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Mature B lymphocytes are unique in containing nuclear Rel proteins prior to cell stimulation. This activity
consists largely of p50-c-Rel heterodimers, and its importance for B-cell function is exemplified by reduced
B-cell viability in several genetically altered mouse strains. Here we suggest a mechanism for the cell specificity
and the subunit composition of constitutive B-cell NF-kB based on the observed properties of Rel homo- and
heterodimers and IkBa. We show that c-Rel lacks a nuclear export sequence, making the removal of c-Rel-
containing complexes from the nucleus less efficient than removal of p65-containing complexes. Second, the
nuclear import potential of p65 and c-Rel homodimers but not p50-associated heterodimers was attenuated
when they were complexed to IkBa, leading to a greater propensity of heterodimers to be nuclear. We propose
that subunit composition of B-cell NF-kB reflects the inefficient retrieval of pS0—c-Rel heterodimers from the
nucleus. Cell specificity may be a consequence of c-Rel-IkBa complexes being present only in mature B cells,
which leads to nuclear c-Rel due to IkBa turnover and shuttling of the complex.

The Rel family of transcription factors regulate inducible
gene transcription (11, 34). These proteins share an approxi-
mately 300 amino acid domain at the N terminus, the Rel
homology domain (RHD), which is used for protein-protein
interactions and DNA binding. Homo- or heterodimerization
between Rel family members is essential for DNA binding and
interactions with the regulatory IkB proteins which inhibit
DNA binding and localize Rel proteins to the cell cytoplasm.
In most cells, Rel proteins are located in the cell cytoplasm
complexed to one of three IkB proteins—IkBe, IkBB, or IkBe
(15, 25, 28, 44). Upon cell stimulation, IkBs are phosphory-
lated at their N termini by IkB kinases, which targets them for
proteasome-mediated degradation. This leaves the Rel pro-
teins free to translocate to the nucleus and activate gene ex-
pression. Rel protein-dependent gene expression must be
strictly controlled, as exemplified by the phenotype of IkBa-
deficient mice (3, 24). These animals die soon after birth,
presumably due to aberrant gene activation. Thus, regulation
of DNA binding and subcellular distribution of Rel proteins by
IkBs is a critical aspect of the biology of these transcription
factors.

The three IkBs retain Rel proteins in the cytoplasm by
different mechanisms. IkBa, but not IkBB or IkBg, contains a
strong nuclear export sequence (NES), and cytoplasmic loca-
tion of p65-RelA by IkBa has been shown to require nuclear
export via the exportin CRM1 (16, 19, 42). Specifically, inhi-
bition of nuclear export by mutating the IkBa NES or affecting
CRML1 function genetically or pharmacologically leads to nu-
clear accumulation of p65-IkBa complexes (16, 19, 42). Based
on such studies, the current model is that cytoplasmic localiza-
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tion by IkBa is a dynamic process, with IkBa-containing com-
plexes shuttling between the nucleus and the cytoplasm. Pre-
sumably, the net cytoplasmic appearance of these complexes
occurs because the balance between nuclear entry and exit is
tilted in favor of the latter.

In contrast, IkBB and IkBe localize Rel proteins to the
cytoplasm as effectively as IkBa but do not contain identifiable
NESs. We have shown that nuclear export is not involved in
this process and suggested that cytoplasmic localization by
IkBp and IkBe reflects sequestration of Rel proteins (43). That
is, Rel-IkBB (or -IkBe) complexes are cytoplasmic because
they never make it into the nucleus. Furthermore, even when
nuclear p65-IkBR complexes were created by sequential ex-
pression of p65 followed by IkB, export of this complex to the
cytoplasm was inefficient (43). Shuttling of IxBa-associated
complexes but not IkBp-associated complexes implies that
there is residual nuclear localization sequence (NLS) activity in
IkBa complexes. Our working model is that IkBf association
must hide the Rel NLSs more effectively.

