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Approximately 90% of patients with isolated agammaglobulinemia and failure of B cell development have
mutations in genes required for signaling through the pre-B cell and B cell receptors. The nature of the gene
defect in the majority of remaining patients is unknown. We recently identified 4 patients with agammaglobu-
linemia and markedly decreased numbers of peripheral B cells. The B cells that could be detected had an
unusual phenotype characterized by the increased expression of CD19 but the absence of a B cell receptor.
Genetic studies demonstrated that all 4 patients had the exact same de novo mutation in the broadly expressed
transcription factor E47. The mutant protein (E555K) was stable in patient-derived EBV-transformed cell lines
and cell lines transfected with expression vectors. E555K in the transfected cells localized normally to the
nucleus and resulted in a dominant negative effect when bound to DNA as a homodimer with wild-type E47.
Mutant E47 did permit DNA binding by a tissue-specific heterodimeric DNA-binding partner, myogenic dif-
ferentiation 1 (MYOD). These findings document a mutational hot-spot in E47 and represent an autosomal
dominant form of agammaglobulinemia. Further, they indicate that E47 plays a critical role in enforcing the

block in development of B cell precursors that lack functional antigen receptors.

Introduction

Approximately 85% of patients with early onset of infections,
panhypogammaglobulinemia, and less than 2% CD19* B cells in
the peripheral circulation have X-linked agammaglobulinemia (1).
This disorder is caused by mutations in Bruton tyrosine kinase
(BTK) (2), a cytoplasmic tyrosine kinase that is activated by cross-
linking of the pre-B cell and B cell antigen receptors (BCRs) (3).
An additional 5%-7% of patients have rare autosomal recessive
defects in components of the pre-BCR or BCR or in the down-
stream scaffold molecule B cell linker protein (BLNK) (4, 5). These
genetic disorders all result in a block in B cell differentiation at the
pro-B cell to pre-B cell transition, the stage at which the pre-B cell
receptor is first expressed.

We have recently described a group of 4 unrelated patients,
2 males and 2 females, with agammaglobulinemia and a very small
number of B cells characterized by the lack of a BCR, but increased
expression of CD19 (6). Bone marrow studies from these patients
demonstrated a profound reduction in the number of CD19" cells
and a block in B cell differentiation at the common lymphoid pre-
cursor to pro-B cell stage of differentiation, a stage earlier than
that seen in patients with BTK deficiency or mutations in compo-
nents of the BCR signaling pathway.

None of the 4 patients had a family history of immunodefi-
ciency (Figure 1A) or belonged to isolated populations or con-
sanguineous families; therefore, we hypothesized that these
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patients might have de novo mutations in a gene required for
B cell development.

Results and Discussion

Whole-exome sequencing was used to analyze one of the BCR"
patients and his parents. Alterations that were found in the patient
but not in his parents were further evaluated by Sanger sequenc-
ing. Only one gene was confirmed to have a de novo mutation in
the coding regions from the DNA of the patient. Buccal swab as
well as blood DNA from the patient demonstrated the mutation,
indicating that the mutation was germline in origin, rather than
somatic. The mutant gene, TCF3 (also known as E2A), is known to
be required for B cell development in mice (7-9).

TCF3 encodes the 2 broadly expressed founding members of
the basic helix-loop-helix (b HLH) family of transcription fac-
tors, E12 and E47 (10). E12 and E47 are identical except for their
bHLH domains, which are provided by alternatively spliced exons
(Figure 1B and ref. 11), which encode both the DNA-binding
domain, in the basic region, and the dimerization domain in the
HLH region (12). Both E12 and E47 bind the consensus sequence
CANNTG as a homodimer or heterodimer with other bHLH pro-
teins, including tissue-specific master genes, such as myogenic dif-
ferentiation (MyoD) (13).

