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Transgenic mice expressing a T-cell-specific dominant
interfering allele (MEnT) of the c-Myb transcription
factor have a pronounced block in CD4-CD8- (DN)
development. In this study we show that differenti-
ation of DN MEnT thymocytes is blocked due to
the failure of cells to enter the cell cycle following
B-selection, the process by which productive re-
arrangement of the T-cell receptor (TCR) B-chain
permits maturation of cells into CD4*CD8* (DP)
thymocytes. c-myb mRNA continues to be expressed in
DN cells in mice lacking a functional pre-TCR signall-
ing pathway, implying that its transcriptional regula-
tion is independent of the signalling events regulating
B-selection. It is also expressed in the absence of cyto-
kine signalling. However, we show that c-Myb protein
is required for the function in B-selection of its known
upstream activator, the serine/threonine kinase Pim1:
MEnT expression inhibits the cell cycle in Pim1 trans-
genic DN thymocytes and prevents Piml-mediated
rescue of a RAG1”~ developmental block. Super-
activation of c-Myb by Piml may therefore be
required for B-selection.
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Introduction

Elucidating the mechanism by which immature naive
thymocytes differentiate, mature and expand to produce a
full peripheral T-cell repertoire is one of the central
problems of T-cell immunology. B-selection, one of the
earliest control points in this process, occurs in the most
immature thymocyte compartment, defined as double
negative (DN) for the CD4 and CDS8 co-receptors.
Progression of thymocytes through the DN stage can be
monitored by the expression of CD25 and CD44 (reviewed
in Shortman and Wu, 1996). The four stages of DN
development, in increasing level of maturity, are known
as DNI1 (CD44*CD257), DN2 (CD44*CD25*), DN3
(CD44-CD25*) and DN4 (CD44-CD25°). [B-selection,
which occurs in DN3 cells, is a major developmental
checkpoint and follows productive RAG-mediated re-
arrangement of the T-cell receptor (TCR) B-chain locus
(reviewed in Levelt and Eichmann, 1995; Fehling and
von Boehmer, 1997). Functional TCR B-chain associates
with a surrogate TCR o-chain, pTa, and CD3 to form the
pre-TCR complex, which is expressed at the cell surface
(reviewed in Malissen and Malissen, 1996). Formation of
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the pre-TCR, showing that productive rearrangement has
occurred, triggers a signalling cascade involving the non-
receptor tyrosine kinases Lck/Fyn and ZAP-70/Syk
(Groves et al., 1996; van Qers et al., 1996; Cheng et al.,
1997; Sugawara et al., 1998) and the MAPK pathway
(Crompton et al., 1996; Michie et al., 1999), which leads
to proliferation and differentiation through the DN4 stage
and, ultimately, to the generation of CD4+*CD8* (DP)
thymocytes.

B-selection is known to be required for the DN to
DP transition, as in the absence of RAG proteins
(Mombaerts et al., 1992b; Shinkai et al., 1992), TCRpB
(Mombaerts et al., 1992a), pTa. (Fehling et al., 1995),
components of the CD3 complex (Love et al., 1993;
Malissen et al., 1993, 1995; Ohno et al., 1993; DeJarnette
etal., 1998; Haks et al., 1998; Wang et al., 1998), ZAP-70/
syk (Cheng et al., 1997; Sugawara et al., 1998) or Lck
(van Oers et al., 1996) developing thymocytes are
blocked, to varying degrees, during DN3 progression. It
has been proposed that pre-TCR signalling is both
necessary and sufficient for differentiation from DN to
DP. Extracellular signals, notably the cytokine IL-7 and
stem cell factor (SCF), also have a defined role in DN
thymopoiesis (Godfrey et al., 1992; Peschon et al., 1994;
Rodewald et al., 1995); however, it is thought that they are
required for expansion and survival, but not for progres-
sion to the DP stage (DiSanto et al., 1995; Rodewald
et al., 1997).

Recent work has defined a number of transcription
factors able to regulate P-selection. Thymocytes from
mice in which the genes for both the HMG family
members TCF-1 and LEF-1 are deleted show impaired
DN3 progression and a complete block in development at
the subsequent CD8* immature single positive (ISP) stage
(Okamura et al., 1998). These defects can be rescued in
fetal thymic organ culture by CD3 ligation, thought to
mimic pre-TCR signalling, suggesting that knockout of
TCF/LEF does not affect events downstream of the pre-
TCR. Mutation of the bHLH gene HesI, which lies on the
Notch signalling pathway, results in a severe reduction in
proliferation both pre- and post-B-selection (Tomita et al.,
1999). Knockout of HEB, an E-box binding transcription
activator, also causes a DN3/ISP block (Barndt et al.,
1999), as does overexpression of the zinc finger protein
Gfi-1, a putative transcriptional repressor. In the case of
Gfi-1 this is due to the impaired ability of DN3 cells to
enter the cell cycle (Schmidt e al., 1998b). Conversely,
overexpression of the zinc finger-containing transcription
factor Egr-1 can rescue the DN3 block seen in Rag2-
deficient mice (Miyazaki, 1997), as can homologous
knockout of Ikaros (Winandy et al., 1999) and p53,
whose loss is thought to overcome a DNA damage
checkpoint at this stage (Nacht and Jacks, 1998; Haks
et al., 1999).
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We are interested in the role played by the transcription
factor c-Myb in T-cell development. c-Myb, like its close
relatives, A- and B-Myb, has been implicated in the
control of growth and differentiation in a number of cell
types (reviewed in Weston, 1998). c-Myb is expressed
almost exclusively in haematopoietic cells and is abso-
lutely required for correct development of the blood; the
c-Myb knockout mouse has severely impaired haemato-
poiesis and, consequently, dies at E15 (Mucenski et al.,
1991). Generation of homozygous null c-myb/ragl
chimeric mice has shown that c-myb is also required for
maturation beyond the DN1 stage of thymopoiesis (Allen
et al., 1999).

