
Myb proteins regulate expression of histone variant H2A.Z
during thymocyte development

Introduction

c-Myb is an essential transcription factor required for

normal haematopoiesis. The function of c-Myb is well

characterized in T-cell development where it is required

at four distinct points during thymocyte maturation.1,2

Immature thymocytes can be broadly classified as double

negative (DN) thymocytes, which lack expression of the

CD4 and CD8 coreceptors, and double positive (DP) thy-

mocytes, which express both coreceptors.3 c-Myb is

required for two distinct transitions in DN thymocytes:

for the earliest committed thymocytes to progress beyond

the DN1 stage (CD44+ CD25–),1 then for selection and

expansion of thymocytes with successful rearrangement of

the T-cell receptor b chain (TCR-b) at the DN3 stage

(CD44– CD25+).2,4–6 Later, at the double positive (DP)

stage, c-Myb is required for cell survival and may contrib-

ute to TCR-a gene rearrangement.2,6 c-Myb is further

required for differentiation from the late DP precursor to

the final CD4 single positive stage, but not for the corre-

sponding DP to CD8 single positive transition.2,6,7 In

mature T cells, specific deletion of c-myb or inhibition of

c-Myb by expression of a dominant negative transgene

reduces the activation-induced proliferative response.4,6

c-Myb activates transcription through the hexameric

consensus Myb-binding site (MBS), defined as YAACT/

GG. However, molecular studies into the transcriptional

targets of c-Myb have yet to explain its profound effects

on haematopoietic development. c-Myb has been pro-

posed to regulate transcription of the CD4 and recombi-

nation activating gene (RAG-2) genes.8–10 However, while

specific deletion of c-Myb in thymocytes in vivo resulted

in impaired rearrangement of both chains of the TCR

and a block in differentiation of CD4 T cells, no decrease

in RAG-2 or CD4 expression was detected.2,7 Apart from

the Bcl2 family members whose products mediate the

antiapoptotic function of c-Myb,11–13 few other promising

target genes exist that could be responsible for the essen-

tial functions of c-Myb in T cells. To address this issue,

we have recently published a subtraction cloning-based

screen identifying 29 novel targets in a model system of

haematopoiesis.14 To extend this screen to a T-cell sys-

tem, we immobilized cDNA molecules isolated from the

initial screen onto nylon filters and probed filters with

labelled total cDNA produced from mouse splenic T cells

activated ex vivo by interleukin (IL)-2 treatment. The

screen identified 81 putative Myb-responsive genes,

including the histone variant H2A.Z, which was isolated a

total of three times.

H2A.Z is highly conserved throughout eukaryotic evo-

lution and recent data implicate H2A.Z in a wide range

of chromatin-related processes including transcriptional
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Summary

The c-myb gene encodes a transcription factor required for the normal

development of T cells in the thymus, and for subsequent peripheral

T-cell activation and survival. However, the profile of genes known to be

transcriptionally regulated by c-Myb in T cells does not adequately

explain the pleiotrophic nature of the effects of c-Myb. We present here a

detailed molecular characterization of the regulation of a novel target

gene, the histone variant H2A.Z. We show that c-Myb is able to bind to

and activate the H2A.Z promoter in T cells both in vitro and in vivo, and

present evidence that perturbation of Myb activity during T-cell develop-

ment results in reduced H2A.Z expression. As H2A.Z is absolutely

required for the early stages of mammalian development, and plays essen-

tial roles in the regulation of chromatin structure in gene promoters in

yeast, its regulation by c-Myb is likely to be of some importance during

T-cell development.
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regulation, positioning of heterochromatin boundaries,

chromosomal stability and cell cycle progression.15–29 The

H2A.Z gene differs markedly from the major H2A and

other core histone genes in that it is not associated with

the replication-dependent gene clusters and possesses

introns, a conserved TATA box and a polyadenylation

signal sequence.30–32 In addition, the structure of the

H2A.Z promoter appears to be complex, with basal expres-

sion linked to Sp1 association with the proximal pro-

moter33 and upstream regions mediating increased

transcription in a cell type- and differentiation-dependent

manner.34

The identification of H2A.Z as a potential c-Myb target

was of great interest, as c-Myb has not previously been

implicated as a regulator of genes involved in epigenetic

regulation. Therefore, we chose to investigate the relation-

ship between c-Myb and H2A.Z in detail. Here we show

that Myb proteins bind directly to MBSs upstream of the

H2A.Z gene in vitro and in chromatin immunoprecipita-

tion (ChIP) assays. Expression of v-Myb, the activated

form of c-Myb, induces H2A.Z in CD4 T cells in vivo.

