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B cell differentiation into antibody-secreting cells (ASCs) is a tightly regulated process under the control of multiple transcrip-
tion factors. One such transcription factor, Ets1, blocks the transition of B cells to ASCs via two separate activities: (i) stimulat-
ing the expression of target genes that promote B cell identity and (ii) interfering with the functional activity of the transcription
factor Blimp1. Ets1 is a member of a multigene family, several members of which are expressed within the B cell lineage, includ-
ing the closely related protein Ets2. In this report, we demonstrate that Ets1, but not Ets2, can block ASC formation despite the
fact that Ets1 and Ets2 bind to apparently identical DNA sequence motifs and are thought to regulate overlapping sets of target
genes. The DNA binding domain of Ets1 is required, but not sufficient by itself, to block ASC formation. In addition, less con-
served regions within the N terminus of Ets1 play an important role in inhibiting B cell differentiation. Differences between the
N termini of Ets1 and Ets2, rather than differences in the DNA binding domains, determine whether the proteins are capable of
blocking ASC formation or not.

Plasma cells or antibody-secreting cells (ASCs) are terminally
differentiated B cell effectors that are specialized to secrete

large amounts of immunoglobulin (Ig). The differentiation pro-
cess of these cells involves expansion of the cytoplasmic compart-
ment due to the substantial increase in the volume of the endo-
plasmic reticulum, which is needed for increased Ig synthesis and
secretion. B cell differentiation into ASCs can be triggered by T
cell-derived stimuli or by Toll-like receptor (TLR) ligands such as
lipopolysaccharide (LPS), which binds TLR4, or unmethylated
CpG-containing oligonucleotides, which bind TLR9.

ASC differentiation is controlled by a set of key transcription
factors, some of which promote the differentiation process and
others of which inhibit it. The best-known transcription factor
that drives terminal differentiation of B cells into ASCs is Blimp1
(also known as PRDI-BF1). Blimp1 is a zinc finger-containing
transcriptional repressor that inhibits the expression of genes
characteristic of mature B cells (1, 2). Other transcription factors
that promote ASC differentiation include XBP1 and IRF4 (3, 4).
Transcription factors that inhibit the differentiation of B cells into
ASCs include Pax5, Bcl6, Mitf, and Bach2 (5–7). We have previ-
ously demonstrated that the transcription factor Ets1 can block B
cell differentiation into ASCs (8).

Ets1 is the founding member of the Ets family of transcription
factors, which is comprised of 26 members in mice. Ets1 is highly
expressed in B and T lymphocytes and regulates their functional
responses (9, 10). Within the Ets gene family, Ets1 is most closely
related to Ets2. Ets1 and Ets2 share 96% amino acid identity
within their DNA binding domains (the Ets domain) and bind to
indistinguishable DNA sequences in vitro (11, 12). Furthermore,
both Ets1 and Ets2 share very similar domain structures outside
the Ets domain, including a Pointed or SAM domain involved in
protein/protein interactions, an acidic transactivation domain,
and autoinhibitory domains that flank the Ets domain and sup-
press its ability to associate with DNA. Both Ets1 and Ets2 also
share an N-terminal Erk mitogen-activated protein (MAP) kinase
phosphorylation site (13). Phosphorylation of this residue in ei-

ther protein stimulates transcriptional activity by promoting as-
sociation with the coactivator CBP (14).

Both Ets1 and Ets2 are detected in primary B cells by gene
expression profiling (15) and in B cell lines (16). Within the pri-
mary cell populations, Ets1 is found at high levels in naive and
memory B cells, at low levels in germinal center B cells, and at very
low levels in plasma cells (15). Consistent with this analysis, Ets1
protein levels are low in ASCs compared to naive B cells (8). Ets2
demonstrates a different pattern of expression, being found at
low, but relatively constant, levels at all stages of B cell differenti-
ation (15).

We previously demonstrated that Ets1 binds to the Blimp1
protein and inhibits its ability to bind to target DNA sequences to
regulate gene expression (8). Ets1 can also activate the expression
of genes that are normally repressed by Blimp1, such as the key B
cell identity gene Pax5 (8). Both of these activities of Ets1 are
dependent on the highly conserved Ets domain of the protein (8).
Since the Ets domain is conserved among all members of the Ets
gene family, it is possible that other Ets factors have a similar
activity in repressing ASC formation. Indeed, we showed previ-
ously that at least two other Ets proteins (PU.1 and Ets2) are ca-
pable of interacting with Blimp1 in glutathione S-transferase
(GST) pulldown assays (8). However, among the Ets proteins
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tested, only Ets1 could block Blimp1 binding to its target sites (8).
This suggests that amino acid sequences outside the Ets domain,
which are less conserved among the various Ets factors, are impor-
tant for the ability of Ets1 to block Blimp1 DNA binding. In this
report, we show that Ets2 cannot block ASC differentiation even
when expressed at high levels within B cells, despite the fact that it
is structurally very similar to Ets1 and likely regulates many of the
same target genes.

MATERIALS AND METHODS
Plasmids. Plasmids encoding various forms of Ets1, Blimp1, and Ets2 in
GST and mammalian expression vectors were described previously (8).
Additional plasmids encoding deletions and point mutations of Ets1 de-
scribed in this report were generated by PCR and cloned into appropriate
vectors. All PCR products were verified by sequencing prior to use. Plas-
mid pCL-Eco (17) was cotransfected with viral plasmids to increase titers.
Plasmids BSAP-Luc (containing the murine Pax5 promoter) and pCMV-
�gal, used for transfection, were described previously (8).

Cell lines and transfections. The plasmacytoma cell line P3X and the
B cell line A20 were cultured in RPMI 1640 with 10% fetal bovine serum
(FBS). A20 B lymphoma cells were transfected by electroporation as de-
scribed previously (8). Cos-1 cells and the retroviral packaging cell line
Platinum-E (Plat-E) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% FBS. The medium for Plat-E cells also contained
the selection drugs blasticidin (10 �g/ml) and puromycin (1 �g/ml) to
maintain integrated viral structural genes. Plat-E cells were switched to
regular DMEM on the day of transfection.

