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ABSTRACT

The relationship between chromatin modification
and lymphocyte development is still poorly under-
stood. Here we show a correlation between methyla-
tion of lysine 4 on histone 3 (H3-K4) and activation
of several loci required for the pre-B cell to imma-
ture B-cell developmental transition. A critical step
in this transition is the induction of V(D)J recombi-
nation at the Igk locus. Upon activation of Igk
recombination, a >10-fold enrichment of both di-
and trimethylated H3-K4 is observed at Jx targeting
signals, but not at an analogous targeting signal in
the T-cell receptor o locus or, surprisingly, at
several Vk signals. However, H3-K4 methylation is
restricted to the actively recombining fraction of Jx
recombination targeting signals, consistent with a
direct relationship between H3-K4 methylation and
signal activity. Correlations between increased
H3-K4 methylation and induction of transcription
are also observed at some, but not all, loci where
transcription is induced. H3-K4 methylation may
therefore be a widely used but not universal means
for controlling chromatin activity in this develop-
mental transition.

INTRODUCTION

Lymphocyte development uniquely requires the programmed
activation of different loci for targeted chromosomal re-
arrangement as well as transcription (1). Rearrangement is
required for assembly of mature immunoglobulin (Ig) and T-
cell receptor (TCR) genes, and is regulated at many levels.
Rearrangement of TCR loci is restricted to T cells, just as
rearrangement of Ig loci is largely restricted to B cells. Within
B-cell development, Ig heavy chain rearrangement occurs
first, and is required for the pro-B to pre-B transition, while
transition of pre-B cells to immature B cells requires
subsequent rearrangement of one of either light chain locus
(Igx and Ig)) (reviewed in 2,3). Within light chain loci, only
one allele is activated for recombination, while the other is

kept in an inactive state, which helps ensure that only one light
chain is expressed in a given cell (allelic exclusion) (4).

Accurate control of where and when V(D)J recombination
occurs is therefore critical for normal B-cell development, and
is largely dependent on the accessibility of DNA to the RAG1/
2 nuclease complex within its cellular context, chromatin
(reviewed in 5,6). Chromatin accessibility is mediated, in part,
by nucleosome remodeling activities [e.g., SWI/SNF complex
(7]. Remodeling in turn is controlled through covalent
modification of histones with a wide variety of functional
groups, but most typically through acetylation or methylation
of key lysine residues on histone tails. Recent work suggests
an important role for histone modifications in lymphocyte
development. Loci active in V(D)J recombination have
nucleosomes with hyperacetylated histones, and enhancement
of histone acetylation levels increases V(D)J recombination
activity (reviewed in 8).

Histone methylation is another potentially important regu-
lator of both V(D)J recombination and transcription in
lymphocyte development. Methylation of H3-K79 is exclusive
to loci that are active in V(D)J recombination in a given cell
type (9): high levels of methylated H3-K79 are detected at the
IgH locus but not TCR loci in pro-B cells, and at the TCR loci
but not IgH locus in pro-T cells. Conversely, methylation of
H3-K9 correlates with the loci that are inactive for V(D)J
recombination in a given cell type, and thus the modification is
likely to be inhibitory (10). A direct functional link between
histone methylation and V(D)J recombination comes from an
experiment where the H3-K27 methyltransferase, Ezh2, was
deleted in developing B cells. Ezh2 deletion results in an
altered pattern of V(D)J recombination, such that recombina-
tion to the distal portion of the IgH locus, containing members
of the VhJ558 gene family, is not observed (11). The
regulatory role of the cytokine IL-7 in V(D)J recombination
may be mediated in part through the methylation of H3-K27
(12).

