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Numerous in vitro as well as genetic studies have demonstrated that the activities of the E2A proteins are regulated at multiple
levels, including modulation of DNA binding by the Id proteins, association with the transcriptional modulators p300 and ETO,
and posttranslational modifications. Here, we use affinity purification of tagged E47 combined with mass spectrometry in order
to show that E47 interacts with the entire ensemble of Id proteins, namely, Id1, Id2, Id3, and Id4. Furthermore, we find that the
lysine-specific histone demethylase 1 (LSD1), the protein arginine N-methyltransferase 5 (PRMT5), the corepressor CoREST,
and the chaperones of the 14-3-3 family associate with affinity-purified E47. We also identify a spectrum of amino acid residues
in E47 that are phosphorylated, including an AKT substrate site. We did, however, find that mutation of the identified AKT sub-
strate site by itself did not perturb B cell development. In sum, these studies show that the entire ensemble of Id proteins has the
ability to interact with E47, identify factors that associate with E47, and reveal a spectrum of phosphorylated residues in E47,
including an AKT substrate site.

B-lineage development and specification are tightly regulated
by the orchestrated function of critical transcription factors,

including E2A, early B cell factor (EBF), Pax5, and Foxo1 (21, 23,
30). The E2A proteins, E12 and E47, arise through differential
splicing of the E2A gene. They belong to the class I family of helix-
loop-helix (HLH) proteins, also termed E proteins (25). Four E
proteins, E12, E47, E2-2, and HEB have been identified in verte-
brates. The E2A proteins play particularly important roles during
lymphoid development by promoting developmental progres-
sion, expansion, and survival of lymphocytes (8, 18, 25). At the
hematopoietic stem cell stage, E2A proteins are required to main-
tain the stem cell pool and to promote the development of lym-
phoid-primed multipotent progenitors (LMPPs), common lym-
phoid precursors (CLPs) and pre-pro-B cells (5, 9, 42, 48, 51). B
cell development in E2A�/� as well as E2A�/� HEB�/� mice is
completely blocked at the all-lymphoid progenitor (ALP) cell
stage before the onset of IgH DJ gene rearrangement (2, 11, 46,
52). At this stage E2A and HEB act to induce the expression of
FOXO1, which, in concert with E2A, activates EBF expression to
promote developmental progression into the B-cell-biased lym-
phoid progenitor (BLP) compartment (19, 46). During the pro-B
cell stage, the E2A proteins induce a B-lineage program of gene
expression and promote survival (15). Once a pre-B cell receptor
(BCR) has been generated, pre-BCR-mediated signaling leads to a
transient decline in E47 protein levels in order to facilitate clonal
expansion of large pre-B cells (35). E47 protein levels increase
again in proliferating pre-B cells to induce Ig� VJ gene rearrange-
ment by direct binding to the Ig� 3= and intronic enhancers (10,
12, 26, 35). In the absence of surface expression of a functional and
innocuous BCR, E47 levels remain high and together with E12
initiate Ig� light chain rearrangements (3, 35). Once an antigen
receptor has been generated that lacks auto-reactivity, tonic BCR
signaling leads to a decline in E2A protein levels, and positively
selected B cells migrate to the peripheral lymphoid organs (35). In
peripheral activated B cells, E47 protein abundance is elevated
again to induce Aicda expression and class switch recombination
(CSR) (34, 40).

The E2A proteins are transcription factors that contain a basic
DNA binding domain just N-terminal of the HLH-dimerization
domain. They act as transcriptional regulators by forming either
homodimers or heterodimers with other E proteins or other lin-
eage-specific HLH proteins (22, 25, 41). The E proteins contain at
least two transactivation domains, named AD1 and AD2. The
AD1 domain acts to modulate the transcriptional activities of E
proteins by recruitment of p300 or members of the ETO family (6,
33, 49). Recruitment of p300 leads to activation of gene expres-
sion, whereas association with members of the ETO family medi-
ates transcriptional repression. Recent genome-wide studies have
demonstrated that E2A occupancy is primarily associated with
islands that contain mono- and dimethylated lysine 4 of histone 3
(H3K4) (19). However, within the immediate genomic proximity
of E2A occupancy, the degree of H3K4 methylation is severely
reduced compared to levels in its flanking regions (19).

The DNA binding activities of E2A proteins are regulated by
members of the Id gene family, named Id1 to Id4 (4, 37, 39). Since
Id proteins lack the basic DNA binding region, they inactivate E
protein DNA binding upon heterodimerization. Posttranslational
phosphorylation of E2A proteins has also been reported to influ-
ence E2A protein stability and activity. Phosphorylation of E47 by
the mitogen-activated protein kinase (MAPK) p38 interferes with
its transcriptional activity despite normal heterodimerization
with MyoD and normal DNA binding (32). In contrast, phos-
phorylation of E47 by casein kinase II prevents homodimer for-
mation and favors heterodimer formation with myogenic basic
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TABLE 1 Proteins associated with E47 in human embryonic kidney cells as determined by mass spectrometric analysis

Protein
Database
accession no.