Mice and B cell purifications. Ets1-deficient mice carrying an allele
that deletes exons encoding the Pointed domain (exons IV and V) were
described previously (9, 18, 19). This targeting event represents a neomor-
phic allele of Ets1, with a small amount of internally truncated protein
being made. However, it is functionally identical to a null allele; hence, we
refer to these mice as Ets1�/� mice in this article. Ets2-deficient mice were
generated by crossing mice carrying a floxed allele of Ets2 (Ets2flox mice)
with Meox2-Cre mice, which express Cre in the epiblast of the embryo
(20). In the resulting mice, Cre mediates deletion of the Ets2 gene in all
epiblast-derived tissues (i.e., in the entire embryo but not extraembryonic
tissues). We refer to Ets2flox/flox Meox2-Cre mice as Ets2�/� mice in this
report. B cells were purified from the spleens of wild-type C57BL/6 mice
by depleting CD43� non-B cells.

Coimmunoprecipitation assays. Cos-1 cells were transfected by using
Fugene-6 with 1 �g of each plasmid (pCMV-HA-Ets1 or pCMV-HA-Ets2
along with pcDNA3.1 Blimp1 �350 –557). Forty-eight hours later, cells
were lysed, and supernatants were precleared by incubation with protein
G-agarose beads. Lysates were then incubated with either a mouse mono-
clonal anti-FLAG antibody or a control mouse IgG1 antibody followed by
immunoprecipitation. Immunoprecipitates were Western blotted by us-
ing antihemagglutinin (anti-HA) antibodies.

ELISPOT. For enzyme-linked immunosorbent spot (ELISPOT) anal-
ysis, Millipore MultiScreen 96-well plates with Immobilon-P membranes

were coated with 5 �g/ml of monoclonal anti-mouse IgM or polyclonal
anti-mouse Ig. Spleen and lymph node cells were isolated from wild-type,
Ets1�/�, or Ets2�/� mice, plated in serial dilutions, and incubated over-
night. IgM-secreting ASCs were detected by using a biotin-conjugated rat
anti-mouse IgM detection antibody, and IgG-secreting ASCs were de-
tected by using a biotin-conjugated polyclonal anti-mouse IgG antibody.
ELISPOT plates were counted with an automated reader (Zellnet Con-
sulting, Fort Lee, NJ, USA).

Retroviral production and transduction. For production of retrovi-
rus, the Plat-E packaging cell line was transfected with various retroviral
plasmids along with helper plasmid pCL-Eco by using Fugene-6 transfec-
tion reagent, as previously described (8). Retroviral supernatants were
harvested at 48 h posttransfection. For retroviral infection, purified B cells
stimulated with either 5 �g/ml CpG ODN1826 (Invivogen) or 5 �g/ml
LPS (Sigma-Aldrich) for 24 h were spin inoculated with retroviral super-
natant in the presence of 10 �g/ml Polybrene. The cells were subsequently
washed and returned to culture with fresh medium in the presence 5
�g/ml CpG ODN1826 or 5 �g/ml of LPS. Two days after infection, the
green fluorescent protein-positive (GFP�) population was sorted out by
using a FACs Aria cell sorter (BD Biosciences).

ELISA. Equivalent numbers of sorted GFP-positive cells from the ret-
rovirally transduced populations were resuspended in medium contain-
ing 5 �g/ml CpG ODN or LPS. After 48 h, supernatants were harvested
and serially diluted, and an enzyme-linked immunosorbent assay (ELISA)
was carried out according to standard protocols. Purified mouse IgM
(clone 11E10; Southern Biotech) was used for generating a standard
curve.

Western blot analysis. Whole-cell lysates of fluorescence-activated
cell sorter (FACS)-sorted GFP-positive cells were prepared, resolved on
SDS-PAGE gels, and blotted with rabbit polyclonal anti-mouse Ets1 (C-
20; Santa Cruz Biotechnology, Santa Cruz, CA). The same membrane
was stripped and reprobed with the following antibodies: rat monoclonal
anti-Blimp1 (clone 6D3; Santa Cruz Biotechnology), mouse monoclo-
nal anti-Pax5 (clone A-11; Santa Cruz Biotechnology), mouse monoclo-
nal anti-XBP1 (clone F-4), rabbit polyclonal anti-mouse Ets2 (a kind gift
from Michael Ostrowski, Ohio State University, Columbus, OH), and
mouse monoclonal anti-�-tubulin (KMX-1; Chemicon International,
Temecula, CA).

Chromatin immunoprecipitation. Mouse total splenic B cells were
cross-linked by using 0.25% formaldehyde for 10 min. A chromatin im-
munoprecipitation (ChIP) assay was carried out by using the Magna ChIP
G kit (Millipore, Billerica, MA) according to directions provided by the
manufacturer. Samples were immunoprecipitated by using 2 �g of con-
trol nonspecific rabbit IgG, anti-Ets1 rabbit monoclonal antibody (Epito-
mics), or purified polyclonal rabbit anti-Ets2 antibody. Quantitative PCR
(qPCR) was then performed on the immunoprecipitated genomic DNA
with primers for regions within the Pax5 gene. Primer sequences are
shown in Table 1. For each primer set, the amount of chromatin immu-
noprecipitated as a percentage of the input chromatin was calculated by
using the following formula: percent input � 100[2�(adjusted input
CT) � (Pax5 primer CT)], where CT is the threshold cycle. Results of the

TABLE 1 Primers used in this study

Primer set Primer sequences Use for primers

P1 TGACCCCTCCCCCTATCCTC and CTGCTCCCTCCCCAGTCTGA ChIP of Pax5 promoter
P2 AGGATCCCCTGCCTATCTGT and CAGGCCCTGAACTCAACACT ChIP of intron 5 enhancer
P3 CTTCCTCCATCCCTGGTTTC and AAATGCCTCCTCGAGGTTCT ChIP of intron 5 enhancer
c-myc GCGTGAAAGGGAAAGGACTAGCGC and GCGAGCGCTAGTCCTTTCCCTTTC c-myc promoter Blimp1 binding site for EMSA
Mmp3 AGTGGAACCAAGACAGGAAGCACTTCCTGGAGATTA and

AGTGGATAATCTCCAGGAAGTGCTTCCTGTCTTGGT
Mmp3 promoter Ets1 binding site for EMSA

muS CACACTGTACAATGTCTCCCT and AAAATGCAACATCTCACTCTG Expression of secreted IgM isoform
muM TCCTCCTGAGCCTCTTCTAC and CCAGACATTGCTTCAGATTG Expression of membrane-bound IgM isoform
Gapdh CATGGCCTTCCGTGTTCCTA and CCTGCTTCACCACCTTCTTGAT Expression of housekeeping Gapdh gene
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ChIP assays were analyzed by using analysis of variance (ANOVA) with
the Fisher least-significant-difference (LSD) test.