Methylation of H3-K4, a well-studied marker of euchro-
matin, is also a strong candidate for establishing or maintain-
ing chromatin accessibility for V(D)J recombination
(reviewed in 13). H3-K4 can be mono-, di- or trimethylated
(di-Me-H3-K4 or tri-Me-H3-K4), but the functional impact of
having different degrees of H3-K4 methylation in chromatin is
still poorly understood. The presence of di-Me-H3-K4 can

*To whom correspondence should be addressed at Lineberger Comprehensive Cancer Center, University of North Carolina at Chapel Hill, NC 27599, USA.
Tel: +1 919 966 9809; Fax: +1 919 966 3015; Email: dale_ramsden@med.unc.edu

Nucleic Acids Research, Vol. 32 No.6 © Oxford University Press 2004, all rights reserved



correlate with loci active or potentially active in transcription
(14,15). A similar correlation between di-Me-H3-K4 and
V(D)J recombination can be seen, as peaks of di-Me-H3-K4
are found flanking IgH and TCR loci at developmental stages
preceding active recombination of these loci (10).

Tri-Me-H3-K4 is restricted to actively transcribing genes,
but unlike di-Me-H3-K4, is typically not detected at a locus
prior to transcriptional activation (16). In yeast, tri-Me-H3-K4
may be dependent on an initial round of transcription, but
promotes subsequent rounds of transcription by facilitating
recruitment of chromatin remodeling complexes (17,18). Loci
may thus progress from a potentially active or ‘poised’ state,
marked by isolated peaks of di-Me-H3-K4, to one maintained
in an active state and marked by tri-Me-H3-K4.

Here we address dynamic changes in H3-K4 di- and
trimethylation during V(D)J recombination by employing a
cell line in which initiation of V(D)J recombination can be
manipulated. This cell line was transformed with the tem-
perature-sensitive Abelson Murine leukemia virus (ts-Ab-
MuLV), is already rearranged at the heavy chain locus, and
undergoes only low levels of recombination at light chain loci
when grown at the permissive temperature. However, a shift to
the non-permissive temperature mimics several aspects of the
pre-B to immature B-cell transition (19,20). This transition
includes high levels of recombination at light chain loci, as
well as the transcriptional activation of several factors
required for the pre-B to immature B-cell transition in bone
marrow pre-B cells (21).

We show a strong association between initiation of
recombination and H3-K4 methylation. We also observe
increased H3-K4 methylation at some sites where transcrip-
tion is activated, suggesting a role for this modification in
general re-programming of chromatin during B-cell develop-
ment.

MATERIALS AND METHODS
Antibodies

Two rabbit polyclonals recognizing trimethyl H3-K4 were
used for chromatin immunoprecipitation (ChIP) assays
[Abcam (see Fig. 4) and Upstate (all other figures)]. The
anti-dimethyl H3-K4 rabbit polyclonal antisera was a gift from
Yi Zhang, UNC-Chapel Hill. Specificity of both di- and
trimethyl H3-K4 antibodies in ChIP assays was confirmed by
the ability of appropriate peptides to block immunoprecipita-
tion. Purified mouse IgG1 (Pharmingen) was used as control
for levels of non-specific DNA association in all ChIP
experiments.

Cells and ChIP analysis

SP9 ts-Ab-MuLV cell line was established, maintained and
induced as described previously (20). Pro-B lymphocytes
were expanded in Opti-MEM containing 10% FBS (Gibco),
5 UM 2-mercaptoethanol, 1 X penicillin/streptomycin/gluta-
mine (Gibco), IL-7 (1:100 dilution from J558-IL-7 super-
natant, gift of F. Melchers) and c-kit ligand (KL; 1:500
dilution from MGF-CHO supernatant, gift of the Genetics
Institute). Cultures were initiated with 1 X 10° B220+ bone
marrow (BM) cells/ml isolated from C57B1/6 BM by selection
with anti-B220-magnetic beads on a magnetic column
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(Miltenyi Biotech., Inc) as described previously (22). To
enrich for pre-B and immature B cells the pro-B lymphocytes
were washed four times with PBS and replated at 1 X 10° cell/
ml in media lacking IL-7 and KL. Cells were further processed
for ChIP analysis as described previously (23). ChIP analysis
was performed on extracts equivalent to 3.5 X 10° cells for ts-
Ab-MuLV cells or 2 X 10° for primary cells, using 2 ug of
purified antibody.

