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Pre-B-cell expansion is driven by signals from the interleukin-7 receptor and the pre-B-cell receptor and is
dependent on cyclin D3 and c-Myc. We have shown previously that interferon regulatory factors 4 and 8 induce
the expression of Ikaros and Aiolos to suppress pre-B-cell proliferation. However, the molecular mechanisms
through which Ikaros and Aiolos exert their growth inhibitory effect remain to be determined. Here, we provide
evidence that Aiolos and Ikaros bind to the c-Myc promoter in vivo and directly suppress c-Myc expression in
pre-B cells. We further show that downregulation of c-Myc is critical for the growth-inhibitory effect of Ikaros
and Aiolos. Ikaros and Aiolos also induce expression of p27 and downregulate cyclin D3 in pre-B cells, and the
growth-inhibitory effect of Ikaros and Aiolos is compromised in the absence of p27. A time course analysis
further reveals that downregulation of c-Myc by Ikaros and Aiolos precedes p27 induction and cyclin D3
downregulation. Moreover, downregulation of c-Myc by Ikaros and Aiolos is necessary for the induction of p27
and downregulation of cyclin D3. Collectively, our studies identify a pre-B-cell receptor signaling induced
inhibitory network, orchestrated by Ikaros and Aiolos, which functions to terminate pre-B-cell expansion.

Successful recombination of the immunoglobulin (Ig) heavy-
chain locus leads to the expression of Ig� and the assembly of
the pre-B-cell receptor at the cell surface. In conjunction with
signals delivered through the interleukin-7 receptor (IL-7R),
pre-B-cell receptor (pre-BCR) expression induces a limited
proliferative burst that is dependent upon the cell cycle regu-
lators cyclin D3 and c-Myc (12). In the absence of cyclin D3,
but not cyclin D2, the large pre-B-cell pool is greatly dimin-
ished and proliferation in both pro- and pre-B cells is impaired
(3). Similarly, the deletion of c- and n-Myc induces a block at
the pro-B-cell stage that is associated with impaired B-cell
progenitor proliferation (10). It is likely that c-Myc also has a
differentiative function since constitutive c-Myc expression re-
stores pre-B-cell development in Rag-2�/� mice (10). Collec-
tively, these studies identify both cyclin D3 and c-Myc as cen-
tral mediators of both pro- and pre-B-cell proliferation.

Cyclin D3 expression is dependent upon both the IL-7R,
which induces cyclin D3 mRNA, and the pre-BCR that regu-
lates the stability of the cyclin D3 protein (3). This comple-
mentary regulation may underlie the observed synergy in pro-
liferation when both receptors are stimulated (6). In contrast,
in pro- and pre-B cells, Erk activation enhances c-Myc expres-
sion (38). Furthermore, c-Myc expression rescues defective
proliferation in Erk1�/� Erk2�/� B-cell progenitors (38).

For progression beyond the large pre-B-cell stage, cells must
exit the cell cycle and initiate light-chain recombination. This
transition is associated with the pre-BCR mediated repression
of cyclin D3 transcription (21). However, it is not known
whether similar molecular processes silence c-Myc expression.

Furthermore, the relationships between the repression of cy-
clin D3 and c-Myc and the induction of cell cycle inhibitor p27
are not known.

Interferon regulatory factor 4 (IRF4) and IRF8 are immune
system-specific transcription factors that are critical for the
development and function of B, T, and myeloid cells (15, 32).
In the absence of IRF4 and IRF8, B-cell development is
blocked at the large pre-B-cell stage (16). We and others have
shown that IRF4 promotes light-chain rearrangement and
transcription in pre-B cells (13, 18, 29). In addition, IRF4 and
IRF8 have also been found to negatively regulate pre-B-cell
proliferation through inducing the expression of Ikaros and
Aiolos (17). Ikaros and Aiolos are members of Ikaros family of
transcription factors that are critical for immune system devel-
opment and function (2, 8). Ikaros and Aiolos bind to the same
consensus sequence as either homodimers or heterodimers
and can recruit transcriptional repressor complexes to silence
gene expression (14, 31). The expression of Ikaros and Aiolos
is elevated in pre-B cells, indicating that they may play an
important role in pre-B-cell development (24). Indeed, Ikaros
and Aiolos directly silence the expression of the surrogate
light-chain gene �5, leading to the downregulation of the pre-
BCR (33). Furthermore, there is an expansion of pre-B cells in
Aiolos-deficient mice, indicating that Aiolos may negatively
regulate pre-B-cell expansion in vivo (35).

Previously, we have shown that Ikaros and Aiolos are ex-
pressed at low levels in IRF4 and IRF8 double-deficient pre-B
cells (hereafter referred to as DKO pre-B), and reconstituting
the expression of Ikaros and Aiolos inhibits their proliferation
(17). However, the molecular mechanism through which
Ikaros and Aiolos exert their growth-inhibitory effect remains
to be determined. Here, we demonstrate that Ikaros and Aio-
los directly bind the c-Myc promoter and repress c-Myc ex-
pression in pre-B cells. In addition, we demonstrate that the
repression of c-Myc by Ikaros and Aiolos is necessary for the

* Corresponding author. Mailing address: Department of Genetics,
Cell Biology, and Anatomy, University of Nebraska Medical Center,
Omaha, NE 68198-5805. Phone and fax: (402) 559-8307. E-mail: rlu
@unmc.edu.

