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Epigenetic regulation by histone methyltransferases provides transcriptional memory and inheritable propagation of gene
expression patterns. Potentially, the transition from a pluripotent state to lineage commitment also includes epigenetic
instructions. The histone 3 lysine 4 methyltransferase Mll2/Wbp7 is essential for embryonic development. Here, we used
embryonic stem (ES) cell lines deficient for Mll2 to examine its function more accurately. Mll2�/� ES cells are viable and
retain pluripotency, but they display cell proliferation defects due to an enhanced rate of apoptosis. Apoptosis was not
relieved by caspase inhibition and correlated with decreased Bcl2 expression. Concordantly, Mll2 binds to the Bcl2 gene
and H3K4me3 levels are reduced at the binding site when Mll2 is absent. In vitro differentiation showed delays along
representative pathways for all three germ layers. Although ectodermal delays were severe and mesodermal delays
persisted at about three days, endodermal differentiation seemed to recover and overshoot, concomitant with prolonged
Oct4 gene expression. Hence, Mll2 is not required for ES cell self-renewal or the complex changes in gene expression
involved in lineage commitment, but it contributes to the coordination and timing of early differentiation decisions.

INTRODUCTION

Distinct cell types are characterized by specific gene expres-
sion profiles, which are established during development and
thereafter maintained. Although gene expression is con-
trolled by transcription factors, it is also dependent upon the
underlying chromatin structure, which is inherited during S
phase by the reproduction of local histone modifications
(Margueron et al., 2005; Boyer et al., 2006a; Meshorer and
Misteli, 2006). Of various histone modifications, methylation
of lysines seems to be central to this process of inheritance
and epigenetic regulation.

The Polycomb (PcG) and trithorax (trxG) groups are part
of a widely conserved cell memory system that stabilizes cell
identity by restricting and maintaining transcription pat-

terns set in early embryonic life, throughout development
and in adulthood (Ringrose and Paro, 2004; Lin and Dent,
2006). Whereas the PcG is involved in gene repression and
silencing, the trxG counteracts PcG function and maintains
specific gene activity. Both groups include multiprotein
complexes that methylate lysines in histone 3. Specifically,
PcG action involves methylation at lysine 27 (H3K27) (Cao et
al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Muller
et al., 2002), and trxG action involves methylation at lysine 4
(H3K4) (Roguev et al., 2001; Milne et al., 2002), thereby
directing the inheritance of gene silencing or gene activity,
respectively. Consequently the genetic opposition of PcG
and trxG could be, at least in part, due to a biochemical
competition for the methylated status of the H3 tail. Recent
evidence from embryonic stem (ES) cells shows that a key
set of genes involved in lineage commitment is dually H3K4
and H3K27 methylated (Azuara et al., 2006; Bernstein et al.,
2006; Boyer et al., 2006b; Lee et al., 2006). This concords with
the intimate functional opposition between PcG and trxG
(Klymenko and Muller, 2004).

Both PcG and trxG proteins are well conserved in meta-
zoans. The founding member of the trxG is trithorax (TRX),
which maintains homeotic gene expression in Drosophila
throughout embryonic development (Breen and Harte, 1993).
Mammals have two orthologues of TRX, called mixed lin-
eage leukemia (Mll) and Mll2, which is also called Wbp7.
These proteins are very large, and they carry a variety of
conserved sequence motifs, the most prominent being a SET
domain, which methylates H3K4.

Several histone methyltransferases, such as G9a (Tachibana
et al., 2002), Eset (Dodge et al., 2004) Mll (Yagi et al., 1998; Yu
et al., 1998), and Mll2 (Glaser et al., 2006), have been mutated
in the mouse to reveal that each is important in early devel-
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opment, albeit in different ways. Homozygous mll2 mutant
embryos fail to develop beyond about E9.5 because of se-
vere, widespread defects, which seem to be distinct from the
defects observed in homozygous mll mutant embryos (Glaser
et al., 2006). This suggests that these two factors regulate
different genes. However, no evidence for cell type specific-
ity in the phenotypes was observed until well after gastru-
lation. This further suggests that these factors are redundant
for lineage commitment in early development but that they
are required at a later stage, potentially to maintain and
propagate specific decisions.

Here, we examine the roles of Mll2 in lineage commitment
and differentiation more accurately. The properties and abil-
ities of mll2�/� ES cells were examined for the undifferen-
tiated state as well as for differentiation along paths repre-
sentative for each of the three germ layers. Although Mll2 is
dispensable for ES cell self-renewal, it is needed for the
correct regulation of apoptosis and the timing of develop-
mental processes.

MATERIALS AND METHODS

Generation of mll2 Mutant and Control ES Cell Lines
To make mll2�/� cells, heterozygously targeted E14.1 mll2�/� cells (Glaser
et al., 2006) were electroporated with the same targeting vector except the
neomycin resistance gene was replaced by hygromycin by using Red/ET
recombination (Zhang et al., 1998; Testa et al., 2004). Double-targeted ES cell
clones were selected for G418 (250 �g/ml, Geneticin; Invitrogen, Karlsruhe,
Germany) and hygromycin (200 �g/ml; Roche Diagnostics, Mannheim, Ger-
many). Correct targeting of homozygous mll2�/� clones was determined by
Southern blot by using EcoRI and a 600-base pair EcoRI/BglI probe fragment
(BE580). To rescue Mll2 expression, mll2�/� ES cells were transiently trans-
fected with a pCAGGS-FLPe expression plasmid by electroporation (Schaft et
al., 2001) and selected with 1 �g/ml puromycin (Sigma-Aldrich, Taufkirchen,
Germany) for 48 h. FLP-rescued clones were checked by Southern blot (BE580
probe) and polymerase chain reaction (PCR) analysis for loss of the targeting
cassettes. FLP-rescue was additionally evaluated by loss of resistance to
hygromycin and G418 selection. Rescued clones were checked for unwanted
genomic integration of the FLPe expression vector, and those clones, totaling
approximately one third of the dually FLP recombined clones, were excluded.
E14.1 Mll2-TAP ES cells were generated by inserting a TAP cassette into the
first exon of the endogenous mll2 locus (Testa et al., 2003).

ES Cell Culture Conditions and In Vitro Differentiation
ES cell clones were maintained on mitomycin-treated mouse embryonic fi-
broblasts (MEFs) in standard ES cell medium (DMEM, 15% fetal calf serum
[FCS], 2 mM l-glutamine, 1 mM sodium pyruvate, 1% penicillin/streptomy-
cin, and 100 �M nonessential amino acids (all from Invitrogen), 100 �M
�-mercaptoethanol (Sigma-Aldrich) containing leukemia inhibitory factor
(LIF).

