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The POU domain transcription factors Oct-1 and Oct-2 interact with
the octamer element, a motif conserved within Ig promoters and
enhancers, and mediate transcription from the Ig loci. Inactivation
of Oct-2 by gene targeting results in normal B cell development and
Ig transcription. To study the role of Oct-1 in these processes, the
lymphoid compartment of RAG-1�/� animals was reconstituted
with Oct-1-deficient fetal liver hematopoietic cells. Recipient mice
develop B cells with levels of surface Ig expression comparable
with wild type, although at slightly reduced numbers. These B cells
transcribe Ig normally, respond to antigenic stimulation, undergo
class switching, and use a normal repertoire of light chain variable
segments. However, recipient mice show slight reductions in serum
IgM and IgA. Thus, the Oct-1 protein is dispensable for B cell
development and Ig transcription.

B cell development consists of an ordered program of tran-
scriptional events, leading ultimately to the rearrangement

and expression of Ig molecules (1). Although the Ig heavy and
light chain enhancers contain binding sites for numerous differ-
ent classes of transcription factors, variable region promoters
seem to be less complex and prominently contain a motif termed
the octamer element (5�-ATGCAAAT-3�) (2–6). The canonical
octamer or its reverse complement is conserved in the majority
of Ig heavy and light chain variable region promoters (7). This
sequence is also present in the intronic and 3� enhancers of the
Ig heavy chain locus.

The importance of the octamer element in mediating Ig
transcription has been demonstrated by using transgenic mice: a
point mutation in the octamer reduces the expression of an
Ig-transgene by over 20-fold (8). Several studies have indicated
that, when attached to a heterologous promoter, the octamer
element can confer B cell specificity (6, 9). Octamer or octamer-
like sequences have been implicated in the regulation of a
number of lymphoid-specific genes such as CD20, CD21, CD36,
IL-2, IL-4, and Pax-5 (10–18). However, octamer elements are
also important in the regulation of ubiquitously expressed genes
such as U1, U2, and U6 small nuclear RNA and histone H2B
(19–22).

The POU proteins Oct-1 and Oct-2 were identified as protein
activities that selectively interact with the octamer sequence
(22–28). The DNA-binding POU domain consists of two sub-
domains (the POU-specific and POU-homeodomain) tethered
by a short linker sequence (29–31). The DNA-binding domains
of Oct-1 and Oct-2 are highly homologous, and both proteins
bind octamer DNA with equal affinity in vitro (32). Oct-1 is
widely expressed whereas Oct-2 expression is restricted to the
lymphoid and neuronal compartments (33, 34). Because of its
expression pattern, Oct-2 was thought to be an important
regulator of Ig expression. However, B cell development in
Oct-2�/� animals is normal. Analysis of Oct-2�/� fetal liver
revealed the presence of pre-B cells with rearranged Ig genes in
numbers similar to that of wild-type littermates. The transcrip-
tion rates of several genes, including Ig� and Ig�, were also
normal in the fetal liver pre-B cells (35). Although early B cell
development was largely unaffected, stimulation of Oct-2�/�

splenic B cells with the T cell-independent polyclonal antigen

lipopolysaccharide failed to induce proliferation, consistent with
a defect in antigen-dependent terminal B cell development (35,
36). Adoptive transfer experiments also demonstrated a com-
plete lack of peritoneal B-1 cells (37). These results have been
corroborated by somatic gene targeting of Oct-2 in WEHI-231
cells, a mature B cell line expressing surface Ig. In this system,
no change in the activity of either a transfected Ig promoter or
a heterologous promoter containing an octamer element was
detected. However, when concatemerized octamer elements
were fused with a promoter to mimic enhancer activity, tran-
scription was decreased in Oct-2�/� cells (38). Another study
using altered specificity mutants indicated that Oct-2 acts at the
3� enhancer of the IgH locus in mature B cells (39).