% amino acid
coverage

No. of
distinct
peptides

E47 of transcription factor E2A IPI00216911 61 27
Id4 IPI00026864 72 8
Id1 IPI00012718 61 7
Id2 IPI00294210 55 5
Isoform 2 of LSD1 IPI00217540 8 5
PRMT5 IPI00441473 11 4
39S ribosomal protein L37, mitochondrial precursor IPI00162330 11 3
22-kDa protein IPI00789159 17 4
Ubiquinol-cytochrome-c reductase complex core protein 2, mitochondrial precursor IPI00305383 10 3
Mitochondrial 39S ribosomal protein L49 IPI00013195 15 2
Twist-related protein 1 IPI00018907 14 2
Isoform 3 of probable ATP-dependent RNA helicase DDX17 IPI00651653 4 2
Scaffold attachment factor B (SAF-B) IPI00646058 2 2
Isoform 2 of eukaryotic translation initiation factor 5A-1 (EIF5A) IPI00376005 19 3
Isoform 1 of myosin-lb IPI00376344 2 2
ELAV-like protein 1 IPI00301936 8 2
Id3 IPI00219112 16 2
Isoform 1 of genetic suppressor element 1 IPI00215963 2 2
Hypothetical protein IPI00053535 4 2
39S ribosomal protein L12, mitochondrial precursor IPI00005537 10 2
Class B bHLH protein 8 IPI00219822 20 2
Prolactin-inducible protein precursor IPI00022974 21 2
Isoform long of delta 1-pyrroline-5-carboxylate synthetase IPI00008982 3 2
Splicing factor 3A subunit 3 IPI00029764 7 2
DnaJ (Hsp40) homolog, subfamily C, member 10 IPI00293260 3 2
Similar to large subunit ribosomal protein L36a IPI00479645 13 2
Isoform 1 of mitochondrial inner membrane protein IPI00009960 3 2
40S ribosomal protein S13 IPI00221089 16 2
Probable ATP-dependent RNA helicase DDX20 IPI00005904 3 2
KIAA1546 protein (fragment) IPI00175151 3 2
Pre-mRNA processing-splicing factor 8 IPI00007928 1 2
REST corepressor 1 IPI00008531 3 1
Hypothetical class II bHLH protein (fragment) IPI00737972 12 1
RPL14 protein IPI00555744 8 1
Similar to serum paraoxonase/arylesterase 2a IPI00742670 4 1
Single-stranded DNA-binding protein, mitochondrial precursor IPI00029744 10 1
60S ribosomal protein L31 IPI00026302 11 1
39S ribosomal protein L44, mitochondrial precursor IPI00009680 5 1
Protein C14orf166 IPI00006980 6 1
Spindlin-1 IPI00550655 6 1
T-complex protein 1 subunit beta IPI00297779 2 1
Myosin light polypeptide 6B IPI00027255 6 1
Coiled-coil-helix-coiled-coil-helix domain-containing protein 3 IPI00015833 6 1
Sarco/endoplasmic reticulum Ca2�-ATPase isoform e IPI00303760 1 1
LanC-like protein 2 IPI00032995 3 1
Ezrin-radixin-moesin-binding phosphoprotein 50 IPI00003527 3 1
Isoform 2 of Import inner membrane translocase subunit TIM50, mitochondrial precursor IPI00418497 3 1
SPFH2 protein (fragment) IPI00026942 4 1
Isoform 2 of mitochondrial 39S ribosomal proteinL39 IPI00084571 4 1
Atonal homolog 8 IPI00045865 6 1
Serpin H1 precursor IPI00032140 3 1
Similar to protein SET IPI00735319 4 1
Isoform 1 of SON protein IPI00218624 0 1
rRNA 2=-O-methyltransferase fibrillarin IPI00025039 5 1
ADP/ATP translocase 1 IPI00022891 3 1
Elongation factor 1-�2 IPI00014424 2 1
Galectin-7 IPI00219221 8 1
Complement component 1 Q subcomponent-binding protein, mitochondrial precursor IPI00014230 7 1
Carboxypeptidase D precursor IPI00027078 1 1
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HLH (bHLH) proteins, potentially facilitating myogenesis (13).
In mature B cells and aged B cell precursors, Notch-induced phos-
phorylation of E47 by MAPKs leads to enhanced E47 ubiquitina-
tion and degradation (14, 28). Additionally, two serine phosphor-
ylation sites in E47 have been shown to be hypophosphorylated in
B cell lines, and phosphorylation of these two sites disrupts E47
homodimer formation (43). Functionally, the E47-dependent ac-
tivation of Rag gene transcription has been shown to depend on
phosphorylation of E47 through the extracellular signal-regulated
kinase (ERK)/MAPK pathway but not the phosphatidylinositol
3-kinase (PI3K) pathway in a B cell line (29).

Here, we have used immunopurification as well as affinity pu-
rification of tagged E47 combined with mass spectrometry to
identify interacting factors. We find that E47 interacts with the
entire ensemble of Id gene products in human embryonic kidney
cells (HEK293T), including Id1, Id2, Id3, and Id4, demonstrating
that E47 promiscuously associates with all members of the Id pro-
tein family. We also find that the lysine-specific histone demeth-
ylase 1 (LSD1), the protein arginine N-methyltransferase 5
(PRMT5), and the corepressor CoREST associate with affinity-
purified E47. We identify a wide spectrum of E47 phosphorylation
sites in pro-B and HEK293T cells, including a highly conserved
AKT substrate site that is also present in HEB but not in the splice
variant E12 and the isoform E2-2. We mapped the AKT phos-
phorylation site to a specific serine residue, located just N-termi-
nal to the basic DNA binding region. However, we found that
mutation of the identified AKT substrate site did not perturb B cell
development, suggesting the presence of redundant pathways that
link the PI3K-PTEN-AKT axis with E protein activity. Taken to-
gether, our observations verified that the entire ensemble of Id
proteins has the ability to interact with E47. Furthermore, we
identified novel factors interacting with E47, most notably the
histone demethylase LSD1 and CoREST. We also identified a

spectrum of posttranslational modifications of E47, including an
AKT substrate site. Finally, we propose that redundant pathways
connect E47 and the PTEN-PI3K-AKT axis to modulate B cell
development.