Conversely, blocking or knocking out Myb activity

reduces H2A.Z expression in T-cell lines and in specific

thymocyte subsets in vivo.

Materials and methods

Mouse lines

The T-cell specific vMyb4 transgenic mouse line, the flo-

xed c-myb mouse line (MybF/F) and RAG-2–/– mice have

been described previously.4,35–37 T-cell specific deletion of

c-Myb was induced by breeding MybF/F mice to CD2Cre

or CD4Cre transgenic mice.38,39

Cell culture

HD3 macrophages were routinely cultured in Dulbecco’s

modified Eagle’s minimal essential medium (DMEM)

supplemented with 8% fetal calf serum (FCS) and 2%

chicken serum (Invitrogen, Paisley, UK). EL4 cells stably

transfected with the MERT dominant negative transgene

have been described.12 MERT was activated by addition

of 1–2 lM 4-hydroxytamoxifen (Sigma-Aldrich, Cam-

bridge, UK).

Electrophoretic mobility shift assays (EMSAs)

EMSA was performed as described previously40 using as

probe 0�1 pmol of MBSwt, an IRD700-labelled double-

stranded oligonucleotide of sequence 50- CTAGGACATTA

TAACGGTTTTTAGTCTAG-30, and, as a source of Myb

DNA-binding activity, 2 ll of rabbit reticulocyte lysate

(Promega, Southampton, UK) either unprogrammed or

programmed with plasmid pT7bMT.4 Where appropriate,

1 pmol (10·), 10 pmol (100·) or 100 pmol (1000·) of

unlabelled competitors was added. Unlabelled oligonucleo-

tide competitors were: MBSwt as above; H2AZ1, 50-CAGA

AGCCTCAGTTGTTTTCGGCAT-30; H2AZ2, 50-GTACAT

CTACTAACTGCACGTCTAA-30; H2AZ3, 50-CCAGCAT

TTGTAACTGATTACATGA-30; H2AZ4, 50-GAACCATCT

GTAACTGCTTGTGAAT-30; H2AZ5, 50-GAATCATGTTA

CAGTTACCCACTG-30. All mutant MBSs contained a sin-

gle base pair change in the YAAC core to YCAC. Bands

were visualized on a Licor Odyssey scanner (LI-COR Bio-

sciences UK Ltd, Cambridge, UK).

Chloramphenicol acetyl transferase (CAT) reporter
assays

For CAT assays, 5 · 105 HD-3 cells were transfected using

DMRIE-C transfection reagent (Invitrogen) in 24-well

plates according to the manufacturer’s instructions. Cells

were harvested after 48 hr, washed in cold phosphate-

buffered saline (PBS), resuspended in 200 ll of 0�25 M

Tris-HCl (pH 7�8) and lysed in three freeze–thaw cycles.

Protein concentrations were determined (BCA protein

assay; Pierce, Cramlington, UK) and CAT activity was

assayed as described previously.41 Chloramphenicol prod-

ucts were separated by thin layer chromatography in 5%

methanol and 95% chloroform and autoradiographed.

The percentage of acetylated chloramphenicol products

was calculated and corrected for transfection efficiency

using a b-galactosidase internal control.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed as described previously7

using extracts from primary thymocytes. Primers were:

H2AZMBS1, 50-GTAGAGTTGACTAGCATTCTGC-30 and

50-CTTATTGGAACTAAGGAATTG-30; H2AMBS2, 50-AT

GCGAAATTCGCAAGACTCAG-30 and 50-ATAGACTTGT

ACACACGGTAC-30; H2AZ MBS33-5, 50-GGACAGTACC

GTGTGTACAAG-30 and 50-TAAAGCTATTATGTGTCAG

C-30.