To explain the B cell specificity of the Ig locus, a model
involving the interaction of Oct-1 and Oct-2 with tissue-specific
coactivators was proposed. The discovery of OCA-B�Bob-1�
OBF-1, a B cell-specific cofactor that interacts with both Oct-1
and Oct-2 (40–42), provided a possible explanation for the B
cell-restricted activity of the octamer element. OCA-B is largely
B cell restricted but can be induced in T cells with phorbol-esters
and ionomycin (43). However, targeted disruption of OCA-B did
not result in a significant perturbation in B cell development.
OCA-B-deficient mice are viable and fertile and have normal B
cell numbers in the bone marrow and slightly reduced B cell
numbers in the spleen. They also display markedly reduced levels
of secondary Ig isotypes, suggesting a defect in class switching.
Most strikingly, these animals show a complete lack of germinal
centers (44, 45). Even in the absence of both Oct-2 and OCA-B,
B cells with normal levels of surface Ig can be generated (46).

Genetic studies using OCA-B and Oct-2 mutant mice suggest a
model whereby Oct-1 plays a key role in mediating B cell specificity
at the Ig locus either by compensating for Oct-2 in its absence or by
conferring a unique role independently of Oct-2. To further inves-
tigate this hypothesis and to understand the determinants governing
Oct-1 and Oct-2 functional specificity in vivo, we created a loss-of-
function model for Oct-1 using gene targeting (47). Here, we
demonstrate that functional B cells with normal levels of surface Ig
can be generated in adoptive transfer experiments using Oct-1-
deficient fetal liver cells, suggesting that Oct-1 alone is dispensable
for B cell development but may function redundantly with Oct-2.

Materials and Methods
Generation of Mouse Strains and Adoptive Transfer. The generation
of a mouse Oct-1 targeted allele has been described (47).
Heterozygous mutant mice were mated with B1-8 transgenic
animals (48, 49). Oct-1�/�;B1-8 transheterozygous offspring
were intercrossed to generate homozygous mutants carrying the
B1-8 transgene. Fetal livers were harvested from embryonic day
12.5 embryos and genotyped as described (48). PCR primers for
genotyping Oct-1�/� have been reported, and the primers used
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for B1-8 are as follows: 5�-ACGATTACTACGGTAGTAGC-
TAC-3� and 5�-GGAAACTAGAACTACTCAAGCTA-3�. The
presence of the B1-8 transgene resulted in a 1.3-kb fragment.
After genotyping, 5- to 8-week-old RAG-1�/� recipient animals
were sublethally irradiated with 400 rad by using a 137Cs source.
At least 1 � 106 fetal liver cells were retroorbitally injected in 250
�l of Hanks’ buffered saline. Recipients were maintained in
autoclaved cages on water containing trimethoprim-sulfame-
thoxazole. The lymphoid compartment of the recipients was
analyzed 12–16 weeks after transfer.

Generation of Abelson-Transformed Lines and Electrophoretic Mobil-
ity-Shift Assays. Abelson-transformed cell lines were derived by
infecting 2 � 106 bone marrow cells from adoptively transferred
recipient mice with Abelson virus in the presence of 4 �g�ml
polybrene. The cells were cultured as described (50). Nuclear
extract was prepared according to ref. 51. The electrophoretic
mobility shift assay was performed as described (47).

Fluorescence-Activated Cell Sorter (FACS) Analyses. Single cell sus-
pensions from bone marrow and spleen were prepared according
to standard procedures. Enucleated red blood cells were lysed
with PharmLyse (Pharmingen) for 15 min at 37°C. Cells were
subsequently incubated with �-CD32�CD16 (Fc�II�III recep-
tor, 2.4G2, Pharmingen) for 5 min before the addition of primary
antibodies. The following antibodies were used according to the
manufacturer’s protocol: allophycocyanin-conjugated RA3-6B2
(�-B220) and 53-2.1 (�-Thy-1); FITC-conjugated S7 (�-CD43),
11-26c.2a (�-IgD), and 53-6.7 (�-CD8); phycoerythrin-
conjugated GK1.5 (�-CD4) and 1B4B1 (�-IgM). All antibodies
were obtained from Pharmingen with the exception of 1B4B1
(Southern Biotechnology Associates). Stained cells in 1 �g�ml
propidium iodide were analyzed by using a FACSCalibur (Bec-
ton Dickinson) by gating on live cells. At least 20,000 events were
collected per sample.

ELISA and Thymidine Incorporation Assays. Serum Ig concentrations
were measured with the ELISA Clontyping System (Southern
Biotechnology Associates). The plates were analyzed on an
ELISA reader at 450 nm and compared with standards of known
concentration (Southern Biotechnology Associates). Experi-
ments were performed in triplicate. Two-tailed P values were
determined by using the Student t test.