PCR analysis

For each reaction, input DNA template (equivalent to 1/5 of
the amount used for immunoprecipitation) was serially diluted
and amplified to ensure each PCR was in the linear range.
Template equivalent to 1/6 of the material recovered from
each immunoprecipitation was then compared with input
DNA to establish a relative measure of recovered material,
thus making comparison between each different PCR target
site valid. PCR products were detected and quantified by
inclusion of [*¥P]a-dCTP in reactions. When comparing
different extracts, we corrected for recovered DNA by PCR of
K intron enhancer region (KE) from ChIP input samples.

RNA was prepared from 1 X 107 cells using a Qiagen
RNeasy mini kit, according to the manufacturer’s instructions.
RNA samples were DNase-treated and equalized for concen-
tration according to optical density. RT-PCR was carried out
with ~100 ng total RNA per reaction as template, using the
Qiagen OneStep RT-PCR kit (see primers, below). As with
other PCR reactions, [*3P]a-dCTP was included for purposes
of detection and quantification.

Primer sequences and PCR reaction conditions for 5" of Jx1,
RAG1 ORF and 5" of Ja50 have been previously described
(24). The following primer pairs all required a 55°C annealing
step: IgkIVS, EJP58 (5-CCCGACTTCAGTTCAATGGT-3")
and EJP59 (5-ACCTGCACCTTACGTTGACC-3'); «E,
EJP60 (5-GACTTTCCGAGAGCCATCTG-3") and EJP61
(5’-GCCTTAAGCCAGGGTCTGTA-3); Jx4, EJP62 (5'-
CGGGGACAAAGTTGGAAATA-3) and EJP63 (5’-CGC-
TCAGCTTTCACACTGAC-3"); RAGI promoter, EJP64 (5'-
AACAACCCTGAATGTTTCTGC-3") and EJP65 (5'-
TATCAGCTCTCACGCCCTTC-3’); GAPDH internal RT-
PCR control, gapdown (5-CAAAGTTGTCATGGATGACC-
3’) and gapup (5-CCATGGAGAAGGCTGGG-3'); 4 kb 5" of
Jx1 (4 kb), EJP76 (5’-GGAACCCACAACAGCCAATA-3")
and EJP77 (5-CCCACTTGTCCCTGAAGAAA-3"); Spi-B
promoter, EJP84 (5-CCTAGCCTGCTCTGAACCAC-3")
and EJP85 (5'-AGGAAACGCTGGACAGAAGA-3’); Spi-B
OREF, EJP90 (5’-GCCTGGCCTCCAGGTGTA-3") and EJP91
(5’-AAGAGGGCCTCGTCTGACTC-3"); IRF-4 promoter,
EJP86 (5-AGAAATGGCGACAGAGGAGA-3’) and EJP87
(5’-CCTTGACTTAGGCGGTTTCA-3’), also EJP96 (5'-
GGAAGAAGAGGGGAAAATGG-3") and EJP97(5-CAA-
GCACAGTCCCCAAAGTT-3"); IRF-4 ORF, EJP88 (5-
CAGATGGGCTTTATGCCAAA-3") and EJP89 (5-TCT-
TTCTGGCCCTCTGCTAA-3"); Vk4, EJP68 (5-ACTGCA-
GCCAGTGGTTTGAT-3’) and EJP69 (5-ATGAATATCC-
TGAAGCAAAACC-3"); VK21A, EJP78 (5-CCTGCATC-
TCAACACAGAGC-3") and EJP79 (5-AAGGAGGATGC-
TGAGAGTGG-3"). Coding junctions were amplified with an
annealing step of 58°C using DARI14 (5-GGCTGCA-
GCTTCAGTGGCAGTGGATCAGGAAC-3") and DAR24
(5’-CTTTGCCTTGGAGAGTGCCAGAATC-3).
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For ligation-mediated PCR (LM-PCR) analysis of signal
ends, a linker was prepared from FMI11 (5-CACTTCA-
GATC-3") and FM25 (5-GCGGTGACTCGGGAGAT-
CTGAAGTG-3"), ligated to twice the amount of template
DNA as was used for standard PCR analysis, and linker-
ligated DNA recovered as previously described. In the first
round of amplification, 1/4th of the ligated material was
amplified for 20 cycles using FM25, DAR11 (24) and a 60°C
annealing step for Jx1 DSBs. 1/25th of the first round PCR was
further amplified for 25 cycles using the same annealing
temperatures and FM25 and DAR289 (5-GTTAAGC-
TTTCGCCTACCCACTGCTC-3") for Jk1 DSBs. [**Pla-
dCTP was added to the second round of PCR amplification
for detection purposes.