To study Myb function later on in T-cell development,
we developed a method of inhibiting Myb activity using an
active repressor, which comprises the Myb DNA binding
domain fused to the Drosophila Engrailed repressor
domain (Badiani et al., 1994). This protein, termed
MEnT, has proved to be a powerful tool, as it can be
expressed at low levels approximating to those of the
endogenous c-Myb protein, obviating problems associated
with overexpression, and selectively targets and switches
off expression of Myb-regulated genes (Taylor er al.,
1996; White and Weston, 2000). When expressed at the
same level as endogenous c-Myb protein during T-cell
development in mice, MEnT causes a marked impairment
of the DN to DP transition and T-cell numbers thereafter
are greatly reduced (Badiani et al., 1994), due to the
increased susceptibility of DP and SP T cells to apoptosis
(K.Weston, unpublished results; Taylor et al., 1996). In
this paper we have investigated the cause of the DN block.
MEnT DN thymocytes turn out to be defective in a process
downstream of [-selection; MEnT DN3 thymocytes
cannot mature properly into the DN4 compartment and
this block cannot be overcome either by mimicking pre-
TCR signalling or by preventing apoptosis. Analysis of the
cell cycle of both DN3 and DN4 cells in MEnT mice
shows that it is substantially impaired. We show that A-
and B-myb are not expressed during B-selection, allowing
us to ascribe the MEnT phenotype entirely to loss of
c-Myb activity. c-myb expression is not regulated by pre-
TCR signalling or by the IL-7 receptor, as expression is
unchanged in rag/ and yc knockout thymocytes. However,
we show, using a genetic approach, that c-Myb lies
downstream of the serine/threonine kinase Pim1, which
itself can be regulated by many mitogens and cytokines.
Our results implicate c-Myb as an important component of
the nuclear events regulating proliferation following
[B-selection.

Results

MENT blocks DN thymopoiesis at the DN3 stage

Mice expressing dominant interfering Myb (MEnT) show
a partial developmental block in thymopoiesis, with
impaired DN to DP progression (Badiani et al., 1994).
To define further the MEnT-induced block, we studied DN
thymopoiesis in MEnT mice by flow cytometry. Total
thymocytes were stained with a cocktail of biotinylated
antibodies (anti-CD3e, anti-CD4, anti-CDS, anti-TCRp,
anti-B220, anti-Gr-1, anti-Ter-119 and anti-Mac-1)
against mature and non-T cells, followed by addition
of streptavidin-CyChrome; the unwanted mature and
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Fig. 1. DN thymocytes expressing dominant-negative Myb are blocked
at DN3. (A) Total thymocytes were prepared from non-transgenic and
MERNT littermates and stained with a cocktail of biotinylated antibodies
against mature thymocyte and non-T-cell markers, followed by
streptavidin—-CyChrome. DN thymocytes were identified by gating on
the CyChrome-negative population. Shown are representative plots of
gated DN cells stained with anti-CD44-PE and anti-CD25-FITC.
Numerical data from all mice are shown in Table I. (B) RNA from
non-transgenic total thymus and from non-transgenic sorted DN3 cells
was examined by RT-PCR for expression of c-myb, B-myb and A-myb.
Expression of the MEnT transgene in DN3 cells was confirmed by
RT-PCR of RNA from sorted MEnT thymocytes. Control reactions in
the absence of a cDNA template are shown in the lanes marked —ve.

non-T cells could then be gated from the analysis
population and the remaining DN thymocytes examined
for expression of CD44 and CD25 cell surface markers.
Figure 1A is a representative plot of such an experiment
and shows that thymocyte development in MEnT mice is
partially blocked at the DN3 (CD44-CD25*) stage.
Analysis of a number of mice (Table I) shows that on
average 40% of DN thymocytes are found at the DN3
stage in non-transgenic animals, whereas in the MEnT/+
mouse this figure rises to 87%. The real cell numbers in the
DN compartments emphasize the DN3 block in MEnT
mice. MEnT mice show an ~2-fold reduction in total DN
cellularity (Table I). In the DN3 compartment MEnT cell
numbers are higher than non-transgenic, reflecting trans-
gene-induced DN3 accumulation. However, by the DN4
(CD44-CD25") stage there is a 26-fold decrease in MEnT
thymic cellularity relative to non-transgenic controls.
These data show that functional Myb protein is required
for progression beyond the DN3 stage in thymopoiesis.