Mature B lymphocytes are unique in containing nuclear Rel
proteins prior to cell stimulation. The constitutive nuclear ac-
tivity consists of pS0—c-Rel heterodimers (13, 22, 27, 30), and
its importance for B-cell function is exemplified by the lower
viability of B cells from p50-deficient and xid mice, both of
which have decreased constitutive NF-«B (2, 7, 20, 21, 23, 38,
39, 41). In c-Rel-deficient mice, p50-p65 (NF-kB) heterodimer
levels are elevated in splenic B cells, suggesting that lack of
p50—c-Rel heterodimers must be compensated for (10, 26).
Moreover, B-cell viability is severely decreased in p65-c-Rel
double-deficient mice (12). Several models have been pro-
posed to explain the presence of nuclear NF-«kB in B cells, such
as increased turnover rate of IkBa in WEHI 231 cells (29) and
protection of nuclear NF-kB by IkBB (36). Miyamoto and
colleagues have provided much of the support for the turnover
model, in particular the recent demonstration that intracellular
calcium controls IkBa degradation in mature B cells (9, 31,
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40). However, the importance of IkBa half-life for constitutive
nuclear NF-kB has not been directly demonstrated. Indeed,
there is some evidence that IkBa is not turned over as fast in
immunoglobulin G (IgG)-positive B cells, yet there is consti-
tutive NF-«B in the nucleus (6). Finally, it is not clear why the
constitutive DNA-binding activity is largely composed of
p50—c-Rel heterodimers.

In this paper we show that p50-c-Rel heterodimers have a
greater propensity to be nuclear than p50-p65 heterodimers or
either homodimer alone. Two properties of Rel and IkB pro-
teins dictate this preference. First, the NLSs of p65 and c-Rel
homodimers are attenuated by association with IkBa, while
p50 provides a strong NLS and thereby increases nuclear im-
port of heterodimers. Second, c-Rel does not contain a nuclear
export sequence like p65; therefore, c-Rel-containing com-
plexes are exported out of the nucleus less efficiently. We
propose that the subunit composition of B-cell NF-kB reflects
the inefficient retrieval of p50—c-Rel heterodimers from the
nucleus. The question of retrieval only arises in B cells because
c-Rel is sequestered in the cytoplasm of pre-B cells and non-B
cells by association with IkBB. B-cell-specific association of
c-Rel with IkBa may further increase nuclear c-Rel because of
IkBa turnover. Thus, the presence of constitutive “NF-kB” in
B-cell nuclei is the dynamic consequence of the properties of
Rel and IkB proteins.

MATERIALS AND METHODS

Cell lines and strains. D5h3 T hybridoma cells, WEHI-231 (immature B) cells,
and DC27 (mature T) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco-BRL, New York, N.Y.) supplemented with 10% heat-inacti-
vated fetal bovine serum, 50 uM B-mercaptoethanol, 50 U of penicillin per ml,
and 50 pg of streptomycin per ml. A20 (mature B) cells, 70Z (pre-B) cells, M12
(mature B) cells, 22D6 (pre-B) cells, 38B9 (pre-B) cells, and 3A9 (mature T)
cells were grown in RPMI 1640 medium (Gibco-BRL) with 10% heat-inactivated
fetal bovine serum and the above supplements. COS cells were cultured in
DMEM with 10% newborn calf serum and the above antibiotics. BOSC23 (hu-
man kidney epithelial cells) were maintained in DMEM with 10% heat-inacti-
vated fetal bovine serum and antibiotics.

Splenic primary B cells were made by positively selecting mouse spleen cell
suspensions using CD19 MicroBeads and MiniMACs with an MS column (Miltenyi
Biotec). The sorted cells were then analyzed by flow cytometry, and over 95% of
cells were CD19 positive. For splenic T cells, single-cell suspensions of mouse
spleen cells were incubated with concanvalin A (4 wg/ml) (CalBiochem) for 3
days. Cells were then washed to remove concanavalin A and cultured in the
presence of recombinant human interleukin-2 (IL-2) (50 U/ml) (BD Transduc-
tion Laboratories) for 7 days. Over 95% of T cells were T-cell receptor-beta
positive by flow cytometry.

Plasmids. EGFP-p65 and pCDNA3.HA-IkBa have been described previously
(42). pPCDNA3.HA-IkBaLIL3A49(NESn) and HA-IkBaNESnc were made by
PCR using fragments from pGFP-IkBaNESc and pGFP-IkBaNESc-LIL3A49
(42) with a hemagglutinin (HA) tag containing 5’ primer and 3’ primer. The
products were cloned into BamHI and EcoRI sites of pCDNA3 vector (Invitro-
gen Corporation). EGFP-p65(RHD) and EGFP-p65(364) contain mouse p65
(amino acids 1 to 306) and murine p65 (amino acids 1 to 364), respectively, in
frame after the green fluorescent protein (GFP) gene of EGFP-C3 (Invitrogen
Corporation) in the EcoRI and Kpnl sites. EGFP-c-Rel, EGFP-c-Rel(RHD),
and EGFP-c-Rel(344) contain full-length murine c-Rel, murine c-Rel (amino
acids 1 to 297), mouse c-Rel (amino acids 1 to 344), respectively, in frame after
GFP in the EcoRI and BamHI sites. The fragment in EGFP-p65(NES4A) was
generated by PCR site-directed mutagenesis, with the four leucines at residues
434, 438, 441, and 443 changed to alanines and inserted in frame after GFP at
EcoRI and Xhol sites. pPCDNA3.hCRM1 was obtained by BamHI digestion of
full-length human CRM1 ¢cDNA clone in pBS-hCRM1 (a gift from G. Grosveld).
PERVF2.p50 contained the full-length processed murine p50 (4), which was
cloned after the cytomegalovirus promoter in plasmid pERVF2. The sequences
of all plasmids used in this study were confirmed, and expression of proteins was
verified by Western blot analysis.
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Transfections. COS cell and BOSC23 cell transfection was done by the cal-
cium phosphate method as previously described (32) or with Fugene-6 transfec-
tion reagent according to the manufacturer’s specifications (Roche Molecular
Biochemicals). Leptomycin B (LMB) (10 ng/ml), a generous gift from M. Yo-
shida (University of Tokyo), was added 4 h prior to harvest.