MATERIALS AND METHODS
Cell culture. Cells were cultured at 37°C under 5% CO2. HEK293T and
EcR293T (Invitrogen) cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) with 10% fetal bovine serum (FBS). For the generation
of pro-B cells, total B cells from the bone marrow of adult C57BL/6 mice
were isolated using anti-B220-coupled magnetic beads (Miltenyi Biotec)
and cultured in Opti-MEM medium with 10% FBS, 100 U/ml penicillin-
streptomycin, 2 mM L-glutamine, and 50 �M 2-mercaptoethanol in the
presence of interleukin-7 (IL-7) and stem cell factor (SCF) for 8 days at
37°C in 5% CO2.

Expression of E47 in EcR293T cells. Sequences encoding Flag and His
peptides were fused to the N terminus of E47 and constructed into a vector
containing a ponasterone-inducible promoter. A stable cell line was gen-
erated in EcR293T cells by isolating a clone which expresses high levels of
E47 upon ponasterone stimulation. Cells were cultured in DMEM with
10% FBS, 400 �g/ml Zeocin, and 1 mg/ml Geneticin. E47 expression was
induced using 5 mM ponasterone A.

E47 protein purification and mass spectrometry analysis. In order to
prepare human E47 protein for mass spectrometric or Western blot anal-
ysis, nuclear extracts were isolated from the E47-expressing EcR293T cell
clone after ponasterone induction, and E47 protein complexes were pu-
rified using EZview Red anti-Flag M2 affinity gel (Sigma) and eluted twice
with 100 mg/ml Flag peptide. The eluted fractions were combined and
subjected to a second purification step using Talon metal affinity resins
(Upstate). Tagged E47 was eluted using 200 mM imidazole in 300 mM
sodium chloride and 50 mM sodium phosphate. The eluted fractions were
combined, reduced, and alkylated using 2 mM Tris(2-carboxyethyl)
phosphine (AC36383; Fisher) for 30 min at 37°C, followed by another
30-min incubation in the presence of 5 mM iodoacetamide (AC12227;
Fisher) at 37°C. For analyzing mouse E47, nuclear extracts were isolated

TABLE 1 (Continued)

Protein
Database
accession no.

% amino acid
coverage

No. of
distinct
peptides

19-kDa protein IPI00658024 9 1
9-kDa protein IPI00397963 13 1
35-kDa protein IPI00170779 6 1
HLH protein 2 IPI00026246 14 1
60S ribosomal protein L13 IPI00465361 3 1
Cytochrome c oxidase polypeptide Vlla-liver/heart, mitochondrial precursor IPI00026570 11 1
Cystatin A IPI00032325 18 1
Poly(rC)-binding protein 1 IPI00016610 4 1
NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit 4 IPI00220059 14 1
Trefoil factor 2 precursor IPI00018909 7 1
Similar to 40S ribosomal protein S26 isoform 1 IPI00477047 13 1
Lfa psoriasin IPI00397801 0 1
HNRPR protein IPI00644055 2 1
Isoform HERA-A of GTP-binding protein ra homolog IPI00026512 3 1
Dolichyl-diphosphooligosaccharide-protein glycosyltransferase 63-kDa subunit precursor IPI00028635 2 1
Isoform 1 of RNA-binding protein 39 IPI00163505 3 1
19-kDa protein IPI00793696 4 1
Lamin-B receptor IPI00292135 3 1
Caspase-14 precursor IPI00013885 4 1
Serine-threonine protein kinase 38 IPI00027251 2 1
Calnexin precursor IPI00020984 2 1
a Synonyms: EC 3.1.1.2, EC 3.1.8.1, PON2; serum aryldialkylphosphatase 2/A-esterase 2/aromatic esterase 2.
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from in vitro pro-B cell cultures, and E47 protein complexes were immu-
noprecipitated using an anti-E47 antibody (clone 32.1; BD) and purified
using protein G-Sepharose beads. The proteins were digested with 1 mg of
trypsin (03 708 969 001; Roche) at 37°C overnight.

Automated two-dimensional (2D) nanoflow liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis was performed using a
linear trap quadrupole (LTQ) tandem mass spectrometer (Thermo Elec-
tron Corporation, San Jose, CA) employing automated data-dependent
acquisition. Raw data were extracted and searched using Spectrum Mill
(version A.03.02.060b; Agilnet). MS/MS spectra with a sequence tag
length of 1 or less were considered poor spectra and discarded. A concat-
enated forward-reverse data set was used to calculate the in situ identifi-
cation false-positive rates (FDR). The enzyme parameter was limited to
full tryptic peptides with a maximum miscleavage of 1. All other search
parameters were set to Spectrum Mill’s default settings (carbamidom-
ethylation of cysteines, � 2.5 Da for precursor ions, � 0.7 Da for fragment
ions, and a minimum matched peak intensity of 50%).