c-myb, but not A- or B-myb, is expressed in DN3
thymocytes

The mechanism of action of our dominant-negative Myb
mutant, MEnT, is to displace wild-type Myb protein from
its target sites on DNA. As the three Myb proteins A-, B-
and c-Myb all recognize the same consensus sequence,
MEnT could be inhibiting target genes regulated by any or
all of them. To determine which Myb proteins were
expressed during DN development, we flow sorted normal
thymocytes and ran RT-PCRs on RNA prepared from
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Table I. Cell number (X 10#) and percentage in each DN compartment

Line n  AlIDN DNI DN2 DN3 DN4 %DN1 ~ %DN2  %DN3  %DN4
++ 10 438136  43*21 120 =44 174 = 52 104 *+ 51 9.8 274 39.7 237
MEnT/+ 8 238 £ 99 2*1 27 £ 11 206 = 90 42 0.8 11.3 86.6 1.7
LckF505/+ 4 483 + 235 13 £10 43 =22 165 * 46 262 * 206 2.7 8.9 342 54.2
LckF505/+:MEnT+ 4 316 = 54 2x2 33 £22 279 £ 32 21 0.6 10.4 88.3 0.6
Bcl-2/+ 8 2328 * 699 151 = 82 336 * 149 1195 = 457 646 * 168 6.5 14.4 51.3 27.8
Bel-2/+:MEnT/+ 8 8821233 11 +6 88 = 21 724 =192 58 £32 1.3 10.0 82.1 6.6
Pim1/+ 3 230 = 60 42 *3 23 £3 62 22 106 = 35 18.7 9.9 26.2 452
Pim1/+:MEnT/+ 5 410 £ 180 155 38 + 10 350 = 185 9+4 4.1 11.0 82.0 2.8
RAG1-/- 3 286 +78 3+2 316 278 + 75 13 %09 L1 L1 97.4 0.4
DN3 cells and total thymocytes. Figure 1B shows that A- A

and B-myb expression is detectable in total thymic RNA, 4+ MEnTH +/+ tail

but not at any appreciable level in sorted DN3 cells, where
only c-myb is expressed. We also looked at RNA levels of
our transgenic MEnT construct, by flow sorting MEnT
DN3 thymocytes, and saw good expression in DN3 cells
(Figure 1B). Therefore, during the DN3 stage MEnT is
likely to be affecting only genes regulated by c-Myb.

Rearrangement of the TCR S-chain locus occurs in
thymocytes expressing MEnT

As cells progress through DN3, RAG-mediated rearrange-
ment of the TCR B-chain locus occurs and productive
rearrangement leads to proliferation and differentiation
(reviewed in Fehling and von Boehmer, 1997). To
examine whether MEnT thymocytes are blocked in DN3
because they cannot rearrange their TCR B-chains and
initiate B-selection, cells were assayed by PCR for VDJ
recombination events. Figure 2A shows that amplification
with primers specific for VB8-JB2, VB5-JIB2 and DB2-J32
events yielded several products, indicating that TCRf
rearrangement occurs in MEnT thymocytes. No rearrange-
ment products could be amplified from control non-
transgenic tail DNA. The ability of MEnT thymocytes to
rearrange the TCR B-chain implies that the effect of the
transgene is downstream of this event.

Expression of activated Lck fails to relieve the
MEnT-induced DN3 block

From the previous experiment we cannot exclude the
possibility that assembly of the pre-TCR is actually being
affected in cells blocked in DN3 and that the TCRJ
rearrangement detected occurred in cells somehow escap-
ing from the MEnT block. Therefore, we investigated
whether the MEnT-induced block could be rescued by
overexpression of an activated form of the Lck tyrosine
kinase. Lck is both necessary and sufficient for correct
signalling from the pre-TCR, and its overexpression is able
to rescue thymopoiesis in ragl~-, pTor’~ or CD3y” mice,
all of which are unable to assemble the pre-TCR
(Mombaerts et al., 1994; Fehling et al., 1997; Jacobs
et al., 1999). Interestingly, a previous report has suggested
that /ck may be a target gene for c-Myb (McCracken et al.,
1994). MEnT mice were crossed with LckF505 mice,
which overexpress an activated form of Lck in the thymus
(Abraham et al.,, 1991). Expression of the activated
construct is under the control of a promoter in which no
c-Myb binding sites are present. DN thymocytes from
MEnT/+:LckF505/+ mice were gated and analysed for
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Fig. 2. TCRP rearrangement occurs in MEnT mice. (A) TCRf chain
rearrangements occur in thymocytes expressing dominant-negative
Myb. DNA purified from non-transgenic and MEnT total thymocytes
and from non-transgenic tail was amplified by PCR, using primers
specific for VB8IP2, VB5JB2 and DP2JB2 recombination events.

The amplified products were electrophoresed and Southern blotted

to nitrocellulose. TCRP chain rearrangements were detected by
hybridization of a radiolabelled probe specific for the PCR products of
recombination events. (B) Expression of activated Lck is insufficient to
relieve the MEnT-induced DN3 block. Total thymocytes were prepared
from +/+:LckF505/+ and MEnT/+:LckF505/+ littermates, and mature
and non-T cells excluded from the analysis, as described in the legend
to Figure 1. A representative plot is shown; data from several mice are
given in Table L.