Immunoprecipitation. Cells were washed three times with phosphate-buffered
saline (PBS). Whole-cell extracts were made by lysing the cells in TNT buffer (20
mM Tris-HCI [pH 7.5], 200 mM NaCl, 1% Triton X-100) with phosphatase and
protease inhibitors. Then 100 pg of whole-cell extracts was incubated first with 30
wl of prewashed protein A-agarose beads in a 50% slurry (Roche Molecular
Biochemicals) and then appropriate antibodies in TNT buffer with 0.1% Triton
X-100 for 4 h. Anti-IkBa, anti-c-Rel, and anti-p65 antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, Calif.). The supernatants were
subjected to secondary immunoprecipitation as indicated in the figure legends.
The immunoprecipitates were washed three times with TNT buffer and eluted
with 4 X sodium dodecyl sulfate (SDS) buffer by heating at 100°C for 5 min. The
supernatants were separated by SDS-10% polyacrylamide gel electrophoresis
(PAGE) for Western blot analysis.

Western blot analysis. Polyacrylamide gels were transferred to enhanced
chemiluminescence Hybond nitrocellulose membrane (Amersham). The mem-
branes were blocked with 5% milk in TBST buffer and then incubated with
anti-c-Rel, anti-p65, or anti-IkBa at a dilution of 1:500 for 1 h at room temper-
ature. The membranes were washed and incubated with peroxidase-conjugated
anti-rabbit Ig (Amersham) at a dilution of 1:2,000. The chemiluminescence
signal was detected using SuperSignal substrate according to the manufacturer’s
specification (Pierce, Rockford, II.).

Immuneostaining. The procedures for immunostaining of adherent cells were
the same as described previously (42). For staining suspension cells (T cells and
B cells), the procedures were described previously (8). Cells were allowed to
settle on UV-sterilized coverslips (Fisher) with or without poly-L-lysine treat-
ment (Sigma) overnight. LMB (100 ng/ml) was added 45 min prior to the
staining. Cells were fixed in 3% paraformaldehyde for 20 min at room temper-
ature and then permeabilized with buffer WB (0.5% NP-40, 0.01% sodium azide
in 1 X PBS). The blocking was done with 5% normal donkey serum (Jackson
Laboratory) at room temperature for 30 min. After blocking, the cells were
incubated with primary antibodies in buffer WB with 5% normal donkey serum
for 30 min at room temperature and then washed three times with buffer WB.
The secondary antibody, fluorescein isothiocyanate (FITC)-conjugated anti-rab-
bit Ig (Jackson Laboratory) was used at a 1:300 dilution in WB with 5% normal
donkey serum for 30 min at room temperature. After several washes 4',6'-
diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, Oreg.) was used
at 1 pg/ml for counterstaining the nucleus. After further washing, the cells were
mounted with ProLong Antifade (Molecular Probes) according to the manufac-
turer’s specifications.

Fluorescence microscopy. The subcellular localization of GFP and the immu-
nofluorescence signals were observed by fluorescence microscopy (Axiophot IT;
Zeiss) with a GFP generic filter, FITC, rhodamine, and DAPI filter.