Generation of E2AS528A mice. The linearized targeting vector, con-
taining the E47 S528A mutation was electroporated into 129Sv/Ev embry-
onic stem (ES) cells, and correctly targeted clones were identified by
Southern blot analyses. After injection into blastocysts and generation of
chimeric mice, the correctly germ line-targeted mouse was backcrossed to
Ella-cre mice in order to delete the neo cassette (16). Mice were subse-
quently backcrossed to C57BL/6 mice for 10 generations and, if applica-
ble, to E2A-deficient mice. The following primers were used for genotyp-
ing: genoS528A_fd, CGGAGACATGGTCTAAGGAC; genoS528A_rev,
GCCAATGTGCACAGTGATAG; 3=E2A, TGGTGCAGGATGAGCAG
TTT; 5=E2A, GACGAGGACGAGGACGACCTTCT.

All animal experiments were carried out according to the guidelines of
the University of California, San Diego (San Diego, CA).

FACS analyses. Fluorescence-activated cell sorting (FACS) studies
were performed on isolated bone marrow and spleens of mice that were
between 6 to 12 weeks of age. Single-cell suspensions were generated and
stained with fluorochrome-conjugated antibodies purchased from either
eBioscience or BD Biosciences. Data were collected either with a
FACSCalibur (BD Biosciences) or an LSRII flow cytometer (BD Biosci-
ences) and were analyzed using FlowJo software (Tree Star). The follow-
ing antibodies were used for flow cytometry: anti-B220 (RA3-6B2); CD19
(1D3); CD117/c-kit (2B8); CD25 (PC61); IgM (II/41); IgD (11-26);
Ig(�1), Ig(�2), and Ig(�3) light chain (R26-46); Ter119 (TER-119); Gr1
(RB6-8C5); CD11b/Mac1 (M1/70); CD3� (145-2C11); and CD11c
(N418).

RESULTS
Tandem affinity purification of E47-associating proteins. To
purify and characterize proteins associated with E47, we used a
tandem affinity purification strategy. To accomplish this objec-
tive, sequences encoding Flag and His peptides were fused to the N
terminus of E47 and stably transfected into EcR293T cells. One of
the isolated clones (E47-13C2) showed particularly high levels of
induction when cells were cultured in the presence of ponasterone
A (data not shown). To identify protein components associating
with E47, 108 cells were grown in culture, lysed, and salt extracted.
E47 was purified from the nuclear extracts using affinity chroma-
tography. Specifically, E47 was purified using anti-Flag affinity
beads as well as a Talon affinity resin. Fractions were isolated from
the elution and examined by Western blotting for the presence of
E47. Fractions containing E47 were combined, reduced, alkylated,
and digested with trypsin. Peptides derived from the digestion
were subsequently analyzed by mass spectrometry for protein
identification. Peptide sequences were then used to infer the iden-
tities of the E47-associating protein components (Table 1). As
expected, the known suppressors of E2A activity, Id1, Id2, Id3, and
Id4, were copurified, indicating that E47 has the ability to interact

with all members of the Id protein family (Table 1). Additional
bHLH proteins, including Twist and class B bHLH protein 8 were
associated with E47 (Table 1). Interestingly, the histone demeth-
ylase LSD1, the arginine N-methyltransferase PRMT5, and the
transcriptional corepressor CoREST were detected as factors as-
sociated with E47 (Table 1).

Mass spectrometry identifies 14-3-3 proteins as interaction
partners of E47 in pro-B cells. To identify proteins that interact
with E47 in primary B cells, mouse pro-B cells were generated by

TABLE 2 Proteins associated with E47 in mouse pro-B cells as
determined by mass spectrometric analysis

Protein name (mouse) % amino acid coverage

Nucleolin 22
Ribosomal protein S3 48
Ribosomal protein l27a 28
Ribosomal protein L4 19
Nucleophosmin 1 36
Replication factor C (activator 1) 3 17
Laminin receptor 1 (ribosomal protein SA) 27
Stratifin (14-3-3 protein sigma) 6
14-3-3 protein theta 24
Eukaryotic translation initiation factor 3 25
Eukaryotic translation initiation factor 4A1 38
Eukaryotic translation initiation factor 4A2 14
Eukaryotic translation elongation factor 1 43
DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 16
DNA methyltransferase (cytosine-5) 1 6
Non-POU-domain, octamer binding protein 23
Histone 1, h4h 52
Histone 4, H4 52
Histone 1, h4c 52
Histone 2, h2ab 49
Histone 3, h2a 49
Histone 1, h4k 52
TAF15 RNA polymerase II, TBP-associated 7
Retinoblastoma binding protein 4 16
Retinoblastoma binding protein 7 7
Proteasome 26S non-ATPase subunit 11 22
Proteasome 26S non-ATPase subunit 13 17
Proteasome 26S non-ATPaase subunit 2 13
Proteasome activator subunit 3 16
Ubiquitin-conjugating enzyme E2N 23
Ubiquitin-conjugating enzyme E2I 8
Ubiquitin B 23
Pre-mRNA processing factor 8 2
PRP31 5
Splicing factor (ASF/SF2) 18
Splicing factor 3b, subunit 3 8
snRNP core protein SMX5 14
Inhibitor of DNA binding 3 10
Stress-induced phosphoprotein 1 10
Proliferating cell nuclear antigen 37
SWI/SNF related regulator of chromatin 8
Rpl7a protein 17
Programmed cell death 6 29
p21-activated kinase 2 14
Chromosome condensation protein G 5
Chromodomain helicase DNA binding 4 6
S-phase kinase-associated protein 1A 33
Chromosome condensation-related SMC 1 4
DJ-1 protein 22
RNA polymerase II transcriptional coactivator 15

Teachenor et al.