CD44 and CD25 expression by flow cytometry, as before.
Figure 2B shows that the LckF505/4+ mouse has an over-
representation of DN4 cells, due to elevated Lck levels
mimicking pre-TCR signalling (Fehling et al., 1997). The
MEnT transgene reverses this phenotype (Figure 2B), with
88.3% of DN cells blocked at DN3 compared with 34.2%
in the LckF505 mouse (Table I). As a consequence of the



DN3 block, the MEnT/+:LckF505/+ DN4 percentage is
reduced to 0.6%. Table I shows that, as would be predicted
from the DN phenotypes, the LckF505/+ DN4 cell number
is ~130-fold greater than that of MEnT/+:LckF505/+,
whereas DN3 cellularity is slightly less. The failure of Lck
to relieve the MEnT DN3 block and restore DN cell
number suggests that the Ick gene is not a c-Myb target
during DN development. Furthermore, as activated Lck
can rescue cells defective in components of the pre-TCR
(see above), the MEnT-induced block to B-selection is
unlikely to be affecting the pre-TCR complex itself. To
investigate this further, we attempted to overcome the
MEnT-induced block by CD3 ligation in E17.5 fetal
thymic organ cultures, but saw no change in the number of
cells blocked in DN3 relative to untreated MEnT controls
(data not shown). Crossing MEnT mice with mice
transgenic for the H-Y TCR (Huesmann et al., 1991)
also failed to rescue the block (data not shown).

The MEnT-induced DN3 block is not due to
increased apoptosis

Previously we and others have demonstrated that Myb can
protect against apoptosis (Frampton et al., 1996; Taylor
et al., 1996) and that this is due, at least in part, to direct
regulation of the bcl-2 promoter. We reasoned that the
apparent DN3 block in MEnT thymopoiesis might be due
to cells progressing into the DN4 compartment and then
dying due to an increased susceptibility to apoptosis
brought about by down-regulation of bcl-2. To assess
whether this was true, MEnT mice were crossed with a line
overexpressing Bcl-2 in their T-cell lineage (EuBcl-2-25)
(Strasser et al., 1990). MEnT/+:Bcl-2/+ DN cells were
gated and analysed for CD44 and CD25 expression, as
before. Bcl-2 mice have a slight over-representation of
DN3 cells (Figure 3A; 51.3%) compared with non-
transgenic mice (Figure 1A; 32%), possibly because
elevated levels of Bcl-2 are slowing pre-TCR-induced
cell cycle entry (Brady et al., 1996; O’Reilly et al., 1996).
However, in the MEnT/+:Bcl-2/+ double transgenic 82%
of DN cells are found in the DN3 compartment. The
MEnT/+:Bcl-2/+ DN cell numbers (Table I) confirm these
percentages. Therefore, the DN3 block in MEnT thymo-
cytes is maintained even in the presence of exogenous
Bcl-2, suggesting that down-regulation of bcl-2 is unlikely
to be the cause of the MEnT phenotype.

To test directly whether expression of MEnT leads to
increased apoptosis following [B-selection, gated DN3 and
DN4 cells were analysed for apoptotic events by
annexin V-FITC and 7-AAD staining. Although there
was a small but significant (P = 0.002) reduction in the
percentage of live cells in the MEnT DN3 compartment
(+/+, 85%; MEnT/+, 73%; Figure 3B), a comparison of
non-transgenic and MEnT DN4 thymocytes revealed a
near identical percentage of live cells (+/+, 66%; MEnT/+,
65%; Figure 3B). In addition to annexin V analysis, RNA
from pooled DN3 and DN4 thymocytes from non-trans-
genic and MEnT mice was analysed for expression of
bclw, bfll, bclx, bak, bax, bcl-2 and bad; no differences
were found (data not shown). Taken together, these data
suggest that following B-selection the MEnT phenotype is
unlikely to be caused by increased apoptosis.

c-Myb regulates proliferation after B-selection
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Fig. 3. MEnT does not induce increased apoptosis following
B-selection. (A) Bcl-2 overexpression cannot rescue the MEnT DN3
block. Total thymocytes were prepared from +/+:Bcl-2/+ and MEnT/
+:Bcl-2/+ littermates, and mature and non-T cells excluded from the
analysis as described in the legend to Figure 1. A representative plot is
shown; data from several mice are given in Table I. (B) DN3 and DN4
populations were gated and live cells identified by exclusion of 7-AAD
and negative staining with annexin V-FITC. Between three and eight
mice were assayed for each histogram bar. The mean and standard
deviation are plotted.

DN4 live

The MEnT-induced DN3 block results from
reduced cell cycling

During the late DN3 and DN4 stages, a massive
proliferative burst is initiated following [-selection.
Thymocyte number is greatly increased as cells undergo
up to 10 rounds of division and progress to the DP
compartment (Penit et al., 1995). The loss of thymic
cellularity in MEnT mice suggested that proliferation of
late DN cells might be impaired. To examine this, we
studied the cell cycle status of gated DN3 and DN4 MEnT
cells by saponin permeabilization and 7-AAD staining.
While on average 18% of non-transgenic DN3 cells were
in S/G,/M, only 10% of MEnT DN3 cells had progressed
from Gy/G; (Figure 4A). In DN4 cells an average of 31%
of non-transgenic thymocytes were in S/G,/M, com-
pared with only 14% in MEnT thymocytes (Figure 4A).
In support of the cell cycle data, forward scatter analysis
(Penit et al., 1995; Hoffman et al., 1996) showed reduced
blasting in DN3 and DN4 MEnT thymocytes (data not
shown).