RESULTS

Multiple factors contribute to cytosolic localization by
IkBa. We have previously shown that IkBa contains an NES in
its N-terminal domain, and cytosolic localization of p65 by
IkBa requires nuclear export. IkBa also contains another NES
in its C-terminal domain (1, 33, 37). To test whether these
NESs were the only mediators of cytoplasmic localization,
GFP-Rel proteins were coexpressed in COS cells with IkBa
derivatives mutated in one or both NESs. GFP-p65 was en-
tirely cytoplasmic in the presence of wild-type IkBa or deriv-
atives mutated at the N-terminal NES (NESn) or both NESs
(NESnc) (Fig. 1, top three panels). The observed cytoplasmic
location was the result of nuclear export because treatment of
the transfected cells with LMB led to nuclear accumulation of
both p65 and IkBa proteins (data not shown). Therefore, nei-
ther known NES sequence in IkBa was essential for cytoplas-
mic retention of p65. We conclude that other CRM1-depen-
dent export determinants were involved, which could lie within
the ankyrin domains of IkBa or in p65. Mutation of an NES in
p65 identified by Harhaj and Sun (14) resulted in mixed nu-
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FIG. 1. Multiple determinants of cytosolic localization in p65-IkBa protein complex. GFP-p65 and derivatives thereof were expressed in COS
cells with HA-IkBa (first row) or HA-IkBa derivatives containing mutations at the N-terminal NES (NESn), or both N- and C-terminal NESs
(NESnc), as indicated. Thirty-six hours after transfection, half of the cells were treated with LMB and fixed for fluorescent visualization. Columns
show GFP fluorescence, anti-HA antibodies detected by rhodamine-coupled secondary antibody, and DAPI staining, respectively. GFP-p65SNES4A
contains four alanine residues replacing leucines in the C-terminal NES of p65; GFP-p65(RHD) contains the first 306 amino acids of p65 that
include the RHD and the NLS (residues 301 to 304); GFP-p65(364) contains the first 364 amino acids of p65. All p65 derivatives were coexpressed
with the doubly mutated IkBaNESnc. Cells were fixed for fluorescent visualization as described in the text. Representative results are shown from

one of three independent experiments.

clear and cytoplasmic distribution of the protein in the pres-
ence of IkBaNESnc (Fig. 1B, top panel). Cytoplasmic expres-
sion of a complex that lacks all three NESs was more clearly
evident in a C-terminal truncation mutant of p65, GFP-
p65(364), which lacks the C-terminal NES. This protein was
located in the cytoplasm in the presence of IkBaNESnc. We

conclude that nuclear export is not the only mechanism by
which IkBa regulates the subcellular distribution of p65.

A fusion protein containing only the RHD of p65, GFP-p65
(RHD), was exclusively nuclear when coexpressed with
IkBaNESnc (Fig. 1B), but cytoplasmic in the presence of wild-
type IkBa (data not shown). Colocalization of the IkBa deriv-
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FIG. 2. Multiple determinants of cytosolic localization in c-Rel-IkBa protein complex. GFP-c-Rel and derivatives thereof were transiently
transfected with HA-IkBa (first row) or its derivative nuclear export mutant NESn or NESnc as described in the legend to Fig. 1. GFP-c-Rel(RHD)
contains the first 297 residues of c-Rel that include the RHD and the NLS (residues 292 to 295). GFP-c-Rel(344) contains the first 344 residues
of c-Rel. Thirty-six hours after transfection, cells were immunostained for fluorescent visualization. Results shown are representative of at least

three independent experiments.

atives with GFP-p65(RHD) suggested that the proteins were
complexed (compare GFP and anti-HA fluorescence in Fig.
1B, third line); this was directly confirmed by coimmunopre-
cipitation (data not shown). Location of GFP-p65(364) in the
cytoplasm but GFP-p65(306) in the nucleus when complexed
to IkBaNESnc suggested that IkBa interaction with residues
beyond the NLS of p65 (which is within the RHD) attenuated
NLS function. Thus, the mutated IkBa compensated for the
attenuated NLS of GFP-p65(364) but not the exposed NLS of
GFP-p65(RHD). These observations provide the first func-
tional evidence for attenuation of the p65 NLS in complex with
IkBa. Use of an export-deficient IkBa mutant was key in
distinguishing the relative contributions of export and import
in the net subcellular distribution of p65-IkBa complexes.

Unlike GFP-65, GFP-c-Rel showed a mixed distribution
(nucleus plus cytoplasm) in the presence of IkBaNESnc (Fig.
2, third line). This pattern was similar to the NES-mutated p65
derivative, suggesting that c-Rel did not have an NES in its
C-terminal domain. To directly compare CRM1 responsive-
ness of p65 and c-Rel, we coexpressed GFP derivatives of these
proteins in BOSC23 cells together with human CRMI
(hCRM1) (Fig. 3). Both proteins were predominantly nuclear
in the absence of CRM1; however, GFP-p65 but not GFP-c-Rel
redistributed to the cytoplasm in the presence of hCRM1. This
effect was mediated by the C-terminal NES of p65, because
point mutations or deletion of this sequence made the protein
unresponsive to hCRM1 (data not shown).