For the thymidine incorporation assay, B220� cells were
enriched from splenocytes by using �-B220 magnetic microbeads
(Miltenyi Biotec, Auburn, CA). Cells (105�ml) were plated in RPMI
medium 1640 with 10% heat-inactivated FCS in the presence of 10
�g�ml lipopolysaccharide (Sigma), 10 �g�ml �-CD40 (Pharmin-
gen), and 50 ng�ml IL-4 (R & D Systems), or 1 �g�ml �-IgM
(Jackson ImmunoResearch) and IL-4. Cell proliferation was scored
after 36 h by pulsing for 12 h with [methyl-3H]thymidine. Cells were
harvested by using a Cell Harvester (PHD, Cambridge, MA) to
determine [3H]thymidine incorporation.

Analyses of � Light Chain V Region Usage. Pre-B cells
(B220�IgM�CD43�) were pooled from 4–5 repopulated mice and
isolated by using a MoFlo high-speed cell sorter (Cytomation, Fort
Collins, CO). PCR amplification of � V regions was performed by
using a universal V� primer (52), and either a J�2 or J�5 downstream
primer (53). PCR products were cloned into pCRII-TOPO (In-
vitrogen) and sequenced. For each genotype, V� segments from 100
independent transformants were identified by using IGBLAST [Na-
tional Center for Biotechnology Information (NCBI)] and assigned
by using the system of Thiebe et al. (54). A Fisher’s exact test was
applied by using statistical analysis software (MATLAB).

Results
Oct-1-Deficient Abelson-Transformed Pre-B Cells Display Reduced
Oct-1 Activity. Previously, a mouse model of Oct-1 deficiency was
generated by homologous recombination, replacing the third
exon of the Oct-1 genomic locus with a neomycin cassette (47).
This work established that Oct-1-deficient embryos die during
development, precluding an analysis of the immune system in
adult mice.

To circumvent this problem, adoptive transfer experiments
were performed by using RAG-1-deficient mice as recipients.
These animals lack the RAG-1 recombinase gene and cannot
initiate VDJ rearrangement, making them devoid of B and T
lymphocytes (55–57). Therefore, mature lymphocytes in these
animals must be donor-derived. To determine whether the
protein is reduced in Oct-1-deficient B cells, Abelson murine
leukemia virus-transformed cell lines were generated from bone
marrow pre-B cells derived from adoptively transferred mice.
Oct-1 protein activity was assayed by using nuclear extracts
derived from these immortalized pre-B cells and the electro-
phoretic mobility assay and nuclear extracts. Oct-1�DNA com-
plex formation was undetectable in the Oct-1�/� nuclear extract
preparation (Fig. 1, lane 5). No Oct-2 binding was obvious,
presumably because Oct-2 levels are low in pre-B cells. The
presence of Oct-1 in the observed protein–DNA complex was
confirmed by supershift by using a monoclonal antibody recog-
nizing a C-terminal epitope of the protein. Addition of the
antibody resulted in the formation of a lower mobility protein–
DNA complex (Fig. 1, lane 3). In contrast, no supershift was
detected when preimmune serum was used (Fig. 1, lane 4).
However, antibody supershift with Oct-1�/� nuclear extract
revealed a slight amount of comigrating supershifted complex

Fig. 1. (A) Electrophoretic mobility shift assay using Abelson murine leuke-
mia virus-transfomed wild-type and Oct-1-deficient B cell extracts. Oct-1-DNA
complexes formed with 5 �g of nuclear extract are shown by an arrow.
Antibody-supershifted complexes are indicated by an asterisk. Preimmune
serum (Pre-imm.) was used as a negative control. (B) Normal levels of Ig�

transcripts in Oct-1 mutant cells. Northern blot is shown of RNA from splenic
B cells stimulated with �-IgM and �-CD40. Ten micrograms of total RNA were
loaded in each lane. GAPDH was used as a control.
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that was 35-fold lower in intensity compared with wild-type
extract (Fig. 1, lane 6). The formation of both the Oct-1�DNA
complex and the larger, supershifted complex depended criti-
cally on a canonical octamer element because a point mutation
in the octamer element eliminated formation of the protein–
DNA complex (data not shown). These data are in agreement
with previous observations in primary murine embryonic fibro-
blasts in that there is an octamer-binding protein activity present
in the wild-type nuclear extract that is specifically recognized by
an �-Oct-1 antibody that is reduced at least 35-fold in Oct-1-
deficient B cells (47).