Cardiac differentiation was evoked by culturing ES cell clones as embryoid
bodies (EBs) according to the hanging drop method (Maltsev et al., 1993).
Drops of cardiac differentiation medium (DMEM, 20% FCS, 2 mM l-glu-
tamine, 100 �M nonessential amino acids, 1% penicillin/streptomycin, and
100 �M �-mercaptoethanol) containing 1 � 103 or 2 � 103 ES cells were placed
onto the lids of culture dishes. After 48 h, EBs were transferred onto bacterial
plates and cultured in suspension for another 2 d. On day 5, EBs were plated
separately onto gelatin-coated 24-well plates and checked daily for sponta-
neous contractile activity (up to day 25). Single cardiac myocytes were pre-
pared from EB outgrowths on day 21. Contractile areas of EBs were dissected,
dissociated (Maltsev et al., 1993), and processed for cardiac-specific immuno-
reactivity by using mouse monoclonal antibodies against desmin (D3) and
titin (9D10) (Developmental Studies Hybridoma Bank, Iowa City, IA).

In vitro differentiation into neurons was achieved according to published
methods with some modifications (Li et al., 1998; Ying et al., 2003). EBs were
generated by mass culture in ES cell medium without LIF on nonadhesive
bacterial grade dishes. Mass culture was started with �3 � 106 ES cells/10-cm
plate, and cells were cultured in suspension until 96 h (day 4). After addition
of 10�6 M all-trans retinoic acid (Sigma-Aldrich) incubation was continued for
96 h (day 8). Cell aggregates were then allowed to attach onto adhesive
gelatin-coated tissue culture dishes. On day 10, the adherent EBs were disso-
ciated with 4� concentrated trypsin. Single cells were plated out at 1 � 105

cells (for wild-type [wt] and FLP-rescued) or 2 � 105 cells per 24-well (for
mll2�/�) onto poly-d-lysine/laminin-coated (Sigma-Aldrich) glass cover-
slips. The next day, the medium was changed to N2B27 (1:1 mixture of
DMEM/F-12 and neurobasal medium, 1� N2, 1� B27, 2 mM l-glutamine (all

from Invitrogen). Dissociated cells were maintained in N2B27 medium (up to
day 36) before being processed for immunocytochemistry.

The method for in vitro differentiation to endoderm was adapted from
Lumelsky et al. (2001). A mass culture of EBs was started with 1.5 � 106 ES
cells in DMEM, 20% FCS, 1% penicillin/streptomycin, and 100 �M �-mer-
captoethanol. After 96 h, EBs were plated onto gelatinized tissue culture
plates in the same media. The next day, the medium was changed to serum-
free ITSF medium (Lumelsky et al., 2001) and incubation was continued for
6 d, with daily media exchange. On day 12 the medium was changed to
serum-free N2 medium (DMEM/F-12, 1� N2, 1� B27, 10 ng/ml basic fibro-
blast growth factor (all from Invitrogen), 1 �g/ml laminin (Sigma-Aldrich) for
expansion of endodermal cell types.

Cell Proliferation and Cell Cycle Analysis
To assay proliferation, ES cells were seeded onto mitomycin-treated MEFs at
2.3 � 104 cells (in triplicates) in six-well dishes and counted on five consec-
utive days. Proliferation of cells upon the first days of differentiation was
determined with EBs. Mass culture of EBs was started with 3 � 105 ES cells
per bacterial dish by using standard ES medium without LIF. Resulting EBs
were trypsinized and counted on four consecutive days (in triplicates). For
apoptosis studies, ES cells were grown in the presence of 40 �M Z-VAD-FMK
general caspase inhibitor (BIOMOL Research Laboratories, Hamburg, Ger-
many) prepared in dimethyl sulfoxide (DMSO) or the same vol/vol pure
DMSO and counted on four consecutive days (in triplicates).

For bromodeoxyuridine (BrdU) incorporation studies, ES cell clones were
spread without feeder cells and grown with 10 �M BrdU ES cell medium for
various times (0.5–22 h). BrdU incorporation was detected by flow cytometry
using a monoclonal mouse antibody to BrdU (Developmental Studies Hy-
bridoma Bank). Fluorescence-activated cell sorting (FACS) analysis was per-
formed using a FACS Aria station (BD Biosciences, Heidelberg, Germany)
with DiVa software.

For cell cycle analysis, asynchronously growing ES cells were fixed with
ethanol and stained with 1 �g/ml propidium iodide (PI) containing 0.1
mg/ml RNase A (both from Sigma-Aldrich). Cells were analyzed by flow
cytometry to determine G1, S, and G2/M cell cycle distribution with ModFit
software (Verity Software House, Topsham, ME). Cell cycle length was as-
signed by time-lapse analysis. Time-lapse movies of exponentially growing
ES cells were documented on an upright Axiovert 200M microscope with a
digital camera. ES cells were cultured in a heated culture chamber at 37°C/5%
CO2 during imaging and recorded for 24 h. Images were taken with a
sampling interval of 5 min. MetaMorph software version 5.0 was used to align
the stacks in time-lapse movies.

Apoptosis Assays
Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) staining was performed with the In Situ Cell Death Detection kit
(Roche Diagnostics). ES cells and differentiating cells were fixed and incu-
bated with TUNEL reaction mixture according to the manufacturer’s instructions.

Annexin V staining was used to define the basal levels of apoptosis for each
ES cell clone. ES cells were grown on mitomycin-treated feeder cells for 22 h
before they were harvested and stained with allophycocyanin-labeled An-
nexin V (Annexin V-APC) for flow cytometric analysis. As a positive control,
wild-type ES cells were induced with 12 �M camptothecin (Sigma-Aldrich)
for 6 h to undergo apoptosis. Cells were trypsinized and single cell suspen-
sions (1 � 105 cells/clone) were stained with 0.5 �g/ml PI and Annexin
V-APC (dilution 1:20) according to the manufacturer’s instructions. As a
control, Annexin V binding was blocked with 5 �g of unlabeled recombinant
Annexin V protein per 1 � 105 ES cells before Annexin V-APC staining. Cells
were subjected to flow cytometry and analyzed by DiVa software. For FACS
sorting of viable and apoptotic cell populations, live mll2�/� ES cells were
stained with Annexin V-APC and PI and separated on a FACS Aria station. In
total, 3 � 105 Annexin V-positive and 5 � 105 Annexin V-negative mll2
mutant ES cells was used to extract total RNA for reverse transcription
analysis.