† S.M. and S.P. contributed equally to this study.
� Published ahead of print on 21 June 2010.

4149



induction of p27 and the downregulation of cyclin D3. Collec-
tively, our studies identify a molecular network that orches-
trates cell cycle exit in pre-B cells.

MATERIALS AND METHODS

Mice. IRF4 and IRF8 compound mutant mice have been described (18). p27
mutant mice and E�-Myc transgenic mice in the C57B6 background were ob-
tained from the Jackson laboratory (5, 11). The mice were maintained under
specific-pathogen-free conditions. Experiments were performed according to
guidelines from the National Institutes of Health and with an approved IACUC
protocol from the University of Nebraska Medical Center. Mice 5 to 8 weeks of
age were used for the present study.

Cell culture and retroviral infection. Pre-B cells were cultivated as described
previously (18). Briefly, B220� cells were isolated from mouse bone marrow by
using a MACS separation column (Miltenyi Biotech). Purified cells were overlaid
on top of an irradiated S17 stromal cell layer in Opti-MEM (Gibco) medium
containing 5% fetal bovine serum, 50 �M �-mercaptoethanol, 2 mM L-glu-
tamine, 100 U of penicillin-streptomycin, and 5 ng of IL-7 (R&D)/ml. Retroviral
vectors expressing Ikaros, Aiolos, and p27 have been described previously (17).
Retroviral infection of pre-B cells was conducted as described previously (17).
The infected cells were analyzed by fluorescence-activated cell sorting (FACS) at
the indicated time points.

FACS analysis and cell sorting. Cells were preincubated with either 2% rat
serum or Fc-Block (2.4G2) and then stained with optimal amounts of specific
antibodies, either biotinylated or directly fluorophore conjugated. Antibodies to
B220 (RA3-6B2), CD43 (S7), CD25, IgM, and �5 were purchased from Phar-
mingen; anti-kappa (H139-52.1) antibody was obtained from Southern Biotech.
FACS analysis was performed with a FACSCalibur flow cytometer. The infected
pre-B cells were sorted based on green fluorescent protein (GFP) expression by
using a BD FACSAria sorter. For the present study, only the top 10% GFP
highest-expressing cells were analyzed by FACS and were isolated for real-time
PCR analysis. Cell cycle analysis with live cells was conducted by using Hoechst
33342 as previously described (17).

ChIP assay. The chromatin immunoprecipitation (ChIP) analysis with DKO
pre-B cells was performed essentially as described previously (18). Briefly, DKO
pre-B cells were infected with control or Ikaros- or Aiolos-expressing retrovirus.
The infected cells were fixed in 1% paraformaldehyde, lysed, and sonicated to
generate chromatin fragments. Chromatin fractions (equivalent to 4 million cells
each) were immunoprecipitated with anti-Ikaros (H-100; Santa Cruz Biotech),
anti-Aiolos (Aviva system), or isotype-specific control antibodies (rabbit IgG).
Isolated DNA fragments were subjected to real-time PCR analysis with primer
sets that target different regions of the c-Myc gene. The intensity of the amplified
signals was expressed as a percentage of the input.

Real-time PCR analysis. Total RNA was extracted by using TRIzol and re-
verse transcribed with a single-strand cDNA synthesis kit (Amersham). Quanti-
tative real-time PCR analysis was carried out in a 7500 real-time PCR system
(ABI) using SYBR green PCR core reagents (ABI). All samples were tested in
triplicate, and average threshold cycle (CT) values were calculated and normal-
ized to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase

(GAPDH). Each primer set was independently repeated three times, and aver-
age values and standard deviations were calculated. The sequences of the primer
sets used in the present study are presented in detail in Table 1.

Western blot analysis. Pre-B cells were lysed and used for Western blot
analysis. The signals were visualized by using a SuperSignal West Dura HRP
detection kit (Pierce). Antibodies against c-Myc was obtained from Cell Signal-
ing; antibodies to cyclin D3, p27, and �-actin (AC-15) were obtained from Santa
Cruz Biotech.