1674 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


purification from bone marrow and cultured for 1 week in the
presence of IL-7 and SCF. Nuclear lysates were prepared from the
expanded pro-B cell population and E47-protein complexes were
isolated using a monoclonal anti-E47 antibody. Associating pro-
teins were eluted, digested with trypsin, and identified by mass
spectrometry. The peptide sequences were used to infer the iden-
tities of the E47-associating proteins (Table 2). Among the iden-
tified proteins was the known E47-interacting protein Id3, the
predominantly expressed Id protein in pro-B cells. Furthermore,
among other novel putative E47-interacting proteins, 14-3-3 pro-
teins were also identified to be associated with E47 in pro-B cells
(Table 2). 14-3-3 scaffolding proteins interact preferentially with
proteins containing phosphorylated serine or threonine residues
(45). The original 14-3-3 binding motif has the consensus sequence
RSX(pS)XP (where pS is phosphoserine); however, it seems that
there is significant diversity in 14-3-3 binding motifs, resulting in

a minimal consensus of RXX(pS/pT) or RXXX(pS/pT) (27, 50).
Screening of the E47 protein sequence for 14-3-3 binding motifs
using the PhosphoMotif Finder (http://www.hprd.org/Phospho
Motif_finder) revealed the presence of five putative 14-3-3 bind-
ing motifs (data not shown).

Mass spectrometry identifies a spectrum of phosphorylated
residues across E47. In order to determine whether E47 contains
a phosphorylated 14-3-3 binding motif, we purified E47 as de-
scribed above from murine pro-B cells in the presence of phos-
phatase inhibitors, digested it with trypsin, and subjected the pep-
tides to mass spectrometry. Furthermore, Flag- and His-tagged
human E47 was expressed in EcR293T cells, purified twice by af-
finity chromatography, trypsin digested, and analyzed by mass
spectrometry. This analysis identified three serine residues (S137,
S377, and S528) and one threonine residue (T169) that were phos-
phorylated in mouse pro-B cells (Fig. 1A, top). Three of these sites

FIG 1 Phosphoproteomic analysis of E47. (A) Murine and human E47 are phosphorylated at multiple residues. Murine E47 was purified from in vitro pro-B cell
cultures using an anti-E47 antibody. His- and Flag-tagged human E47 was expressed in EcR293T cells and purified by affinity chromatography. Purified E47 was
subjected to trypsin digestion and analyzed for posttranslational modifications by mass spectrometry. Indicated are the positions of phosphorylated serine and
threonine residues. The transactivation domains AD1 and LH (loop-helix) as well as the bHLH region are depicted in the diagram. Numbers indicate amino acid
positions. (B) Sequence homology of the E47 protein from human, rat, mouse, and chicken spanning the putative AKT substrate site (RXRXXT/S) (left side) and
sequence homology of this RXRXXT/S site in the related E proteins E12, E2-2, and HEB (right side). The phosphorylated serine residue is indicated in bold. (C)
Diagram indicating the organization of exons 17 to 20 of the mouse E2A gene. Due to the presence of a tandem acceptor splice sequence (NAGNAG, indicated
by arrows), splicing to E47 will result in the protein sequence RTRTSSTDE or RTRTSTDE. (D) Table showing the results of a sequence comparison of ESTs
spanning the alternative spliced region. Depicted are the absolute numbers and percentages of ESTs containing the described sequences.
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were also phosphorylated in human E47 expressed in EcR293T
cells (Fig. 1A, bottom). One of these residues, murine serine resi-
due 528, mapped to a putative 14-3-3 binding site. Further anal-
ysis of the amino acid sequence spanning the S528 residue using
the PhosphoMotif Finder identified a potential AKT substrate rec-
ognition site (RARTSS). Comparison of this putative AKT phos-
phorylation site in different species showed a remarkable degree of
conservation (Fig. 1B). Notably, whereas S528 is present in E47, it
is absent in E12 (Fig. 1B and C). Serine residue 528 is also present
in HEB but not in E2-2 (Fig. 1B). Interestingly, there are two splice
acceptor sites (consensus sequence, NAG) located at the 5=
boundary of the E47 exon (Fig. 1C) (7). We note that, in principle,
alternative splice acceptor usage of exon 19 may lead to the exclu-
sion of residue S528. To further evaluate this possibility, we ana-
lyzed expressed sequence tags (ESTs) from the NCBI database,
which matched 21 nucleotides spanning the alternatively spliced
region (1). We observed that the majority of cDNAs encoding E47
contained two serine residues, whereby the second serine residue
matches the potential AKT site (Fig. 1D). However, a minor frac-
tion of ESTs that were analyzed contained only a single serine
residue. Thus, differential splicing of the E2A gene results in the
formation of two distinct E47 proteins, one of which contains a
putative AKT phosphorylation site.