Expression Analysis by Western Blotting
For preparation of crude protein extracts, ES cell clones were grown without
feeder cells on gelatin-coated plates. Protein extracts were prepared from
�1 � 107 ES cells. Cell pellets were resuspended in protein extraction buffer
(20 mM HEPES, pH 8.0, 350 mM NaCl, 2 mM EDTA, 10% glycerol, 0.1%
Tween 20, and 1% protease inhibitor cocktail; Sigma-Aldrich) and subjected to
three successive freeze and thaw cycles. Crude protein extracts were resolved
on 5% (for detection of Mll2) or 10% (for detection of �-actin) polyacrylamide
gels and transferred to PROTRAN (Dassel, Germany) nitrocellulose mem-
branes by semidry blotting. Membranes were incubated with a rabbit immu-
noglobulin G (IgG) polyclonal antibody raised against Mll2 (Glaser et al.,
2006) and with an �-actin antibody (Sigma-Aldrich), which served as a
loading control. Signals were detected using the SuperSignal West Femto kit
(Pierce Chemical, Rockford, IL). Antibodies used for HMTase activity studies
are specific for histone H3K4me3 and H3K9me2 (both from Abcam, Cam-
bridge, United Kingdom). Ponceau staining of protein gels served as a load-
ing control.
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Immunocytochemistry
Cells were fixed with 4% formaldehyde, permeabilized with 0.5% Triton
X-100, and blocked with 3% bovine serum albumin before antibody stain-
ing. Primary antibodies were as follows: anti-desmin (D3), anti-titin
(9D10), anti-BrdU (G3G4), anti-stage–specific embryonic antigen 1 (SSEA1)
(MC-480), anti-nestin (Rat-401), anti-neurofilament 165-kDa (2H3) (all
from Developmental Studies Hybridoma Bank), anti-�-tubulin class III
(TuJI) (BAbCO, Richmond, CA), and anti-microtubule-associated protein 2
(MAP2) (Sigma-Aldrich). After incubation with specific secondary antibodies,
cell nuclei were counterstained with 0.1 �g/ml 4,6-diamidino-2-phenylindole
(DAPI), and cells were mounted with Prolong Antifade kit (MoBiTec, Göttingen,
Germany).

Reverse Transcription and Quantitative PCR (qPCR)
Analysis
For detection of developmental and lineage-specific mRNAs expressed
during in vitro ES cell differentiation, total RNA was isolated using
TRI-reagent (Sigma-Aldrich) or the RNeasy Kit (QIAGEN, Hilden, Ger-
many). DNase I-treated total RNA (1 �g) was reverse transcribed using the
SuperScript III First Strand Synthesis system (Invitrogen). For quantitative
PCR analysis, cDNA was diluted 1:5–1:20 as a template. qPCR reactions
were run on a Stratagene MX4000 multiplex PCR instrument according to
the manufacturer’s instructions. qPCR analyses were done in triplicates,
and Ct values were normalized against the internal control genes tubulin or
ribosomal protein L19 (RPL19). Primer sequences and the length of amplified
products are given in Supplemental Material. -Fold differences in expres-
sion levels were calculated according to the 2���Ct method (Livak and
Schmittgen, 2001).

Chromatin Immunoprecipitation
ES cells were grown without feeder layers for 48 h and fixed with 1%
formaldehyde for 10 min at room temperature. Pellets of 2–3 � 106 cells were
lysed with SDS lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-HCl, pH
8.1) in the presence of 1� protease inhibitors (Complete; Roche Diagnostics).
Cell lystates were sonicated to an average genomic fragment length of 300–
800 base pairs. Because of the lack of a functional Mll2 antibody, E14.1
Mll2-TAP ES cell lysates were precipitated with IgG-Sepharose beads (GE
Healthcare, Freiburg, Germany) overnight at �4°C. IgG beads recognize the
protein A part of the TAP-tag, thereby precipitating Mll2 target genes. For
H3K4me3, cell lysates were incubated with 5 �l of H3K4me3 antibody (Ab-
cam) overnight and precipitated with GammaBinding G-Sepharose beads (GE
Healthcare) for 1 h at � 4°C. Beads were washed with low salt immune
complex buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl,
pH 8.1, and 150 mM NaCl), high salt immune complex buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, and 500 mM NaCl), LiCl
immune complex buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholic acid, 1 mM
EDTA, and 100 mM Tris-HCl, pH 8.1) and TE buffer. Elution of immunopre-
cipitates from the beads was performed with 1% SDS, 0.1 M NaHCO3. Eluates
were incubated for 6 h at 65°C to reverse cross-links followed by phenol/
chloroform DNA extraction. Immunoprecipitated DNA and input DNA were
analyzed by quantitative PCR.

RESULTS

Generation, Rescue, and Characterization of mll2�/� ES Cells
Mll2 knockout ES cells were generated by inserting a mul-
tipurpose cassette into the first intron of the endogenous
mll2 locus (Glaser et al., 2006). Targeting of the second allele
with the same construct after exchanging the selectable
marker (hygromycin for neomycin) created a null mutation
of mll2. The targeting frequency for the second allele was 3%
(the first allele had been 8.4% (Glaser et al., 2006). The mll2
targeting cassette is flanked by FRT sites and contains a
synthetic exon and a polyadenylation signal, which captures
and terminates mll2 expression (Figure 1, A and B). To
exclude the possibility that phenotypic changes observed
with mll2�/� ES cells were due to secondary mutagenesis
during gene targeting, rather than the loss of Mll2 function,
the cells were rescued by FLPe-recombination, which de-
leted the targeting cassette thereby restoring mll2 expression
(Figure 1, C and D). Two independent mll2�/� ES cell
clones were used for experimental analysis and rescued by
FLPe-mediated recombination. Both clones revealed similar
results with an FLPe-recombination rate of �10%, including
7.5% heterozygously and 2.5% homozygously FLPe-recom-

bined clones. Both wild-type and homozygously FLP-res-
cued ES cells, referred to hereafter as “FLP-rescued” or F/F,
served as a control for the mll2�/� phenotype.

