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H3K4 methylation is associated with active transcription

and in combination with H3K27me3 thought to keep genes

regulating development in a poised state. The contribution

of enzymes regulating trimethylation of lysine 4 at histone

3 (H3K4me3) levels to embryonic stem cell (ESC)

self-renewal and differentiation is just starting to emerge.

Here, we show that the H3K4me2/3 histone demethylase

Jarid1b (Kdm5b/Plu1) is dispensable for ESC self-renewal,

but essential for ESC differentiation along the neural

lineage. By genome-wide location analysis, we demon-

strate that Jarid1b localizes predominantly to transcrip-

tion start sites of genes encoding developmental

regulators, of which more than half are also bound by

Polycomb group proteins. Virtually all Jarid1b target

genes are associated with H3K4me3 and depletion of

Jarid1b in ESCs leads to a global increase of H3K4me3

levels. During neural differentiation, Jarid1b-depleted

ESCs fail to efficiently silence lineage-inappropriate

genes, specifically stem and germ cell genes. Our results

delineate an essential role for Jarid1b-mediated transcrip-

tional control during ESC differentiation.
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Introduction

Embryonic stem cells (ESCs) have to constantly balance their

potential to self-renew and differentiate (Niwa, 2007). Self-

renewal and differentiation depend on the gene expression

pattern in the cells, which is tightly connected with the

chromatin state. Chromatin structure is influenced by post-

translational histone modifications, of which a wide variety

has been associated with either active transcription or gene

silencing (Zhou et al, 2011).

Trimethylation of lysine 4 at histone 3 (H3K4me3) occurs

at transcription start sites and high levels have been linked to

active transcription (Schübeler et al, 2004; Pokholok et al,

2005; Barski et al, 2007). In concordance, a subunit of the

general transcription factor TFIID can bind to this mark,

which in turn may facilitate formation of the pre-initiation

complex (Vermeulen et al, 2007). Additionally, chromatin-

remodelling complexes can recognize H3K4me3 and open the

chromatin structure to facilitate transcription (Wysocka et al,

2006; Clapier and Cairns, 2009). Yet, the association of

H3K4me3 with promoters is not a definite indication for

transcriptional activity (Guenther et al, 2007). In ESCs, the

majority of promoters are H3K4me3 positive (Bernstein et al,

2006; Mikkelsen et al, 2007; Meissner et al, 2008); and in

addition, many are marked by ‘repressive’ H3K27me3, a

chromatin state which is referred to as bivalent (Azuara

et al, 2006; Bernstein et al, 2006; Pan et al, 2007). In ESCs,

many genes encoding developmental regulators are in this

category and it has been hypothesized that bivalency is

important to keep the option for all lineage choices (Azuara

et al, 2006; Mikkelsen et al, 2007; Stock et al, 2007).

The enzyme responsible for H3K27me3 is the histone

lysine methyltransferase (KMT) EZH2. EZH2 together with

SUZ12 and EED forms the core of the Polycomb repressive

complex 2 (PRC2), which is essential for early embryonic

development (Faust et al, 1995; O’Carroll et al, 2001; Pasini

et al, 2004). PRC2 binds to 2000–5000 genes in ESCs (Boyer

et al, 2006; Pasini et al, 2007). Knockout ESCs of the distinct

subunits of PRC2 all display defects in differentiation, includ-

ing the neural lineage (Pasini et al, 2007; Shen et al, 2008).

During differentiation the set of Polycomb group (PcG) target

genes changes, indicating that PcG proteins have specific

roles at given developmental states (Mohn et al, 2008).

A whole family of histone methyltransferases can catalyse

H3K4 methylation (Hublitz et al, 2009; Dambacher et al,

2010), and like the PcG genes, several of these are important

for early development and homeotic gene regulation (Yu et al,

1995; Yagi et al, 1998; Glaser et al, 2006). In addition, H3K4

histone methyltransferases function in haematopoiesis (Ernst

et al, 2004) and neurogenesis (Lim et al, 2009). Thus, a strict

regulation of H3K4 and H3K27 methylation appears to be

required for normal differentiation.

Demethylation of H3K4me3 is catalysed by the Jarid1/

Kdm5 family (Pedersen and Helin, 2010). There are four

Jarid1 proteins in mammals, while most other species have

only one homologue. The homologues in Drosophila (lid) and

C. elegans (rbr-2) are important for normal development

(Christensen et al, 2007; Li et al, 2008; Di Stefano et al,

2011). Whereas Jarid1a knockout mice are viable (Klose et al,

2007) displaying rather mild phenotypes in haematopoiesis
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and behaviour, it was recently reported that disruption of the

Jarid1b locus results in early embryonic lethality (Catchpole

et al, 2011). Moreover, high ectopic expression of Jarid1b in

mouse ESCs impairs general cell specification and interferes

with neural differentiation (Dey et al, 2008).

The role of H3K4me3 and bivalency remains important

questions in stem cell biology, particularly with respect to the

switch from self-renewal to differentiation. Recently, Jiang

et al (2011) showed that decreased levels of H3K4me3 are

tolerable in ESCs, but interfere with differentiation. Globally,

H3K4me3 decreases during differentiation (Ang et al, 2011)

along with the resolution of a proportion of bivalent genes to

H3K27me3 only and demethylation of a subset of H3K4me3-

positive promoters (Bernstein et al, 2006). Here, we address

the role of the H3K4me2/3 demethylase Jarid1b in ESC

self-renewal and differentiation.

Results

Jarid1b is dispensable for ESC self-renewal, but

required for neural differentiation of ESCs

Jarid1b is predominantly expressed during embryonic devel-

opment, in ESCs, and in adult testis, brain, eye, spleen and

thymus (Supplementary Figure S1A and B; Madsen et al,

2002; Frankenberg et al, 2007; Dey et al, 2008). Since ESCs

can be maintained in vitro as pluripotent, self-renewing cells

or differentiated into many different cell types of all three

germ layers (Young, 2011), they provide a good model system

to study lineage choices.

To understand the function of Jarid1b for stem cell

self-renewal and differentiation, we knocked down Jarid1b

expression by shRNA in ESCs. The knockdown did not

compromise ESC morphology, expression of the pluripotency

markers Oct4 and Nanog or ESC proliferation (Figure 1B;

Supplementary Figure S1C–E).