To confirm that the cell cycle status of late DN MEnT
thymocytes was affected, sorted DN3 and DN4 cells were
pooled and analysed for cyclin expression by RNase
protection assay (Figure 4B). There was a marked
reduction in expression of cyclins A2 and D3 relative to
wild type; both of these cyclins are required for G,/S
progression (reviewed in Sherr, 1993). Cyclin B1, expres-
sed during G,/M (reviewed in King et al., 1994) was also
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Fig. 4. DN3 and DN4 MEnT thymocytes show reduced cell cycle
entry. (A) To determine the cell cycle status of gated DN3 and DN4
populations, cells were permeabilized in 0.03% saponin in the presence
of 25 pg/ml 7-AAD prior to flow cytometry. A representative plot is
shown, together with the statistical analysis of several mice (+/+, n = 4;
MEnT/+, n = 4). (B) MEnT DN3 and DN4 thymocytes show reduced
expression of cyclins. Sorted DN3/DN4 non-transgenic and MEnT
RNA (10 pg) was analysed by RNase protection assay for cyclin
expression levels. The results shown are representative of three
experiments.

reduced in MEnT cells. Expression of cyclins C, D1, D2,
Al and B2 was either comparable or undetectable (data
not shown).

The significant reduction in the percentage of cycling
cells provides a good explanation for the partial MEnT
DN3 block and probably underlies the dramatic loss of
total thymic cellularity; in the MEnT thymus, if cell
cycling is reduced ~2-fold during each of the 10 rounds of
division following [B-selection, the total number of DP
thymocytes generated would be greatly reduced.

ye, the pre-TCR and Lck/Fyn are not required for
expression of c-myb

As c-Myb protein appears essential for correct progression
through the DN compartment, we were interested to
determine whether the signalling pathways involved in DN
development regulate c-myb expression. To test whether
the IL-7 receptor, which signals using the common
cytokine gamma chain 7yc, the pre-TCR or the tyrosine
kinases Lck and Fyn are required for c-myb expression,
total DN RNA was isolated from yc~ (DiSanto et al., 1995)
and Ick™/fyn”- (Molina et al., 1992; Stein et al., 1992)
thymuses and DN3 RNA was purified from non-transgenic
and ragl~"- (Spanopoulou ef al., 1994) mice. Interestingly,
expression of c-myb could be detected by RT-PCR in all
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Fig. 5. yc, the pre-TCR and Lck and Fyn tyrosine kinases are not
required for expression of c-myb. DNase-treated RNA from sorted
cells was reverse transcribed and assayed by PCR for expression of
hprt and c-myb. Control reactions in the absence of a cDNA
template are shown in the lanes marked —ve.

of the sorted subsets (Figure 5). The absence of genomic
DNA was confirmed by control PCR of samples prior to
reverse transcription (data not shown). Although the DN
block in ragl~"- and Ick~~/fyn~- mice is complete, yc~ mice
have a small number of mature thymocytes, which could
theoretically contaminate the DN RNA. We therefore
performed RT-PCR using RNA from ragl~—:yc~ animals,
which have a total block, and also saw c-myb expression
(data not shown). Therefore, c-myb expression is not
regulated by IL-7 signalling, pre-TCR assembly or Lck/
Fyn signalling, suggesting that it is either constitutive
or lies downstream of a separate, as yet unidentified,
pathway.

Pim1 signals proliferation via c-Myb during
P-selection
If c-myb expression is not regulated by the signals
permitting progression following B-selection, we reasoned
that perhaps a post-translational event might be of
importance. Recently, the serine/threonine kinase Piml
has been shown to potentiate the transcription activation
function of c-Myb, at least in part by phosphorylation of
the c-Myb co-activator p100 (Leverson et al., 1998). Pim1
also plays an important role in proliferative signalling
during B-selection (Schmidt er al., 1998a), causing an
increase in the number of cycling cells, and is able to
rescue the DN3 block in rag” thymocytes, allowing
development of DP cells (Jacobs et al., 1999). To assess
whether c-Myb was required for Piml function during
B-selection, we first crossed MEnT/+ with piml/+
(van Lohuizen et al., 1989) mice and analysed DN cells
as before. A representative plot (Figure 6A) shows that
piml/+ mice have a higher than normal percentage (49%)
of DN4 cells, probably due to the transgene promoting
differentiation through B-selection. However, this pheno-
type is reversed in pimI/+:MEnT/+ mice, with 82% of DN
cells blocked at the DN3 stage of development (Figure 6A;
Table I). In addition, cell cycle is severely reduced in both
DN3 and DN4 pim1/+:MEnT/+ thymocytes (Figure 6B).
To examine whether MEnT was capable of reversing
the Piml-mediated rescue of the DN3 block in rag™-
thymocytes, MEnT/+ mice were crossed with piml/
+:ragl” mice and cells examined for cell surface
expression of CD4 and CDS8 co-receptors. While Piml
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Fig. 6. Pim1 signals to c-Myb during B-selection. (A) Expression of
MEnT blocks thymopoiesis at DN3 in Pim1 transgenic mice. Total
thymocytes were prepared from pimli/+ and pimi/+:MEnT/+:
littermates, and mature and non-T cells excluded from the analysis, as
described in the legend to Figure 1. A representative plot is shown;
data from several mice are given in Table I. (B) Cell cycle is inhibited
in pim1/+:MEnT/+ DN3 and DN4 thymocytes. To determine the