AKT phosphorylation at serine residue S524. In order to ver-
ify that E47 contains a phosphorylated AKT motif as well as a
phosphorylated potential 14-3-3 binding site, nuclear extracts
were generated from EcR293T cells expressing the Flag- and His-
tagged E47. E47 was affinity purified, and the different elution
fractions containing purified E47 were analyzed by Western blot-
ting for reactivity to antibodies recognizing the phosphorylated
14-3-3 and AKT substrate sites (Fig. 2A). The data showed that
human E47 expressed in EcR293T cells contains putative 14-3-3
[RXX(pS)] and AKT [RXRXX(pS/pT)] substrate sites.

To further examine if the human E47 S524 is phosphorylated
and responsible for the immunoreactivity to the AKT substrate
antibody, residue S524 was replaced by either an aspartate (E47-
S524D) or alanine (E47-S524A) residue. Expression vectors en-
coding wild-type (WT) E47, E47-S524D, and E47-S524A were
transfected into HEK293T cells. Subsequently, E47 was immuno-
precipitated and analyzed by Western blotting using an AKT sub-
strate antibody. Replacing S524 with either an aspartate or alanine
residue interfered with the ability of the AKT substrate antibody to
detect purified E47, confirming that S524 is the only phosphory-
lated serine residue in E47 recognized by the AKT substrate anti-
body (Fig. 2B).

To determine whether AKT activity is required to phosphory-
late serine residue 524, EcR293T cells expressing E47 upon pon-
asterone stimulation were transfected with vectors expressing ei-
ther a constitutively active AKT (caAKT) or a dominant negative
(dnAKT) form of AKT. Expressing the constitutively active form
of AKT did not enhance the fraction of E47 recognized by the
anti-AKT substrate antibody, probably due to high levels of en-
dogenous AKT activity in the EcR293T cell line (Fig. 2C). On the
other hand, the proportion of phosphorylated E47 was substan-
tially reduced upon enforced expression of a dominant negative
form of AKT (Fig. 2C). Collectively, these data indicate that E47 is
phosphorylated by AKT at serine residue 524, resulting in a puta-
tive 14-3-3 binding site.

Generation of E2AS528A/S528A mutant mice. To address the
role of this AKT phosphorylation site in vivo, we generated mice in

which S528 of E47 was replaced by an alanine residue using inser-
tional mutagenesis (Fig. 3A). ES cells were targeted for replace-
ment using a vector in which the conserved serine residue was
replaced by alanine. Genomic DNA was isolated from the targeted
ES cells and examined by Southern blotting using the appropriate
probes for the presence of the mutation (Fig. 3B). Mutant mice
were generated from ES cells carrying the appropriate E2A allele.
Subsequently, mice were crossed with Ella-cre transgenic mice in
order to excise the neo gene and bred to homozygosity. To verify
that the alanine mutation was properly inserted, mRNA was
isolated from splenic B cells isolated from wild-type (WT) and
homozygous E2AS528A/S528A mice, reverse transcribed, and se-
quenced (Fig. 3C). As expected, the triplet encoding the serine
residue (AGT) was replaced by a triplet encoding an alanine
amino acid (GCT) (Fig. 3C). Mice were then backcrossed onto the

FIG 2 E47 is a substrate for AKT. (A) Epitope-tagged E47 was affinity purified
from EcR293T cells. Purified E47 was analyzed by Western blotting using
antibodies specific for 14-3-3 and AKT substrate sites as well as E47. F1 indi-
cates the flowthrough fraction eluted with 10 mM imidazole, representing the
washing. F2 to F5 are fractions eluted with 200 mM imidazole containing
purified E47. (B) EcR293T cells were transfected with expression vectors ex-
pressing either wild-type E47, E47-S524A, or E47-S524D. Nuclear extracts
were derived from transfected cells, immunoprecipitated using an antibody
recognizing E47, and immunoblotted using antibodies recognizing the AKT
substrate site and E47. (C) EcR293T cells, which express E47 upon ponaster-
one (PA) stimulation were transfected with vectors encoding a constitutively
active form of AKT1 (caAKT) or a dominant negative form of AKT1 (dnAKT).
Upon PA stimulation, E47 protein was purified, and immunoblotting was
performed with antibodies recognizing the phosphorylated AKT substrate site
and E47.
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FIG 3 Generation of E2AS528A knock-in mice by homologous recombination in ES cells. (A) The top bar represents a map of the mouse Tcfe2a gene encom-
passing the area around the E47 exon (white boxes represent exons), which encodes the targeted amino acid serine 528 (S528). The second bar shows the targeting
construct, which contains two arms of homology, as well as the neomycin resistance gene (gray box) flanked by two loxP sites (gray triangles). The 3= arm
contained the substitution of serine 528 to alanine (A528). The third bar depicts the correctly targeted Tcfe2a allele (Tcfe2aS528Aneo), and the bottom bar depicts
the correctly targeted Tcfe2a allele upon Cre recombinase-mediated excision of the neomycin resistance gene (Tcfe2aS528A). On top of the wild-type locus and the
targeted allele, the positions of the external 5= and 3= probes and the internal neo probe for Southern blot hybridization, EcoRI (E) restriction sites, and the
appropriate DNA sizes are indicated. Underneath the wild-type locus and the targeted allele, horizontal arrowheads indicate the positions of primers used for
genotyping and the size of the expected bands. (B) Southern blot analysis of EcoRI-digested genomic DNA from three correctly targeted ES cell clones, each
containing one wild-type and one targeted Tcfe2a allele. The position of the indicated probes is shown in panel A. The sizes of the obtained bands match the
expected fragment sizes for the wild-type allele (18.8 kb) and the targeted allele (5.4 and 15.2 kb, respectively) as shown in panel A. (C) mRNA was isolated from
splenic B cells from the indicated mice, cDNA was generated, and a PCR to amplify the E47 transcript was performed using specific primers (the forward primer
spans exon 16/17, and the reverse primer aligns to exon 20). Sequencing was performed on the PCR product using the forward primer, and the appropriate amino
acid translation is depicted above the obtained sequence.
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C57BL/6 background. They were viable, bred with normal Men-
delian frequencies, and did not exhibit gross abnormalities (data
not shown).