RESULTS

Ikaros and Aiolos suppress c-Myc expression in pre-B cells.
Since c-Myc and cyclin D3 are important regulators of pre-B-
cell expansion, the effects of Ikaros and Aiolos on c-Myc and
cyclin D3 expression were examined in DKO pre-B cells. Con-
trol, Ikaros-infected, and Aiolos-infected DKO pre-B cells
were isolated by sorting after 24 h. A previously described loss
of function Ikaros mutant (IkarosDN) was used to infect DKO
pre-B cells and served as an additional control. The infected
cells coexpress GFP, and only the cells expressing a high level
of GFP were sorted (top 10%). As shown in Fig. 1A, the
expression of c-Myc was reduced by �5-fold in the presence of
either Ikaros or Aiolos. In contrast, the expression of cyclin D3
was not affected by Ikaros and Aiolos after 24 h (Fig. 1D).
Ikaros and Aiolos were also able to suppress the expression of
surrogate light-chain �5, a known target of Ikaros and Aiolos
(Fig. 1B). Pre-B cells also express n-Myc (25). However, the
expression of n-Myc was not affected by Ikaros and Aiolos (Fig.
1C). In addition, the expression of cyclin D2 was moderately
reduced, whereas the expression of cyclin E and p21 was not
significantly affected by Aiolos (Fig. 1E, F, and G). In contrast,
the overexpression of IkarosDN in DKO pre-B cells had no
significant effect on the expression of cell cycle regulators. The
infected cells (GFPhi) express Ikaros at a level that is �3-fold
higher than the that of the control wild-type pre-B cells (Fig.
1H). This result indicates that Ikaros was not grossly overex-
pressed in the sorted cells. It should be pointed out that the
cultured wild-type and DKO pre-B cells used here are exclu-
sively cycling pre-B cells (data not shown). If Ikaros and Aiolos
are critical for c-Myc downregulation, c-Myc should be ex-
pressed at a higher level in DKO pre-B cells, which have been
shown to express low levels of endogenous Ikaros and Aiolos.
Since DKO pre-B cells are primarily cycling pre-B cells, we

TABLE 1. Primer set sequences

Name
Sequence (5�–3�)

Primer 1 Primer 2

C-myc AGCTGCAGCCGCCCGCGCCCAGT GGAGAAGTTGCCACCGCCGCCGTC
N-myc AGAGCACAGCCCGGAGCCTTCGAAT CCACATGCAGTCCTGAAGGATGACC
Cyclin D3 CTGCTTGGGGACCAGCGTGT GCAGGACAGGTAGCGATCCAGGTAG
�5 CTTCCCGGCAGGCTCCTGTT CTCACCAAACACACTACGTGTGGCC
p27 ATCCCTTGTCCCGACTCACTCG AAGTGTACTGGAGGGCGGGGAA
Aiolos AGCGAAGCCATACTGGTGAACGCCC TGCCCCGTGAGCGCATCT
GAPDH TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGAT
p21 GTG AGC AGT TGC GCC GTG AT GGG AAT CTT CAG GCC GCT CA
Cyclin E CCC CAG GAC TGC ATT TCA GC TGA CGC TGC AGA AAG TGC TCA
Cyclin D2 CCAAGCTGAAAGAGACCATCCCG GCTCAATGAAGTCGTGAGGGGTGAC
Upstream ChIP ACCACCCAATTCGTAAGCAGTCGGG ATCCCACCACACCTGGCCTTATGC
Downstream ChIP TGGAGAAAGAGGAGGGCGGAGA CCACCTGAAGGAGAAAGGCGAGAG
Ikaros1 ChIP GCTGCGCCCGAACAACCGTACAGAA TTTTTCCTCCTCTCGCTTCCCCGCC
Ikaros2 ChIP ATTCCAGCGAGAGACAGAGGGAGTG CCGCTGCAATGGGCAAAGTTTCC
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decided to compare c-Myc expression between DKO pre-B
cells and sorted wild-type large pre-B cells. Indeed, in DKO
pre-B cells, c-Myc was expressed at a level that is �2.5-fold
higher than that of wild-type large pre-B cells (Fig. 1I). In
summary, our results show that Ikaros and Aiolos suppress
c-Myc expression in DKO pre-B cells.

Ikaros and Aiolos bind the c-Myc promoter in pre-B cells.
Since Ikaros and Aiolos are well-characterized transcriptional
repressors, one simple scenario for our findings would be that

Ikaros and Aiolos directly repress c-Myc. To examine this
possibility, we analyzed the promoter region of the murine
c-Myc gene. The c-Myc gene has two major transcription ini-
tiation sites, P1 and P2, and P2 is 187 bp downstream of P1
(Fig. 2A) (36). It has been shown that Ikaros binds to a core
consensus sequence containing TGGGAA (23). A few poten-
tial Ikaros binding sites were identified on the 4-kb region
upstream of P2. Since important regulatory elements tend to
be conserved between species, we compared human and mu-

FIG. 1. Ikaros and Aiolos suppress c-Myc expression in pre-B cells. DKO pre-B cells were cultivated in the presence of IL-7 (5 ng/ml). The cells
were infected with retrovirus expressing Ikaros, Aiolos, and IkarosDN. Infected cells were isolated 24 h later by sorting. Empty vector-infected cells
were analyzed as a control. The expression of c-Myc (A), �5 (B), n-Myc (C), cyclin D3 (D), cyclin D2 (E), p21 (F), and cyclin E (G) was analyzed
in the sorted cells by real-time PCR. (H) Expression levels of Ikaros in wild-type pre-B and infected DKO pre-B cells. Cultured wild-type pre-B
cells and DKO pre-B cells were lysed for protein analysis. The Ikaros-infected DKO pre-B cells which express a high level of GFP were sorted at
24 h after infection for Western blot analysis. (I) DKO pre-B cells express a higher level of c-Myc than wild-type large pre-B cells. Pre-B cells
(B220� CD43� IgM�) were isolated by sorting from DKO mice. Pre-B cells in wild-type control mice were further separated based on the forward
scatter, and only the large pre-B cells were isolated by sorting. Real-time PCR analysis was carried out to examine c-Myc expression in isolated
wild-type large pre-B cells and DKO pre-B cells. The values shown are averages and standard deviations from three independent experiments. The
statistical significance was determined by a Student t test (�, P � 0.05; ��, P � 0.01).