Flow cytometry and cell sorting

Single cell suspensions were prepared from whole thymus

and spleen. In some experiments, CD69lo and CD69hi thy-

mocyte populations were separated by positively selecting

CD69hi cells by magnetic antibody cell sorting (MACS)

using LS columns (Miltenyi Biotech, Surrey, UK), followed

by flow sorting of individual populations. Cells in all exper-

iments were stained at 4� in PBS containing 2% FCS, 5 mM

ethylenediaminetetraacetic acid (EDTA) and 0�1% sodium

azide. Antibodies were: CD69-biotin, CD4-PE, Thy1�2-PE,

CD8a-FITC, CD4-APC, CD25-PE, CD44-FITC and strepta-

vidin-PE-Cy7 (BD Biosciences, Oxford, UK). Fluores-

cence-activated cell sorting (FACS) was performed on a

� 2007 Blackwell Publishing Ltd, Immunology, 123, 282–289 283

Myb regulates H2A.Z



FACSVantage electronic cell sorter (BD Biosciences) or a

MoFlo (DakoCytomation, Glostrup, Denmark). DN thymo-

cytes were sorted by FACS after depletion of CD4- and

CD8-expressing thymocytes by MACS. Data were analysed

using FLOWJO (Tree Star, Ashland, WA).

Northern blotting

RNA was processed using standard protocols. The mouse

H2A.Z probe was a purified, 262-base polymerase chain

reaction (PCR) product labelled with [32P]-dCTP (PCR

primer sequences: H2AZF, ATCTAGGACAACCAGC

CACG; H2AZR, CTGTTGTCCTTTCTTCCCGATC). The

H2A.Z probe was hybridized to nylon membranes in

QuikHyb hybridization solution (Stratagene, La Jolla, CA)

in accordance with the manufacturer’s instructions, and

visualized by autoradiography.

Quantitative reverse transcription–polymerase chain
reaction (qRT-PCR)

Total RNA was extracted from between 5 · 104 and

5 · 105 sorted T cells using TriZol reagent (Invitrogen).

RNA was reverse-transcribed using the Omniscript kit

(Qiagen, Crawley, UK). qRT-PCR reactions were per-

formed on a Taqman 7900HT analyser (Applied Biosys-

tems, Foster City, CA). All qRT-PCR assays were obtained

from Applied Biosystems. Where indicated, qRT-PCR data

were subjected to the paired Student’s t-test to determine

significance of differences in H2A.Z mRNA expression

between the transgenic and littermate control groups.

Results

Consensus MBSs upstream of the H2A.Z gene

We identified five conserved, putative MBSs (defined as

YAACT/GG) in the 1�5 kb upstream of the H2A.Z proxi-

mal promoter, and a further 11 sequence elements con-

taining the conserved MBS core (YAAC) that diverge

from the conserved hexamer at only one of the last two

positions. Four of the completely conserved hexamers

cluster to a short, 300-bp region approximately 1 kb

upstream of the first exon (Fig. 1a). This 300-bp region is

highly conserved between mouse and human with conser-

vation of three of the four MBSs. At least one MBS is also

present upstream of the chicken H2A.Z gene (h2af),

although there is little sequence homology overall.

Myb interacts with H2A.Z MBSs in vitro and in vivo
and is functionally important for H2A.Z transcription

We performed EMSAs to determine whether a 26-kDa

Myb DNA-binding domain (DBD) fragment, MT, trans-

lated in rabbit reticulocyte lysate, could be competitively

prevented from binding to a strong canonical MBS probe

(MBSwt) by an excess of unlabelled H2A.Z MBSs.

Figure 1(b), lane 2 shows the band-shift obtained with the

complex between MBSwt probe and MT, and lanes 3 and

4 demonstrate competition with a 10-fold and 100-fold

molar excess of unlabelled MBSwt. None of the H2A.Z

MBSs was able to compete when added at either a 10-fold

(data not shown) or 100-fold molar excess (Fig. 1b, lanes

5, 8, 11, 14 and 17). However, when added in a 1000-fold

molar excess, H2A.Z MBSs 3, 4 and 5 were able to com-

pete well (lanes 12, 15 and 18), and MBS1 and MBS2

competed extremely weakly (lanes 6 and 9). As controls,

no competition was observed with a 1000-fold excess of

any of the H2A.Z MBSs when they were mutated to

destroy the core AAC of their Myb-binding sites (Fig. 1b,

lanes 7, 10, 13, 16 and 19), indicating the specificity of the

interaction, and no retarded band was observed in unpro-

grammed reticulocyte lysate (Fig. 1b, lane 1), demonstrat-
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Figure 1. Myb proteins interact directly with Myb-binding sites