RESULTS

H3-K4 di- and trimethylation patterns at the k¥ locus
upon V(D)J recombination

Initially, our ChIP analysis focused on histone modifications
observed in chromatin immediately 5" of the Jk1 recombina-
tion targeting signal. We tested a number of histone modifi-
cation-specific antibodies and confirmed earlier reports
showing hyperacetylation on both H3 and H4, as well as a
slight enrichment of methylated H3-K79 after recombination
was induced. However, the modification with the most striking
change after induction of recombination was methylation of
H3-K4 (Fig. 1A, compare L to H). L represents extracts from
ts-Ab-MuLV cells grown at permissive temperature, H repre-
sents extracts from cells grown at the non-permissive tem-
perature for 24 h. Both di- and tri-Me-H3-K4 were increased
>10-fold over the induction period (Fig. 1B and C) whereas
other modifications only increased 2—5-fold (data not shown).

In contrast, levels of both di- and tri-Me-H3-K4 at an
analogous site in the recombinationally inactive TCR o locus,
5" of TCR Jo50 (TCRo) remained low and unaffected by the
induction of V(D)J recombination (Fig. 1A). Very high levels
(>30% of input DNA) of tri-Me-H3-K4 at a site in the IgH
locus are evident prior to induction of recombination, and
levels only slightly increase (<2-fold) after shift to the non-
permissive temperature (unpublished data).

Activation of recombination at the Igk locus has been
linked to increased chromatin accessibility, and to initiation of
a germline transcript that starts ~4 kb upstream of Jx1 and
continues to Cx. Significantly increased enrichment of both
di- and tri-Me-H3-K4 was restricted to a portion of the
germline transcript, including a site near the germline
transcript promoter (4 kb, Fig. 1B and C) and the majority
of the Igk J segments (Jx1 and Jx4, Fig. 1B and C). However,
methylated H3-K4 does not extend for the entire length of the
germline transcript, as levels of di- and tri-Me-H3-K4 are low
and remain unchanged at the Cx intron—exon boundary after
induction of recombination (unpublished data). Levels of
—tri-Me-H3-K4 also remain low at the K intron enhancer (KE,
~4 kb downstream of Jx5, Fig. 1B). Levels of di-Me-H3-K4 at
the KE are initially somewhat higher than other K locus sites,
but are reduced 2-fold after induction of recombination.
Levels of H3-K4 methylation remain low at a site 9 kb
upstream of Jk1 (IgkIVS; midway between Jk1 and the most
proximal Vx) as well as a number of sites near VK segments.
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Figure 1. Levels of tri-Me-H3-K4 detected at selected sites. (A) ChIP
analysis of extracts from ts-Ab-MuLV cells. L, extracts from ts-Ab-MuLV
cells grown at permissive temperature; H, extracts from ts-Ab-MuLV cells
grown at non-permissive temperature for 24 h. Additional 5- and 2-fold
dilutions of H input DNA are shown to confirm PCR is in the linear range.
Input DNA template (left of figure) was compared to DNA template
immunoprecipitated with a non-specific control antibody (IgG) or using the
tri-Me-H3-K4 antibody, and template detected using 5° of Jk1 or TCR
primer pairs as noted. (B) Levels of tri-Me-H3-K4 at selected sites.
Approximate locations of primer pairs noted on the locus diagram (details
in Materials and Methods). The amount of immunoprecipitated DNA,
averaged from two independent inductions, for a given primer pair is
expressed as a fraction of input DNA for both L and H samples. Error bars
represent standard deviation. (C) Levels of di-Me-H3-K4 at selected sites
from one representative experiment of two. Primer pair locations as in (B).