VOL. 30, 2010 Ikaros AND Aiolos SUPPRESS c-Myc IN PRE-B CELLS 4151



rine c-Myc promoters to narrow down the list of potential
Ikaros binding sites. Two conserved Ikaros binding sites were
identified. One site is located 75 bp upstream of P1 site
(Ikaros1), and the other site is located 219 bp downstream of
P2 (Ikaros2) (Fig. 2A). The site Ikaros1 which exists in a
reverse orientation is 100% identical between mouse and hu-
man (Fig. 2B). Interestingly, it lies immediately adjacent to an
Sp1 site that has been shown to play an important role in
activation of the c-Myc promoter (1, 7). The site Ikaros2 on the
murine and human c-Myc promoter consists of an identical
CTGGGAA sequence located 480 bp downstream from
Ikaros1. The identification of these highly conserved Ikaros
binding sites on the c-Myc promoter strongly suggests that
c-Myc is a potential target of Ikaros and Aiolos in pre-B cells.

To determine whether Ikaros and Aiolos bind to the c-Myc
promoter in vivo, Aiolos, Ikaros, and control vector-infected
DKO pre-B cells were isolated for ChIP analysis. The soni-
cated protein-DNA complexes were immunoprecipitated with
anti-Aiolos, anti-Ikaros, or control antibodies, and the immu-
noprecipitated DNA fragments were amplified by real-time
PCR with primers targeting the Ikaros1 and Ikaros2 sites in-
dividually. As shown in Fig. 2C and D, Aiolos- and Ikaros-
infected cells yielded signals that were 20- to 30-fold higher
than the control infected cells, indicating that Aiolos and

Ikaros bind to c-Myc promoter region in vivo. No significant
changes in Aiolos or Ikaros binding were observed in regions
either 2 kb upstream or 2 kb downstream of c-Myc promoter,
indicating that Aiolos and Ikaros predominantly bind to the
promoter region (Fig. 2C and D). To further determine
whether Ikaros binds to c-Myc promoter in wild-type pre-B
cells under physiological conditions, we isolated pre-B cells via
sorting from the bone marrow of wild-type mice and per-
formed ChIP analysis. Our result shows that Ikaros indeed
bound to the Ikaros1 and Ikaros2 sites in wild-type pre-B cells,
since anti-Ikaros antibody yielded signals that are �8-fold
higher compared to the control antibody at the Ikaros1 and
Ikaros2 sites (Fig. 2E). It should be pointed out that we did not
analyze the binding of Aiolos and Ikaros to other regions of
c-Myc locus, so it is possible that there are other binding sites
of Aiolos and Ikaros on the c-Myc locus. Nevertheless, our
results confirm that Aiolos and Ikaros bind to the c-Myc pro-
moter in vivo in pre-B cells.

Downregulation of c-Myc is critical for Aiolos and Ikaros to
exert their growth-inhibitory effect on pre-B cells. To deter-
mine what role the downregulation of c-Myc plays in Aiolos-
mediated growth inhibition, DKO pre-B cells were infected
simultaneously with retroviruses encoding Aiolos (YFP) and
c-Myc fused to the estrogen receptor ligand-binding domain

FIG. 2. Aiolos and Ikaros bind c-Myc promoter in pre-B cells in vivo. (A) Schematic diagram of the murine c-Myc promoter. Two major
transcription starting sites, P1 and P2, are indicated. Two highly conserved Ikaros binding sites Ikaros1 and Ikaros2 are indicated with black bars.
The shaded rectangle represents the first exon of c-Myc gene. (B) Sequence alignment of Ikaros1 and surrounding sequences between the human
and mouse c-Myc promoters. (C and D) Aiolos and Ikaros bind to the c-Myc promoter in vivo. DKO pre-B cells were infected with control, Aiolos,
or Ikaros. A ChIP assay was performed 24 h later to determine whether Aiolos and Ikaros bind to c-Myc promoter in vivo. The empty-vector-
infected cells were analyzed as a control (Vector). The binding of control antibody (rabbit IgG), Aiolos antibody (Aiolos Ig), and Ikaros antibody
(Ikaros Ig) to the Ikaros1 and Ikaros2 sites on c-Myc promoter was analyzed by real-time PCR. The binding of Aiolos and Ikaros to regions either
2 kb upstream or downstream of c-Myc promoter was also examined. The intensity of the signals is expressed as a percentage of the input. The
values are averages and standard deviations from three independent experiments. (E) Ikaros binds to c-Myc promoter in sorted wild-type pre-B
cells. Pre-B cells (B220� CD43� IgM�) were isolated via sorting from wild-type mice. A total of 107 pre-B cells were used for ChIP analysis.
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(MycER, GFP). The MSCV-MycER-GFP plasmid has been
described elsewhere (27). Two days after infection, FACS
analysis revealed four populations of cells: (i) uninfected cells,
(ii) cells infected by Aiolos alone (Aiolos), (iii) cells infected by
MycER alone (MycER), and (iv) cells successfully infected by
both Aiolos and MycER (Aiolos�MycER) (Fig. 3A). This
approach has been described in detail in our previous studies
(17). As expected, 62% of pre-B cells expressing MycER were
cycling compared to 43% of uninfected cells, indicating that a
high level of c-Myc promotes pre-B-cell proliferation (Fig.
3A). Only 18% of cells infected with Aiolos were cycling, a
finding consistent with our previous report that Aiolos inhibits
pre-B-cell proliferation (Fig. 3A). However, 48% of pre-B cells
infected with both Aiolos and MycER were still cycling, indi-
cating that restoring c-Myc expression antagonizes the growth-
inhibitory effect of Aiolos (Fig. 3A).