Figure 1. Targeted disruption of the mll2 gene in ES cells. (A)
Schematic diagram of the endogenous mll2 locus. Homozygous mll2
mutant ES cells were generated by insertion of a lacZ-neo and a
lacZ-hygro targeting cassette into the first intron of mll2. The tar-
geting cassette contains a splice acceptor (SA), an internal ribosomal
entry site (IRES), a selection cassette (lacZ-neo or lacZ-hygro), and a
polyadenylation signal (SVpA). Green rectangles indicate FRT sites
(target sites for FLPe recombinase); red triangles indicate loxP sites
(target sites for Cre recombinase). FLPe mediated recombination
between the two FRT sites leads to removal of the targeting cassette
in mll2 mutant cells and restores the wild-type situation, except for
one FRT site and two loxP sites remaining in intronic positions.
Rescued alleles are indicated as F for FLP-recombined. (B) Southern
blot analysis of DNA from ES cell clones. Genomic DNA was
digested with EcoRI and hybridized with a 600-base pair EcoRI/
BglI probe (BE580), which anneals downstream of the simian virus
40 polyA signal. The probe detects a 20-kb fragment in wild-type
(�/�) and a 13-kb fragment in mll2 mutant (�/�) ES cells. ES cells
heterozygous for the mutation (�/�) show both the 20- and 13-kb
band. Homozygously FLP-rescued ES cells (F/F) reveal a single
�20-kb band. (C) Western blot analysis of ES cell protein extracts
was performed using purified antiserum raised against Mll2. An
antibody to �-actin served as a loading control. (D) PCR analysis of
FLP-rescued ES cells. DNA from mouse wild-type (�/�) ES cells,
or heterozygously (�/F) and homozygously (F/F) FLP-recombined
somatic cells (mouse tail DNA) was used as a control. Using specific
primer pairs spanning the region between exon 1 and exon 3 of mll2,
FLP-rescued alleles revealed a 1.6-kb band, which was distinguish-
able from the 1.5-kb wild-type band upon gel electrophoresis.
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To investigate Mll2 function in self-renewal, we first looked
for expression of characteristic ES cell markers. SSEA1, also
called Lewis X antigen [LeX]) is a marker for undifferenti-
ated mouse embryonic stem cells, embryonic carcinoma
cells, and primordial germ cells (Solter and Knowles, 1978;
Muramatsu, 1988). An SSEA1-specific antibody revealed an
unexpected decrease in SSEA1 labeling of mll2�/� ES cells.
Wild-type and FLP-rescued ES cell colonies displayed
SSEA1 antigen in immunofluorescence analysis, but only
occasional mll2�/� ES cell colonies were SSEA1 positive
(Figure 2A). This finding was confirmed for surface labeling
by FACS analysis with an SSEA1-specific antibody. Whereas
on average only 4% of mll2�/� ES cells were SSEA1 posi-
tive (Figure 2B), 85 or 69% SSEA1-positive cells were ob-
served in wild-type or FLP-rescued ES cells, respectively.
Because decreased SSEA1 expression could indicate loss of
pluripotency, ES cell clones were double-labeled with an
antibody against the pluripotency marker Oct4 (Nichols et
al., 1998). All three ES cell clones displayed similar levels of
Oct4 protein (Figure 2B). Maintenance of Oct4 expression
was confirmed by quantitative PCR analysis, which also
showed no differences in Nanog expression levels (Supple-
mental Figure S1).

Apparently loss of the SSEA1 epitope could be due to a
block in its synthesis pathway. Expression of the SSEA1
epitope in ES cells depends upon the enzymatic activity of
�1,3-fucosyltransferase IX (Fut9) (Liu et al., 1999; Kudo et al.,

2004). However, Fut9 expression levels were not affected by
the absence of Mll2 (Figure 2C). Furthermore, we found that
mll2�/� blastocyst outgrowths showed variable SSEA1 ex-
pression, which was indistinguishable from heterozygote
and wild-type blastocysts (data not shown). As noted pre-
viously (Solter and Knowles, 1978; Cui et al., 2004), we also
cannot draw any conclusions about the functional relevance
of SSEA1 expression.

Because Mll2 is a histone methyltransferase with specific-
ity for H3K4, we looked at total H3K4 methylation levels in
wild-type and mll2�/� cells by Western blotting. However,
no differences in global H3K4 methylation in ES cells or
differentiated cell types could be found (Supplemental Fig-
ure S2), indicating that other methyltransferases are respon-
sible for bulk H3K4 methylation.

mll2�/� Cells Display a Proliferative Defect
Despite the loss of SSEA1, the morphology of mll2�/� colo-
nies was virtually identical to wild-type and FLP-rescued ES
cells unless mutant colonies were smaller. Therefore, prolif-
eration rates were analyzed by counting cells over several
days (Figure 3A). The growth of mll2�/� cultures was
clearly retarded in the undifferentiated state and also during
the first days of differentiation.

To determine the basis of the proliferation defect, we
analyzed cell cycle parameters. Cells were incubated with
BrdU for different times, stained with a BrdU antibody, and
analyzed by flow cytometry. We observed no significant
difference in BrdU incorporation between wild-type, FLP-
rescued, and mll2�/� ES cells (Figure 3C). Likewise, im-
munostaining of undifferentiated ES cell colonies that were
pulsed with BrdU showed no difference (Figure 3B). FACS
analysis of wild-type, FLP-rescued, and mll2�/� ES cell
clones upon propidium iodide staining revealed that cell
cycle distribution was also unaffected by loss of Mll2. There
was no significant difference in G1, S, G2, and M phase
distribution between the three clones (Figure 3D). We also
determined doubling times of each ES cell clone by video-
microscopy. Exponentially growing wild-type, FLP-rescued,
and mll2�/� ES cells were monitored for 24 h, and dividing
cells were tracked until they underwent the next mitotic
division. Time-lapse movies revealed no difference in cell
cycle length. All three clones showed an average cell cycle
transition time of 13 h (Figure 3E).

Loss of Mll2 Leads to Increased Apoptosis
The first evidence for an enhanced rate of apoptosis in
mll2�/� ES cells came from the time-lapse movies, which
indicated that mutant ES cells are prone to cell death during
or right after cell division. Mutant cells that underwent cell
death showed characteristics of apoptosis, such as cell
shrinkage, membrane blebbing, and apoptotic body forma-
tion (Figure 4A). TUNEL stainings of mll2�/� ES cells
confirmed enhanced apoptosis rates (Figure 4B). Quantifica-
tion of apoptosis was done by FACS analysis after staining
for Annexin V. Annexin V analysis focuses on loss of the
plasma membrane asymmetry as one of the earliest features
of apoptosis. In early apoptotic cells, the membrane phos-
pholipid phosphatidylserine is translocated to the outer leaf-
let of the plasma membrane, where it can be bound by
Annexin V protein. According to this, exponentially grow-
ing mll2�/� ES cells were �5% more apoptotic than wild-
type ES cells (Figure 4C and Supplemental Figure S3A).
Replicate analysis showed that this increase was statistically
significant (p � 0.025). Importantly, levels of apoptosis re-
verted to normal values in FLP-rescued ES cells. Hence,

Figure 2. Loss of the SSEA1 epitope in Mll2-deficient ES cells. (A)
Colonies of undifferentiated wt, F/F, and mll2 mutant (�/�) ES
cells were processed for SSEA1-specific immunoreactivity. Nuclei
were counterstained with DAPI. Magnification, 20�. (B) SSEA1
epitope expression in ES cell clones. Undifferentiated wt, F/F, and
�/� ES cells were stained with anti-SSEA1 and anti-Oct4 and
analyzed by flow cytometry. Percentages of SSEA1- and Oct4-pos-
itive cells per clone result from analysis of 5000 events. (C) Quan-
titative PCR analysis of Fut9 gene expression in Mll2-deficient cells.
Undifferentiated (undiff.) and differentiating (day 4) wt, F/F, and
mll2�/� ES cells were used. Ct values derived for each clone were
normalized against the endogenous standard gene tubulin. Data are
means of triplicate analysis; error bars represent SD.
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enhanced apoptosis in mll2�/� ES cells resulted from the
loss of Mll2 function in these cells.