As observed with p65, the RHD of c-Rel, GFP-c-Rel(RHD),
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FIG. 3. c-Rel does not contain a CRMI1-dependent export sequence. BOSC23 cells were transiently transfected with expression plasmids
encoding GFP-p65 or GFP-cRel proteins as indicated, with or without a plasmid encoding full-length hCRM1. The total amount of DNA used
in transfections was normalized with empty vector. Thirty-six hours after transfection, cells were fixed for DAPI staining and fluorescence

visualization. Results are from one of three independent experiments.

was exclusively nuclear in the presence of IkBaNESnc, but a
longer derivative had considerable cytoplasmic expression
(Fig. 2B). Our interpretation is that the NLS of c-Rel(344) is
attenuated by interaction with IkBa, but that of the RHD is
not. We conclude that p65 and c-Rel are similar to the extent
that both NLSs are attenuated in association with IkBa; they
are different in that p65 contains a C-terminal NES, but c-Rel
does not. The biological implications of the differences are
discussed below.

Effects of heterodimerization. The major cellular Rel-DNA
complexes detected by mobility shift assays contain het-
erodimers of p65 or c-Rel with p50 or p52 (27, 30). To explore
how the subunit composition of the Rel dimer affected subcel-
lular localization, we coexpressed GFP-p65 or GFP—c-Rel with
p50 and IkBa. The GFP-p65-p50 heterodimer was located in

GFP-p65+
HA-IkBa-
NESn

GFP-p65-
NES4A
HA-IxBa.-
NESn+

GFP-c-Rel+
HA-IkBa-
NESn

the cytoplasm in the presence of either wild-type IkBa (data
not shown) or IkBaNESn (Fig. 4). Mutation of the p65 NES
did not affect the cytosolic location of the p65-p50 complex in
the presence of wild-type IkBa (data not shown), but resulted
in nuclear localization of the IkBaNESn-conaining heterotri-
mer (Fig. 4, fourth and fifth columns, second row).

All cytosolic complexes moved to the nucleus when the cells
were treated with LMB (data not shown), indicating that ex-
port was necessary to maintain NF-kB in the cytosol. Nuclear
location of p50-p65NES heterodimers (Fig. 4, fourth column,
second row) but not p65NES homodimers (Fig. 4, first column,
second row) complexed to IkBaNESn suggested that the p50
NLS was more effective at directing nuclear entry than the
attenuated p65 NLS in an IkBa-containing complex. We con-
clude that the p50 NLS is active in an NF-kB-IkBa complex

GFP-p65+
HA-IxBo-
NESn+
p50

GFP-p65-
NES4A
HA-IxBa-
NESn+
p50

GFP-c-Rel+
HA-IkBo.-
NESn+

p5S0

FIG. 4. Increased nuclear propensity of p5S0—c-Rel heterodimers. Left panels show the subcellular distribution of homodimers of GFP-p65 (first
row), an NES-mutated GFP-p65 (second row), and GFP-c-Rel (third row) in the presence of HA-IkBaNESn (IkBa mutated in the N-terminal
NES). Right panels show the distribution of heterodimers of these Rel proteins together with p50 in the presence of HA-IkBaNESn. In all cases,
GFP fluorescence colocalized with anti-HA, indicating that IkBa was associated with the Rel homo- or heterodimers. All complexes were
predominantly nuclear when the cells were treated with LMB for the last 3 h prior to harvest (data not shown). Results shown are from one of

three independent experiments.
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FIG. 5. c-Rel associates with IkBa in mature B cells but not in pre-B cells and mature T cells. (A) Whole-cell extracts (100 wg) from mature
B cells (A20), pre-B cells (70Z), or mature T cells (D5h3) were immunoprecipitated with nonspecific IgG (lane 1), anti-IkBa antibody (lane 2),
or anti-IkBB antibody (lane 4). For sequential immunoprecipitation, extracts were precleared with the first antibody and immunoprecipitated with
the second antibody, as indicated above the lanes (lanes 3 and 5). Immunoprecipitates were separated by SDS-PAGE, and Rel proteins associated
with IkBs were detected by immunoblotting. Left panel shows the results using anti-c-Rel and anti-IkBa antibodies (Ab) to probe the blots; right
panel was probed with anti-p65 and anti-IkBa antibodies. IkBf protein was not assayed for because it comigrated with the Ig heavy-chain protein
used for immunoprecipitation. Results are representative of at least three independent experiments. (B) Whole-cell extracts from indicated cells
were analyzed by immunoprecipitation using nonspecific IgG (lane 1), anti-IkBa (lane 2), and anti-IkBB (lane 3), followed by immunoblotting as
described above. For each cell type, the upper panel shows the results using anti-c-Rel antibodies to probe the blots, and the lower panel shows
the results of probing with anti-p65 antibodies. Top three rows correspond to cell lines representing pre-B, mature B, and T cells. Bottom row
shows the analysis of primary splenic B and T cells purified as described in the text. Results are representative of at least two independent

experiments with each cell type.