To further confirm that downregulation of c-Myc is neces-

sary for Aiolos- and Ikaros-mediated growth inhibition, we
overexpressed Aiolos and Ikaros in pre-B cells derived from
E�-Myc transgenic mice. In the E�-Myc transgenic mice, the
expression of the c-Myc transgene is under the control of
immunoglobulin (Ig) heavy-chain intronic enhancer and thus
cannot be repressed by Aiolos (11). E�-Myc mice develop
leukemia at 5 to 6 months of age; however, the mice used in the
present study were 5 to 6 weeks old and were tumor-free. In
cultures with stroma cells and IL-7, both E�-Myc and wild-type
bone marrow yield homogenous populations of cycling IgM�

pre-BCR� pre-B cells (data not shown). We speculated that
the reason that kept these cells in cell cycle is that they do not
express sufficient amounts of Ikaros and Aiolos. Indeed, over-
expression of Aiolos and Ikaros led to growth arrest in wild-
type pre-B cells (Fig. 3B). In contrast, the overexpression of
Aiolos and Ikaros has no obvious effect on the proliferation of
E�-Myc pre-B cells (Fig. 3B). Importantly, expression of the

FIG. 3. Downregulation of c-Myc is critical for Aiolos and Ikaros to exert their growth-inhibitory effect on pre-B cells. (A) Reconstituting c-Myc
expression antagonizes Aiolos-mediated growth inhibition. DKO pre-B cells were infected simultaneously with virus expressing MycER and Aiolos.
At 12 h after infection, Tamoxifen at 1 �M was added to activate the MycER protein. After 48 h, the infected cells were incubated with Hoechst
dye, and the cell cycle status of the infected cells was determined by FACS. The numbers indicate the percentages of cells in the cycle. The result
is representative of at least three independent experiments. (B) Wild-type (Wt) and E�-Myc pre-B cells were cultivated in the presence of IL-7
until they were homogenous B220� pre-BCR� IgM�. The cells were infected with Aiolos and Ikaros, and the impact of Aiolos and Ikaros on cell
cycle progression was analyzed 48 h later by FACS. The infected cells expressing high levels of GFP-positive (GFP�) and GFP-negative (GFP�)
cells were analyzed separately. The result is a representative of at least three independent experiments. (C) The GFP� and GFP� cells were also
isolated by sorting, and real-time PCR analysis was performed to measure �5 expression. The values are averages and standard deviations from
three independent experiments.
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surrogate light-chain �5 is downregulated to the same extent by
Aiolos and Ikaros in both wild-type and E�-Myc pre-B cells
(Fig. 3C), indicating that Aiolos and Ikaros are being ex-
pressed at sufficient amounts in both cells. Taken together, our
results indicate that downregulation of c-Myc by Aiolos and
Ikaros is critical for its growth-inhibitory effect in pre-B cells.

Suppression of c-Myc by Aiolos and Ikaros in pre-B cells
precedes induction of p27 and downregulation of cyclin D3.
Both cyclin D3 and p27 have been linked to the control of
pre-B-cell proliferation (3, 12). Here, we wanted to determine
the kinetics of Aiolos- and Ikaros-mediated modulation of
c-Myc, p27, and cyclin D3 expression. To this end, Aiolos- and
Ikaros-infected DKO pre-B cells were isolated at various times
after infection, and the expression of c-Myc, cyclin D3, and p27
proteins was analyzed in the sorted cells (Fig. 4A). The inten-
sities of c-Myc and cyclin D3 signals were quantified with a
densitometer (data not shown). c-Myc protein expression was
dramatically reduced in Aiolos- and Ikaros-infected cells. A
5-fold decrease and a 2.5-fold decrease, respectively, were ob-
served as early as 24 h after the infection in Aiolos- and
Ikaros-infected cells (Fig. 4A). These results are consistent
with our conclusion that Aiolos and Ikaros directly suppress
c-Myc expression (Fig. 4A). In addition, Aiolos and Ikaros
expression led to cyclin D3 downregulation and p27 induction
(Fig. 4A). However, the downregulation of cyclin D3 and in-
duction of p27 only became evident 48 h after infection, indi-

cating that these events occur after c-Myc downregulation.
These data suggest that the induction of p27 and downregula-
tion of cyclin D3 are secondary events triggered by Aiolos and
Ikaros expression in pre-B cells. However, a greater degree of
cell cycle inhibition by Aiolos and Ikaros was observed at 48 h
than at 24 h (data not shown), which coincides with cyclin D3
downregulation and p27 induction, indicating that those later
events are critical components of Aiolos-mediated growth in-
hibition.