The mutation found in the patient, a G-to-A substitution at
nucleotide 1663 in the cDNA, occurred within the exon specific
to E47, and resulted in the replacement of the wild-type glutamic
acid with lysine at codon 555 (E555K) within the DNA-binding
domain (Figure 1C). The glutamic acid at this site is highly
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Figure 1

The E555K mutation in E47. (A) The pedigrees of the 4 patients are shown. Squares denote males, circles denote females, and black symbols
indicate affected patients. (B) Schematic diagrams of the E2A intron/exon structure (top) and the protein structure (bottom) are depicted. The
exons and domains specific for E12 and E47 are shown in blue and red, respectively. The functional domains of the proteins, the activation
domains 1 and 2 (AD1 and AD2), and the bHLH domain are shaded in gray; exons are numbered. (C) The specific base pair and amino acid
alterations seen in the patients are shown. (D) The conservation of the glutamic acid at codon 555 is demonstrated.

conserved in all bPHLH family members (Figure 1D) and is known
to be critical for binding the E2A consensus site (14). Surpris-
ingly, the same base pair alteration was seen in genomic DNA
from all 3 of the other BCR™ patients, but was not seen in an
additional 40 patients with B cell defects of unknown etiology
without the BCR- phenotype. The mutation was not found in
450 individuals from an in-house database or 1052 controls
from the CEPH panel. DNA was available and analyzed from 7/8
parents and 4/6 siblings of the 4 patients and none were found
to carry the same mutation, suggesting that the mutation was a
de novo event in all 4 patients. The identification of an identical
de novo mutation in all 4 patients was unexpected, but consis-
tent with recent studies that indicate that de novo mutations do
not occur at random. Some sites, including essential genes, are
more vulnerable than others (15, 16).

The functional consequences of the ESS5K mutation were evalu-
ated in EBV-transformed B cell lines from 2 of the patients. Quanti-
tative PCR showed that the amounts of E12 and E47 transcripts in
the patient cell lines were comparable to those found in EBV cell lines
from healthy controls or patients with mutations in BTK (Figure 2A).
To determine whether the mutation in E47 altered protein stability,
total cell lysates from the EBV lines were immunoprecipitated with
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amonoclonal antibody to E47 and developed with a polyclonal anti-
body that reacted to both E12 and E47 (Figure 2B). Although the
amount of E47 in the EBV lines was variable, the patient lines were
similar to the control lines. The ability of the nuclear extracts from
the EBV lines to bind to the classic DNA target site for E proteins, the
murine UES enhancer, was analyzed by EMSA. A faint signal could
be seen using the nuclear extracts from the control lines but not the
lines from the E555K patients. This signal was not seen when the
extracts were preincubated with an anti-E47 antibody (Figure 2C).

To further examine the consequences of the ES55K mutation
in E47, HEK-293 cells were transfected with CMV driven expres-
sion vectors encoding wild-type E12 or E47, or ES55K mutant
E47. Western blots demonstrated that mutant E47 could localize
normally to the nucleus, that the monoclonal anti-E47 antibody
was specific for E47, and that this antibody recognized the mutant
protein as well as the wild-type E47 (Figure 3A).

Nuclear extracts from HEK-293 cells transfected with an empty
vector or expression vectors producing wild-type E12 or E47 or
E555K E47 were incubated with the WES probe in EMSAs. As
shown in Figure 3B, wild-type E12 and E47 provided strong sig-
nals, but the mutant E47 gave a signal that was consistently less
than 5% of that seen for wild-type E47. EMSAs performed using
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the same UES probe and nuclear extracts from HEK-293 cells trans-
fected with wild-type or mutant E47 vectors, or variable amounts
of each vector, demonstrated that addition of ES55K E47 to the
wild-type protein markedly decreased the signal given by the wild-
type protein. These results indicate that ES55K E47 has a strong
dominant negative effect when binding to a probe as a homodimer
with wild-type E47 (Figure 3C). To mimic a heterozygous condi-
tion, the WES probe was incubated with nuclear extracts from
HEK-293 cells transfected with 500 ng of wild-type or mutant
E47 or 250 ng of each. The intensity of the signal achieved with
an extract simulating the heterozygous state was 13% of that seen
with the wild-type protein (Figure 3C). In a similar fashion, when
HEK-293 cells were transfected with a luciferase reporter construct
driven by the uES-uE2 sequence plus expression vectors for the
wild-type and/or mutant E47, the combined vectors gave a signal
that was 10% of that seen with the wild-type E47 (Figure 3C).