While this manuscript was in preparation, another study

showed that Jarid1b is required for ESC self-renewal (Xie

et al, 2011), and an attempt to establish Jarid1b mutant ESCs

from Jarid1b mutant blastocysts was unsuccessful (Catchpole

et al, 2011). To unambiguously determine the role of Jarid1b

in ESCs, we established conditional targeted Jarid1b ESCs, in

which Jarid1b exon 6 is flanked by loxP sites (Supplementary

Figure S2). Cre-mediated deletion creates a frameshift and

subsequent termination mutation. In conditional Jarid1bF/F;

Rosa26::CreERT2 ESC lines Jarid1b could be efficiently de-

leted by administration of 4-hydroxy-tamoxifen (4OHT;

Supplementary Figures S2C and S3C). At global levels,

Jarid1b was undetectable 72 h after addition of 4OHT.

Expression of other Jarid1-family members remained un-

changed after Jarid1b depletion (Supplementary Figure

S3B). Importantly, like in Jarid1b knockdown cells, ESC

morphology and self-renewal, reflected by Oct4 and Nanog

protein expression, and growth rate were unaffected by

Jarid1b deletion (Supplementary Figure S3A, C and D).

Therefore, we conclude that Jarid1b is not required for ESC

self-renewal.

As a general approach to address differentiation potential,

we assayed embryoid body (EB) formation in stable Jarid1b

knockdown and control cells. Morphologically, there was no

difference and both cell lines formed EBs of similar size.

However, while control cells expressed genes from all three

germ layers after 9 days of differentiation, particularly

ectodermal gene expression was not properly induced in

Jarid1b knockdown cells (Supplementary Figure S4). In

addition, we noticed that expression of the pluripotency

markers Oct4 and Nanog was not efficiently silenced in

Jarid1b knockdown cells upon differentiation.

To further understand the role of Jarid1b in ectodermal

differentiation, we used a protocol which allows the genera-

tion of highly homogeneous neural progenitor cells (NPCs)

and subsequently terminally differentiated neurons from

ESCs (Bibel et al, 2007). Briefly, ESCs are differentiated to

EBs, dissociated and plated for neuronal differentiation (sche-

matized in Figure 1A). Jarid1b knockdown EBs had a normal

morphology, and NPCs could attach. However, cells with

reduced levels of Jarid1b failed to differentiate further to-

wards neurons and did not build a neuronal network.

Instead, most Jarid1b knockdown cells detached and died

(Figure 1C). Importantly, the same differentiation defect was

observed using Jarid1b knockout ESCs (Supplementary

Figure S3E). The distinct stages of neural differentiation can

be followed by expression of corresponding markers genes:

Oct4 (Pou5f1) for ESCs, Nestin for NPCs and b-III-Tubulin and

TrkB for neurons. Oct4 was downregulated during differentia-

tion in both Jarid1b knockdown and control cells, even

though the downregulation was less efficient in the knock-

down. After plating, virtually all cells stained positive for

Nestin, identifying them as NPCs (Figure 1D). However, since

the plating step selects for neural cells, we analysed cells

from dissociated EBs (day 8) before plating for Nestin ex-

pression by flow cytometry and found that the number of

Nestin-positive cells was slightly but significantly reduced

after Jarid1b knockdown (Supplementary Figure S5). During

further differentiation, expression of the neuronal markers

b-III-Tubulin and TrkB was upregulated in control cells as

seen by RT–qPCR and immunofluorescence (Figure 1D and

E), while this induction was not observed in the few remain-

ing Jarid1b knockdown cells.

Cell-cycle length and proliferation have been shown to

influence cell fate in neural cells (reviewed in Salomoni and

Calegari, 2010). Yet, there was no difference in proliferation of

Jarid1b knockdown NPCs, as measured by BrdU incorpora-

tion (Supplementary Figure S6A and C). Neither did we find a

difference in the proportion of cells in different cell-cycle

phases (Supplementary Figure S6B and C), pointing to a

different mechanism.

Taken together, we conclude that Jarid1b is dispensable for

ESC self-renewal, but important for differentiation of ESCs

towards the neural lineage. Specifically, Jarid1b seems re-

quired for efficient generation of NPCs from ESCs, and the

obtained Nestin-expressing cells do not progress further in

the absence of Jarid1b.

Differentiation of brain-derived conditional knockout

NSCs

To further dissect at which point during differentiation

Jarid1b is required, we derived Jarid1bF/F; Rosa26::CreERT2

neural stem cells (NSCs) from the cerebral cortex of E12.5

mouse embryos. Brain-derived NSCs can be differentiated

in vitro into neurons (preferentially during early passages)

and astrocytes (later passages) (Hirabayashi and Gotoh, 2010)

as illustrated in Figure 2A. In conditional knockout NSCs,

Jarid1b was efficiently depleted within 72 h after addition of

4OHT (Figure 2B). Upon withdrawal of the growth factors
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EGF/bFGF and addition of serum, both control and Jarid1b-

deficient early passage NSCs induced expression of the

neuronal genes b-III-Tubulin and TrkB and efficiently differ-

entiated into neurons (Figure 2C and D). However, we

noticed that downregulation of the NSC marker Nestin was

delayed in Jarid1b knockout cells (Figure 2E), which is in

analogy to delayed downregulation of stem cell genes during

ESC differentiation. This suggests that the crucial effect of

Jarid1b is established before the NSC stage and that Jarid1b is

dispensable for neuronal differentiation of established NSCs.

Jarid1b occupies developmental regulators in ESCs

To understand the mechanism by which Jarid1b regulates

ESC differentiation, we identified the global binding pattern

of Jarid1b by chromatin immunoprecipitation (ChIP) fol-

lowed by sequencing in ESCs. We generated a rabbit poly-

clonal antibody against a peptide corresponding to amino

acids 1395–1418 of Jarid1b, a region that has very little

homology to the other Jarid1-family members. The affinity-

purified antibody was specific for Jarid1b as tested in western

blot and ChIP in knockdown cells (Figures 1B and 3D). Deep
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Figure 1 Neural differentiation of Jarid1b knockdown ESCs is impaired. (A) Schematic representation of experimental outline. ESC, embryonic
stem cell; EB, embryoid body; ATRA, all-trans retinoic acid; NPC, neural precursor cell. (B) Immunoblots of stable lentiviral knockdown (LKO)
Scramble (Scr) and Jarid1b ESC lines probed for Jarid1b, the stem cell marker Oct4 and Vinculin (loading control). (C) Light microscope images
of Scr and Jarid1b knockdown ESCs differentiated into neural progenitor cells (NPCs, Neuro 2 h) and neurons (Neuro d3 and d6).
(D) Immunofluorescence staining of differentiated Scr and Jarid1b knockdown ESCs for the neural stem cell marker Nestin and the neuronal
marker b-III-Tubulin. DNA is stained with DAPI. (E) Expression of the stem cell marker Oct4 and the neuronal marker genes b-III-Tubulin and
TrkB during neural differentiation determined by quantitative RT–PCR analysis (normalized to Rplp0 levels).
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sequencing of DNA from ESCs immunoprecipitated by the

Jarid1b antibody resulted in 6.8 million reads. MACS (Zhang

et al, 2008) predicted 5232 peaks with a false discovery rate

(FDR) below 20% which overlapped 2347 unique genes.