Purification of GST fusion proteins and GST pulldown assay. GST
fusion proteins were expressed in Rosetta(DE3)/pLacI competent cells
(Novagen, NJ), purified by using a standard protocol, and dialyzed prior
to use. In vitro-transcribed-translated (IVT) 35S-labeled Blimp1 was gen-
erated as previously described (8). GST pulldown assays were performed
by incubating IVT Blimp1 and equal amounts of GST fusion proteins,
followed by incubation with glutathione-Sepharose beads, as previously
described (8). The beads were washed, and bound proteins were eluted
and separated on SDS-PAGE gels for visualization by autoradiography.

Electrophoretic mobility shift assays. For electrophoretic mobility
shift assays (EMSAs), double-stranded oligonucleotides containing either
a Blimp1 binding site from the c-myc promoter or an Ets1 binding site
from the MMP3 promoter were labeled with [�-32P]dCTP and used as
probes (oligonucleotide sequences are listed in Table 1). As a source of
Blimp1, whole-cell extracts from the P3X plasmacytoma cell line were
isolated as described previously (8). As a source of Ets1, recombinant GST
fusions of wild-type or mutant Ets1 proteins were expressed in bacteria
and purified. For supershift assays, P3X extracts were preincubated with 1
�l of Blimp1 antibody (clone 6D3; Santa Cruz Biotechnology). Where
indicated, GST fusion proteins were incubated with P3X extracts for 45
min on ice prior to addition of labeled probe. Images from GST pulldown
assays were quantitated by using Image J.

qPCR. Total RNA was isolated from sorted GFP�, virally infected B
cells. cDNA was synthesized, and qPCR was performed by using Bio-Rad
iQ SYBR green supermix. Expression levels of the membrane-bound and
secreted forms of IgM were measured. As an internal control, the house-
keeping gene Gapdh was used to normalize data. Differential gene expres-
sion was determined by using the ��CT method. Primer sequences used
are provided in Table 1.

Statistical analysis. Data in bar graphs and scatter plots are repre-
sented as means 	 standard errors of the means (SEM). Each dot in a
scatter plot represents an individual mouse. Statistics in bar graphs were
calculated by either paired t tests or ANOVA with the Fisher least-signif-
icant-difference test. Statistics in scatter plots were calculated by a two-
tailed Mann-Whitney U test. All statistical analyses were carried out by
using GraphPad Prism version 6.

RESULTS
Ets1 but not Ets2 inhibits ASC differentiation. Ets1 is highly ex-
pressed in naive B cells, but its levels fall during activation and
differentiation into ASCs. Ets1 can block the TLR-induced differ-
entiation of mouse splenic B cells into IgM-secreting ASCs when
its continued expression is driven by a viral promoter (8). This
effect of Ets1 does not require expression of supraphysiological
levels of Ets1, as the levels of Ets1 in freshly isolated, resting splenic
B cells was similar to or higher than that found in TLR-stimulated
B cells infected with a retrovirus harboring Ets1 (see Fig. S1A in
the supplemental material). The block of ASC development by
Ets1 is further validated by its ability to inhibit the production of
secreted IgM but not membrane-bound IgM (see Fig. S1B in the
supplemental material).

Ets1 possesses two separate activities that might mediate its
ability to suppress ASC differentiation. First, Ets1 physically inter-
acts with the key ASC transcription factor Blimp1 to prevent bind-
ing to Blimp1 target sites (8). Second, Ets1 can also upregulate the
expression of a series of target genes that are normally repressed by
Blimp1, including Pax5 (8), a transcription factor crucial for spec-
ifying and maintaining mature B cell fate (6, 21). The DNA bind-
ing domain (Ets domain) of Ets1 is required for both activities.
The Ets domain is the most conserved portion of the protein, and
highly related DNA binding domains are found in all other mem-

bers of the Ets gene family. Thus, it is a possibility that the activity
of Ets1 in blocking ASC differentiation is not unique to Ets1 but
rather is a general property of the Ets gene family.

Previously, multiple Ets family members have been shown to
be expressed in the Raji B cell line, including the closely related
Ets1 and Ets2 genes (22). Indeed, we found that both Ets1 and Ets2
were also expressed in mouse splenic B cells, although the levels of
Ets2 were about 10-fold lower than those of Ets1 (Fig. 1A). Like
Ets1, Ets2 physically interacts with Blimp1 in GST pulldown as-
says. However, in contrast to Ets1, the interaction of Ets2 with
Blimp1 fails to inhibit Blimp1 binding to a target sequence (8). To
further validate the interaction of Ets2 with Blimp1, we trans-
fected a cell line with HA-tagged Ets1 or Ets2 and a FLAG-tagged
version of Blimp1. The Blimp1 expression vector that we used in
these assays contains an internal deletion of sequences encoding
the PEST domain of Blimp1. Deletion of the PEST sequence re-
sults in a more stable Blimp1 protein, and we previously used this
version of Blimp1 in coimmunoprecipitation assays with Ets1 (8).
In cells coexpressing either Ets1 or Ets2 and Blimp1, immunopre-
cipitation with an antibody to HA efficiently pulled down Blimp1,
whereas a control rat IgG antibody failed to precipitate Blimp1
(Fig. 1B). Thus, Ets1 and Ets2 bind to Blimp1 equivalently in this
coimmunoprecipitation assay, similar to what we saw previously
using GST pulldown assays (8).