and that cytosolic location of the complex requires ongoing
nuclear export.

The data in Fig. 2 and 3 showed that c-Rel does not contain
an NES. Consistent with this, GFP-c-Rel-p50 complexes were
retained in the cytoplasm by wild-type IkBa (data not shown),
but not IkBaNESn (Fig. 4, third row). Because c-Rel ho-
modimers were brought to the cytoplasm by IkBaNESn, the
nuclear location of p50-c-Rel heterodimers (Fig. 4, fourth
column, third row) is most likely because the NLS of p50 is
exposed in this complex. These observations suggest that var-
ious Rel homo- and heterodimers exhibit a hierarchy in their
preference to be located in the cytoplasm when complexed to
IkBa. At one extreme, the (p65),-IkBa complex contains three
NESs, which allows it to be removed most efficiently from the
nucleus, while the p50-c-Rel-IkBa complex contains only one
NES, making it more likely to be nuclear. As shown below, this
may be, in part, the explanation for the preferential location of
p50—c-Rel complexes in the nuclei of B cells. Conversely, the
propensity for nuclear export may define the ordered removal
of Rel complexes from the nucleus at the end of cell stimulation.

Rel complexes in lymphocytes. From the studies described
above, we drew two conclusions: first, that p65 and c-Rel dif-
fered in that p65 contained an NES while c-Rel did not, and

second, that heterodimerization with p50 favored nuclear lo-
calization because its NLS was active when complexed to IkBa.
We propose that the subunit specificity of pS0-c-Rel com-
plexes in B-cell nuclei may be a consequence of inefficient
export of this complex from the nucleus compared to p65-
containing complexes. B-cell specificity of the phenomenon is
a consequence of c-Rel association with IkBa only in B cells
(see below); this leads to increased c-Rel in the nucleus as it
shuttles with IkBa and because IkBa is degraded more rapidly.

To identify c-Rel-associated IkBs, we carried out immuno-
precipitations followed by immunoblotting. Whole-cell extracts
from the indicated cells were immunoprecipitated with only
one antibody or sequentially with two antibodies. The precip-
itates were fractionated by SDS-PAGE and immunoblotted
with anti-c-Rel or anti-p65 antibodies. Anti-IkBa coprecipi-
tated c-Rel only from A20 (mature) B cells, but not from 70Z
(pre-B) cells or D5h3 (T hybridoma) cells (Fig. SA, left panels,
lane 2). In contrast, c-Rel-Ik B association was detected in all
these cell extracts (Fig. SA, lane 4). Furthermore, preclearing
the extracts with anti-IkBB removed all the c-Rel from 70Z
and D5h3 extracts, confirming that there was an insignificant
amount of IkBa-associated c-Rel in these cells (Fig. 5A, lane
5). Conversely, preclearing with anti-IkBa reduced the resid-
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FIG. 5—Continued.

ual IkBB-associated c-Rel only in A20 extracts (Fig. SA, lane
3). These observations indicate that c-Rel only associates with
IkBa in mature B cells. Unlike c-Rel, endogenous p65 was
associated with both IkBa and IkBg in all three cell lines (Fig.
SA, right panels).

We further confirmed this trend in additional cell lines. In
these studies, anti-IkBa or anti-IkBB was used for immuno-
precipitation. IkB-associated proteins were fractionated by
SDS-PAGE, and c-Rel or p65 was detected by immunoblot-
ting. IkBa-associated p65 was detected in six additional cell
lines tested representing pre-B, mature B, and mature T cells

(Fig. 5B, top three panels, lanes 2 and 5), as well as primary
splenic B and T cells (Fig. 5B, bottom panel). Anti-IkBB also
coprecipitated both c-Rel and p65 from all cells examined (Fig.
5B, lanes 3 and 6). However, IkBa-associated c-Rel was only
detected in mature B-cell lines and in splenic B cells (Fig. 5B,
second and fourth rows, lanes 2 and 5), but not in pre-B,
mature T, or splenic T cells. Taken together with the results in
Fig. 5A, these observations suggest that c-Rel-IkBa complexes
are a unique feature of mature B lymphocytes.