Increased Apoptosis Correlates with reduced Bcl2
Expression
Apoptotic pathways in ES cells have not yet been fully
elucidated. Although these pathways differ from those ob-
served in somatic cells, caspase dependence has been shown
(Hakem et al., 1998; Woo et al., 1998; Yoshida et al., 1998). To
address whether the enhanced apoptosis was due to accel-

erated activation of caspases, undifferentiated ES cell clones
were cultured in the presence of the broad-spectrum caspase
inhibitor Z-VAD-FMK, which is a cell-permeable irrevers-
ible antagonist. The Z-VAD-FMK did not affect the morphol-
ogy of wild-type, FLP-rescued, or mll2�/� ES cell clones.
Although being effective (Supplemental Figure S3B), the inhib-
itor failed to restore the retarded growth rates of mll2�/� ES
cultures (Supplemental Figure S3C).

The expression of several apoptotic marker genes was
examined after FACS sorting of viable and apoptotic ES cell
populations after Annexin V staining. Quantitative PCR
analysis revealed an approximate threefold down-regula-
tion of the antiapoptotic marker gene Bcl2 in both viable
(Annexin V-negative) and apoptotic (Annexin V-positive)
mll2�/� cells (Figure 4D). Normally, Bcl-2 activity stabi-
lizes the mitochondrial membrane potential and prevents
the release of apoptogenic factors from the mitochondria to
the cytosol (Kluck et al., 1997; Daugas et al., 2000). Moreover,
expression of the proapoptotic marker genes, Caspase-8 and
apoptosis inducing factor (AIF), was slightly increased in ap-
optotic mll2�/� cells. Caspase-8 is an initiator caspase that
proteolytically cleaves and activates other caspases. AIF is
an apoptotic protease, which is held in mitochondria by
Bcl-2 (Susin et al., 1999). When AIF is translocated to the
nucleus, it causes the chromatin condensation and DNA frag-
mentation that characterize apoptosis (Daugas et al., 2000).

AIF-mediated apoptosis can be induced by increased ex-
pression of Parp1 [poly (ADP-ribose) polymerase-1], because
nuclear translocation of AIF requires Parp1 protein (Yu et al.,
2002). However, the number of Parp1 transcripts was not
altered in mll2 mutant cells (Supplemental Figure S3D). In
addition, transcription of genes for the apoptotic protease-
activating factor (Apaf1) and caspase-9, which form a mul-
tiprotein caspase-activating apoptosomal complex together
with cytochrome c, were unaffected, as was transcription of
caspase-3 (Supplemental Figure S3D).

To confirm that Bcl2 was down-regulated when Mll2 is
absent, we looked at mRNA levels in an in vitro differenti-
ation time course (Figure 4E) as well as in embryos taken at
embryonic day E7.5 and E8.5 (Figure 4F). Both analyses
showed that Bcl2 expression was decreased in Mll2-deficient
cells. Together, it is likely that increased apoptosis in mll2
mutant cells is due to reduced Bcl2 expression levels.

Mll2 Binds to the Bcl2 Gene
Because Bcl2 expression was reduced in the absence of Mll2,
we explored the possibility that Mll2 directly regulates this
gene. Because of the absence of a suitable antibody, chroma-
tin immunoprecipitation was done with an ES cell line that
had the TAP-tag targeted to the N terminus of Mll2 (Testa et
al., 2003). On TAP-IP, a region near the 5� end of Bcl2 was
specifically retrieved (Figure 4G). Consequently, we looked
at H3K4me3 in the same region and observed a substantial
decrease (Figure 4H). These data demonstrate that Bcl2 is
directly bound by Mll2 and indicates that the decreased
expression is due to the absence of Mll2 regulation. Notably,
the Mll2 binding region is in the second exon nearby the
initiating methionine codon and coincident with a highly
conserved noncoding element. Based on the Bcl2 Vega anno-
tation, the promoter seems to be at least 1-kb further 5� up-
stream. The promoter region did not show Mll2 binding or
decreased H3K4me3 (data not shown). Hence, we suggest that
Mll2 contributes to, but is not essential for, Bcl2 expression.

Impaired Embryoid Body Formation in mll2�/� Cells
Embryoid bodies formed from mll2�/� cells were smaller
than wild-type or FLP-rescued cells, and they were mis-

Figure 3. Proliferation and cell cycle analysis of mll2 mutant ES
cells. (A) Proliferation rates of undifferentiated and differentiating
ES cell clones. Wild-type (black lines), FLP-rescued (dashed gray
lines), and mll2�/� (dashed red lines) cells were counted for four
or five consecutive days. Error bars represent SD of triplicate anal-
yses. (B) Immunohistochemical detection of BrdU incorporation in
ES cells. Cellular incorporation of BrdU during S phase was de-
tected with an anti-BrdU antibody. (C) Flow cytometric analysis of
BrdU incorporation in exponentially growing ES cells. Cells were
labeled with BrdU for different times (up to 12 h). Incorporation of
BrdU was measured over time by flow cytometry using a monoclo-
nal anti-BrdU antibody. (D) Cell cycle distribution of ES cell clones.
Exponentially growing ES cells were analyzed for cell cycle distri-
bution by PI staining and flow cytometry. (E) Cell cycle length of
undifferentiated ES cell clones. Time-lapse movies of growing ES
cell clones were recorded for 24 h. Dividing ES cells were tracked for
determination of cell cycle length. Numbers in brackets represent
the number of monitored cell divisions per clone; error bars repre-
sent SD.
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shapen (Figure 5A). Both wild-type and FLP-rescued embry-
oid bodies were round and smooth, whereas mutant embry-
oid bodies were irregular and rough. Doubling the number
of seeded cells increased the aggregate size, but it did not
alter the scrappy morphology.