The ability of ES55K to bind DNA as a heterodimer with MyoD
was evaluated by EMSAs using a probe from creatinine kinase
regulatory regions. This tissue-specific bHLH transcription factor
homodimerizes poorly and requires an E protein as a heterodimeric
DNA-binding partner (11). Although E555K E47 did not bind to
the UES or creatinine kinase probes as a homodimer, it did allow
MyoD to bind to the creatinine kinase probe (Figure 3D). Prein-
cubation of the nuclear extracts with antibody to E47 or MyoD
resulted in a supershift of the MyoD-DNA complex (Figure 3D).
The ability of mutant E47 to permit DNA binding by this tissue-
specific bHLH protein was not specific to the ESS5K mutation, but
was also seen with an in vitro-created mutation (RS56K) that was
previously shown to inhibit DNA binding by wild-type E47 (12).

Mice that are null for E2A, lacking both E12 and E47, have poor
viability in the perinatal period and demonstrate a complete block
in B cell development at the earliest stages of differentiation (7, 8).
The mice that survive have abnormalities in T cell development
and a high incidence of T cell lymphomas (17). Mice that are null
for E47, but not E12, have normal viability but have less than 1%
B lineage cells in the bone marrow and spleen (18). However, mice
that lack E12, but not E47, have normal numbers of B cells (18).
Mice that are heterozygous for null mutations in E2A, E47, or E12
have normal numbers of B220* B cells. It is possible that deleterious
mutations in exons common to E12 and E47 result in an embryonic
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Figure 2

The stability of the mutant transcript and protein. (A) Quantitative
RT-PCR was used to evaluate the amount of E47 (left) and E12 (right)
transcripts in EBV-transformed cell lines from controls (black bars),
patients with the E555K mutation in E47 (gray bars), or patients with
mutations in BTK (white bars). (B) Total cell lysates from 5 x 107 EBV-
transformed cells were immunoprecipitated with monoclonal antibody
to E47 or an unrelated isotype-matched antibody and then developed
with an antibody that recognizes both isoforms of E2A. Arrow indi-
cates the E47-specific band. (C) Nuclear extracts from the same EBV
lines were left untreated or were preincubated with anti-E47 and then
allowed to bind the uE5 immunoglobulin enhancer in EMSAs. Nuclear
extracts from HEK-293 cells transfected with wild-type E47 acted as a
positive control. The specificity of the protein/DNA complex was dem-
onstrated by supershifting with an antibody to E47.

lethal phenotype in humans, whereas mutations that are specific to
the E12 exon may not have an easily recognized phenotype.

Somatically acquired activating mutations in the bHLH domain of
E47 have recently been reported in patients with Burkitt lymphoma;
one of these mutations, E555Q, occurred at the same base pair
affected by the ES55K mutation (19). In contrast, heterozygous loss
of the entire E2A locus is common in Sézary syndrome (20), a sub-
type of T cell lymphoma. None of the patients included in this study
(10 to 40 years of age) have had lymphomas or infections that are
typical of T cell defects. Detailed analysis of the T cell immunophe-
notype and TCR Vf repertoire in 2 of the patients was similar to that
seen in patients with mutations in BTK (ref. 21 and Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JC171927DS1).

The ES55K mutation in E47 has effects that differ from those
seen in all of the E2A-related knockout mice because it results in
the production of a stable protein that is able to dimerize with
other bHLH proteins. This allows enhanced DNA binding of some
bHLH family members, such as MyoD, that homodimerize poorly
and cannot bind DNA alone (13). The ES55K mutant E47 would
also be expected to bind to and sequester members of the Id family,
a group of HLH transcription factors that lack a DNA-binding
domain and therefore inhibit DNA binding by E family members
(22). It is also possible that the E5S55K mutant E47 binds to DNA
target sequences that differ from the canonical E protein consen-
sus sequence. This might result in enhanced or reduced produc-
tion of proteins that are not usually controlled by E47.