cell cycle status of gated DN3 and DN4 populations, cells were
permeabilized in 0.03% saponin in the presence of 25 ng/ml 7-AAD
prior to flow cytometry. A representative plot of three experiments is
shown. (C) MENT reverses the rescue of the RAG™~ phenotype by
Pim1. Total thymocytes were prepared from ragl~-, ragl~-:piml/+
and ragl~~:piml/+:MEnT/+ littermates aged 9 weeks. Cells were
stained with anti-CD8-PE and anti-CD4-CyChrome antibodies.

achieved a significant rescue of the ragl/~- phenotype
(Figure 6C), the presence of MEnT completely abrogated
this effect. Taken together with the known biochemical
relationship between c-Myb and piml, these data imply
that c-Myb protein lies downstream of piml during
[B-selection and is required for its functionality.

Discussion

This study has examined the role of c-Myb in DN
thymopoiesis. Cells expressing dominant interfering Myb

c-Myb regulates proliferation after B-selection

show a partial block in development at DN3. This block
appears not to affect TCRP rearrangement and cannot be
rescued by co-expression of activated Lck, placing the
function of c-Myb after TCRp rearrangement and early
pre-TCR signalling. Loss of c-Myb function does not
result in a significant increase in apoptosis during DN
development and the DN3 block cannot be rescued by
expression of the Myb target gene bcl-2. However, MEnT
thymocytes do show a marked decrease in cell cycling
following B-selection, implying an important role for
c-Myb in regulation of thymocyte expansion during the
DN:DP transition. Analysis of thymocytes from various
knockout mice shows that the pre-TCR and the IL-7R are
not required for expression of c-myb. However, c-Myb
activity is necessary for Pim1 function during B-selection,
implying that regulation of c-Myb superactivation is
required for B-selection to occur.

We noted that when we calculated cell numbers at all
four stages of DN development, MEnT mice appeared to
have reduced DN1 and DN2 compartments (Table I) and
therefore MEnT might be affecting stages both pre- and
post-B-selection. To determine whether MEnT was having
an earlier effect on DN development, we performed cell
cycle and apoptosis analyses on DN2 thymocytes, but
found no difference between MEnT and normal mice (data
not shown). Analysis of DN subsets from rag/~~ mice
showed that in these animals the DN1 and DN2 compart-
ments were also greatly reduced (Table I), suggesting that
a feedback control mechanism caused by defective
[B-selection exists. These data are supported by the results
of others, which indicate that blocks to pre-TCR signalling
by loss of Rag or CD3e (Malissen et al., 1995), pTa
(DiSanto et al., 1999) or Lck and Fyn (van Oers et al.,
1996) reduce the DN1 and DN2 subsets. Therefore, the
MEnT phenotype is no different from other mutations
solely affecting B-selection.

Myb proteins have been implicated in control of the cell
cycle and/or as anti-apoptotic factors in a number of cell
types. Our finding that c-Myb is regulating the cell cycle
rather than apoptosis tallies with other studies which
suggest that Myb proteins have different effects in
different circumstances. For example, Frampton et al.
(1996) showed that switching off v-Myb could down-
regulate bcl-2 and cause apoptosis in chicken myeloblasts,
but not in multipotent progenitors, and Hogg et al. (1997),
using a similar approach in immature murine myeloid
cells, found that cells differentiated but did not die when
v-Myb was inactivated. An inducible dominant-negative
Myb causes G arrest but not cell death in cytotoxic T-cell
lines (Lyon and Watson, 1996), but regulates cell cycle
arrest, differentiation and apoptosis in the multipotent
haematopoietic cell line FDCP-Mix (White and Weston,
2000).

Although we and others have identified bcl-2 as a c-Myb
target gene (Frampton et al., 1996; Taylor et al., 1996;
Grassilli et al., 1999), we found in this study that bcl-2
expression is unchanged relative to wild-type levels in
MEnT DN3 and DN4 cells, indicating that c-Myb is not its
primary regulator at this stage of thymopoiesis. However,
we observed that cyclins A2, D3 and Bl were down-
regulated in MEnT DN thymocytes. We do not think that
transcription of these cyclins is directly regulated by
c-Myb, as we were unable to find Myb binding sites in
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their promoters. Rather, their reduced levels are an
indication of the dearth of MEnT thymocytes in cycle. A
recent report suggested that c-Myb may be able to regulate
the cyclin Al promoter in humans (Muller et al., 1999),
but we were unable to detect changes in murine cyclin Al
expression in our system.