(MBSs) immediately upstream of the histone variant H2A.Z proximal

promoter. (a) Schematic of the genomic DNA sequence up to

2000 bases upstream of the murine H2A.Z cDNA. Regions of homol-

ogy with the human gene are indicated by solid black bars. MBS1–5

are indicated by black boxes. Approximate positions of chromatin

immunoprecipitation (ChIP) polymerase chain reaction (PCR) prim-

ers are represented by arrows and the broken line indicates the region

cloned upstream of the chloramphenicol acetyl transferase (CAT)

gene in CAT reporter assays. (b) Electrophoretic mobility shift assays

(EMSAs) showing that in vitro translated Myb DNA-binding domain

(DBD) fragment MT recognizes H2A.Z Myb-binding sites. Binding

reactions all contained 0�1 pmol labelled Mybswt probe: lane 1,

unprogrammed reticulocyte lysate; lanes 2–19, MT-programmed

lysate. Lanes 4–19 contained added unlabelled oligonucleotide com-

petitors as described in the text. (c) ChIP assays showing B- and

c-Myb proteins binding the H2A.Z promoter in primary thymocytes.

(d) Quantification of CAT assays showing activation of parental CAT

plasmid (CAT) and an H2A.Z promoter-linked CAT gene (H2AZ-

CAT) in HD3 cells, in the absence (black bars) or presence (grey

bars) of the MEnT dominant negative protein. CAT assays were per-

formed three times. Bars represent mean values with the standard

deviations indicated as error bars. bl, blank; EX, Exon; NoAb, no

antibody; PP, proximal promoter; RRL, red reticulocyte lysate.
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ing that the interaction was with the Myb DNA-binding

domain fragment.

We used ChIP to determine whether the weak interac-

tions observed in vitro were relevant to c-Myb activity in

T cells. Cross-linked DNA–protein complexes from pri-

mary murine thymocytes were immunoprecipitated with

antibodies against A-, B- and c-Myb and purified DNA

was tested for enrichment of the H2A.Z upstream

sequence by PCR with specific primers (Fig. 1a, arrows).

The c-Myb antibody immunoprecipitated three fragments

containing MBS1, MBS2 and MBS3–5, respectively

(Fig. 1c), indicating that c-Myb occupies this region of

the H2A.Z upstream sequence in primary T cells. The clo-

sely related Myb family member B-Myb was also able to

bind to the regions encompassing MBS1 and MBS3–5 but

appeared absent from the central MBS2 fragment

(Fig. 1c). As control, an antibody against A-Myb, which

is not expressed in T cells, did not immunoprecipitate

any fragments. Therefore, B- and c-Myb are bound to the

H2A.Z promoter region in primary thymocytes.

Transient transfection assays were used to test whether

the interactions between c-Myb and the H2A.Z upstream

region had functional importance for H2A.Z transcription.

Transfection of a reporter gene comprising approximately

2 kb of the H2A.Z upstream region (Fig. 1a, broken line)

driving expression of the chloramphenicol acetyl transfer-

ase (H2AZ-CAT) gene into HD3 macrophages, a cell line

expressing high levels of endogenous c-Myb protein,

resulted in greater than 4-fold activation of CAT activity

compared with a control reporter gene lacking the H2A.Z

upstream region. This activation was blocked by cotrans-

fection of the MEnT protein (Fig. 1d), indicating that acti-

vation of the H2A.Z promoter was Myb dependent. MEnT

is an active repressor of Myb transcriptional activity con-

sisting of the c-Myb DBD fused to the Drosophila

Engrailed repressor domain which has been used previ-

ously for interrogation of c-Myb function in thymocytes.4

H2A.Z transcripts are elevated in specific T-cell
subsets in a transgenic mouse model of Myb function
in vivo