The proposed model makes the additional prediction that
p65 shuttles between the nucleus and the cytoplasm in most



4844 TAM ET AL. MoL. CELL. BIOL.

-LMB +LMB

A

A20
(mature B cell)

70Z
(pre-B cell)

D5h3
(mature T cell)

-LMB +LMB

FIG. 6. c-Rel shuttles only in mature B cells. A20, D5h3, and 70Z cells were settled on poly-L-lysine-coated coverslips overnight. Half of the
coverslips with attached cells were treated with LMB (100 ng/ml) for 45 min. Cells with and without LMB treatment were fixed and permeabilized
for immunostaining with anti-p65 antibodies (A) or anti-c-Rel antibodies (B). Green fluorescence in the first and the third columns shows
endogenous p65 (A) and endogenous c-Rel (B) of A20 (top row), 70Z (second row), and D5h3 (third row) cells before and after LMB treatment
as indicated. Blue fluorescence in the second and fourth columns shows DAPI staining of nuclei. Results shown are from one of three independent
experiments.

A20
(mature B cell)

70Z
(pre-B cell)

D5h3
(mature T cell)

cells because it is associated with IkBa, while c-Rel shuttles cell lines prior to treatment with LMB (Fig. 6A, left panels). In
only in B cells. We tested this prediction using LMB to block the presence of LMB, nuclear translocation of p65 was evident
CRM1-dependent export in the three cell lines used in Fig. SA. from its mixed nuclear and cytoplasmic distribution in all cells
Endogenous p65 was predominantly cytoplasmic in all three (Fig. 6A, right panels). The partial redistribution of p65 was
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probably because only a fraction of the total cytoplasmic pool
of p65 was associated with IkBa; the rest that was associated
with other IkBs did not shuttle, and therefore its subcellular
location did not change with LMB. Immunostaining with anti-
IkBa and anti-IkBf antibodies confirmed that only IkBa re-
distributed to the nucleus in response to LMB treatment of
these cells (data not shown). Unlike p65, the predominantly
cytoplasmic distribution of c-Rel in untreated cells was only
altered in A20 cells after LMB treatment (Fig. 6B). Note that
the constitutively nuclear c-Rel in A20 cells is difficult to dis-
cern in these figures because the majority of the protein, and
consequently the imunofluorescence, is located in the cyto-
plasm. We conclude that the subcellular location of c-Rel in B
cells is regulated by competing nuclear import and export. In
contrast, c-Rel in other cell types is sequestered in the cyto-
plasm by IkBp or IkBe.

DISCUSSION

We extended our earlier studies of nuclear-cytoplasmic dy-
namics of Rel-IkB proteins to (i) compare the contribution of
Rel proteins to export-dependent cytoplasmic localization and
(ii) study the effects of heterodimerization on subcellular dis-
tribution. Our observations lead to a mechanism for the con-
stitutive presence of nuclear p50-c-Rel heterodimers in B lym-
phocytes. The crux of our model is that inefficient export of
p50—c-Rel heterodimers from B-cell nuclei may lead to accu-
mulation of this protein in the nucleus. Why does this only
happen in B cells, and what determines subunit specificity? We
found that c-Rel is mainly associated with IkBf in non-B cells.
The slow turnover rate of IkBB and its lack of nucleocytoplas-
mic shuttling ensure that this c-Rel rarely enters the nucleus.

In contrast, IkBa-associated c-Rel in mature B cells can
reach the nucleus in two ways. First, there is continuous gen-
eration of free p65 and c-Rel (homo- and p50-containing het-
erodimers) due to the higher turnover rate of IkBa. These
proteins translocate to the nucleus, from which they must be
exported to maintain the cytoplasmic pool. This must be me-
diated by IkBa, since the other IkBs do not have export po-
tential. Newly synthesized IkBa that migrates to the nucleus
finds a DNA-binding competent pool of Rel homo- and het-
erodimers with which to associate. We propose that the ab-
sence of an NES in c-Rel is manifest at this stage, and c-Rel is
exported out of the nucleus less efficiently than p65. Associa-
tion with p50 further enhances nuclear propensity of p50—c-Rel
heterodimers because the p50 NLS is not attenuated by IkBa.
The proposed discrimination based on efficiency of export sug-
gests that export capacity is limiting under these conditions. At
present we cannot distinguish whether the limitation is at the
level of the export machinery or the export chaperone IkBa.
Second, IkBa-associated c-Rel also enters the nucleus, because
the complexes shuttle. Once in the nucleus, some of these
complexes may dissociate if, for example, export is limiting and
the intact complex is not rapidly removed. Again, the reduced
export potential of c-Rel-containing complexes compared to
p65-containing complexes would skew the subunit composition
of the resulting DNA-binding activity towards c-Rel. Thus,
B-cell-specific nuclear NF-kB is the dynamic consequence of
the combined properties of Rel, IkB, and cellular export proteins.