Examples of binding profiles are shown in Figure 3A. The

majority of peaks were found around transcription start sites

(34.8%) and within genes (32.7%) (Figure 3B and C). Few

peaks (14.9%) were located in regions that were 4100 kb

away from any annotated gene. ChIP-qPCR validation in

Jarid1b knockdown cells showed that the signal at target

genes is strongly reduced (Figure 3D), demonstrating that the

enrichment was specific for Jarid1b.

Recently, Jarid1b was reported to bind throughout intra-

genic regions and suggested to suppress aberrant intragenic

transcription (Xie et al, 2011). Although we also detect

Jarid1b binding in intragenic regions, this binding reflects

individual peaks rather than spreading throughout the gene

body as described by Xie et al. Specifically, 22.4% of the

intragenic Jarid1b peaks overlap with CpG islands and an-

other 19.4% corresponds to GC-rich regions not annotated

as CpG islands (Supplementary Figure S7A and B). This is

reminiscent of previous observations for PcG binding sites in

ESCs which are highly enriched in CpG islands (Ku et al,

2008; Mohn et al, 2008). Moreover, a strong correlation

between PRC2 binding intensity and GC richness has been

reported (Mendenhall et al, 2010). Indeed, 94.5% of the

intragenic Jarid1b peaks that overlap Suz12 binding sites

(Pasini et al, 2010) are GC rich. In addition, a small fraction

of intragenic peaks (3.5%) corresponds to alternative tran-

scription start sites, while no specific sequence features were

annotated for the remaining peaks (Supplementary Figure

S7C and D). To analyse this further, we generated heat maps

comparing genes with Jarid1b peaks at the TSS versus in

intragenic regions with histone methylation patterns

(Supplementary Figure S8). Both groups of Jarid1b peaks

overlap with H3K4me3 signals and H3K27me3 marks a large

fraction of Jarid1b peaks. In contrast, H3K36me3 is depleted

at Jarid1b peaks at the TSS, consistent with previous genome-

wide studies, and there is no specific enrichment of

H3K36me3 at intragenic Jarid1b peaks.

To address the opposing findings between our study and

that published by Xie et al, we tested the specificities of the
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antibodies used in both studies in Jarid1b knockout ESCs. As

shown in Supplementary Figure S9, although all three anti-

bodies confirmed loss of Jarid1b in the knockout ESCs, they

showed different levels of specificity. Further, the three anti-

bodies all led to specific enrichment of the regions reported in

this manuscript. Importantly, however, only one of the anti-

bodies used by Xie et al (2011) could enrich for the intragenic

regions reported in their study, and this enrichment was not

reduced in Jarid1b knockout cells (Supplementary Figure

S9C). Based on these results, we suggest that the reported

association of Jarid1b with intragenic regions (Xie et al, 2011)

does not appear to be specific for Jarid1b.

Since H3K4me2/3 is the substrate for Jarid1b, we com-

pared Jarid1b target genes with previously mapped

H3K4me2/3-associated genes in ESCs (Mikkelsen et al,

2007; Mohn et al, 2008). To our surprise, only a very small

fraction of Jarid1b target genes does not carry H3K4me2/3

(Figure 3E). In ESCs, most promoters are marked by

H3K4me2/3 (Mikkelsen et al, 2007; Mohn et al, 2008);

however, the proportion of H3K4me2/3-positive transcription

start sites is even further enriched within the Jarid1b target

gene set compared with all genes, indicating that enzyme and

substrate are present at the same promoters. Moreover, the

proportion of bivalent genes is notably enriched among

Jarid1b target genes. In agreement with this, gene ontology

analysis of Jarid1b targets identified developmental regula-

tors including genes involved in neurogenesis and ectoderm

development as significantly overrepresented (Figure 3F).

PcG proteins and Jarid1b target a similar set of genes

The finding that Jarid1b binds to bivalent regions suggests

that there is an overlap between Jarid1b and PcG target

genes. Indeed, we found that approximately half of the

Jarid1b target genes are bound by Suz12 and in addition

many are also bound by Jarid2 (Figure 4A; Pasini et al, 2010).

Moreover, comparison with three recently defined ESC reg-

ulatory modules (Core, Polycomb and Myc) (Kim et al, 2010)

revealed that 13.8% of Jarid1b target genes are bound by five

different PcG proteins and are positive for H3K27me3, while

there was no significant overlap with the Core (1.5%) or Myc

(1.9%) module (Supplementary Figure S10A).

The substantial overlap between target genes raised the

question if Jarid1b and PcG proteins mutually influence each

other’s binding. Knockdown of Jarid1b led to a small but

consistent reduction of Suz12 binding at some (e.g., Cebpa,

Sema5b) but not all genes (e.g., Pax6) (Figure 4B). Global

protein levels of Suz12 remained unchanged (Figure 4C). The

reduction of Suz12 also led to a small decrease in H3K27me3

(Figure 4B). Conversely, ChIP for Jarid1b in Eed knockout

ESCs showed that enrichment for Jarid1b is lower in these

cells than in wild-type ESCs. This effect was even more

pronounced in Ring1b knockout ESCs (Supplementary

Figure S10B). Moreover, promoter H3K4me3 levels were

increased in Ring1b knockout cells and at a subset of tested

promoters in Eed knockout cells, probably due to reduced

Jarid1b binding. Nevertheless, we could not detect a direct

physical interaction between Jarid1b and PRC2 components

(Supplementary Figure S10C).