Potentially, the defects in EB formation are caused solely
by the increased rate of apoptosis. Because this increased
rate is only moderate (at approximately 1 apoptosis per 20
cell divisions), we considered this unlikely. To gather more
information on this issue, we looked at a variety of early
markers in a simple differentiation time course via embryoid
bodies (Figure 5B). All markers showed delayed kinetics
throughout the time course, and doubling the number of
starting cells did not rescue the delays. Because down-reg-
ulation of Oct4 was also delayed, we conclude that mll2�/�
cells are intrinsically slow to initiate differentiation.

mll2�/� Cells Are Delayed in Mesodermal and
Ectodermal Differentiation
In vitro differentiation of ES cells yields cell types from all
three primary germ layers. Here, we used in vitro differen-
tiation into cardiac myocytes (mesoderm), neurons (ecto-
derm), and definitive endoderm to evaluate how Mll2 influ-
ences lineage commitment. Cardiac myocytes in embryoid
body outgrowths were identified by labeling with cardiac-
specific antibodies (Figure 5C) as well as by the presence of
contractile activity (Figure 5D) and brachyury gene expres-
sion analysis (Figure 5B). Notably mll2�/� ES cells were
able to differentiate almost as efficiently into cardiac myo-
cytes as wild-type or FLP-rescued cells; however, the ap-
pearance of contractility occurred with a 3-d delay (Figure
5D). Because the differentiation capacity with this protocol is
dependent on the number of cells differentiating in the em-
bryoid bodies, we checked whether doubling the density of
mll2�/� ES cells for embryoid body formation could re-
store the ability to differentiate into muscle. Although this
slightly improved the efficiency of cardiac differentiation, it
did not alter the delay. As expected, in wild-type cells ex-
pression of brachyury, an early mesodermal marker, peaked
at day 3 and then diminished (Figure 5B). Notably, regula-

Figure 4. Enhanced rates of apoptosis in mll2 mutant ES cells. (A)
Tracking of mitotic cell divisions in time-lapse movies of asynchro-
nous ES cell cultures. Detail screens from a time-lapse movie of
mll2�/� ES cells indicate the occurrence of apoptotic cell death
upon cell division. (B) Immunohistochemical detection of apoptosis
in ES cell colonies based on enzymatic labeling of DNA strand
breaks (TUNEL). Nuclei were counterstained with DAPI. (C) Apo-
ptosis rates in wild-type, FLP-rescued, and mll2�/� ES cells deter-
mined by Annexin V flow cytometry. Left bars represent values for
ES cell clones incubated with Annexin V-APC and PI; right bars
indicate values for ES cells blocked with recombinant Annexin V
protein (indicated as �rec.). Experiments were performed three
times with similar results; data are means � SD. Significance was
determined by analysis of variance with a student’s t test, p � 0.025.
(D) Expression levels of apoptotic marker genes in mll2 mutant cells.
Apoptotic ES cells were separated from viable cell fractions by
FACS sorting by using fluorescently labeled Annexin V-APC. Total
RNA from both populations was isolated and quantitative PCR
(qPCR) was performed to examine expression levels of pro- and
antiapoptotic markers (Bcl2, anti-apoptotic; Caspase-8 and AIF, pro-
apoptotic). Graphs illustrate expression changes of respective genes

in FACS-sorted viable [Annexin V (�)] and apoptotic [Annexin V
(�)] mll2�/� ES cell populations compared with the average ex-
pression profile observed with wild-type and FLP-rescued ES cell
fractions. (E) Bcl2 expression profile in mll2 mutant cells upon in
vitro differentiation. ES cells were differentiated via mass culture of
embryoid bodies and analyzed by qPCR at days indicated. Bars
represent fold decrease of Bcl2 expression in mll2�/� cells com-
pared with wild-type and FLP-rescued cells. Analysis was per-
formed in triplicates. (F) Decrease in Bcl2 expression levels in early
mll2 mutant embryos compared with wild-type and heterozygous
mll2 �/� embryos. Embryos were dissected at embryonic day 7.5
or 8.5. For each time point, total RNA of three mll2 �/�, �/�, and
�/� embryos was reverse transcribed and used for qPCR analysis.
Data are means of triplicate analysis � SD. (G) Chromatin immu-
noprecipitation analysis for Bcl2 on Mll2-TAP tagged ES cells. Cell
lysates of Mll2-TAP ES cells were immunoprecipitated with IgG
beads via the protein A of the TAP-tag. Untagged wild-type ES cells
were used to determine background levels. DNA of input and
immunoprecipitated eluates was PCR amplified with Bcl2-specific
primers and separated by gel electrophoresis. (H) Chromatin im-
munoprecipitation of mll2�/� ES cells with H3K4me3-specific an-
tibodies. Heterozygous mll2�/� ES cells were used as a control.
Expression levels of Oct4 and Bcl2 were determined by qPCR. Ct
values were normalized against input DNA. Bars represent fold
changes in H3K4me3 between mll2�/� and wt ES cells. Error bar
represent SD of triplicate analysis.
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tion of brachyury expression in mll2�/� cells was delayed,
particularly for down-regulation. Whereas wild-type and
FLP-rescued cells showed a drastic decrease on day 4 of
differentiation, it took mll2�/� cells �3 days longer to
reduce their brachyury expression level.

In vitro differentiation toward neurons was identified by
nestin immunofluorescence and later in postmitotic neurons
by the presence of neuron-specific class III �-tubulin, MAP2
or 165-kDa neurofilament protein (NF-M). Although mature
neurons were generated from Mll2-deficient cells, again a
delay in differentiation became apparent (Figure 6A). All
neurogenic markers tested by quantitative PCR were tran-
scribed significantly less in Mll2-deficient cells throughout
neuronal differentiation (Figure 6B). For nestin, the differ-

ences were relatively small, but markers for mature neurons
showed striking differences in bulk expression levels. The
average mRNA levels for class III �-tubulin or MAP2 on day
32 were �14- or �28-fold lower in mutants than in wild-
type and FLP-rescued cells. Likewise, transcripts encoding
the neuronal marker neurofilament protein 165-kDa (NF-M)
showed drastic differences in abundance. NF-M is a marker
for late neuronal development and confirmed the delay of
mll2 mutant cells upon differentiation. Transcripts for NF-M
in mll2 knockout cells on day 20 were �35-fold and on day
24 more than �50-fold less abundant than in wild-type and
FLP-rescued cells at the same times. However, Mll2-defi-
cient cells seem to catch up so that NF-M transcripts on day
32 were only approximately eightfold less abundant. In part