The induction of p27 mRNA by Aiolos and Ikaros was
further confirmed by real-time PCR analysis in the infected
cells (Fig. 4B). Consistent with the protein analysis, induction
of p27 mRNA was delayed and only became obvious after 48 h.
In summary, our results identify two critical events that happen
in a sequential manner in Aiolos- and Ikaros-infected pre-B
cells: an initial suppression of c-Myc, which is followed by p27
induction and cyclin D3 downregulation.

The growth-inhibitory effect of Aiolos and Ikaros on pre-B
cells is impaired in the absence of p27. The induction of p27 by
Aiolos and Ikaros in pre-B cells suggests that p27 may play a
role in Aiolos- and Ikaros-mediated growth inhibition. To ex-
amine this question, we infected cultured p27�/� and p27�/�

pre-B cells with Aiolos and Ikaros. The infected cells were
analyzed by FACS 48 h later. As expected, Aiolos and Ikaros
dramatically inhibited the proliferation of p27�/� pre-B cells:
the percentages of cycling cells decreased from 24 to 5% and
from 25 to 6%, respectively (Fig. 5A). In contrast, the prolif-
eration of p27�/� cells was only moderately affected by Aiolos
and Ikaros: the percentages of cycling cells decreased from 26
to 18% and from 28 to 16%, respectively. Infected cells ap-
peared to express sufficient amounts of Aiolos and Ikaros,
since the expression of �5 was suppressed by Aiolos and Ikaros
to the same extent in p27�/� and p27�/� pre-B cells (Fig. 5B).
Collectively, these results indicate that the growth-inhibitory
effect of Aiolos and Ikaros on pre-B cells is partially dependent
on p27 induction.

To determine whether p27 plays a role in pre-B-cell prolif-
eration in vivo, we analyzed pre-B cells isolated from p27�/�

and p27�/� mice. Bone marrow cells were stained with cell
surface markers and Hoechst dye 33342, and the cell cycle
status of pre-B cells (B220�, CD25�, and IgM�) was exam-
ined. As shown in Fig. 5C, 19% of p27�/� pre-B cells were
cycling compared to only 11% in p27�/� pre-B cells, indicating
that p27�/� pre-B cells are hyperproliferative in vivo. The
percentages of large pre-B to small pre-B cells were also al-
tered in p27�/� mice (Fig. 5C). The percentages of small pre-B
and large pre-B cells in p27�/� mice were 80% 	 3% and
20% 	 3%, respectively, whereas in p27�/� mice, the percent-
ages of large pre-B and small pre-B cells changed to 69% 	
4% and 31% 	 4%, respectively. Taken together, our results
indicate that p27 regulates pre-B-cell proliferation and the
transition from large pre-B to small pre-B in vivo.

Suppression of c-Myc by Aiolos is necessary for p27 induc-
tion and cyclin D3 downregulation in pre-B cells. Our results
indicate that downregulation of c-Myc by Aiolos and Ikaros
occurs rapidly via direct suppression, whereas the induction of
p27 and the downregulation of cyclin D3 by Aiolos and Ikaros
happen later. Although these cell cycle regulatory events are
temporally separated, the causal relationships between them
are unclear. Therefore, we sought to determine whether down-

FIG. 4. Downregulation of c-Myc by Aiolos and Ikaros in pre-B
cells precedes p27 induction and cyclin D3 downregulation. DKO
pre-B cells were infected with control and Aiolos- and Ikaros-express-
ing viruses. The infected cells expressing a high level of GFP were
isolated at 24- and 48-h time points. Empty-vector-infected cells were
isolated 48 h later as control. (A) Western blot analysis was carried out
to determine the expression levels of c-Myc, cyclin D3, and p27 in the
infected cells at different time points. (B) The expression of p27
mRNA was examined in the infected cells at different time points by
real-time PCR. The result is a representative of at least three inde-
pendent experiments.
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regulation of c-Myc was critical for p27 induction and cyclin D3
downregulation. To this end, E�-Myc pre-B cells (described in
Fig. 3C) were infected with retroviruses encoding Aiolos and
Ikaros. At 48 h later, GFP� cells were analyzed for the expres-
sion of p27 and cyclin D3. As demonstrated in Fig. 6A, in the
presence of sustained c-Myc, the ability of Aiolos and Ikaros to
downregulate cyclin D3 and to induce p27 was attenuated.
These results indicate that Aiolos and Ikaros indirectly regu-
late cyclin D3 and p27 by suppressing c-Myc. Although Aiolos
and Ikaros were unable to inhibit the proliferation of E�-Myc
pre-B cells, forced expression of p27 in E�-Myc pre-B cells
shut down their proliferation (Fig. 6B). This result supports
our view that induction of p27 is an important component of
the ability of Aiolos and Ikaros to inhibit cell proliferation
following c-Myc downregulation.