Taken together, we have shown that Jarid1b binds at

transcription start sites of developmental regulators, many

of which are also bound by PcG proteins. Although Jarid1b

and PcG proteins affect the binding of each other to a subset

of target genes, neither Jarid1b nor PcG proteins are essential

for each other’s recruitment.

Jarid1b regulates H3K4me3 levels in ESCs

In agreement with the described catalytic activity for Jarid1b,

reduced levels of Jarid1b in ESCs lead to an increase of

H3K4me3 at single promoters (Figure 4B) as well as globally

(Figure 5A; Supplementary Figure S3C). To extend this ob-

servation to the whole genome, we performed ChIP sequen-

cing for H3K4me3 in Jarid1b knockdown and control ESCs.

Examples of two Jarid1b target genes are presented in

Figure 5B. Jarid1b and H3K4me3 were found to colocalize

at the same genomic regions around transcription start sites.

The sum of H3K4me3 enrichment over gene bodies shows

that there is both an increased signal at the transcription start

site and within gene bodies at target genes in Jarid1b knock-

down ESCs (Figure 5C), which is in line with Jarid1b peaks at

transcription start sites and in intragenic regions. In total, the

median number of reads for H3K4me3 increased 2.2-fold

around transcription start sites at Jarid1b targets upon knock-

down, while H3K4me3 levels at non-target genes were only

mildly increased (1.4-fold; Supplementary Figure S11A).

Previous studies have shown that high H3K4me3 levels

correlate with transcriptional activity (Lorincz and Schübeler,

2007). We wanted to know, how H3K4me3 levels at Jarid1b

target promoters compare with genes categorized depending

on transcriptional activity (Rahl et al, 2010). On average,

H3K4me3 levels at Jarid1b target genes are lower than at

highly active genes, and comparable to levels at non-produc-

tive promoters (Supplementary Figure S11B). Nonetheless,

Jarid1b targets included all three categories (active, non-

productive and inactive genes), with a modest enrichment

of non-productive genes (Supplementary Figure S11C). The

genome-wide analysis supports the idea that Jarid1b keeps

H3K4me3 at low or intermediate levels, but does not elim-

inate the mark in ESCs.

Stem and germ cell-specific genes are incompletely

silenced in Jarid1b knockdown NPCs

To understand how Jarid1b contributes to differentiation, we

analysed gene expression in ESCs and NPCs with stable Jarid1b

knockdown. We did not observe dramatic changes of expres-

sion, and in Jarid1b knockdown ESCs only 22 genes were

changed 43-fold compared with control ESCs. Confirming our

previous results, knockdown of Jarid1b did not affect expression

of stem cell genes in ESCs. Despite the substantial global

upregulation of H3K4me3 in ESCs, the majority of differentially

expressed genes in ESCs were slightly downregulated (Supple-

mentary Figure S12). Furthermore, only 3.4% of genes bound by

Jarid1b were differentially expressed, suggesting that Jarid1b

does not function as a strong transcriptional regulator in ESCs

undergoing self-renewal and that increased levels of H3K4me3

are tolerated in growing ESCs. This is consistent with the finding

that Jarid1b is not required for ESC maintenance.

In contrast to ESCs, most of the differentially expressed

genes in NPCs were upregulated (Supplementary Figure S12).

By categorizing these genes based on reported functions, we

found that reproduction-related genes (Weber et al, 2007;

Han et al, 2010; Matson et al, 2010; Sabour et al, 2011) were

strikingly overrepresented within the group of genes upregu-

lated in Jarid1b knockdown NPCs compared with control

NPCs (Figure 6A). In addition, as already noticed during EB
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differentiation (Supplementary Figure S4), we found that

many pluripotency markers (Han et al, 2010; Kamiya et al,

2011) were not completely silenced in NPCs, including Nanog

and Fbxo15 (Figure 6A; Supplementary Figure S13A).

Moreover, we also tested the expression of markers from

the three germ layers (Geijsen et al, 2004; West et al, 2006;

Mikkelsen et al, 2007; Han et al, 2010; Kamiya et al, 2011) and

defined a subset of early neural marker genes based on

RNAPII recruitment from ESCs to NPCs in the same differ-

entiation system used here (Mohn et al, 2008). Early neural

genes are similarly expressed in Jarid1b knockdown and

control NPCs, which is in agreement with our previous

observation that the early neural marker Nestin is induced

in Jarid1b knockdown NPCs (Figure 1D). In addition, other

ectoderm, endoderm and mesoderm markers did not show

differential expression in NPCs with Jarid1b knockdown

compared with control (Figure 6A).

These results indicate that impaired differentiation is

probably not due to failed activation of lineage-specific

genes or erroneous induction of alternative lineage genes,

but rather caused by failure to silence previously expressed

genes, including both pluripotency and germ cell-related

genes. The majority of these genes normally become silenced

during differentiation in all somatic cell types (Meissner et al,

2008; Mohn et al, 2008). In most cases, downregulation is

accompanied by loss of H3K4me2/3 and either gain of DNA

methylation or de novo H3K27 methylation (Meissner et al,

2008; Mohn et al, 2008). To understand the mechanism

underlying incomplete silencing of stem and germ cell

genes in Jarid1b knockdown cells, we analysed the chromatin

650

536 646

4

Suz12
(4568)

Jarid1b
(2347)

Jarid2
(1296)

A C

α-Jarid1b

α-Vinculin

α-Suz12

LK
O S

cr

LK
O Ja

rid
1b

B Sema5b Cebpa

0.9 14 9
8
7
6
5
4
3
2

0
1

12

10

8

6

4

2

0

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

%
 In

pu
t

Suz
12

K4m
e3 H3

K27
m

e3Ig
G

Ja
rid

1b

1.00
12 5

4

3

2

1

0

10

8

6

4

2

0

0.75

0.50

0.25

0.00

%
 In

pu
t

Suz
12

K4m
e3 H3

K27
m

e3Ig
G

Ja
rid

1b

LKO Jarid1b
LKO Scr

Pax6

1.0

0.8

0.6

0.4

0.2

0.0 0
1
2
3
4
5
6
7
8

0
1
2
3
4
5
6
7
8
9

%
 In

pu
t

Suz
12

K4m
e3 H3

K27
m

e3Ig
G

Ja
rid

1b

Figure 4 Polycomb proteins and Jarid1b occupy a similar set of genes in ESCs. (A) Venn diagram of the overlap of Jarid1b, Suz12 and Jarid2
(Pasini et al, 2010) target genes identified by ChIP-seq in ESCs. (B) ChIP-qPCR for Jarid1b, Suz12, H3K4me3, H3K27me3 and H3 in LKO Scr and
Jarid1b ESCs. (C) Immunoblots of LKO Scr and Jarid1b ESC lines probed for Jarid1b and the polycomb protein Suz12. Vinculin was used as
loading control.