Oct-1 Is Dispensable for B Cell Development and Ig Expression. Fetal
liver cells from wild-type and Oct-1-deficient embryos were
injected into irradiated RAG-1 mice. The lymphoid compart-
ments of the recipients were analyzed by flow cytometry 12–16
weeks postinjection. Bone marrow cells were stained with the
pan-B cell marker B220 and a combination of stage-specific
antibodies. Pro- and pre-B cells were identified by their lack of
surface IgM and CD43� and CD43� staining, respectively.
Mature B cells coexpress surface IgM and IgD. The proportion
of these cell types was not dramatically altered between wild-
type and mutant mice (Fig. 2A). However, when quantified
relative to total cell number, there was a reproducible reduction
in B cell numbers for all stages of development (Fig. 2B). This

reduction was specific for the B cell lineage because the T cell
percentage and numbers remained the same. Splenic B cells
were also analyzed by FACS. As with the bone marrow, the
percentage of B cells remained similar (Fig. 2C), but a global
decrease in the total number of cells was observed (Fig. 2D).
Taken together, these results suggest that Oct-1 is not required
for B cell development and surface Ig expression but could be
important for efficient B cell generation.

For B cells in both bone marrow and spleen, the levels of Ig
expression seemed to be the same in the presence and absence
of Oct-1, and the mean and maximal surface staining was the
same in each case (Figs. 2 A and C). To verify that the levels of
messenger RNA were also the same, Northern blot analysis was
performed by using RNA purified from splenic B cells that were
stimulated with anti-IgM and anti-CD40 antibodies and a probe
corresponding to the � heavy chain constant region. When
normalized to the GAPDH control, the degree of � mRNA
expression was the same in each case (Fig. 1B).

The concentration of serum Ig isotypes was measured in
recipient mice by using ELISA (Fig. 3A). IgM and IgA showed
a moderate but selective decrease of �2-fold relative to wild type
and heterozygotes (P � 0.0034 for IgM) whereas the IgG
isotypes showed no change (P � 0.4824 for IgG1). This finding
is consistent with the slight decrease in total numbers of surface
Ig-expressing mature B cells, rather than a selective defect in
class switching.

Fig. 2. B cell development in Oct-1-deficient hematopoietic precursors. (A) Bone marrow cells from transferred recipients were stained with antibodies against
B220, IgM, and CD43. T cells were stained with antibodies specific for Thy-1, CD4, and CD8. Shown are IgM vs. B220 stains for B cells and CD4 vs. CD8 stains of
T cells. For upper right quadrants, percentages are as follows: IgM vs. B220, 8.1% for ��� and 3.1% for ���; CD4 vs. CD8, 85.5% for ��� and 82.8% for ���.
(B) Quantification of B cell subsets: pro-B cells, B220�IgM�CD43�; pre-B cells, B220�IgM�CD43�; mature B cells, B220�IgM�IgD�. To obtain cell number for each
group, the percentage of each subset was extrapolated from the FACS plot and multiplied by the total number of cells in each preparation. For each value, data
were collected from at least three repopulated mice. SDs are indicated by error bars. (C) Spleen cells were stained for B220, IgM, and IgD or for Thy-1, CD4, and
CD8. B220 and CD4 vs. CD8 are shown. For upper right quadrants, percentages were 61.8% for ��� and 62.4% for ���. (D) Total numbers of mature B cells
in the spleen, determined as in B. Mature B cells, B220�IgM�IgD�.
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Normal Proliferation in Vitro of Oct-1-Deficient B Cells. To test
whether Oct-1-deficient B cells can proliferate in response to
antigenic stimuli, B220� splenic B cells were purified and
stimulated with either T cell-dependent or T cell-independent
antigens. Although Oct-2-deficient B cells fail to respond to the
T cell-independent polyclonal stimulator lipopolysaccharide,
Oct-1-deficient B cells proliferated comparably to wild-type B
cells under all conditions tested (Fig. 3B). Therefore, in contrast
to Oct-2�/� B cells, Oct-1-deficient B cells demonstrate normal
proliferative capacity in vitro when stimulated with either T
cell-dependent or T cell-independent antigens.