Figure 5. Cardiac differentiation of ES cells in
vitro. (A) Embryoid body (EB) formation of
wild-type, F/F, and mll2�/� ES cells on day 3
of cardiac in vitro differentiation, magnification
20� and close-up. EBs designated as mll2�/�
(2x) were generated from 2 times more cells
than the other three panels. (B) Quantitative
expression analysis of early differentiation
markers Flk1 (early mesendoderm), Gsc and
Mixl1 (gastrulation), Fgf5 (epiblast), brachyury
(mesoderm), and the pluripotency marker
Oct4 upon cardiac in vitro differentiation. To-
tal RNA from EBs at different time points was
isolated and processed for reverse transcrip-
tion. Ct values of qPCR analysis were normal-
ized against ribosomal protein L19 (RPL19).
Data are means of triplicate analysis � SD. (C)
Regions of cardiogenesis were identified by
appearance of cardiac specific markers. Con-
tracting regions of mll2 mutant ES cells were
dissected, dissociated, and processed for car-
diac-specific immunoreactivity by using anti-
desmin and anti-titin antibodies. Magnifica-
tion, 40�. (D) Appearance of spontaneous
contractile activity during EB outgrowth. EBs,
derived from a defined number of cells (1 �
103 cells/EB), were plated and checked for
appearance of contractile activity (until day
25). In addition, mll2�/� EBs resulting from 2
times more cells (2 � 103 cells/EB) were mon-
itored. Data were obtained from the same ex-
perimental series, n 	 96 EBs.
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such disturbance of in vitro differentiation could be due to
enhanced apoptosis levels in mll2�/� ES cells. TUNEL stain-
ing confirmed that mll2�/� cells continue to show an in-
creased rate of apoptosis during differentiation (Figure 6C).

mll2�/� Cells Display Altered Endodermal
Differentiation
Consistent with the delay in lineage commitment, mll2�/� cells
also displayed a delay in down-regulation of the pluripo-
tency marker gene Oct4. Normally, the Oct-4 POU transcrip-
tion factor is rapidly down-regulated upon differentiation of
ES cells (Niwa et al., 2000), and overexpression of Oct4 drives
endodermal differentiation (Palmieri et al., 1994). Higher
expression levels of Oct4 in mll2�/� cells could correlate
with a bias toward endodermal differentiation. Quantitative
PCR analysis revealed that Oct4 transcripts in mll2�/� cells
on day 12 of endodermal in vitro differentiation were ap-
proximately fivefold more abundant than in differentiating
wild-type and FLP-rescued cells (Figure 7A). On day 15, this
difference increased to �12-fold. Nevertheless, in vitro dif-
ferentiation of mll2�/� cells also showed an initial delay in
differentiation toward endoderm. During the first 9 d of
differentiation, the number of transcripts for two early
endodermal markers, cytokeratin 8 (CK8) and hepatocyte
nuclear factor 3 � (HNF3�), was slightly less in mutant cells.
Later, CK8 and HNF3� were expressed at same levels in
wild-type and mll2�/� cells (Figure 7B), and markers for
mature endodermal cell types, such as albumin 1 (ALB1)

and �-fetoprotein (Afp), showed strongly increased expres-
sion (Figure 7B). In concordance with delayed Oct4 down-
regulation, expression levels of another pluripotency marker,
Nanog, were elevated upon endodermal differentiation of
mll2�/� cells as well (Figure 7A).

In summary, this study indicates that loss of Mll2 skews
the timing of lineage commitment. Despite the fact that mll2
mutant cells are slow to initiate differentiation, they proceed
more successfully toward endodermal lineages.

DISCUSSION

Previously, we reported that mll2�/� embryos show growth
retardation from E6.5 and subsequent developmental retar-
dation leading to death by E11.5 (Glaser et al., 2006). Al-
though evidence for specific defects in gene expression was
observed, the simplest explanation for the embryonic lethal
phenotype was elevated levels of apoptosis. Here, we report
that mll2�/� ES cells also show enhanced apoptosis rates.
Furthermore, we have been able to exploit the favorable
properties of ES cells to examine the molecular basis of
defects prompted by the loss of Mll2.

In comparison with parental or rescued ES cells, the
mll2�/� ES cells did not show any differences in cell cycle
distribution or cell cycle length. A moderate increase in the
level of apoptosis affecting about 1 in 20 cell divisions was
observed, which is sufficient to explain the observed slower
rate of proliferation. This concords well with elevated apop-

Figure 6. Neurogenic differentiation of ES cells in
vitro. (A) Immunofluorescence analysis of wild-type,
F/F, and mll2�/� cells for neuronal-specific markers
(nestin, class III �-tubulin, MAP2, and 165-kDa neuro-
filament NF-M) at day 24 of neurogenic in vitro differ-
entiation. Bar, 100 �m. (B) Quantification of neuronal
marker gene expression at different time points upon
neurogenic in vitro differentiation. Differential expres-
sion of early (nestin) and late neurogenic markers (class
III �-tubulin, MAP2, neural cell adhesion molecule
[NCAM], neurofilament NF-M) in mll2�/� cells com-
pared with wild-type and FLP-rescued cells is shown.
Except for nestin (day 8, day 16, and day 24) gene
expression changes were determined on day 20, day 24,
and day 32, respectively. Analyses were performed in
triplicates and Ct values were normalized against the
endogenous standard gene ribosomal protein L19 (RPL19).
Standard deviations of fold changes in normalized tar-
get gene expression are represented by error bars. (C)
TUNEL staining of wild-type and mll2�/� cells on day
18 of neuronal in vitro differentiation. Combinatorial
studies of TUNEL labeling with immunofluorescence
analysis for neuron-specific class III �-tubulin, magnifi-
cation 40�.
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tosis and growth retardation during development as well as
the cell autonomous character of the phenotype (Glaser et al.,
2006). We conclude that loss of Mll2 leads to increased
apoptosis in many, if not all, cell types during development.

ES cells have two pathways linking mitochondria to apo-
ptosis: one pathway that requires caspase activity (cyto-
chrome c/Apaf1/caspase-9 apoptosome) (Li et al., 1997), and
another pathway that relies on the AIF operating in a
caspase-independent manner (Daugas et al., 2000). In viable
cells, AIF protein is stored in the mitochondrial intermem-
brane space, from where it is released and transported into
the nucleus in response to death stimuli (Susin et al., 1999).
It has been proposed that AIF accounts for initial apoptotic
changes in the nucleus, whereafter cytochrome c triggers
caspase activation, leading to advanced nuclear apoptosis
(Daugas et al., 2000). The AIF-dependent pathway is essen-
tial for controlled programmed cell death during early mor-
phogenesis in mammals (Joza et al., 2001). AIF action occurs
caspase independently and is not inhibited by the general
caspase inhibitor Z-VAD-FMK (Susin et al., 1999). Moreover,
AIF is released upon reduced levels of Bcl-2 protein, which
typically preserves the integrity of mitochondrial mem-
branes and protects cells from apoptosis (Marzo et al., 1998;
Daugas et al., 2000) regardless of Apaf1 (Haraguchi et al.,
2000) or caspase activation (Amarante-Mendes et al., 1998).
Because we observed decreased Bcl2 expression, a slight

increase of AIF expression, and no rescue by Z-VAD-FMK
inhibition of caspases in mll2�/� cells, we suggest that the
increased apoptotic cell death is due to reduced Bcl2 protein
levels and increased AIF release.