We next wished to determine the role of Ets2 in inhibiting ASC
formation. Mice deficient in Ets1 have a 5- to 10-fold increase in
the numbers of IgM-secreting ASCs in their lymphoid organs and
elevated titers of serum IgM (23–25). If Ets2 plays a similar role in
regulating ASC differentiation, we would predict elevated num-
bers of ASCs in the lymphoid organs of Ets2-deficient mice. To
investigate this, we analyzed mice carrying a floxed allele of Ets2
crossed to Meox2-Cre mice (referred to as Ets2�/� mice in this
report). Germ line Ets2-deficient mice exhibit a visible wavy-hair
phenotype (20, 26), which was also found in the Meox2-Cre:
Ets2flox/flox mice, confirming the deletion of Ets2 in these animals.
Normal numbers of peripheral B cells of marginal zone and fol-
licular types were present in Ets2�/� mice (not shown). ELISPOT
analysis showed wild-type levels of IgM- and IgG-secreting ASCs
in the spleen and lymph nodes of Ets2�/� mice, whereas levels of
both IgM- and IgG-secreting ASCs were significantly elevated in
Ets1�/� mice (Fig. 1C). These data indicate that loss of Ets2 in vivo
does not lead to spontaneous differentiation of B cells into ASCs.

To further confirm that Ets1 plays a unique role in restraining
ASC differentiation, we assessed the ability of Ets1 and Ets2 to
modulate the differentiation of B cells stimulated with a synthetic
TLR9 ligand (CpG ODN), a potent inducer of ASC differentia-
tion. We infected splenic B cells stimulated with CpG ODN with
retroviruses encoding Ets1 and Ets2 (Fig. 1D) and measured IgM
levels in the supernatants of the cultures as a measure of ASC
differentiation. Consistent with previous data, ectopic expression
of Ets1 led to a significant block in IgM secretion. In stark contrast,
ectopic expression of Ets2 failed to inhibit ASC differentiation and
resulted in IgM secretion comparable to that of control trans-
duced cells (Fig. 1E).

To determine whether Ets1 could block B cell differentiation in
response to other TLR ligands, we stimulated splenic B cells with
LPS and infected them with retroviral vectors expressing Ets1,
Ets2, or a control empty vector. Similar to the results obtained
with CpG ODN, Ets1 inhibited ASC formation in response to LPS
(see Fig. S2 in the supplemental material). Ets2, on the other hand,
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showed only weak activity in inhibiting ASC differentiation in
LPS-stimulated B cells. Thus, Ets1 acts downstream of multiple
TLR signals to limit ASC formation.

Ets1 and Ets2 have differential effects on Pax5 expression in
B cells. The data described above demonstrate that two closely
related transcription factors have very different effects on B cell
differentiation in response to TLR signals. However, Ets1 and Ets2
have nearly identical DNA binding Ets domains (96% amino acid
identity) (see Fig. S3 in the supplemental material) and bind to the
same target DNA sequences in EMSAs (11, 12). We sought to
determine if Ets2 could regulate the expression of the Pax5 gene,
which we have previously shown to be a target of Ets1 (8). As a first
step, we determined whether Pax5 levels were sustained in B cells
virally infected with an Ets2 construct, as we have seen previously
with Ets1 viral constructs. As expected, viral expression of Ets1 did
not alter the levels of Blimp1 induced by TLR9 ligand but led to a
significant stimulation of Pax5 expression (Fig. 2A). In contrast,
Ets2 failed to stimulate Pax5 expression in TLR9-stimulated B
cells. Despite this, Ets1 and Ets2 were both capable of transactivat-
ing a reporter gene construct containing 1.8 kb of the murine Pax5
promoter in transient-transfection assays (Fig. 2B), although the
degree of transactivation was somewhat weaker with Ets2 than
with Ets1. Both Ets1 and Ets2 could also partially reverse Blimp1-

dependent repression of the Pax5 promoter in transient-transfec-
tion assays (Fig. 2B).

To further explore the interaction of Ets proteins with the Pax5
gene, we performed chromatin immunoprecipitation (ChIP)
analyses using antibodies specific for Ets1 or Ets2 and primers
located in either the promoter of Pax5 or the B cell-specific en-
hancer located in intron 5 of the Pax5 gene (Fig. 2C). We detected
statistically significant binding of Ets2 to one site in the Pax5 pro-
moter. In contrast, we did not observe statistically significant
binding of Ets1 to the Pax5 gene promoter (although a non-sta-
tistically significant enrichment of Ets1 binding was detected with
several primer sets [Fig. 2C and data not shown]). Significant Ets1
and Ets2 binding to sites in the Pax5 intronic enhancer was also
found (Fig. 2C). Overall, both Ets1 and Ets2 bind to sequences in
the Pax5 gene in vivo and transactivate the Pax5 promoter in tran-
sient-transfection assays. However, as noted above, only Ets1 can
maintain high levels of Pax5 expression in virally infected B cells
undergoing differentiation.

Conserved residues in the DNA binding domain of Ets1 are
important for its activity in stimulating Pax5 expression and
inhibiting ASC formation. We have described two separate activ-
ities for Ets1 in regulating B cell differentiation: the ability of Ets1
to bind directly to target genes such as Pax5 and regulate their