Oct-1-Deficient B Cells Develop Normally in Mice That Express a Single
Heavy Chain Specificity. Oct-1�/� mice were crossed to the B1-8
strain, which harbors a rearranged VDJ transgene targeted into
the heavy chain locus and generates a single heavy chain
specificity due to allelic exclusion (49). The B1-8 (also known as
186.2) promoter belongs to the J558 class and contains consensus
octamer and heptamer elements. Oct-1�/�;B1-8 mice were in-
tercrossed to generate Oct-1�/�;B1-8 embryos. Analysis of the
splenic B cell profile of the adoptive transfer recipients did not
reveal any significant difference between wild-type and Oct-1-
deficient mice except for a slight decrease in B cell number (Fig.
4A). The mean and maximum levels of surface Ig expression

between the two populations remained the same, suggesting that
there is no difference in transcription efficiency. In addition, no
differences were observed in the profiles of bone marrow or
peripheral blood (data not shown).

Normal Light Chain Variable Segment Utilization in Oct-1 Mutant Mice.
If, in the absence of Oct-1 most V region promoters are impaired
but some retain activity and allow normal B cell development
and Ig expression, then there would be significant changes in the
utilization of V region gene segments. To test the usage of the
� light chain variable region segments, V� family utilization was
examined in pre-B cells (B220�IgM�CD43�) from the bone
marrow of RAG-1-recipient mice repopulated with either wild-
type or Oct-1 mutant fetal liver cells. These cells were chosen
because presumably they have not undergone selection by pe-
ripheral antigens. Rearranged V�J� segments were amplified by
using a universal V� PCR primer (52) and a primer downstream
of either J�2 or J�5, generating an equivalent banding pattern for
all genotypes (data not shown). Amplified gene segments were
identified by comparison with the germ-line V region database
by using IGBLAST (NCBI) and were assigned into one of the V�

families by using the system of Thiebe et al. (54).
Assignment of 100 independent clones from wild-type and

Oct-1 mutant B cells resulted in a spectrum of V� gene usage
consistent with published accounts, with V�4�5 as the dominant
family (Fig. 4B). Application of the Fisher exact test resulted in
a statistically nonsignificant P value of 0.3, indicating that the
differences in V� gene segment utilization between wild-type and
Oct-1 mutant B cells, if any, are few and minor.

Discussion
A mouse model of Oct-1 deficiency was generated by using a
targeting strategy in which exon 3 of Oct-1 was replaced with a
neomycin resistance cassette in the antisense transcriptional
orientation (47). Although skipping of this exon leads to a
frameshift mutation and truncation of the Oct-1 polypeptide
before the DNA binding domain, some residual Oct-1 DNA-
binding activity (2–3%) was observed in murine embryonic
fibroblasts and B cells derived from these mice, and therefore the
Oct-1 mutation should be considered a severely hypomorphic
allele. Oct-1 homozygous mutant mice die before birth, possibly
from erythropoietic defects (47). We present here an analysis of
Oct-1 function during lymphoid development by using adoptive
transfer to RAG-1 recipients. We find that Oct-1 is not required
for B cell development and Ig gene transcription in vivo. B cell
numbers in the bone marrow and spleen, as well as serum IgM
and IgA, were slightly lower than wild-type controls, and cul-
tured B cells were fully capable of responding to both T
cell-dependent and -independent antigens. Overall, the results
suggest that Oct-1 has no independent role in B cell development
and Ig transcription.

In both the Ig heavy and light chain loci, the V region gene
segments and their promoters are present in tandem arrays on
the chromosome. RAG-mediated recombination selects one of
these promoters for rearrangement to a J� segment in the case
of the light chain, or a DH and JH segment in the case of the heavy
chain. Because of these features, it was possible that the loss of
Oct-1 impacted most of the variable gene segments, but that one
or more segments remained sufficiently active to retain their
recombination potency and produce full levels of Ig. One way to
test this possibility is to reduce the genomic complexity of the
multiple VH promoters to a single specificity. The B1-8 mouse
model (48, 49) harbors a pre-recombined VDJ heavy chain
knocked into the IgH locus and produces heavy chain polypep-
tides of a single specificity driven by a promoter that contains
consensus octamer and heptamer motifs. By using this model, no
significant differences in either the proportion of B cells pro-
duced or the level of Ig expression were observed. To further