Jarid1b regulates neural differentiation
SU Schmitz et al

The EMBO Journal VOL 30 | NO 22 | 2011 &2011 European Molecular Biology Organization4592



state of Nanog and Rnf17 during neural differentiation

(Figure 6B). In agreement with genome-wide chromatin

profiles, H3K4me3 marks both genes in ESCs. In control

cells, this modification is lost during neural differentiation,

while in Jarid1b knockdown NPCs both promoters retain a

considerable amount of H3K4me3. This is in agreement with

incomplete silencing of these genes. Rnf17 was reported to

gain DNA methylation during differentiation and to remain

low for H3K27me3, while Nanog acquires H3K27me3

(Meissner et al, 2008; Mohn et al, 2008). Our ChIP data for

H3K27me3 confirm these results, and in addition show that

H3K27me3 is lower in Jarid1b knockdown NPCs. However,

Jarid1b appears to be indirectly required to silence germ cell

genes during neural differentiation, because we did not detect

Jarid1b binding at the stem and germ cell genes tested,

neither in ESCs nor in NPCs (Figure 6B and data not shown).

Discussion

Here, we have shown that Jarid1b is dispensable for ESC self-

renewal, that it binds to transcription start sites of genes

encoding developmental regulators, and that its inactivation

leads to increased H3K4me3 levels at target promoters as well

as to a global increase of H3K4me3 levels (Figure 7).

Moreover, we have shown that Jarid1b is required for differ-

entiation of ESCs along the neural lineage, which correlates

with the lack of silencing of stem and germ cell genes.

Jarid1b is dispensable for ESC self-renewal

Based on siRNA/shRNA knockdown, recent publications pro-

pose that Jarid1b is a pluripotency factor required for general

ESC self-renewal (Xie et al, 2011) and ESC proliferation (Dey

et al, 2008). Moreover, Jarid1b mutant ESCs could not be
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established (Catchpole et al, 2011). In contrast, we found that

stable knockdown of Jarid1b in E14 ESCs using two different

shRNA constructs does not compromise ESC proliferation or

self-renewal. To exclude phenotypes due to possible shRNA off-

target effects or lack of efficient downregulation of Jarid1b, we

derived conditionally targeted Jarid1b ESCs. Importantly,

complete loss of Jarid1b protein in these ESCs was confirmed

using three different Jarid1b antibodies targeting both N- and

C-terminal regions. In addition, transcription across the Jarid1b

locus in knockout ESCs was very low (Supplementary Figure

S2D), suggesting that no truncated or alternatively spliced

Jarid1b protein can be produced. Jarid1b knockout ESCs

show normal morphology, proliferation and expression of

pluripotency markers both upon acute deletion and after

several weeks in culture, and we therefore conclude that

Jarid1b is dispensable for ESCs self-renewal.
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Jarid1b target genes encode developmental regulators

By ChIP-seq, we found that Jarid1b binds predominantly

around transcription start sites of genes encoding develop-

mental regulators. These genes have previously been de-

scribed to be marked by bivalent chromatin modifications

in ESCs (Mikkelsen et al, 2007), and consistent with this

observation, many of the Jarid1b target genes are also bound

by PcG proteins and Jarid2. Jarid2 has been found to form a

stable complex with PRC2 and to be essential for the binding

of PcG proteins to their target genes (Peng et al, 2009; Shen

et al, 2009; Pasini et al, 2010). In contrast, knockdown of

Jarid1b only led to a small reduction of Suz12 at a subset of

target promoters, indicating that Jarid1b does not recruit PcG

proteins. Vice versa, Jarid1b binding is reduced, but not lost,

in Eed and Ring1b knockout ESCs. Moreover, we have not

detected a direct interaction between Jarid1b and PRC2,

suggesting that alterations in H3K4 and H3K27 methylation

might, directly or through other proteins binding to these

modifications, cause the interdependent modulation of

Jarid1b and PcG binding.

Our results are in contrast to a recent study that reported

Jarid1b binding within intragenic regions in ESCs and that

proposed a role for Jarid1b in the repression of cryptic

intragenic transcription (Xie et al, 2011). However, we have

not been able to confirm the data published by Xie et al, and

in fact our results suggest that the enrichment of the regions

published by these authors might not be specific for Jarid1b.

Previously, JARID1A has also been proposed to downregulate

intragenic H3K4me3 at two genes in HeLa cells, though no

cryptic intragenic transcription was detected upon JARID1A

deletion (Hayakawa et al, 2007). In contrast to these two

reports (Hayakawa et al, 2007; Xie et al, 2011), Jarid1b was

found to bind around transcription start sites of cancer-

related genes in MCF7 cells (Yamane et al, 2007) and cell-

cycle genes in ESCs (Dey et al, 2008). Likewise, Jarid1a was

found to localize to promoter regions in ESCs (Pasini et al,

2008), MEFs (Klose et al, 2007) and U937 cells (Lopez-Bigas

et al, 2008), and similarly Jarid1d occupied regions close to

the transcription start site (Lee et al, 2007), supporting the

idea that Jarid1-family members regulate gene expression

through binding to transcription start sites.

Jarid1b binds to H3K4me3-positive promoters

Interestingly, the majority of Jarid1b target promoters are

positive for H3K4me3, which might appear counterintuitive

as Jarid1b catalyses H3K4me3 demethylation. However, the

average H3K4me3 levels of Jarid1b target genes are relatively

low, comparable to the levels of non-productive promoters

(Rahl et al, 2010), suggesting that Jarid1b functions to keep

H3K4me3 low rather than eliminating the mark. That is
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consistent with the observation that Jarid1b binds many

bivalent promoters. Likewise, JARID1A has been shown to

colocalize with its substrate (Lopez-Bigas et al, 2008),

although bivalent domains were underrepresented within

JARID1A target genes in U937 cells, probably highlighting a

difference to ESCs where bivalent domains are far more

abundant (Mikkelsen et al, 2007; Mohn et al, 2008).