FIG 1 Ets1 but not Ets2 regulates ASC formation. (A) Quantitative PCR analysis of the relative expression levels of Ets1 and Ets2 in resting B cells purified from
the spleen of mice. The y axis represents total mRNA copies per cell calculated based on a standard curve with a known amount of Ets1 or Ets2 plasmid DNA. �,
P 
 0.05. (B) Coimmunoprecipitation (IP) of Ets1 and Ets2 with Blimp1. HA-tagged Ets1 or HA-tagged Ets2 together with FLAG-tagged Blimp1 lacking the
PEST sequence (Blimp1�350 –557) were transfected into Cos-1 cells. Forty-eight hours later, immunoprecipitation reactions were carried out by using either
anti-FLAG antibody (Ab) or control mouse IgG followed by Western blotting (IB) with anti-HA antibody. Levels of transfected Ets1, Ets2, and Blimp1�350 –557
in whole-cell lysates of the cells are shown at the side. (C) Quantitation of IgM- and IgG-secreting ASCs in the spleens and lymph nodes (LN) of wild-type (WT),
Ets1�/�, or Ets2�/� mice using ELISPOT assays. Each dot represents an individual mouse. The tissue and type of ASCs analyzed are indicated at the top of each
subpanel. (D) Ets1 and Ets2 retroviral constructs used for transduction experiments. LTR, long terminal repeat; IRES, internal ribosomal entry site. (E) ELISA
of IgM levels in the supernatants of splenic B cells stimulated with CpG ODN and infected with empty retrovirus (MIGR1) or retroviruses encoding Ets1 or Ets2.
Shown are the averages and SEM of 5 independent retroviral transduction experiments (����, P 
 0.0001).
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expression as well as the physical interaction of Ets1 with Blimp1
in a protein/protein complex that results in an inhibition of
Blimp1’s ability to bind to its target sites. It is unclear which of
these activities is most crucial for Ets1 to inhibit ASC differentia-
tion or if they both play partial roles. To explore whether or not
direct binding of Ets1 to DNA is important for its activity in block-
ing ASC formation, we generated mutant versions of Ets1 in which
we altered highly conserved arginine residues (R391 and R394)
within the Ets domain that are found in helix H3 and known to
interact with nucleotide bases within the core Ets target sequence
GGAA/T (27–29). As expected, these mutations completely abol-
ished Ets1 DNA binding in EMSAs (Fig. 3A).

We cloned the mutant versions of Ets1 into a retroviral vector
(Fig. 3B), infected splenic B cells, and measured IgM secretion in
sorted GFP-positive cells induced to undergo differentiation with
CpG ODN. Ectopic expression of wild-type Ets1 led to a strong
reduction in IgM secretion, as expected (Fig. 3C). Both mutant
constructs were less effective than wild-type Ets1 at inhibiting IgM
secretion. Our data suggest that direct Ets1 binding to target se-
quences in DNA plays only a partial role in restraining ASC dif-
ferentiation.

We next performed Western blot analysis on sorted GFP-pos-
itive retrovirally infected B cells. Pax5 expression was stimulated
in wild-type Ets1-transduced cells (Fig. 3D). In contrast, Pax5 was

barely detectable in R391D and R394D mutant-expressing cells
(Fig. 3D). In accord with previous results, Blimp1 levels remained
unaltered in cells ectopically expressing wild-type Ets1. Blimp1
levels were also unaltered in cells ectopically expressing the R391D
and R394D mutants of Ets1.

Mutations in R391 and R394 have dual effects on Ets1 activ-
ity. The R391 and R394 mutations completely abolish direct Ets1
binding to DNA and prevent upregulation of Pax5 expression, but
intriguingly, they retained some activity in blocking ASC differ-
entiation. This supports the idea that interaction of Ets1 with
Blimp1 to block ASC formation might be important. To test this
possibility, we assessed the ability of the R391D or R394D mutant
version of Ets1 to interact with Blimp1 by using GST pulldown
assays. As shown in Fig. 4A and B, the mutant forms of Ets1 were
�70% as efficient as wild-type Ets1 in interacting with Blimp1 in
GST pulldown assays. We next tested the ability of the mutants to
inhibit Blimp1 DNA binding in EMSAs using an oligonucleotide
probe harboring a Blimp1 binding site from the c-myc promoter
and extracts from the plasmacytoma cell line P3X, which naturally
contains large amounts of Blimp1. A specific Blimp1 DNA com-
plex was seen with the P3X extracts, which was supershifted by the
Blimp1 antibody (Fig. 4C). Wild-type Ets1 very efficiently inhibits
Blimp1 binding in EMSAs. However, the mutant forms of Ets1

FIG 2 Ets1 but not Ets2 stimulates Pax5 expression in differentiating B cells, although both can transactivate the gene. (A) Western blot analysis of Blimp1,
XBP-1, Pax5, Ets1, and Ets2 in retrovirally infected B cells. Levels of �-tubulin are shown as a loading control. (B) A20 B lymphoma cells were transfected with
the BSAP-Luc reporter gene construct (containing bp �1771 to �50 of the mouse Pax5 gene promoter sequences fused to a firefly luciferase reporter). Cells were
cotransfected with various concentrations of pCMV-HA-Ets1 or pCMV-HA-Ets2 and also cotransfected pCMV-�gal as an internal control. In some samples,
cells were also cotransfected with pCDNA3.1 Blimp1. Shown are the averages of relative luciferase (luc) activities (after normalization to �-galactosidase) from
three independent experiments. (C) Chromatin immunoprecipitation analysis using splenic B cells purified from wild-type mice. Chromatin was immunopre-
cipitated with polyclonal rabbit anti-Ets1 or anti-Ets2 antibodies. Quantitative PCR was performed with primers specific to the mouse Pax5 promoter sequences
or the mouse Pax5 B cell-specific enhancer located in intron 5 (as shown by arrows at the bottom). The percentage of input chromatin was calculated for each
primer set. Shown are the averages 	 SEM of two separate chromatin immunoprecipitation experiments.
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(R391D and R394D) failed to block Blimp1 binding, even at the
highest concentrations tested in EMSAs (Fig. 4C).

Multiple domains of Ets1 outside the Ets domain are re-
quired to inhibit Blimp1 DNA binding activity. We have shown
that the Ets domain is important for interactions with Blimp1, as a
deletion mutant of Ets1 lacking this domain fails to bind to or
inhibit Blimp1 (8). However, it is unclear if this domain alone is
sufficient for the interaction. To test this, we incubated P3X ex-
tracts with increasing amounts of either a truncated form of Ets1
containing only the Ets domain (GST-Ets1 331– 415), full-length
GST-Ets1 as a positive control, or GST alone as a negative control
(Fig. 5A). Increasing amounts of GST-Ets1 led to a reduction in
Blimp1-DNA complex levels in a dose-dependent manner,
whereas the complex remained unaffected in the presence of in-
creasing amounts of GST-Ets1 331– 415, indicating that the Ets
domain by itself is not sufficient to block Blimp1 DNA binding
(Fig. 5A). This is consistent with the fact that Ets2 (which has a
nearly identical DNA binding domain) is also incapable of block-
ing Blimp1 binding (8).