Fig. 3. (A) Serum concentrations of Ig isotypes in nonimmunized adoptive
transfer recipients were measured by ELISA with isotype-specific antibodies.
Each symbol represents one mouse. Squares, wild-type; diamonds, Oct-1
heterozygotes; triangles, Oct-1 homozygous mutant animals. (B) Activation
and proliferation of Oct-1-deficient B cells as measured by thymidine incor-
poration assay. Data represent an average of five experiments. Error bars
denote SDs. Conditions are described in Materials and Methods.
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determine whether a subgroup of V gene segments were being
selectively expressed in the Oct-1-deficient cells, the diversity of
the light chain usage was also analyzed. All major classes of V
segment gene families were used at approximately the same
levels. These results contrast with recent studies of the B
cell-specific coactivator OCA-B in which significant differences
in the V� repertoire were observed (58).

Although Oct-1 deficiency does not result in any B cell-
specific defects, previous work established an important role
for Oct-2 during the terminal antigen-dependent phase of B
cell maturation, particularly in antigen-dependent prolifera-
tion (35, 36). Genetic ablation of OCA-B also results in
late-stage B cell developmental defects (44, 45). Therefore, Oct-2
and OCA-B seem to play a role in B cell maturation. By contrast,
Oct-1 either plays no role in these processes or is redundant with
Oct-2 and OCA-B.

These findings are somewhat inconsistent with previous bio-
chemical and transient transfection experiments, which had
suggested an important function for Oct-1 in the regulation of Ig
expression. Previous work had indicated that Oct-1 and Oct-2
activate transcription equally in vitro (32). Other studies using
cell lines and transfections indicated that Oct-2 operates through
the Ig enhancer regions, implicating another factor such as Oct-1
at the VH and V� octamer elements (38, 39). The strong
conservation in the octamer elements in this promoter points
toward three possible scenarios. (i) The octamer sequence is
conserved because of its interactions with Oct-2, which is
primarily responsible for transcriptional activation from the
octamer element in both the promoters and enhancers. In the
absence of Oct-2, Oct-1 can partially substitute, providing
enough activity for B cell development and initial Ig expression
but not for later stage B cell activation. In this case, Oct-1 and
Oct-2 would operate redundantly at the VH promoters in B cells.
(ii) Neither Oct-2 nor Oct-1 is required for V region promoter
activity in B cells. VH and V� promoter activity would not be
compromised in the absence of these factors, possibly because of
other promoter elements such as E boxes, pyrimidine-rich,
CCAAT�enhancer-binding protein, and Ets transcription fac-

tor-binding sites, and newly defined downstream promoter ele-
ments (59–63). In this case, Oct-2 would have a major role in
late-stage B cell biology through its interactions with Ig enhancer
elements. (iii) Neither Oct-2 nor Oct-1 is required for Ig activity,
and the requirement for Oct-2 in late-stage B cell activation is
mediated through sites other than those in the Ig loci. As a means
of distinguishing among these scenarios, in the latter two, an
Oct-1�/�;Oct-2�/� double mutant phenotype would be no more
severe with regard to Ig expression and B cell development than
the Oct-2�/� single mutant.

Generation of compound mutants of Oct-1 with Oct-2,
OCA-B, and other factors thought to be important in the control
Ig expression may provide additional insight into the role of
these proteins in B cell development. We have previously
reported that Oct-1 and Oct-2 exhibit a dosage-dependent effect
in mediating embryonic survival (47). However, preliminary
studies have also shown that although Oct-1�/�;Oct-2�/� trans-
heterozygotes display reduced survival, they do not exhibit any
detectable difference in B cell profile and function compared
with wild-type littermates. Oct-1�/�;Oct-2�/� and Oct-1�/�;Oct-
2�/� fetal livers also show no marked B cell abnormalities in
adoptive transfer experiments whereas double mutant embryos
do not survive to embryonic day 11.5 (unpublished results). To
determine the role of Oct-1 and Oct-2 together in B cell
development, the activity of both proteins must be ablated in the
immune system by using RNA interference or other means.
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