E2AS528A/S528A mice exhibit normal B cell development. In
order to determine, if PI3K-AKT-mediated phosphorylation of
E2A is required to promote proper B cell development, E2AS528A

mice were analyzed using flow cytometry. Specifically, bone mar-
row cells derived from WT, E2AS528A/S528A, E2A�/�, and
E2AS528A/� mice were stained with antibodies directed against
CD19, c-kit, CD25, IgM, and IgD. We found that both the pro-B
(CD19� IgM� IgD� c-kit� CD25�) and pre-B (CD19� IgM�

IgD� c-kit� CD25�) cell compartments were not significantly
altered in E2AS528A/S528A mice compared to WT mice (Fig. 4).
Consistent with previous observations, E2A�/� mice showed a
significant decrease in the pre-B cell compartment (34). However,
replacement of S528 by an alanine residue in conjunction with a
loss-of-function allele did not further decrease or rescue the pro-
portion of pre-B cells compared to E2A�/� or WT mice (Fig. 4).
The immature (CD19� IgMhi IgDlo) and mature B (CD19� IgMhi

IgDhi) cell compartments in the bone marrow were not affected by
replacement of serine residue 528 (Fig. 5). Cellularity was also not
significantly perturbed in E2AS528A/S528A mice compared to WT
mice (Fig. 5). Taken together, these data indicate that phosphor-
ylation of E47 serine residue 528 is not essential for proper E47
function during B cell development.

Previous studies have demonstrated that E47 plays a critical

role in receptor editing, including rearrangement of the Ig light
chain loci (35). To directly evaluate the role of E47-S528 in Ig� VJ
rearrangements, we examined mature B cells of WT and
E2AS528A/S528A mice for abnormalities in Ig� expression both in
the presence and absence of the HEL transgene (HEL-Tg) (Fig.
6A). We identified normal numbers of Ig�� B cells in the spleens
of HEL-Tg; E2AS528A/S528A mice compared to HEL-Tg; E2A�/�

mice, indicating that E47-S528 does not play a critical role in mod-
ulating Ig� VJ rearrangement (Fig. 6A).

In previous studies we have demonstrated that E2A activates
class switch recombination (CSR) (34, 40). This process is accom-
panied by an increase in E47 protein levels upon B cell stimula-
tion; however, mRNA levels remain unchanged, indicative of a
posttranslational regulation of the E47 protein (34). To determine
whether B cells from E2AS528A/S528A mice have the ability to un-
dergo CSR, splenic naïve B cells were isolated, stimulated in vitro
for 3 days with lipopolysaccharide (LPS) and IL-4, and examined
for the appearance of IgG1�-expressing B cells (Fig. 6B). We
found that B cells derived from E2AS528A/S528A mice were not im-
paired in their ability to undergo CSR (Fig. 6B).

PTEN-deficient B cells, which exhibit increased AKT activity,
have previously been shown to be impaired in their ability to un-
dergo CSR (31). We therefore considered the possibility that
PTEN and E2A are directly linked in activated B cells via the pu-
tative AKT phosphorylation site S528 to induce the expression of
Aicda and CSR. Hence, we generated PTENflox/flox; ERcre as well as

FIG 4 Analysis of early B cell development in E2AS528A mutant mice. (A) Representative FACS analysis of pro- and pre-B cells in the bone marrow of WT,
E2A�/�, E2AS528A/�, and E2AS528A/S528A mice. Plots are gated on live CD19� IgM� IgD� cells, and the numbers indicate the percentages of the depicted gates
within the CD19� IgM� IgD� fraction. (B) Total cell numbers of the indicated compartments are shown for individual mice. The horizontal line represents the
mean. Means and standard deviations of total cell numbers are shown below the appropriate graphs.
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PTENflox/flox; ERcre; E2AS528A/S528A mice. After tamoxifen-in-
duced PTEN deletion, naïve B cells were isolated and stimulated
with LPS and IL-4 for 3 days in vitro and monitored for the gen-
eration of IgG1� cells (Fig. 6C). Mice expressing the E47-S528A
protein were not able to rescue the defect in CSR observed in
PTEN-ablated B cells. In sum, these data indicate that replace-
ment of E47 serine residue 528 does not significantly impair B cell
development neither in the bone marrow nor in the periphery.

DISCUSSION

Numerous studies have documented distinct and essential roles
for the E2A proteins throughout hematopoiesis (8, 25, 30). The
E2A proteins are not merely indispensable for early B cell devel-
opment but also continue to have critical functions in maturing B
cells, including V(D)J rearrangement, receptor revision, follicular
B cell development, and class switch recombination. These data
bring into question how the E2A proteins are regulated and me-
diate such a diverse set of activities.