We were intrigued to find that c-myb expression in
sorted DN3 thymocytes appears to be completely inde-
pendent of the presence of a functional IL-7R or the pre-
TCR. Either c-myb expression is not regulated during
B-selection or a novel signalling pathway maintains
normal levels of c-myb. Little is known about how the
c-myb promoter is regulated during haematopoiesis. One
system, the proliferative response of mature T cells to
antigenic challenge, has been studied and here c-myb is
induced in response to IL-2 (Stern and Smith, 1986;
Thompson et al., 1986). Recently we have shown that
activation of phosphoinositide 3-kinase (PI3K) by the IL.-2
receptor results in c-myb expression, via a signalling
cascade terminating at the transcription factor E2F
(A.Lauder and K.Weston, submitted for publication). We
tested whether incubation of sorted DN thymocytes with a
chemical inhibitor of PI3K, LY294002, could down-
regulate c-myb, but found that expression levels were
unchanged (data not shown), implying that the regulation
we see in peripheral T cells is not occurring in DN
thymocytes.

Our data showing that MEnT can block the action of
Piml during B-selection suggests the possibility that
c-Myb protein, rather than the c-myb gene, may be the
primary regulatory target during DN development. Piml
has recently been shown by Jacobs et al. (1999) to
reconstitute thymic cellularity in /L-7 and yc mutant mice
and to rescue maturation in Rag knockout animals. These
authors propose that Pim1, which is commonly induced in
response to many mitogens and cytokines (reviewed in
Domen et al., 1993), is an effector of the IL-7 pathway,
which is thought to be required to support the proliferative
burst following B-selection (DiSanto et al., 1999). Taken
together, the genetic link we have established here
between Pim1 and c-Myb, the phenotype of MEnT mice,
in which [B-selection but not subsequent proliferation
occurs, and the biochemical data demonstrating super-
activation of c-Myb by Piml (Leverson et al., 1998)
strongly suggest that c-Myb is on the same pathway as
Piml and can be regulated by extracellular signalling
events.

Overexpression of another transcription factor, Gfi-1,
has recently been shown to cause a partial DN3 block
during thymopoiesis, due to an inhibitory effect on the cell
cycle (Schmidt ef al., 1998b). Gfi-1 has been suggested to
function as a sequence-specific transcriptional repressor
(Grimes et al., 1996; Zweidler-Mckay et al., 1996).
Presumably, post-B-selection Gfi-1 and MEnT both
repress genes required for proliferation, implying an
antagonistic relationship between Gfi-1 and c-Myb in
normal DN cells. There is an interesting potential link
between Gfi-1 and c-Myb, as expression of Pim1 is able to
rescue the Gfi-1-induced DN3 block during thymopoiesis
(Schmidt et al., 1998b). Therefore, rescue of the Gfi-1
phenotype could involve up-regulation of c-Myb activity
leading to enhanced expression of the subset of genes
controlled by c-Myb. It will be of interest to determine
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whether overexpression of a myb transgene can rescue the
Gfi-1 phenotype.

In summary, the data presented here demonstrate an
essential role for c-Myb in the proliferative response of
DN3 cells to B-selection and place c-Myb at the bottom of
a signalling cascade initiated by extracellular events
activating Pim1. What might lie downstream of c-Myb?
Only a handful of bona fide Myb-regulated genes have
been defined and none of those described can fully account
for the effects we see in DN cells. We are currently
attempting to identify the c-Myb target genes that are
crucial for B-selection.

Materials and methods

Immunostaining

All antibodies were supplied by Pharmingen and used at a dilution of
1:100 in phosphate-buffered saline (PBS) containing 1.0% bovine serum
albumin, unless otherwise indicated. All antibody incubations were
performed at 4°C for 30 min. DN thymocytes were identified by gating
mature cells from the analysis population. Total thymocytes were stained
with a cocktail of biotinylated antibodies: anti-CD3e (clone 145-2C11),
anti-CD4 (clone H129.19), anti-CD8 (clone 53-6.7), anti-TCRp (clone
H57-597), anti-B220 (clone RA3-6B2), anti-Gr-1 (clone RB6-8C5), anti-
Ter-119 and anti-Mac-1 (clone M1/70, 1:200 dilution). Bound antibody
was revealed by staining with streptavidin—CyChrome (1:50 dilution).
Non-specific CyChrome binding was prevented by pre-incubating with Fc
block [anti-CD16/CD32 (Fcy III/II receptor), 1:50 dilution] for 10 min at
4°C. The DN populations were revealed by including anti-CD25-FITC
(clone 7D4, 1:50 dilution) and anti-CD44-PE (clone IM7) with the
CyChrome incubation. Dead cells were excluded on the basis of forward
and side scatter and TO-PRO 3 iodide (Molecular Probes) uptake. CD4
and CDS8 co-receptors were visualized by staining with anti-CD4—
CyChrome (clone H129.19) and anti-CD8-PE (clone 53-6.7). Flow
cytometry was done on FACScan and FACSCalibur analysers (Becton
Dickinson) and analysed using the CELLQuest program.

Apoptosis of DN thymocytes

Total thymocytes were stained with a cocktail of biotinylated antibodies,
as described in the Immunostaining section. When analysing DN3 cells,
anti-CD44-biotin was included in the cocktail; to identify DN4 cells,
anti-CD44—biotin and anti-CD25-biotin (1:50 dilution) were included.
Bound antibody was revealed by staining with streptavidin—APC (1:50
dilution). DN3 cells were identified from the APC-negative population by
staining with anti-CD25-PE (1:50 dilution), while mature cells were
located in the APC-positive gate. DN4 cells were visualized by staining
with anti-HSA-PE (clone M1/69, 1:400 dilution). Apoptotic cells were
revealed by staining with annexin V-FITC (Nexins Research) and
7-AAD, following the supplier’s protocol. 7-AAD was included at a final
concentration of 1 pg/ml. Apoptotic profiles were visualized by flow
cytometry on the FACSCalibur analyser.