We used the previously developed vMyb4 transgenic

mouse line35 to test whether increasing Myb transcrip-

tional activity in thymocytes and splenic T cells in vivo

would lead to increases in H2A.Z mRNA levels. Thymo-

cyte subsets and splenic T cells were isolated by FACS

from vMyb4 transgenic mice and wild-type littermate

controls; CD8 lineage T cells were not compared as this

lineage is absent in vMyb4 mice (Fig. 2a). We used the

activation marker CD69 to distinguish DP thymocytes

that had yet to rearrange their TCR-a chains (CD69lo)

from post-rearrangement DPs (CD69hi). We observed no

significant difference in H2A.Z transcript levels between

vMyb4 transgenic mice and non-transgenic controls in

CD69lo DP, CD69hi DP or CD4SP thymocytes (Fig. 2b;

P ¼ 0�273, 0�418 and 0�424, respectively) or DN thymo-

cytes (data not shown). However, in mature, splenic CD4

T cells, H2A.Z transcript levels were elevated by 68%

compared with wild-type littermate controls (Fig. 2b).

This difference was significant (P ¼ 0�032), indicating

that increased Myb transcriptional activity results in

elevated H2A.Z mRNA in CD4 T cells in vivo.

Active repressors of Myb transcription reduce
H2A.Z transcripts

EL4 thymoma cells stably transfected with the MERT

inducible active repressor of Myb transcription, termed
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Figure 2. Elevated histone variant H2A.Z mRNA in vMyb4 T-cell

populations in vivo. (a) Flow cytometry of thymocytes (top and cen-

tre panels) and splenocytes (bottom panels) from vMyb4 transgenic

mice and wild-type littermate controls (WT), stained with anti-CD4

and anti-CD8 antibodies. (b) Quantitative reverse transcription–

polymerase chain reaction (qRT-PCR) analysis of H2A.Z mRNA

expression using RNA from sorted T lymphocytes. Data are pre-

sented as means from triplicate qRT-PCR reactions performed from

each of three independent sorts. Error bars represent standard error.

DP, double positive; HPRT, hypoxanthine-guanine phosphoribosyl-

transferase.
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EL4-MERT cells, have been used previously to investigate

regulation of the c-Myb target gene Bcl2.12 MERT com-

prises the c-Myb DBD fused to the Drosophila Engrailed

repressor domain and a modified version of the oestrogen-

receptor hormone-binding domain that is activated only

by 4-hydroxytamoxifen (4-OHT). Activation of the

MERT protein by 4-OHT for 24 hr efficiently reduced

steady-state H2A.Z transcripts (Fig. 3a). This reduction

was dependent on the Myb DBD, as a control protein,

ERT, which lacks the DBD, had no effect on H2A.Z tran-

scripts when induced by 4-OHT. Next, to determine

whether the loss of H2A.Z mRNA was likely to be a result

of MERT directly repressing the H2A.Z gene, MERT pro-

tein was activated by 4-OHT for 72 hr, 4-OHT was

washed out of the cell culture for 5 hr, and the level of

H2A.Z mRNA was assessed by northern blot. H2A.Z

mRNA was efficiently re-induced at the 5-hr time-point

(see Fig. 5b below; ‘+’ lane), suggesting that a direct

interaction might be occurring.

Specific deletion of c-Myb leads to a reduction
in H2A.Z mRNA

To determine whether loss of c-Myb in primary T cells

could affect H2A.Z transcription, mice with floxed c-myb

alleles (MybF/F)36 were crossed to mice carrying either a

T-cell specific CD2Cre or a CD4Cre transgene.38,39 In

MybF/F CD2Cre crosses, c-myb is deleted during the DN2

stage of T-cell development, and in MybF/F CD4Cre mice,

c-myb is lost at the DN4 stage. These two crosses can

therefore be used to test for the effects of loss of c-myb at

two crucial control points for which it has previously

been shown to be important:5,7 the DN3 (CD25+ CD44–)

stage, at which thymocytes with a productively rearranged

TCR-b chain are signalled to proliferate and differentiate

to become DP, and the DP stage itself, where the process

of positive selection occurs.

First, to examine the DN3 control point, DN2 and

DN3 thymocyte subsets were purified by flow sorting

from MybF/F CD2cre mice and MybF/F littermate controls.