The B cells lacking a BCR in the patients with the ESS5K muta-
tion suggest that there is a threshold for E47 function. A small
amount of E47 allows some developmental progression of B lin-
eage cells, but more E47 is required to enforce the block in dif-
ferentiation of cells that do not have a functional pre-BCR. This
is similar to the effects of decreased or absent E2A function in T
cell development. Rag”/~ mice that have decreased or absent E2A
develop some CD4*CD8" cells, cells that are not usually seen in Rag-
deficient mice because that stage of development requires a func-
tional pre-TCR (23, 24). However, these cells do not mature further
and do not exit the thymus. B cells lacking a BCR have not been pre-
viously described in the humans, and the presence of these cells in
the patients with the ES55K mutation indicates that the pro-B cell
Number 11 4783
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Functional consequences of the E555K mutation. (A) Cytoplasmic and nuclear extracts from HEK-293 cells transfected with an empty vector,
or expression vectors for wild-type E12, E47, or E555K mutant E47 were evaluated by Western blot using an E47-specific antibody, an antibody
that recognizes both E12 and E47, or antibodies to known cytoplasmic or nuclear proteins. (B) EMSAs were performed using a 32P-labeled uE5
probe and nuclear extracts from HEK-293 cells transfected with vectors producing wild-type E12, E47, or E555K mutant E47. The wild-type and
mutant E47 bands, but not the E12 bands, were supershifted with antibody to E47. (C, left) Nuclear extracts from cells transfected with varying
amounts (0 to 500 ng as indicated at the top of each lane) of wild-type and/or E555K mutant E47 were incubated with the uE5 probe. Percentage
binding by each extract is shown below each lane. The effect of the E555K mutation in a heterozygous patient is modeled in C (center and right).
HEK-293 cells were transfected with 250 ng of the wild-type or E555K mutant E47 or with 125 ng of each vector. Nuclear extracts from these
cells were allowed to bind to the uE5 probe and the percentage binding was determined by phosphoimager (center). A luciferase immunoglobulin
enhancer reporter construct and 250 ng of the wild-type E47, E555K mutant E47, or 125 ng of each vector was transfected into HEK-293 cells and
the luciferase was measured. (D) Nuclear extracts containing MyoD, wild-type E47, mutant E47, or combinations of these proteins were allowed to
bind to a creatinine kinase probe (left). Nuclear extracts were preincubated with antibody to E47 or MyoD to supershift the DNA-protein complexes
(right). The arrows indicate the MyoD/E47-specific bands.
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to pre-B cell transition is controlled not only by signaling through
the pre-BCR but also by quality control mechanisms that prevent
cells that lack a pre-BCR from further development. Our studies
show that E47 plays a critical role in this quality control.

Methods
Whole-exome sequencing was performed as previously described (25), with
additional details in the Supplemental Methods. Sanger sequencing was
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used to validate the mutation in the BCR™ patients. Expression vectors were
produced by cloning E47 cDNA into a CMV-driven expression vector. Site-
directed mutagenesis was used to create the mutant cDNA. The probes
for EMSA were derived from the regulatory regions of murine immuno-
globulin heavy chain enhancer (WES GATCCCAGAACACCTGCAGCAG)
and murine creatinine kinase (GTCACCCCCCAACACCTGCTGCCTA).
Statistics. The bar graphs shown in Figures 2 and 3 indicate the mean =+
SEM of 3-S5 experiments.
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Study approval. These studies were conducted as part of a research
protocol approved by St. Jude Children’s Research Hospital IRB to identify
and characterize genetic defects of the immune system. Written informed
consent was obtained from all the patients or their parents.

Full methods are available in the Supplemental Methods.
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