These results imply that although the Ets domain is critical,
regions outside the Ets domain that share less similarity between
Ets1 and Ets2 are also involved in repressing Blimp1 DNA bind-
ing. To test this notion, we performed EMSAs using P3X extracts
and recombinant proteins encoding either full-length Ets1 or var-
ious deletions of Ets1. As expected, Ets1 mutants lacking the Ets
domain (GST �331– 415 and GST �280 – 415) did not affect

Blimp1 binding to DNA (Fig. 5C). Somewhat surprisingly, most
of the other deletion mutants tested, including mutants lacking
the N terminus of the Ets1 protein (GST �1–54), the Pointed
domain (GST �54 –135), and the acidic transactivation domain
(GST �136 –242), were also ineffective in inhibiting Blimp1 bind-
ing (Fig. 5B and C). A mutant lacking only the autoinhibitory
module of Ets1 (GST �280 –330) retained a partial inhibitory ef-
fect on Blimp1 binding but was not quite as effective as full-length
wild-type Ets1 (Fig. 5C). Overall, our data show that the Ets do-
main of Ets1, while necessary for the interaction with Blimp1 in
GST pulldown assays (8), is not sufficient to block Blimp1 binding
to its target sites and suggest a role for multiple regions outside the
Ets domain in inhibiting Blimp1 activity.

The N terminus, acidic transactivation domain, and Pointed
domain of Ets1 are all important for maximal activity in inhib-
iting ASC differentiation. Based on the EMSA results, several re-
gions of Ets1 are required for maximal inhibition of Blimp1 bind-
ing to target sites, including the Ets DNA binding domain, the
Pointed domain, the acidic transactivation domain, and the N
terminus, whereas the autoinhibitory module is largely dispens-
able. To determine whether the N terminus, the Pointed domain,
or the acidic transactivation domain are also critical for blocking
ASC formation in vivo, we subcloned versions of Ets1 lacking these
domains into a retroviral vector to generate MIGR1 �1–54,
MIGR1 �54 –135, and MIGR1 �136 –242, lacking the N terminus,
the Pointed domain, and the transactivation domain, respectively

FIG 3 Conserved arginine residues in the Ets domain of Ets1 are important for regulation of Pax5 expression and for blocking of ASC formation. (A) EMSA using
a known Ets1 binding site from the human MMP3 (stromelysin 1) promoter to confirm that the R391 and R394 mutations interfere with Ets1 binding to its target
sites. (B) Constructs used in retroviral transductions. (C) Analysis of IgM secretion by CpG-stimulated B cells infected with wild-type Ets1 or the R391D or
R394D mutation of Ets1. Shown are the averages and SEM of 3 independent experiments. ��, P 
 0.01; ���, P 
 0.001; ����, P 
 0.0001. (D) Western blot
analysis of Blimp1, XBP-1, Pax5, and Ets1 in CpG-stimulated B cells infected with retroviruses encoding wild-type Ets1 or the R391D or R394D mutation of Ets1.
�-Tubulin served as an internal loading control.
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(Fig. 6A). As a control, we also used a retroviral construct of Ets1
lacking the Ets domain (MIGR1 �331– 415), which we have
shown previously to be impaired in blocking ASC formation (8).
Splenic B cells stimulated with CpG ODN were infected with ret-
roviruses harboring full-length Ets1 or various deletions of Ets1.

Western blot analysis showed that full-length Ets1 and deletions of
Ets1 were expressed at similar levels (Fig. 6B).

To determine the ability of the deletions of Ets1 to suppress
ASC differentiation, we sorted GFP-positive cells from each of the
retrovirally transduced populations, returned them to culture for

FIG 4 The conserved arginine residues of Ets1 are also required for its ability to block Blimp1 binding to target sites. (A) GST pulldown assays were performed
by incubating in vitro-transcribed and -translated (IVT) 35S-labeled wild-type Blimp1 with glutathione-Sepharose alone (Beads) or with purified GST, GST-Ets1,
or the GST–Ets1-R391D or GST–Ets1-R394D mutation. (B) Quantification of bands in GST pulldowns from 5 independent experiments. �, P 
 0.05. (C) EMSA
using the Blimp1 binding site from the c-myc promoter, using P3X lysates incubated with equal amounts of GST, GST-Ets1, GST–Ets1-R391D, or GST–Ets1-
R394D.

FIG 5 Multiple regions of Ets1 outside the Ets domain are required to inhibit Blimp1 binding to target sequences. (A) EMSA with a Blimp1 binding site from
the c-myc promoter. A specific complex (Blimp1) was observed when P3X plasmacytoma extracts were used and could be supershifted with a Blimp1-specific
antibody (supershift). Equivalent amounts of GST, GST-Ets1 (full-length Ets1), or GST 331– 415 (encoding only the Ets domain) were used in the EMSA
reactions. (B) EMSA analysis performed as described above for panel A, with equivalent amounts of GST, GST-Ets1, or GST–Ets1-�1–54. (C) EMSA analysis
performed as described above for panel A, with equivalent amounts of GST, GST-Ets1, and various deletions of GST-Ets1 (�136 –242 [lacking the acidic
transactivation domain], �54 –135 [lacking the Pointed domain], �280 – 415 [lacking the N-terminal autoinhibitory domain and Ets domain], �331– 415
[lacking the Ets domain], and �280 –330 [lacking the N-terminal autoinhibitory domain]) added to the indicated reaction mixtures. Note that addition of the
Ets1 �280 –330 form results in the appearance of a new band, which likely represents weak binding of the Ets1 protein to the c-myc probe in the absence of its
autoinhibitory module.
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48 h, and then measured IgM secretion by ELISA. Deletion mu-
tants lacking the Pointed domain, the acidic transactivation do-
main, or the N terminus of Ets1 were less effective at inhibiting
IgM secretion, suggesting that these domains are all important for
maximal activity of Ets1 in blocking ASC formation (Fig. 6C).
These particular mutants of Ets1 showed an intermediate ability to
inhibit ASC differentiation between the effects of an empty retro-
viral vector (or a mutant lacking the Ets domain of Ets1) and
full-length Ets1. Altogether, our data demonstrated that the Ets
domain is essential for repressing ASC differentiation, whereas the
N terminus, acidic transactivation domain, and Pointed domain
are required for maximal activity.