Both Jarid1a and the Drosophila H3K4me3 demethylase

Lid harbour PHD fingers that have the potential to bind to

methylated H3K4 (Wang et al, 2009; Li et al, 2010). Since two

crucial residues are conserved between Jarid1a, Lid and

Jarid1b (Wang et al, 2009), it is likely that Jarid1b also

exhibits H3K4me3 affinity via one of its PHD domains,

possibly contributing to its recruitment to H3K4me3-positive

promoters. Supporting this idea, Jarid1b binding is reduced in

ESCs with knockdown of Dpy-30 (Supplementary Figure

S14), a core subunit of the SET1/MLL histone methyltrans-

ferase complexes, which regulates H3K4me3 levels in ESCs

without affecting ESC self-renewal (Jiang et al, 2011).

However, since Jarid1b is not completely lost upon Dpy-30

knockdown and moreover, does not bind to all H3K4 methy-

lated regions, other mechanisms are likely to contribute.

Jarid1b contains an Arid domain that is potentially able to

directly bind DNA. Interestingly, both the Jarid1a and the

Jarid1b ARID domain preferentially bind to GC-rich sequence

motifs (Scibetta et al, 2007; Tu et al, 2008), and deletion of the

Jarid1b ARID domain affects its histone demethylase activity

(Yamane et al, 2007). Nonetheless, additional factors

are likely to contribute specificity to cell type-dependent

Jarid1b recruitment such as sequence-specific transcription

factors, proteins binding to histone tails and/or specific

chromatin modifications and possibly long non-coding RNAs.

Loss of Jarid1b leads to increased H3K4me3

Consistent with the previously reported catalytic activity for

Jarid1b (Christensen et al, 2007; Yamane et al, 2007),

H3K4me3 levels were increased at Jarid1b target genes

upon Jarid1b depletion. In addition, global H3K4me3 was

increased in Jarid1b knockdown and knockout ESCs.

Depletion of Jarid1b in NSCs (this study) or MCF7 cells

(Yamane et al, 2007) or depletion of Jarid1a in MEFs (Klose

et al, 2007) did not result in a global elevation of H3K4me3

levels, suggesting that the global increase is specific to ESCs.

In this respect, it is interesting to note that many promoters

lose H3K4 during ESC differentiation (Mikkelsen et al, 2007;

Meissner et al, 2008; Mohn et al, 2008) and global H3K4me3

levels decline from ESCs to differentiated cells (Ang et al,

2011), suggesting that this decrease might be instrumental for

normal differentiation. It is worth noting that 23.5% of the

genes bound by Jarid1b in ESCs lose H3K4me3 during neural

differentiation to the NPC stage (Meissner et al, 2008).

Although tolerated, increased H3K4me3 levels in ESCs are

accompanied by a number of changes in gene expression,

which however do not appear sufficient to alter cell fate.

Similarly, alterations in expression of differentiation and

signalling genes were observed in ESCs lacking repressive

H3K27me3, which however, in analogy to Jarid1b mutant

ESCs, did not compromise ESC maintenance (Pasini et al,

2007; Shen et al, 2008). Moreover, ESCs lacking the PRC2

interacting protein Jarid2 (Shen et al, 2009; Pasini et al, 2010)

or the PRC2 component Eed (Chamberlain et al, 2008) can be

maintained in culture.

In addition, recent studies have addressed the effect of

reduced H3K4me3 in ESCs. Both overexpression of Jarid1b

(Dey et al, 2008) and depletion of RbBP5 or Dpy-30 (Jiang

et al, 2011), core subunits of SET1/MLL H3K4 methyltrans-

ferase complexes, induced a number of changes in gene

expression and reduced global H3K4me3 levels without

affecting self-renewal of ESCs. In contrast, ESC self-renewal

defects were observed upon depletion of Wdr5 (Ang et al,

2011), another core subunit of SET1/MLL complexes, which

could in part be mediated through the loss of H3K4me3 but

might also be attributed to its additional integration into

histone acetylase complexes (see comment to Ang et al,

2011, published online).

Therefore, we conclude that perturbations in H3K4 and

H3K27 methylation do not compromise the self-renewing

capacity of ESCs and propose that methylation of H3K4 and

H3K27 function to fine tune transcription rather than indu-

cing cell fate conversions in ESCs.

Jarid1b is required for neural differentiation of ESCs

The effects of the lack of Jarid1b transcriptional control

become more evident when ESCs are induced to differentiate.

General differentiation of Jarid1b-depleted ESCs assayed by

EB formation revealed deficiencies in the silencing of stem

cell genes as well as the induction of marker genes represent-

ing all three germ layers, with strongest effects observed

for the ectodermal lineage. Accordingly, differentiation of

Jarid1b-depleted ESCs using a neural differentiation protocol

was impaired and these cells did not progress beyond the

NPC stage.

Using microarray analysis, we identified differentially ex-

pressed genes in NPCs most of which were upregulated,

consistent with the reported role of Jarid1 proteins as tran-

scriptional repressors (Tan et al, 2003; Klose et al, 2007).

Specifically, we found that stem and germ cell-specific genes,

which normally are expressed in ESCs but silenced during

neural differentiation (Meissner et al, 2008; Mohn et al,

2008), are not properly switched off in Jarid1b-depleted

NPCs. Thus, although NPCs expressing early neural markers

could be obtained from Jarid1b mutant ESCs, the inefficient

silencing of stem and germ cell genes might prevent the NPCs

from further commitment towards mature neuronal cells.

Of the genes upregulated in Jarid1b knockdown NPCs,

approximately half have been reported to lose H3K4me2/3

during differentiation in genome-wide chromatin-association

studies (Meissner et al, 2008; Mohn et al, 2008). Loss of H3K4

methylation is a strong predictor of inverse changes in DNA

methylation (Meissner et al, 2008), and indeed, a substantial

proportion of stem and germ cell genes acquire DNA methy-

lation from ESCs to neural cells (Meissner et al, 2008; Mohn

et al, 2008). As we could not detect Jarid1b binding at stem

and germ cell genes, Jarid1b seems to indirectly affect the

demethylation of H3K4, which in turn may prevent CpG de

novo methylation to occur (Ooi et al, 2007; Weber et al, 2007;

Meissner et al, 2008). In addition, a different subset of stem

and germ cell genes is silenced by de novo H3K27me3 (Mohn

et al, 2008). A recent study suggests that adjustment of high

H3K4me3 to moderate or low levels may modulate PcG-

mediated H3K27me3 (Schmitges et al, 2011).