Vi« sites tested included a site immediately 3" of VK21A, the
most J proximal Vx (Fig. 1B and C), and a primer pair
common to sites immediately 3" of two members of the Vi4
family (aa4 and kn4), located approximately in the center of
the Vx locus. Increased methylation of H3-K4 is thus
restricted to a ~7 kb region of the x locus that roughly
correlates with the 5" portion of the germline transcript.

H3-K4 trimethylation is specific for actively recombining
loci

We tracked how closely tri-Me-H3-K4 enrichment correlates
with recombination over an interval during which recombina-
tion increases exponentially. Our results show increases in
tri-Me-H3-K4 at the Jx1 signal flank which very closely
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Figure 2. Ordering of recombination and H3-K4 methylation near Jx1. (A) Approximate location of PCR primers used in (B) and (C); numbers identify each
PCR product used in subsequent panels. (B) Relative levels of coding junctions from input DNA are plotted against levels of tri-Me-H3-K4 detected at the
indicated sites before (L) or after shift of cells to the non-permissive temperature (H) for 12, 16, 20 or 24 h. Initial levels of coding junctions at L were
defined as 1. Data are from a representative experiment. (C) ChIP analysis of extracts from ts-Ab-MuLV cells grown at non-permissive temperature for 24 h.
Additional 5- and 2-fold dilutions of input DNA are shown to confirm LM-PCR is in the linear range; see (A) for cartoon representation of LM-PCR.
Input DNA template (left of panel) was compared to DNA template immunoprecipitated with a non-specific control antibody (IgG) or using the tri-Me-H3-K4

antibody.

paralleled increases in recombination to this signal (Fig. 2B,
compare 5” of Jkl ChIP and VJxl coding junctions). As
expected, H3-K4 methylation at the TCRa. locus was almost
undetectable throughout the time course (data not shown).

The PCR primer pair used in all previous figures to assess
chromatin near Jx1 (5" of Jk1) amplifies DNA independent of
whether recombination has yet initiated at Jx1. In the ts-Ab-
MuLV model, less than half of all Igk alleles undergo
recombination at this signal. To determine if tri-Me-H3-K4
enrichment occurs preferentially within the fraction of alleles
active in recombination, we altered the location of the
downstream primer of the 5" of Jx1 pair such that the PCR
product now spans the Jx1 break site (Fig. 2A). The latter PCR
is thus directed towards the same region, but is specific for
chromatin that is still unbroken at Jx1. Parallel analysis of the
same immunoprecipitated DNA with these two primer pairs
gives strikingly different results. In contrast to the ~10-fold
enrichment of tri-Me-H3-K4 observed using the 5" of Jkl
primer pair, analysis using the Jxl unbroken primer pair
shows consistently low levels of tri-Me-H3-K4 (Fig. 2B). By
inference, H3-K4 trimethylation is thus restricted to alleles
either immediately prior to or after cleavage of the chromo-
somes at recombination signals. Consistent with this correl-
ation, tri-Me-H3-K4 can be readily detected at Jx1 signal ends
when immunoprecipitated DNA is analyzed using a LM-PCR
assay specific for this species (Fig. 2C).