Neither the MAP kinase phosphorylation site nor the
SUMOylation site of Ets1 is required for inhibiting Blimp1
binding or ASC differentiation. The results described above
demonstrate that the N terminus and Pointed domains of Ets1 are
important for maximal activity in blocking ASC formation. The
Pointed domain of Ets1 is known to be involved in recruiting Erk
MAP kinase (30), which subsequently phosphorylates a conserved
threonine residue (T38) found in the N-terminal region of Ets1
(31, 32). Phosphorylation of this threonine residue results in re-
cruitment of the coactivator protein CBP to Ets1 and stimulates its
transcriptional activity (14). Thus, an Ets1 mutant lacking the
Pointed domain is predicted to have reduced or absent recruit-
ment of Erk kinases, reduced phosphorylation of T38, and a re-
duced ability to activate target genes such as Pax5. An Ets1 mutant
lacking the N terminus of Ets1 (amino acids 1 to 54) lacks the Erk
phosphorylation site and thus cannot be phosphorylated and will
be less effective at activating target genes. The N terminus of Ets1
also contains a lysine residue (K15) that is subjected to modifica-

tion by SUMOylation (33–35). SUMOylation of Ets1 inhibits its
transactivation potential (33, 35). The recruitment of SUMOyla-
tion enzymes to Ets1 does not depend on interactions with the
Pointed domain (34). Hence, the �54 –135 mutant of Ets1 is pre-
dicted to become SUMOylated, whereas the �1–54 mutant of Ets1
cannot.

To determine whether phosphorylation and/or SUMOylation
of Ets1 played a role in inhibiting ASC differentiation, we gener-
ated retroviruses encoding point mutations in T38 (MIGR1-
T38A) and K15 (MIGR1-K15A) and performed retroviral infec-
tions in primary B cells as described above (see Fig. S4A in the
supplemental material). Both the T38A and K15A mutants were
expressed at levels similar to those of wild-type Ets1 (data not
shown; see also Fig. S4B in the supplemental material). Expression
of T38A or K15A mutants was as effective as wild-type Ets1 in
blocking IgM secretion, suggesting that neither phosphorylation
nor SUMOylation of Ets1 was required for this process (see Fig.
S4C in the supplemental material). Therefore, both the Pointed
domain and the N terminus of Ets1 are required for maximal Ets1
activity in inhibiting ASC differentiation, but known posttransla-
tional modifications of this region appear to play no role.

DISCUSSION

We explored the differing biological roles of two closely related Ets
family transcription factors (Ets1 and Ets2) in regulating B cell
differentiation into ASCs. All members of the Ets gene family con-
tain an evolutionarily conserved DNA binding domain. More
than a dozen members of the Ets gene family are typically ex-
pressed in the same cell type at the same time (22), and there is an
overlap in recognition sequences. Chromatin immunoprecipita-

FIG 6 The N terminus, acidic transactivation domain, and Pointed domain of Ets1 are important for inhibiting ASC formation. (A) Diagram of various
retroviral constructs used to infect B cells (�1–54 [lacking the flexible N terminus of Ets1], �54 –135 [lacking the Pointed domain], �136 –242 [lacking the acidic
transactivation domain], and �331– 415 [lacking the Ets domain]). (B) Western blot analysis to demonstrate expression levels of the various deletion mutants of
Ets1. Arrowheads point to Ets1 bands in the gel. (C) IgM secretion from splenic B cells stimulated with CpG ODN and infected with a retrovirus encoding
full-length Ets1 or various deletions of Ets1 or an empty retrovirus. Cells were cultured and IgM secretion was measured as described in the legend of Fig. 1E.
Shown are the averages and SEM of 3 independent experiments. �, P 
 0.05; ��, P 
 0.01; ���, P 
 0.001; ����, P 
 0.0001.
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tion studies indicate that some Ets binding sites (EBSs) in the
genome are redundantly occupied by multiple members of the Ets
family (36). However, gene knockout studies have identified
largely different biological roles for these Ets factors (37, 38), al-
though in some cases, functional redundancy has also been iden-
tified (39–41). Ets1 and Ets2 share almost identical DNA binding
domains, and their DNA binding specificity cannot be distin-
guished by in vitro assays (11, 12). Indeed, there is evidence of
functional redundancy between these two factors in regulating
vascular development (41). However, the reported phenotypes of
the individual Ets1- and Ets2-deficient mice are largely different
(23, 24, 26). In this study, we have demonstrated that Ets2 knock-
out mice do not exhibit the spontaneous differentiation to ASCs
that is characteristic of Ets1-deficient mice.

Some of the differences in phenotype of Ets1 and Ets2 knock-
out mice might be explained by differences in expression levels of
Ets1 and Ets2 in various cell types. Ets1 is highly expressed within
lymphoid cells and is expressed at lower levels in other tissues of
adult mice (16, 42). Ets2, in contrast, is about 10 times less abun-
dant in B cells but is more broadly expressed in a variety of tissues
(16, 42). Based on the fact that Ets1 is expressed at significantly
higher levels in resting B cells than is Ets2, it could be argued that
Ets1 has a unique role in this population simply due to its higher
expression level rather than any difference in the biochemical
properties of Ets1 and Ets2. However, we have shown that retro-
virus-dependent expression of Ets2 in B cells at high levels fails to
block ASC formation, while Ets1 is very effective at blocking dif-
ferentiation in this assay.