To further confirm the hierarchical relationship between
c-Myc, p27, and cyclin D3, we sought to determine whether the
downregulation of c-Myc by Aiolos and Ikaros is independent
of p27. To this end, we analyzed c-Myc expression in Aiolos-
and Ikaros-infected p27�/� and p27�/� pre-B cells (described
in Fig. 5B), c-Myc expression was downregulated in both
p27�/� and p27�/� pre-B cells, indicating that Aiolos and

Ikaros are able to suppress c-Myc expression in the absence of
p27 (Fig. 6C). Intriguingly, downregulation of cyclin D3 by
Aiolos and Ikaros, however, was impaired in p27�/� pre-B cells
(Fig. 6D). Collectively, these results indicate that Aiolos and
Ikaros directly repress c-Myc, which in turn leads to the up-
regulation of p27 and the downregulation of cyclin D3.

Pre-B cells require IL-7 to proliferate in vivo and in vitro.
Cell cycle arrest induced by IL-7 withdrawal in wild-type and
DKO pre-B cells was associated with the downregulation of
c-Myc and cyclin D3 and the induction of p27 (Fig. 6E). How-
ever, E�-Myc pre-B cells failed to downregulate cyclin D3 and
to induce p27 after IL-7 withdrawal owing to sustained c-Myc
expression (Fig. 6E). As a result, E�-Myc pre-B cells remained
in cycle in the absence of IL-7 (Fig. 6F). These results further
demonstrate the necessity of c-Myc downregulation in the
transition of cycling pre-B to resting pre-B cells.

DISCUSSION

It has been shown that the expression of c-Myc is induced at
the cycling pre-B-cell stage and then is downregulated in small
resting pre-B cells (38). Herein, we demonstrate that Ikaros

FIG. 5. The growth-inhibitory effects of Aiolos and Ikaros on pre-B cells are compromised in the absence of p27. p27�/� and p27�/� pre-B cells
were infected with Aiolos and Ikaros. (A) The effect of Aiolos and Ikaros on cell cycle progression was analyzed 48 h later by FACS. Infected cells
expressing a high level of GFP (GFP�) and the GFP-negative (GFP�) cells were analyzed separately. (B) The expression of �5 was determined
in GFP� and GFP� cells by real-time PCR analysis. (C) Bone marrow cells from p27�/� and p27�/� mice were stained with antibodies to B220,
CD25, and IgM. After surface staining, the cells were incubated with Hoechst dye 33342 and analyzed by FACS. The cell cycle status of the pre-B
cells (B220� CD25� IgM�) was examined. In addition, pre-B cells were further fractionated into small pre-B and large pre-B categories based on
the forward scatter. The numbers indicate the percentages of large pre-B cells in p27�/� and p27�/� mice. The result is representative of at least
three independent experiments. The statistical significance was determined by a Student t test (�, P � 0.05; ��, P � 0.01).
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and Aiolos bind to the c-Myc promoter and directly suppress
c-Myc expression. Repression of c-Myc is critical for Ikaros
and Aiolos to exert their growth-inhibitory effect, as Aiolos and
Ikaros fail to inhibit pre-B-cell proliferation in the presence of
sustained c-Myc expression. Aiolos and Ikaros also inhibit the
expression of cyclin D3 and augment p27 expression. However,
these latter events depend upon, and follow, c-Myc downregu-
lation (Fig. 7).

The evidence that support c-Myc as a direct target of Ikaros
and Aiolos in pre-B cells are the following: (i) we identified
highly conserved Ikaros binding sites on the c-Myc promoter,
(ii) we detected binding of Ikaros and Aiolos to those sites by
ChIP in vivo, and (iii) we observed rapid downregulation of

c-Myc transcript by Ikaros and Aiolos in a fashion that is
similar to that observed with �5, a known target of Ikaros and
Aiolos. However, we do not have direct functional evidence to
demonstrate that the Ikaros binding sites identified here are
indeed important for Ikaros- and Aiolos-mediated c-Myc
downregulation. Further studies are needed to elucidate pre-
cisely how c-Myc is downregulated by Ikaros and Aiolos in
pre-B cells. It has been shown that Aiolos downregulates cyclin
D3 in pre-B cells (21). However, our results do not support a
direct role for Aiolos and Ikaros in suppressing cyclin D3
expression. Whereas the downregulation of c-Myc and �5 by
Aiolos is rapid, the downregulation of cyclin D3 by Aiolos and
Ikaros is slow. Furthermore, although the downregulation of