H3-K4 trimethylation at other loci important for B-cell
development

Previous studies addressing histone modifications in the
context of lymphocyte development focused primarily on
links to V(D)J recombination, and thus loci active in V(D)J
recombination. We applied ChIP analysis to three loci where

transcription is activated after a shift to the non-permissive
temperature to determine whether tri-Me-H3-K4 enrichment
was also associated with activation of transcription in this cell
line. Using RT-PCR we confirmed previous work (21)
indicating that transfer of cells to the non-permissive
temperature activates transcription of RAGI1, Spi-B and
IRF-4 genes (Fig. 3A). Tri-Me-H3-K4 is enriched >10-fold
in a site within the Spi-B gene (Fig. 3B), and a site within the
RAGI1 gene undergoes a 4-fold increase in tri-Me-H3-K4
(Fig. 3B), correlating transcriptional activation and H3-K4
trimethylation in this model for these two genes. Surprisingly,
while transcription of IRF-4 is induced, levels of tri-Me-H3-
K4 at several sites within the IRF-4 gene, including both the
promoter and transcribed DNA, are not (Fig. 3B). ChIPs for
each gene were repeated at least three times.

Enrichment of tri-Me-H3-K4 in primary cells

We also addressed changes in tri-Me-H3-K4 using a primary
cell model for the pre-B to immature B-cell transition.
Pro-B cells were selectively expanded from bone marrow
for 4 days in the presence of IL-7 and KL (TO), after which
immature B cells were enriched by withdrawal of IL-7 (25).
Enrichment for pre-B cells was verified by detection of an
~30-fold increase in levels of light chain rearrangement
between 0 and 15 h after IL-7 withdrawal (data not shown).
Limited amounts of material meant that only histone
methylation at the 5" of Jx1 and 5" of TCR Ja50 sites could
be assessed by ChIP analysis. Initial levels of tri-Me-H3-K4
were already enriched at 5" of Jx1 relative to TCR Ja.50, but an
additional 2-fold increase in methylation was observed 15 h
after IL-7 withdrawal (Fig. 4). Therefore, as observed in
the ts-Ab-MuLV cell line, increased H3-K4 methylation
correlates with increased recombination in primary cells.
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Figure 3. Tri-Me-H3-K4 and activation of transcription. (A) Relative levels
of RNA before (L) and after (H) shifting to the non-permissive temperature
using RT-PCR and ORF primer pairs for each gene, as indicated in the
Materials and Methods. A GAPDH RT-PCR was used to correct for
differences in RNA between samples. (B) ChIP data showing levels of
tri-Me-H3-K4 in Spi-B, RAGI1 and IRF-4 as assessed by ORF primer pairs
for each gene.

However, changes in H3-K4 methylation in primary cells are
much less striking than that observed in the ts-Ab-MuLV cell
line, probably due to greater heterogeneity in the initial
primary cell population.

DISCUSSION

We link enrichment of both di- and tri-Me-H3-K4 with the
activation of both recombination and transcription at several
loci important for development of B cells using a transformed
cell line. Experiments using primary cells indicate this
enrichment is not unique to the transformed cell line model.
These correlations provide important insight into the potential
control mechanisms of V(D)J recombination and transcrip-
tional activation during B-cell development.

Using the transformed cell line, we see a >10-fold
enrichment of tri-Me-H3-K4 over a portion of the germline
transcript that includes Jx recombination signals. A progres-
sive increase in tri-Me-H3-K4 detected near Jx1 occurs in
parallel with an increase in recombination to that signal.
Remarkably, tri-Me-H3-K4 is also excluded from chromatin-
containing Jkl signals not active or not yet active in
recombination. Recombination and histone methylation near
Jxs are thus very closely linked in time.