Cell cycle of DN thymocytes

Total thymocytes, from mice aged 4-8 weeks, were stained with a
cocktail of biotinylated antibodies, as described above. When analysing
DN3 cells, anti-CD44-biotin was included in the cocktail; to identify
DN4 cells, anti-CD44-biotin and anti-CD25-biotin (1:50 dilution) were
included. Bound antibody was revealed by staining with avidin—-PE
(Biogenesis, 1:50 dilution). DN3 cells were identified from the PE-
negative population by staining with anti-CD25-FITC (1:50 dilution),
while DN4 cells were visualized by staining with anti-CD45.2-FITC
(clone 104). After surface staining, cells were permeabilized in 0.03%
saponin, 25 pg/ml 7-AAD, 0.1% sodium azide in PBS for 1 h at 37°C.

TCR p-chain rearrangements
PCR was used to assay for VDJ recombination of the TCRP locus exactly
as described in Clements et al. (1998).

Mice

Stock C57BL/10 mice were obtained from the MRC facility. METCD2.5
(Badiani et al., 1994), EuBcl-2-25 (Strasser et al., 1990), ragl™-
(Spanopoulou et al., 1994), EuPiml (van Lohuizen et al., 1989),
PLGF.A-2964 Lck (Abraham et al., 1991) and yc~ (DiSanto et al.,



1995) lines were as described. Thymocytes from Ick™—ifyn~~ mice were
provided by R.Zamoyska. All lines, except EuBcl-2-25, were maintained
on a C57 BL/10 inbred background. Mice were maintained under SPF
conditions in the facility at the ICR and used at age 4-8 weeks, unless

otherwise stated.

RNase protection assay

Total thymocytes were purified from 24 mice, aged 4-8 weeks, and
stained with a cocktail of biotinylated antibodies specific for markers of
mature and non-T cells, as described above. To remove DN1 and DN2
cells, anti-CD44-biotin was included in the cocktail. Cells were then
incubated with streptavidin-coated microbeads (Miltenyi), according to
the supplier’s instructions. DN3 and DN4 cells were purified by MACS
column (Miltenyi) depletion of mature, non-T, DN1 and DN2 cells, again
according to the supplier’s instructions. Purities of >95% were confirmed
by flow cytometry. The RNase protection assay was performed using the
m-Cyc-1 mouse cyclin Multi-Probe Template Set (Pharmingen), follow-
ing the supplier’s protocol.

RT-PCR of RNA from sorted thymocyte subsets

Total thymocytes were prepared from non-transgenic, MEnT, ragl"-,
Ick 7=:fyn 7~ and yc~ mice, aged 4-8 weeks. To purify non-transgenic and
MEnT DN3 cells, thymocytes were stained with anti-CD25-FITC,
washed in PBS and treated with anti-FITC microbeads (Miltenyi),
according to the supplier’s instructions. CD25-positive cells were purified
by MACS column (Miltenyi) positive selection, again according to the
supplier’s instructions. Purified thymocytes were then additionally
stained with anti-CD44-PE and DN3 cells sorted by FACS. DN3
ragl~~ thymocytes were purified by FACS sorting of anti-CD25-FITC
and anti-CD44-PE stained total thymocytes. DN yc~ thymocytes were
purified by staining with anti-CD45.2-FITC and gating mature cells from
the sort population by including anti-CD4-PE, anti-CD8-PE and anti-
TCRB-PE antibodies. Purities of >97% were confirmed by flow
cytometry.

RNA was purified from cells using RNeasy mini columns (Qiagen).
DNA was removed during the preparation using the RNase-free DNase
set recommended by Qiagen. RNA was reverse transcribed with
SuperScript II (Gibco BRL) extension of random hexamer (Pharmacia
Biotech) primed RNA. cDNA was amplified using a GeneAmp 9700
machine (PE Applied Biosystems) under the following conditions: 1 cycle
of 94°C for 2 min; 35 cycles of 94°C for 20 s, 55°C for 30 s, 72°C for 45s;
1 cycle of 72°C for 7 min; a 4°C hold. cDNA was amplified using the
following primer sets: c-myb, 5-TGCTGCCCGGACGGACTGATA-
ATG and 5-CCCGGGGTAGCTGCAAGTGTGGTT; A-myb, 5"-ATG-
GCGAAGAGGTCGCGCAGTGAG and 5-AGAACGATTTTGAAG-
ATGACTA; B-myb, 5'-GATCTGGATGAGTTACACTAC and 5’-CCA-
GCGGTTACCCAGGAG; hprt, 5-GGGGGCTATAAGTTCTTTGC and
5-TCCAACACTTCGAGAGGTCC; MEnT, 5-CCATGGAAGCCG-
TCATTAAGAACCGG and 5-CGCATGGTGGAATTCCAGTGGTTC-
TTG.
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