The best-characterized modulators of E2A activity are the Id
proteins (4, 37). Four proteins have been identified, named Id1,
Id2, Id3, and Id4. In vitro they all have the ability to interact with E
proteins (4, 17, 20, 36, 44). Consistent with these observations are
functional studies in which E- and Id-deficient mice exhibit op-
posite defects at multiple stages of lymphopoiesis. Furthermore,
genetic studies using compound E protein and Id mutant mice
have confirmed such interactions (24, 38, 47). However, it has
remained to be determined whether E2A proteins interact indis-
criminately with the entire spectrum of Id proteins. Here, using
affinity chromatography and nuclear extracts derived from hu-
man embryonic kidney (HEK293T) as well as pro-B cells, we find
that the Id proteins are among the most prominent factors that
associate with E47. Intriguingly, we find that in HEK293T cells the
entire ensemble of Id proteins associates with E47. These data do
not imply that there are no subtle differences in affinity between
the various Id members for E47. Nevertheless, they do indicate
that E47 has the capacity to interact with all four members of the

FIG 5 Analysis of B cell development in E2AS528A mutant mice. (A) Representative FACS analysis of immature and mature B cells in the bone marrow of WT,
E2A�/�, E2AS528A/�, and E2AS528A/S528A mice. Plots are gated on live cells (top row) or lineage-negative CD19� cells (bottom row). The numbers indicate the
percentages of the gates within the depicted fraction. (B) Total cell numbers of the indicated compartments are shown for individual mice. The horizontal line
represents the mean. Means and standard deviations of total cell numbers are shown below the appropriate graphs.
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Id protein family in vivo. In pro-B cells only Id3 was found to
associate with E47, consistent with it being the only Id member
expressed in proliferating pro-B cells.

Recent data also have clarified the mechanism by which E pro-
teins mediate transcriptional activation and repression. Specifi-
cally, whereas E proteins have been shown to recruit p300 to acti-
vate transcription, they also have the ability to interact with
members of the ETO family in order to repress downstream target
gene expression (6, 33, 49). Here, we identify additional factors
that copurify with E47 in HEK293T cells. Prominent among these

are the histone methyltransferase, LSD1, the protein arginine N-
methyltransferase 5 (PRMT5), and the corepressor CoREST. The
recruitment of LSD1 by E47 is particularly interesting. Previous
genome-wide studies have demonstrated that E47 occupancy is
primarily associated with regions of H3K4 monomethylation
(19). However, within close genomic proximity of E47 binding,
the extent of methylated H3K4 is greatly reduced. The reduction
in H3K4 methylation across E47 binding sites might be caused, in
part, by nucleosome depletion, but it may also involve a reduction
in the methylation of H3K4 by recruitment of LSD1. Further ex-

FIG 6 Normal receptor editing, allelic exclusion, and class switch recombination in E2AS528A mice. (A) Analysis of Ig� light chain expression in E2AS528A mutant
mice. Representative FACS analysis of Ig�-expressing B cells in the spleen of nontransgenic (Non-Tg) or BCR transgenic (HEL-Tg) mice expressing either the WT
or the S528A mutant E47 protein. Plots are gated on live cells, and the numbers indicate the percentages of Ig�� B cells among live splenocytes. (B) Analysis of
class switch recombination of E2AS528A mutant peripheral B cells. Representative FACS analysis of IgG1-expressing B cells isolated from the spleen of WT or
E2AS528A/S528A mice after in vitro stimulation with LPS and IL-4 for 3 days. Plots are gated on live cells, and the numbers indicate the percentages of IgG1� B cells
among the live cells. (C) B cells were isolated from the spleen of ERcre, PTENflox/flox; ERcre, and PTENflox/flox; ERcre; E2AS528A/S528A mice after 1 week of tamoxifen
treatment. Shown are representative FACS plots of IgG1-expressing B cells after 3 days of in vitro stimulation with LPS and IL-4. Plots were gated on live cells.
Numbers indicate the percentages of IgG1� B cells among the live cells.
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periments will be required to determine whether and how E47 and
LSD1 act coordinately to regulate specific programs of gene ex-
pression.

The phosphoproteomic analysis also revealed a number of E47
phosphorylated serine residues located across the N-terminal do-
mains. Most prominent among these is a putative AKT substrate
site (S528) located immediately N-terminal of the bHLH domain.
Interestingly, residue S528 is present in E47 but absent in E12.
Furthermore, two distinct acceptor splice sites flank the E47 exon,
resulting in two distinct E47 isoforms, with one of them contain-
ing a putative AKT phosphorylation site and the other isoform
lacking S528. These data indicate the presence of at least three E2A
isoforms. However, mutation of S528 into an alanine residue in
the murine germ line did not grossly affect B cell development.
These data do not exclude the possibility that phosphorylation of
S528 by AKT signaling is not essential for proper B cell develop-
ment. It is plausible that mutation of the single serine residue
(S528) enables AKT to phosphorylate adjacent serine or threonine
residues to modulate E47 activity. Furthermore, it is conceivable
that phosphorylation of S528 by AKT acts in concert with modu-
lation of HEB or Id expression and/or activity to promote devel-
opmental progression, and further studies will be required to re-
solve the question as to how AKT signaling and E47 activity are
linked in a common framework to modulate B cell development.
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