It is conceivable that, during neural differentiation, Jarid1b

contributes to active demethylation of genes already bound

in ESCs, possible requiring additional cues, or by being
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recruited to new target genes. Moreover, it has been proposed

that poised chromatin states in ESCs are central for the devel-

opmental potential of these cells (Pietersen and van Lohuizen,

2008). Thus, inappropriate chromatin priming in Jarid1b

knockdown ESCs may interfere with the execution of differ-

entiation programs. Due to complex interrelationships of di-

verse histone modifications, multiple layers of factors binding

to these modifications and feedback from transcriptional activ-

ity itself, it is very difficult to dissect the contribution of each

individual component in a dynamic differentiation system.

To further refine the requirement of Jarid1b for neural

differentiation, we extended our study to Jarid1b knockout

NSCs isolated from embryonic brain. We found that Jarid1b is

not required for the generation of neurons from these NSCs.

Importantly, stem and germ cell-specific genes remained

undetectably low upon deletion of Jarid1b in established

NSCs, suggesting that once stable silencing mechanisms

like DNA methylation or H3K27me3 are in place, Jarid1b is

dispensable for maintenance of the silent state. Interestingly,

however, we observed a delay in the downregulation of the

NSC marker Nestin during differentiation of Jarid1b knockout

NSCs. This finding suggests that Jarid1b functions are cell

type-specific, in analogy to cell type-specific target genes

described for PcG proteins (Mohn et al, 2008). Nonetheless,

the observed effect in NSCs is very mild, highlighting the

proposed role of Jarid1b as a fine tuner of gene expression.

Jarid1b and development

Recently, it was reported that Jarid1b knockout mice in which

exon 1 was replaced by the Neomycin gene are embryonic

lethal between E4.5 and E7.5 (Catchpole et al, 2011) a quite

severe early embryonic phenotype, also in comparison with

described PcG mutants (Faust et al, 1995; O’Carroll et al, 2001;

Pasini et al, 2004). In contrast, Jarid1b mutant mice established

in our laboratory are viable, although at a lower Mendelian

frequency, and fertile (Albert et al, manuscript in preparation).

Thus, lack of Jarid1b seems compatible with normal gross

development, possibly due to redundant functions and/or

compensation by other Jarid1-family members. A detailed

analysis of Jarid1b function during brain development remains

to be reported, though it can be anticipated from our NSC

differentiation experiments that Jarid1b might support efficient

differentiation rather than being a determining factor for neu-

ronal differentiation in vivo. It will be interesting to dissect

Jarid1b functions in other cell types with high expression, both

in normal development and in the context of cancer, where a

controversial role for Jarid1b either as oncogene (Lu et al, 1999;

Barrett et al, 2002; Yamane et al, 2007; Hayami et al, 2010;

Roesch et al, 2010) or as tumour suppressor (Roesch et al, 2006,

2008) has been proposed.

Materials and methods

ESC culture and differentiation
E14TG2a.4 feeder-independent ESCs were cultured on 0.1% gelatin-
coated tissue culture plates in standard ESC medium (Pasini et al,
2007). All knockdown experiments were performed using stable
shRNAs. Viral transductions were performed using pLKO vectors
(NM_152895.1-4880s1c1 (J1b-1), NM_152895.1-4225s1c1 (J1b-2),
SHC201 (Scr) (all from Sigma), and NM_024428.2-302s1c1 (Dpy-30)
(Open Biosystems)). Unless otherwise indicated differently, LKO-
J1b-2 was used. ESCs were transduced with lentiviral particles for
16 h, and selected with 2 mg/ml Puromycin (Invitrogen) 48 h after
transduction.

EBs were generated using the ‘hanging drop’ method. Drops of
1000 cells in 20ml ESC medium with 10% FBS without LIF were
placed in the lid of tissue culture dishes. Aggregates were allowed to
form for 48 h, harvested and plated into bacterial dishes in the same
medium. In all, 0.5 mM ATRA was added to half of the plates.
Homogeneous neural cells were generated as previously described
(Bibel et al, 2007). Ring1b and Eed knockout cells were previously
described (Leeb and Wutz, 2007; Shibata et al, 2008).

Derivation of Jarid1b knockout ESCs
Jarid1b targeted C57BL/6N ESCs were obtained from the European
Conditional Mouse Mutagenesis Program (EUCOMM). A lacZ-Neo-
reporter cassette flanked by FRT sites was inserted between exons 5
and 6, and Jarid1b exon 6 was flanked by loxP sites. The deletion of
exon 6 creates a frameshift and subsequent termination mutation.
Jarid1b targeted ESCs were analysed by Southern blotting to
confirm correct position of the targeting cassette. Analysis of
metaphase spreads confirmed correct karyotype. Two targeted ESC
lines, F07 and F08, were selected for injection into BALB/c
blastocysts. Both lines resulted in chimeric mice.

Chimeric Jarid1b mice were crossed to Flp-recombinase expres-
sing mice to obtain germline transmission and at the same time
generate conditional Jarid1b mice lacking the reporter cassette.
Conditional Jarid1b mice were further crossed with Rosa26::
CreERT2 mice (obtained from the Jackson Laboratory). Jarid1bF/F;
Rosa26::CreERT2 ESCs were derived on feeder cells from blastocysts
obtained from superovulated Jarid1bF/þ females mated with
Jarid1bF/þ ; CreERT2/CreERT2 males. The sex and karyotype were
determined as described (Pasini et al, 2007). Deletion of Jarid1b was
induced by addition of 1 nM 4OHT for at least 48 h.

For genotyping of Jarid1b mice and cells, 50-CCCTGGGATTGC
AGTTAAAG-30 forward, 50-TGGCTTCCACAATCTTCAATG-30 reverse
and 50-TGGCTTCCACAATCTTCAATG-30 reverse primers were used
to discriminate wild-type (527 bp), floxed (609 bp) and deletion
(685 bp) alleles. Mice were maintained on a C57BL/6 background.
All mouse work was approved by the Danish Animal Ethical
Committee (‘Dyrefors^gstilsynet’).