Previous work has linked induction of a germline transcript
and increased chromatin accessibility with initiation of V(D)J
recombination, but whether germline transcription is the cause
or consequence of increased chromatin accessibility is
unclear (26). We suggest that the germline transcript is
in part the cause of increased accessibility: initiation of
germline transcription may serve as a trigger for the
marking of chromatin over Jks with tri-Me-H3-K4. We
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Figure 4. Levels of tri-Me-H3-K4 in primary pre-B cells. TO, immediately
before IL-7 withdrawal; T15, 15 h after IL-7 withdrawal.

show tri-Me-H3-K4 methylation and recombination are
essentially coincident, arguing tri-Me-H3-K4’s ability to
promote recruitment of remodeling complexes (17) may be
the critical step in making Jks accessible to RAG proteins.

However, we detect no significant increases in tri-Me-H3-
K4 near several Vk recombination signals. This observation is
consistent with a lack of correlation between recombination
activity of VH gene segments and whether the same VH
segments have a germline transcript (27). Recent work
suggests a RAG1/2 multimer that can cleave both signals
assembles first on a single signal; the second signal is recruited
into this complex and cleavage ensues (28,29). In the Igk
locus, tri-Me-H3-K4 and its ability to promote chromatin
activity may thus be essential only for recognition of the first
signal (in this case a Jx). Subsequent recruitment of a VK
recombination signal to this pre-formed complex may not be
dependent on tri-Me-H3-K4.

A previous study identified peaks of di-Me-H3-K4 flanking
other antigen receptor loci (IgH, TCRP) poised for rearrange-
ment (10). Possibly consistent with this observation, we detect
before induction of recombination a modest enrichment of
di-Me-H3-K4 at the KE relative to other sites in the Igx locus.
However, neither the prior study nor ours detected significant
peaks of di-Me-H3-K4 in the more widely distributed VH and
Vx regions. Clearly, the techniques used here could not be
practically employed to systematically cover the entire Vk
region (>3 Mbp), thus a peak of di-Me-H3-K4 in this region
may have been missed.

Enrichment of tri-Me-H3-K4 after induction in this cell line
is not restricted to loci active in recombination. As previously
shown, transcription of RAG1, IRF-4 and Spi-B genes is also
activated after induction of ts-Ab-MuLV cells (21). We
demonstrate that activation of transcription is accompanied
by enrichment of tri-Me-H3-K4 at these genes. Although our
RT-PCR analysis confirms activation of IRF-4 transcription,
we detect no enrichment for tri-Me-H3-K4 in this gene, after
assessing the status of two sites covering the majority of this
gene’s promoter as well as at a site approximately in the
middle of the gene’s transcript. However, it is still possible that
the pattern of trimethylation in the IRF-4 gene is more focused
either than has been observed here for RAG1 and Spi-B genes
(Fig. 3), or has been previously observed in other mammalian
genes (30). Alternatively, IRF-4 may be an example of an
RNA polymerase II-transcribed gene in which methylation of
H3-K4 is not associated with activation of transcription.

Thus far, links between H3-K4 methylation and B-cell
development discussed here and elsewhere have largely been



limited to correlations, possibly because the H3-K4 histone
methyltransferases in mammals have pleiotropic effects. The
mixed lineage leukemia (MLL) gene product, required for
control of vertebrate HOX gene expression and thus many
developmental programs (31), is one candidate for establish-
ing the patterns of H3-K4 methylation we observe here. MLL
has H3-K4 methyltransferase activity (32,33), but is unable to
generate tri-Me-H3-K4 in vitro (33). However, MLL has links
to B-cell development, as translocations in the MLL gene can
cause malignancy in pre-B cells (reviewed in 34,35).
Translocation deletes the MLL methyltransferase domain,
suggesting pre-B-cell malignancy could be promoted by
disruption of patterns of methylated H3-K4. Clearly, definitive
assessment of the role of H3-K4 methylation in B-cell
development awaits the tools to block or perturb this
chromatin modification.
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