When B cells undergoing differentiation to ASCs are infected
with a retrovirus driving expression of Ets1, the levels of the key B
cell transcription factor Pax5 remain elevated instead of decreas-
ing as expected. The maintenance of high levels of Pax5 by Ets1 is
particularly significant, since it has been shown that downregula-
tion of Pax5 is a pivotal event in the commitment to the ASC fate
(43). In contrast, in cells infected with a retrovirus expressing Ets2,
Pax5 levels are not sustained. Transient-transfection and ChIP
assays confirm direct regulation of the Pax5 gene by Ets1. How-
ever, in these same assays, Ets2 also appeared to directly regulate
Pax5 expression, despite the fact that overexpression of Ets2 in B
cells failed to sustain Pax5 expression. One potential explanation
for the unique role of Ets1 in maintaining Pax5 expression is that
Ets1, but not Ets2, blocks DNA binding by Blimp1 (8). Blimp1
suppresses expression of the Pax5 gene (44). Since Ets2 cannot
block Blimp1 DNA binding, it may be incapable of maintaining
stable expression of Pax5 during B cell differentiation.

The ability of Ets1 to stably upregulate Pax5 likely contributes
to its ability to block ASC differentiation. However, Ets1 can also
interfere with Blimp1 activity, and Blimp1 is required for ASC
differentiation. Hence, it is possible that Ets1 would be able to
block ASC differentiation, even if it was unable to bind DNA and
regulate target genes. To assess this possibility, we generated mu-
tant versions of Ets1 in which two highly conserved arginine res-
idues (R391 and R394) were mutated to aspartic acid. Mutation of
these arginine residues completely blocks direct binding of Ets1 to
DNA in EMSAs. The mutant versions of Ets1 have a reduced ca-
pacity to inhibit ASC formation. This initially suggested to us that
direct binding of Ets1 to DNA is important for its activity in reg-
ulating ASC formation. However, subsequent analysis showed
that the R391D and R394D Ets1 proteins are also less effective at
interacting with Blimp1 and are unable to inhibit Blimp1 binding

to its target sequences. Thus, these particular mutations do not
allow us to separate the two functions of Ets1 or to test whether
direct regulation of target genes by Ets1 is crucial for its activity.
Separating these functions of Ets1 will require the identification of
mutants that disrupt one process (i.e., Ets1 binding to its target
sites in DNA or Ets1 interaction with Blimp1) without affecting
the other process. Studies are under way to identify such mutants.

A deletion mutant of Ets1 that lacks the entire Ets DNA binding
domain is completely ineffective in blocking B cell differentiation
(8). However, the R391 and R394 mutant versions of Ets1 retain a
partial activity in blocking ASC differentiation despite the fact that
that they cannot bind to Ets target sites in DNA and are also
slightly impaired in interactions with Blimp1 in in vitro assays.
How, then, might the mutant proteins function to partially sup-
press ASC formation? One possibility is that mutant Ets1 proteins
are recruited to promoters or enhancers of target genes in vivo
through interactions with other transcription factors. Alterna-
tively, the mutants may retain some weak activity in blocking
Blimp1 binding in vivo. The mutant proteins interact more weakly
with Blimp1 in GST pulldowns than does wild-type Ets1, and this
appears to be insufficient to inhibit Blimp1 binding in EMSAs.
However, these interactions may contribute to blocking of ASC
formation in vivo. Finally, it is also possible that the Ets domain of
Ets1 interacts with transcription factors (other than Blimp1) that
regulate B cell differentiation in a manner that does not require
either R391 or R394. Future experiments will address these vari-
ous possibilities.

The above-mentioned data indicate that the conserved Ets
DNA binding domain of Ets1 is crucial for the interaction with
Blimp1 and modulation of its activity. However, a truncated Ets1
protein containing only the Ets domain of Ets1 failed to block
Blimp1 binding activity, indicating that although the Ets domain
is important, it is not sufficient for this process. By examining a
series of deletion constructs, we determined that several addi-
tional domains of Ets1 (the N terminus, Pointed domain, and
acidic transactivation domain) all contribute to blocking of
Blimp1 binding to its target sites in EMSAs. The N-terminal 54
amino acids of Ets1 are flexible and unstructured (45) but contain
a conserved threonine residue (T38) that is known to undergo
phosphorylation (13, 31) and a conserved lysine (K15) that is
known to undergo SUMOylation (33–35). Despite the reported
functional significance of these residues, neither one is required
for the ability of Ets1 to inhibit ASC formation.

In addition to the N terminus of the protein, the Pointed do-
main and acidic transactivation domains of Ets1 are also required
for the maximal activity of Ets1 in blocking Blimp1 binding to
target sequences in EMSAs and in blocking ASC formation in
cultured B cells differentiating in response to TLR ligands. It is
unclear why such a large portion of the protein (amino acids 1 to
242) is needed for inhibiting Blimp1 binding in EMSAs when only
the Ets domain of Ets1 is required for interactions with Blimp1 in
GST pulldown assays. However, we suggest that the Ets domain is
the main portion of Ets1 that mediates interactions with Blimp1,
while other sequences of the protein may fold in such a way to
block the zinc finger region of Blimp1 from accessing its DNA
substrate. Perhaps only a small segment of Ets1 outside the Ets
domain is needed for blocking Blimp1 binding, but large deletions
result in incorrect positioning of the required domain. Another
possible model that would explain the requirement for multiple
domains of Ets1 in vivo to block ASC formation is that these do-
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mains are needed for Ets1 to regulate specific target genes such as
Pax5, perhaps by interacting with other transcription factors or
coactivators of transcription.

We have demonstrated that two members of the Ets multigene
family, Ets1 and Ets2, that share nearly identical DNA binding
regions have different activities in regulating ASC formation. Re-
cent evidence implicates a third Ets transcription factor, Spi-B, in
controlling ASC formation (46). Hence, it appears that there are
subsets of Ets transcription factors (including Ets1 and Spi-B) that
control terminal B cell differentiation to ASCs and other subsets
(including Ets2) that appear not to regulate this process. It will be
important to understand how this functional dichotomy arises in
future studies.
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