In the former, thymuses are very small, and the percent-

age of DP thymocytes is roughly halved (Fig. 4a, lower

right panel), as thymocytes are blocked at the DN3 stage

(Fig. 4a, upper panel; compare left and centre plots). As a

MERT ERT
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Figure 3. Northern blot analysis of histone variant H2A.Z RNA in

EL4 cells stably transfected with the MERT active repressor. (a) MERT

was induced with 4-hydroxytamoxifen (4-OHT) (+) or mock induced

with vehicle (–) for 24 hr. EL4-ERT cells (an inactive version of MERT

lacking the Myb DNA-binding domain) were included as a control.

Data are representative of five independent experiments. (b) Rapid

re-induction of H2A.Z following MERT switch-off. MERT was

induced for 72 hr, and then 4-OHT was either washed out of the

cultures (+) or not (–). RNA was prepared 5 hr after washout.
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Figure 4. Deletion of c-myb at the double negative 2 (DN2) stage

reduces histone variant H2A.Z expression in DN3 thymocytes.

(a) Fluorescence-activated cell sorting (FACS) profiles of thymocytes.

Upper panel: DN thymocytes stained with antibodies against CD44

(y-axis) and CD25 (x-axis) from MybF/F mice in the absence or pres-

ence of the CD2Cre transgene. A recombination activating gene

(RAG)-2–/– profile is also shown. DN2 (grey boxes) and DN3 (black

boxes) populations used for mRNA preparation are indicated. Lower

panel: FACS profiles of total thymocytes stained with antibodies

against CD4 (y-axis) and CD8 (x-axis) from MybF/F mice in the

absence or presence of the CD2Cre transgene. Percentages of cells in

each quadrant are shown. (b) Quantitative reverse transcription–

polymerase chain reaction (qRT-PCR) analysis of H2A.Z mRNA

expression using RNA isolated from sorted DN2 and DN3 cells of

the indicated genotypes. Data are presented as means from triplicate

qRT-PCR reactions. Error bars represent standard deviation.
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control for any non-specific effects of a DN3 block, DN2

and DN3 thymocytes from RAG-2–/– mice, which have an

absolute block at the DN3 stage because of their inability

to rearrange the TCR-b locus, were also purified (Fig. 4a,

upper right panel). mRNA from the sorted populations

was then extracted and H2A.Z transcript levels assayed by

qRT-PCR. Figure 4(b) shows that, relative to both the

RAG-2 and the control MybF/F subsets, H2A.Z mRNA

was substantially decreased in the MybF/F CD2Cre DN3

postdeletion population, but not in DN2 cells, which still

contain c-Myb.

Next, we purified DP thymocytes by flow sorting from

MybF/F CD4Cre animals or control MybF/F littermates.

These mice contain similar numbers and percentages of

DP cells, but have a defect in progression to the CD4 SP

lineage7 (Fig. 5a). Similar to the situation in DN3 cells,

we observed small but consistent reductions in H2A.Z

expression, evident in a 19% reduction in CD69lo DPs

and a 25% reduction in CD69hi DPs (Fig. 5b). Both of

these differences were significant (P ¼ 0�017 and P ¼
0�012, for CD69lo and CD69hi DPs, respectively). No sig-

nificant differences were observed in SP T cells, either in

the thymus (Fig. 5b) or in the spleen (data not shown),

consistent with low levels of endogenous c-Myb expressed

in these cells.2,7 Taken together, these data suggest that

c-Myb contributes to H2A.Z expression at both the DN3

and DP stages of thymocyte development in vivo, such

that loss of c-Myb results in a significant drop in levels of

H2A.Z mRNA.

Discussion

Despite the essential role of c-Myb at multiple points in

T-cell development, transcriptional targets that mediate

this role have proved difficult to identify. Here we

describe the regulation by c-Myb of the histone variant

H2A.Z in T-cell lines and in thymocytes in vivo. c-Myb

and its close relative B-Myb interact with conserved MBSs

upstream of the H2A.Z promoter, and endogenous c-Myb

activates the upstream region in reporter assays. Repres-

sion of Myb activity using the MERT protein also led to

repression of endogenous H2A.Z in EL4 T cells, and the

gene is rapidly re-induced following inactivation of

MERT. Mouse models of Myb overexpression and dele-

tion were used to characterize the regulation of H2A.Z by

c-Myb in progressive stages of thymocyte differentiation.

