidi-
form mole formation. In contrast, individuals with mosaic genome-
wide patUPD are born alive. To date, 11 patients with genome-wide
patUPD have been reported.”’"> Among these, half of the patients
were diagnosed as BWS and only two displayed phenotypes asso-
ciated with transient neonatal diabetes mellitus type 1 and upd(14)pat
syndrome.’™”’ In addition, one patient with parthenogenic
chimerism/mosaicism showed a SRS-like phenotype.” These
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findings suggested an epi-dominant effect of aberrant methylation
of 11p15 on clinical features. However, genome-wide patUPD patients
with BWS phenotypes display atypical and varied phenotypes. This
would be attributable to a paternal epigenotype for all ICRs and being
homozygous for mutations of autosomal recessive genes. In addition,
patients exhibit a significantly increased predisposition for tumor
development. This also would be attributable to inactivation of tumor
suppressor genes, or activation of oncogenes.

CDKNI1C MUTATION
As mentioned before, CDKNIC is a gene responsible for the
pathogenesis of BWS within the CDKNIC/KCNQIOTI domain,
and it exhibits maternal preferential expression. This gene contains
three exons divided by two introns encoding a 316 amino-acid
protein, which is a strong inhibitor of several Gl cyclin/Cdk
complexes and a negative regulator of cell proliferation.5%6! The
CDKNIC (p57%¥®2) protein consists of three distinct domains: a
cyclin-dependent kinase inhibitory domain, a proline and alanine
repeat domain, and a QT domain (Figure 2). The cyclin-dependent
kinase inhibitory domain contains a cyclin-binding region, a cyclin-
dependent kinase-binding region and a 3;p helix, which are both
necessary and sufficient to bind and inhibit cyclin-dependent kinase
activity.5>%2 Proline and alanine repeats interact with the LIM
domain kinase 1 and regulate actin dynamics.®?-54 The QT domain
contains a proliferating cell nuclear antigen (PCNA) binding domain,
which can prevent DNA replication in vitro and S-phase entry in vivo,
and a nuclear localization signal 606265

The mutations are found in ~5% of sporadic cases, whereas
dominant maternal transmission of germline mutations are found in
40% of familial BWS cases.!!? The mutations in sporadic cases
should occur on the maternal allele because of maternal expression
of CDKNIC. Approximately 30 mutations have been reported
since the initial report by Hatada et al%%% These mutations are
either missense mutations localized to the cyclin-dependent kinase
inhibitory domain or nonsense mutations, both of which result in loss
of function and lead to the BWS phenotype (Figure 2). Representative
phenotypes of CDKNIC mutations include omphalocele and cleft
palate (Table 2).12

Recently, missense mutations in the PCNA binding domain have
reported in the undergrowth developmental disorder IMAGe syn-
drome (OMIM #614732), which is characterized by intrauterine
growth restriction, metaphyseal dysplasia, adrenal hypoplasia con-
genita, and genital anomalies (Figure 2).% Only maternal
transmission of the mutation results in IMAGe syndrome,
consistent with imprinting inheritance. Targeted expression of
patient-associated mutations in Drosophila caused restricted eye and
wing growth, suggesting a gain-of-function mechanism. The gain of
function might be due to abolishment of PCNA dependent CDKN1C
monoubiquitination.®® Tt is intriguing that two opposite phenotypes,
BWS and IMAGe syndrome, occur because of the mutations of the
same CDKNIC gene. The biological role and molecular mechanism of
the monoubiquitination should be elucidated to understand how the
two disorders differ.

CHROMOSOMAL REARRANGEMENTS

Chromosomal rearrangements involving 1lp—including duplica-
tions, balanced translocations and inversions—occur in <2% of
BWS patients (Figure 1, Table 2). Paternal duplications of 11pl5
result in BWS due to overexpression of IGF2,”® whereas maternal
duplications of 11p15 result in SRS.”! SRS and BWS phenotypes
associated with 11p duplications in a single family have been
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