Derivation of Jarid1b knockout NSCs
NSCs were isolated from the frontal cortex of E12.5 Jarid1bF/F;
Rosa26::CreERT2 embryos. Briefly, pieces of cerebral cortex were
treated with trypsin-EDTA at 371C for 20 min and mechanically
dissociated by pipetting after addition of soybean trypsin inhibitor
(Invitrogen). NSCs were plated on poly-D-lysine (Chemicon) and
laminin (Sigma)-coated culture plates at a density of 36 000 cells/
mm2 in a 1:1 mixture of DMEM/F12 and Neurobasal medium
supplemented with 10 ng/ml EGF (BioSource), 20 ng/ml bFGF
(BioSource), N2, B27, Penicillin, Streptomycin, Glutamax, Non-
Essential Amino Acids, Sodium-Pyruvate, b-mercaptoethanol,
Heparin (Sigma), BSA (Sigma) and Hepes (all from Gibco, except
where otherwise indicated). Deletion of Jarid1b was induced by
addition of 1 nM 4OHT for 48 h. NSCs were induced to differentiate
by removal of EGF/bFGF and addition of 2% FBS (Hyclone).

Antibodies
Jarid1b Polyclonal antibody (DAIN) was generated by immunizing
rabbits with a peptide corresponding to amino acids 1395–1418 of
mouse Jarid1b (NP_690855.2). The antibodies were affinity purified
using Sepharose (GE Healthcare) coupled to the immunogen.
Antibody specificity was confirmed by immunoblotting and IP.

Additional antibodies used in this study include anti-H3K4me3
(Cell Signaling, C42D8), anti-H3K27me3 (Cell Signaling, D18C8),
anti-H3 (Abcam, 1791), anti-Suz12 (Cell Signaling, D39F6), anti-
Ring1b (Richly et al, 2010), anti-Vinculin (Sigma, V9131), anti-Nanog
(Abcam, 80892), anti-Oct4 (Abcam, 19857), mouse anti-Nestin (BD
Biosciences, 611659), goat anti-Nestin (Millipore, MAB353), anti-b-
III-tubulin (Sigma, T5076) and anti-BrdU (Becton Dickinson,
347580), and anti-Jarid1b (Abcam, ab50958, Santa Cruz, sc-67035).

Gene expression analysis
Total RNA was isolated using the RNAeasy Minikit (Qiagen)
according to the manufacturer’s instructions. cDNA was synthe-
sized using the TaqMan Reverse Transcription kit (Applied
Biosystems). qPCR was performed using SYBR Green 2� PCR
Master mix (Applied Biosystems) on an ABI Prism 7300 Real-Time
PCR system (Applied Biosystems) or on a LightCycler 480 System
(Roche Applied Science), using the LightCycler 480 SYBR Green I
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Master mix (Roche Applied Science) according to the manufac-
turers’ instructions. Error bars represent standard deviation of three
PCR amplifications for each sample. Similar results were obtained
in at least three independent experiments. Primer sequences are
provided in Supplementary Table I.

For microarray analysis, RNA was extracted with the RNeasy
Plus kit (Qiagen). RNA was hybridized on mouse Gene 1.0 STarrays
by the RH Microarray Center at Rigshospitalet, Copenhagen,
following Affymetrix procedures and analysis. Data processing
and statistics were done in R using the ‘affy’ (RMA) and ‘limma’
packages. The microarray data have been submitted to the Gene
Expression Omnibus (GEO) database (GSE31968). Heat maps were
produced using matrix2png (Pavlidis and Noble, 2003).

ChIP assays and ChIP-seq
ChIP was performed as described (Pasini et al, 2010). For each IP,
0.5–1 mg of chromatin was used except for histones and histone
modifications where 100mg were used. Primer sequences are
provided in Supplementary Table I.

For ChIP-seq analysis, 1 mg total protein was used. Subse-
quently, the DNA was adaptor-ligated, amplified using a kit from
Illumina (IP-102-1001) and analysed by Solexa/Illumina high
throughput sequencing. The sequence reads were aligned to the
mouse genome (assembly mm9). Peak detection was performed
using the MACS algorithm (Zhang et al, 2008) at an FDR cutoff
value of o0.2. IgG was used for normalization. Chromosomal
positions were annotated to the RefSeq database (mm9) using the
UCSC refFlat table (Rhead et al, 2010). Genes not uniquely mapped
to the genome were excluded. Gene overlap calculations were
performed with the Galaxy browser (Giardine et al, 2005). Gene
ontology analysis was performed using PANTHER (Thomas et al,
2003). GC-rich regions were defined as 4100 bp long with a GC
percentage of 450% and an observed/expected ratio of 40.6 (Ku
et al, 2008). For gene body tag density, the total length of the
mapped reads was extended in 30-direction to a total length of 250
bases, which was our estimated mean fragment length after
sonication. Gene bodies (defined by the longest Refseq transcript)
were divided into 20 windows of equal size per gene as wells 10
windows upstream of the TSS (�10 kb) and 10 windows down-
stream of the TSE (þ 10 kb), for which average tag numbers were
calculated. Plots showing tag density across gene bodies and peak
distance to TSS were generated in R. Heat maps were generated
using seqMINER (Ye et al, 2011). The ChIP-seq data have been
submitted to the GEO database (GSE31968).

Immunofluorescence and imaging
Immunofluorescence staining was performed using standard
procedures. Images were acquired on an Axioplan2 microscope
(Carl Zeiss, Inc) equipped with a CoolSNAP cf2 (Photometrics)
camera using MetaMorph software (MDS Analytical Technologies).

For unbiased analysis, immunofluorescence of NSC differentia-
tion was performed in 96-well plates. Cells were imaged on an IN
Cell Analyzer 1000 (GE Healthcare) utilizing a � 20 objective and
10 images per well, which accounted for 1000–3000 cells. Data were
analysed using IN Cell Analyzer Workstation 3.5 software (GE

Healthcare). Error bars represent standard deviation of three
individual wells for each sample.

Light microscope images were acquired on an Olympus IX71S8F
microscope using a LOPlanFl objective.

Flow cytometry
Cells were fixed in 70% ethanol and stained with primary antibody
for 1 h, followed by 1 h incubation with Alexa Fluor 488 or 647 anti-
rabbit or anti-mouse IgG (Invitrogen). Cells were pulsed with 33 mM
bromodeoxyuridine (BrdU) for 30 min. DNA was counterstained by
0.1 mg/ml propidium iodide supplemented with RNase for 1 h at
371C. Analysis was performed on a FACSCalibur using CellQuest
software (BD). Quantification and analysis of cell-cycle profiles
were obtained using FlowJo (Tree Star, Inc).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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