Notably Mll2 binds to the Bcl2 gene and sustains
H3K4me3 around the 5� end of the second exon, which is �1
kb downstream of the annotated transcription start site.
These observations are concordant with the observed mod-
erate reduction of Bcl2 expression, because we did not ob-
serve Mll2 binding or reduced H3K4me3 at the annotated
promoter. Whether this means that Mll2 is bound to an intra-
genic enhancer or to an alternative start site of Bcl2 transcrip-
tion remains to be determined. Besides, we conclude that Mll2
contributes to, but is not essential for, Bcl2 expression.

Morphologically, mll2�/� ES cell colonies and embryoid
bodies seem slightly disorganized, possibly due to the dis-
ruptive effects of sporadic cell elimination by apoptosis or
lack of the cell surface SSEA1 antigen. Mutant ES cells show
an almost complete loss of the stem cell marker SSEA1,
which may be important for cell adhesion and proliferation
(Cui et al., 2004; Muramatsu and Muramatsu, 2004). SSEA1 is
a carbohydrate antigen that is first expressed at the late
eight-cell stage in mouse embryogenesis and becomes in-
creased at later stages (Muramatsu and Muramatsu, 2004).
This carbohydrate structure is postulated to be involved
in tight adhesion of the blastomeres, a process called
compaction (Fenderson et al., 1984). Moreover, it has been
proposed that carbohydrates participate in cell survival
by enhancing the interaction of membrane molecules.
Therefore, adhesion defects in Mll2-deficient cells, due to
the loss of SSEA1, could add to the proliferative defect
and contribute to discoordination of cell– cell communi-
cation. However, loss of SSEA1 expression did not impair
pluripotency of mll2 mutant ES cells.

Despite their proliferative defect, mll2�/� cells retain
normal characteristics, form embryoid bodies, and differen-
tiate toward all three germ lineages. This concords with the
loss of function phenotype during development, which in-
cluded progress past gastrulation and early organogenesis
albeit with growth and developmental delays. It also con-
cords with the maintenance model for transcriptional regu-
lation, as exemplified by trxG and PcG action.

The maintenance model arose from studies on homeotic
mutations in flies and differs from conventional regulation
of gene expression, which relies on transcription factors
binding to cis-acting sequence elements in promoters and
enhancers. In trxG and PcG mutants, the expression of ho-
meotic genes is established but not maintained (Ingham,
1983; Struhl and Akam, 1985; Heemskerk et al., 1991), indi-
cating that certain developmentally important genes are reg-
ulated by a two-stage mechanism. First, by the transcription
factors that establish expression and second, by the recruit-
ment of a mechanism involving trxG and PcG, which sus-
tains gene expression. By recruiting this mechanism, the
initial and inherently reversible mode of regulation by tran-
scription factors is replaced by an epigenetic mode that
secures inheritable maintenance of gene expression. Al-
though it has gained a certain acceptance (Yu et al., 1998),
and credence from the connections between trxG, PcG, and
histone 3 lysine methylation, the maintenance model has
never been formalized in the literature and has been chal-
lenged recently (Brock and Fisher, 2005). Our data do not
prove or disprove the model. However, they are concordant
with it. Mll2 is not required for any of the complex changes
in gene expression involved in the transition from pluripo-
tency to differentiated states in all three germ layers, either
in vitro as shown here or during development (Glaser et al.,

Figure 7. Endodermal differentiation of ES cell clones in vitro. (A)
Quantitative PCR analysis of Oct4 and Nanog gene expression upon
in vitro differentiation into endoderm. Graphs illustrate expression
changes of respective genes on day 12 or 15 relative to the undif-
ferentiated state. Fold changes were calculated from RPL19-normal-
ized Ct values; error bars represent SD of triplicate analysis. (B)
Quantitative analysis of endoderm-specific transcripts in wild-type,
F/F, and mll2�/� ES cells at different time points during endoder-
mal in vitro differentiation. Expression levels of early endodermal
markers, cytokeratin 8 (CK8) and hepatocyte nuclear factor 3 �
(HNF3�), and late endodermal markers, albumin 1 (ALB1) and �-fe-
toprotein (Afp), were normalized against the internal standard gene
RPL19. Data are means of triplicate analysis � SD.
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2006). Embryonic lethality occurs well after gastrulation and
after the apparent failure to maintain the expression of cer-
tain homeobox genes, such as Mox1 (Glaser et al., 2006). To
the extent of published studies, the same can be said for its
homologue Mll except with different target genes (Yagi et al.,
1998; Yu et al., 1998; Hanson et al., 1999; Ernst et al., 2004).

Although Mll2 is not required for lineage commitment,
the utility of ES cells allowed us to observe changes in
timing. Differentiation toward all three germ layers was
initially delayed. In the case of differentiation toward cardiac
myocytes, a distinct 3-day delay was observed even when
the protocol was initiated with twice the number of cells to
compensate for loss due to apoptosis. In spite of the initial
delay, differentiation to cardiac myocytes was quantitatively
equivalent to wild type. Differentiation to neurons was not
only delayed but also inefficient. In contrast, endodermal
differentiation recovered from an initial delay to overshoot.
Hence, we observe a complex imbalance in the temporal
coordination of lineage commitment in the absence of Mll2.
Whether this imbalance is solely due to increased apoptosis
or indicates a role for Mll2 in the temporal coordination of
lineage commitment remains to be established. Apparently,
an increase in apoptosis upon withdrawal of LIF and the
induction of differentiation has been observed (Duval et al.,
2004). The same authors also showed that overexpression of
Bcl2 suppressed this apoptosis. However, it is not known
whether Bcl2-mediated suppression of apoptosis is required
for efficient differentiation.

Finally, we note that the observed complex imbalance in
temporal coordination of differentiation offers an additional
explanation for the mll2�/� embryonic lethal phenotype. If
similar imbalances were manifest during embryonic devel-
opment, then the developmental failures could be due to the
lack of reinforcing signals for pattern formation from cell–
cell signaling. In addition to increased apoptosis or the
maintenance model (Glaser et al., 2006), this presents a third
possible explanation for the Mll2 embryonic phenotype,
none of which are mutually exclusive.
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