Expression of v-Myb in transgenic mice led to elevated

expression of H2A.Z transcripts in mature splenic CD4 T

cells, whereas deletion of c-myb in the thymocytes of con-

ditional knockout mice reduced H2A.Z expression specifi-

cally in DN3 and DP thymocytes.

Transcriptional regulation of H2A.Z is clearly multifac-

eted. Ubiquitous transcription factors such as Sp1 may be

important in the basal expression of H2A.Z.33 However,

evidence exists that different regions of the H2A.Z

upstream sequence are required for maximal expression

depending on differentiation status.34 H2A.Z may have a

basal cellular function that requires a certain level of

ubiquitous expression in addition to specialized functions

that require higher levels of H2A.Z during differentiation.

As c-Myb expression is highly restricted to immature and

activated cells of the haematopoietic system and some

immature epithelial cell types, it is likely to contribute to

H2A.Z transcription in a highly restricted context, and

thus may stimulate a specialized function of H2A.Z in

differentiating cells, such as the thymocytes reported here.

The developmental stage-specific regulation of H2A.Z

expression we observed here may reflect differences in the

endogenous c-Myb activity between thymocyte subsets.

For example, increasing Myb activity (by expressing

v-Myb) has no effect in DP thymocytes where endogenous

c-Myb activity is high, whereas strong effects are observed

in resting splenic CD4SP T cells, which have low c-Myb

activity. The opposite situation is observed when c-myb is

deleted: H2A.Z expression is reduced in DN3 and DP

thymocytes where c-Myb activity is high, but there is no

detectable difference in mature SP T cells, where c-Myb
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Figure 5. Deletion of c-myb at the double negative 4 (DN4) stage

reduces histone variant H2A.Z expression in thymic double positive

(DP) subsets. (a) Fluorescence-activated cell sorting (FACS) profiles

of thymocytes stained with antibodies against CD4 (y-axis) and CD8

(x-axis) from MybF/F mice in the absence or presence of the CD4Cre

transgene. (b) Quantitative reverse transcription–polymerase chain

reaction (qRT-PCR) analysis of H2A.Z mRNA expression using RNA

isolated from sorted T lymphocytes of MybF/F CD4Cre mice. Data

are presented as means from triplicate qRT-PCR reactions performed

from each of three independent sorts. Error bars represent standard

error. HPRT, hypoxanthine guanine phosphoribosyltransferase.
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activity is low. The residual H2A.Z expression observed

even after deletion of c-Myb suggests that c-Myb is one

member of a group of transcriptional activators that

contribute to H2A.Z expression, and furthermore that

there is probably some functional redundancy between

c-Myb and B-Myb, both of which bind the H2A.Z

promoter in thymocytes. The recent development of a

conditional B-Myb knockout mouse model42 will make it

possible to test this latter idea directly.

What c-Myb-specific functions might H2A.Z mediate

during T-cell development? H2A.Z is an interesting target

gene for a number of reasons. Deposition of H2A.Z into

nucleosomes decreases the stability of inter-nucleosomal

interactions,43,44 leading to a state apparently poised for

activation dependent on the activity of other regulatory

proteins.22,23 As H2A.Z nucleosomes are distributed

widely throughout the genome, the consequences of acti-

vation of H2A.Z by c-Myb may be the indirect transcrip-

tional regulation of a large number of genes. This can be

interpreted in the context of a recent report that c-Myb

regulates the acetylation of histone H3,45 perhaps estab-

lishing a new general function of c-Myb as a regulator of

histones, by both transcriptional and post-translational

mechanisms. It would also be interesting to determine

whether H2A.Z has a role in mediating TCR rearrange-

ment, as deletion of c-myb has been reported to affect this

process.2 There exists some evidence that histone modifi-

cation events regulate accessibility and selection of TCR

gene segments in V(D)J recombination,46–49 and it is

tempting to speculate that histone variants such as H2A.Z

could also be important in regulating chromatin structure

during this process. However, as yet, the function of

H2A.Z in mammals is largely unknown. As the physiolog-

ical role of c-Myb in T cells is well characterized, the cell-

and developmental stage-specific regulation of H2A.Z

expression by c-Myb may provide important clues as to

the function of H2A.Z itself.
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