Antibody accessibility studies had first led to the model that
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cytoplasmic retention of NF-kB by IkBs was the result of
hiding the NLSs present on the Rel proteins (45). While this
may be true for IkBp and IkBe (43), it is clear that functional
NLS activity is present in Rel-IkBa complexes, which undergo
nucleocytoplasmic shuttling. Moreover, the finding that IkBa-
dependent nuclear export is the major mechanism of cytoplas-
mic “retention” by IkBa circumvents the necessity to hide
NLSs in Rel-IkBa complexes. This raises the question of
whether association with IkBa affects the NLS of Rel proteins
at all.

The crystal structure of the NF-kB-IkBa complex shows
that IkBa is oriented such that the first two ankyrin domains
contact the C terminus of the RHDs of p65 and p50 (17, 18).
This interaction forces a 19-amino-acid stretch of p65 that
contains the NLS into two a-helices (18). The NLS is located
at the end of the first helix, and three of its side chains make
salt bridges with IkBa. The close association of IkBa and the
p65 NLS is consistent with inactivation or attenuation of NLS
function. The NLS of p50 does not contact IkBa, leading to the
speculation that it may be occluded indirectly to keep the
p50-p65 complex in the cytoplasm (5).

We provide the first functional evidence that the NLSs of
both p65 and c-Rel are attenuated by association with IkBa.
This conclusion follows from the observation that the RHDs of
p65 and c-Rel were nuclear in the presence of an NES-mutated
IkBa derivative, whereas longer Rel proteins were located in
the cytoplasm. Use of the NES-mutated IkBa in these studies
was essential to distinguish export- from import-dependent
cytoplasmic location. Because export did not play a role in the
subcellular distribution of these complexes, our interpretation
is that the nuclear import potential of longer Rel proteins is
reduced when they are complexed to IkBa. This is most likely
due to the secondary structure that is induced in the p65 NLS
by IkBa when residues beyond the RHD are present (18).
Recent biochemical studies also show that these additional
residues contribute to IkBa binding to p65 (35).

We also present evidence that the p50 NLS is functionally
available and mediates nuclear entry of p50-p65-IkBa and
p50—c-Rel-IkBa complexes. These observations offer no evi-
dence for “indirect” occlusion of the pS0 NLS. Rather, cyto-
plasmic location of the heterodimers must involve compensa-
tion of the p5S0 NLS by the export potential of the IkBa NES.
In other studies we have found that the p65 NES is weaker
than the IkBa NES (W. Tam, unpublished observations). This
makes good sense because a strong NES in p65 would make
this protein constitutively cytoplasmic even in the absence of
IkBa. Instead, the weaker NES accentuates nuclear exit in the
presence of IkBa, but is dominated by the unattenuated NLS
in the absence of IkBa. Modulating the strength of NESs and
NLSs in Rel and IkB family members presumably allows the
appropriate balance of nuclear and cytoplasmic expression of
NF-«kB proteins.

Our observations indicate a hierarchy of nuclear propensity
among Rel homo- and heterodimers which is based on the
presence or absence of NESs and association with p50. For
example, p65 homodimers contain two NESs and two unat-
tenuated NLSs; (p65), complexes are predominantly nuclear
because the NLSs dominate. Association with IkBa attenuates
the NLSs and adds an additional NES; the result is location in
the cytoplasm. Compared to p65, c-Rel has a greater tendency
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to be nuclear because it lacks a well-defined NES. Association
with p50 further accentuates this by providing an NLS that is
active even when complexed to IkBa. As described above, one
consequence of this hierarchy is to enrich c-Rel-p50 complexes
in B-cell nuclei. We speculate that this hierarchy may also
dictate the efficiency by which Rel proteins are removed from
the nucleus at the end of cell stimulation. Accordingly, p65
homodimers would be removed most efficiently, followed by
c-Rel homodimers, followed by p50-p65 and p50-c-Rel het-
erodimers. One reason may be that the most potent transcrip-
tion activator must be downregulated effectively for the cell to
reach its resting state.
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