FIG. 6. Downregulation of c-Myc by Aiolos and Ikaros is necessary for p27 induction and cyclin D3 downregulation. (A) The induction of p27
and downregulation of cyclin D3 by Aiolos and Ikaros are dependent on c-Myc downregulation in pre-B cells. The expression of p27 and cyclin
D3 was examined in mRNA isolated from Aiolos- and Ikaros-infected E�-Myc pre-B cells (described in Fig. 3C). (B) Forced expression of p27
is sufficient to inhibit the proliferation of E�-Myc pre-B cells. E�-Myc pre-B cells were infected with virus expressing p27, and the effect of p27
on cell cycle progression was examined after 48 h. Infected cells expressing a high level of GFP-positive (p27) and GFP-negative (Con) cells were
analyzed separately. (C) The downregulation of c-Myc by Aiolos and Ikaros is independent of p27. The expression of c-Myc was examined by using
mRNA isolated from the Aiolos- and Ikaros-infected p27�/� and p27�/� pre-B cells (described in Fig. 5B). (D) Downregulation of cyclin D3 by
Aiolos and Ikaros is compromised in p27�/� pre-B cells. The expression of cyclin D3 was examined by using mRNA isolated from the Aiolos- and
Ikaros-infected p27�/� and p27�/� pre-B cells (described in Fig. 5B). (E and F) Sustained c-Myc expression blocks IL-7 withdrawal induced cell
cycle arrest and prevents p27 induction and cyclin D3 downregulation. Wild-type (Wt), DKO, and E�-Myc pre-B cells were cultivated in the
presence or absence of IL-7 for 24 h and then lysed for Western blot analysis with antibodies against indicated proteins (E). The cell cycle status
of the cells was also analyzed by FACS (F). The result is representative of at least three independent experiments. The statistical significance was
determined by a Student t test (�, P � 0.05; ��, P � 0.01).
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cyclin D3 by Ikaros and Aiolos is impaired in E�-Myc pre-B
cells, the suppression of �5 expression by Ikaros and Aiolos
remains intact. Finally, Ikaros and Aiolos are able to sup-
press c-Myc and �5 expression, but not cyclin D3 expression,
in p27�/� pre-B cell. Collectively, these results indicate that
the downregulation of cyclin D3 by Aiolos occurs through a
mechanism that is different from those downregulating of
c-Myc and �5.

Our results indicate that p27 regulates pre-B-cell expansion
as p27�/� pre-B cells are hyperproliferative in vivo. However,
it is not absolutely required for cell cycle exit and differentia-
tion because the fraction of quiescent small pre-B population,
although moderately diminished, is largely intact in p27�/�

mice. Nevertheless, induction of p27 by Aiolos and Ikaros still
plays an important role, since the growth-inhibitory effects of
Aiolos and Ikaros are compromised in p27�/� pre-B cells. Our
results further show that induction of p27 by Aiolos and Ikaros
is dependent on c-Myc downregulation. It has been demon-
strated previously that c-Myc can suppress the transcription of
p27 through direct binding to its promoter (37). In addition,
c-Myc also negatively regulates the stability of the p27 protein
(28). Therefore, it is likely that Aiolos and Ikaros induce p27
indirectly by repressing c-Myc. The finding that p27 expression
is induced when the c-Myc gene is deleted in mature B cells is
consistent with this view (4).

Pre-B cells express both c-Myc and n-Myc; however, only

c-Myc has been shown to play a major role in B-cell develop-
ment. The deletion of n-Myc in B cells has no obvious effect on
B-cell development (10, 20). However, n-Myc can compensate
for c-Myc, since mice lacking both exhibit a more pronounced
defect in pre-B-cell development (10). In addition, previous
studies have demonstrated that when inserted into the c-Myc
locus, n-Myc can functionally substitute for c-Myc to drive
tissue development (19). Therefore, it is likely that c-Myc is
more important than n-Myc for B-cell development because
more of it is expressed. Nevertheless, since expression of n-
Myc is not suppressed by Ikaros and Aiolos, n-Myc may be able
to compensate to some extent for the lack of c-Myc in Aiolos-
and Ikaros-infected pre-B cells.

The initial pre-B-cell expansion is driven by IL-7- and pre-
BCR-mediated signaling; however, pre-BCR signaling then in-
duces the growth inhibitors Aiolos and Ikaros to terminate
pre-B-cell expansion. In pre-B cells, the Ras/Erk pathway con-
tributes to Aiolos induction (21). Expression of both Aiolos
and Ikaros can also be induced by IRF4, whose expression is
dependent on NF-
B signaling (9, 30). Thus, multiple signaling
pathways downstream of the pre-BCR are involved in the
induction of Aiolos and Ikaros and the termination of pre-B-
cell expansion. In addition to the induction of Ikaros and
Aiolos, pre-BCR-induced attenuation of IL-7 signaling may
also play a role in terminating pre-B-cell expansion. It has been
shown that IL-7 signaling in pre-B cells can be attenuated by
CXCL12-mediated chemotaxis, which draws CXCR4-express-
ing pre-B cells away from IL-7-producing stroma cells (13).
Interestingly, in this case, expression of CXCR4 is regulated by
IRF-4, whose expression is induced by pre-BCR signaling (22).
Since expression of cyclin D3 is dependent on IL-7 signaling,
the attenuation of IL-7 signaling would inhibit pre-B-cell ex-
pansion. Thus, it appears that pre-B cells utilize both intrinsic
(Ikaros and Aiolos induction) and extrinsic (attenuation of
IL-7 signaling) mechanisms to terminate their own expansion.

The studies presented here identify an inhibitory network,
downstream of pre-BCR, which limits pre-B-cell expansion
(Fig. 7). Our findings may have important clinical implications.
Ikaros has been found to be mutated at a high frequency in
pre-B-cell derived acute lymphoblastic leukemia (B-ALL)
(26). A recent report has further demonstrated that the pre-
BCR induces Ikaros to inhibit the proliferation of Philadelphia
chromosome-positive B-ALL cells (34). Thus, the identifica-
tion of c-Myc as a direct target of Ikaros not only sheds light on
the molecular pathogenesis of B-ALL but also offers a poten-
tial new target for therapeutic intervention.
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