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The IkBa protein is a key molecular target involved in the control of NF-kB/Rel transcription factors during
viral infection or inflammatory reactions. This NF-kB-inhibitory factor is regulated by posttranslational
phosphorylation and ubiquitination of its amino-terminal signal response domain that targets IkBa for rapid
proteolysis by the 26S proteasome. In an attempt to identify regulators of the IkBa inhibitory activity, we
undertook a yeast two-hybrid genetic screen, using the amino-terminal end of IkBa as bait, and identified 12
independent interacting clones. Sequence analysis identified some of these cDNA clones as Dlc-1, a sequence
encoding a small, 9-kDa human homolog of the outer-arm dynein light-chain protein. In the two-hybrid assay,
Dlc-1 also interacted with full-length IkBa protein but not with N-terminal-deletion-containing versions of
IkBa. IkBa interacted in vitro with a glutathione S-transferase–Dlc-1 fusion protein, and RelA(p65) did not
displace this association, demonstrating that p65 and Dlc-1 contact different protein motifs of IkBa. Impor-
tantly, in HeLa and 293 cells, endogenous and transfected IkBa coimmunoprecipitated with Myc-tagged or
endogenous Dlc-1. Indirect immunofluorescence analyzed by confocal microscopy indicated that Dlc-1 and
IkBa colocalized with both nuclear and cytoplasmic distribution. Furthermore, Dlc-1 and IkBa were found to
associate with the microtubule organizing center, a perinuclear region from which microtubules radiate.
Likewise, IkBa colocalized with a-tubulin filaments. Taken together, these results highlight an intriguing
interaction between the IkBa protein and the human homolog of a member of the dynein family of motor
proteins and provide a potential link between cytoskeleton dynamics and gene regulation.

The cytoskeleton can be considered a complex biological
network that integrates signal transduction pathways and re-
sponds by altering the pattern of gene expression and by
changing cell morphology. Reorganization of structural com-
ponents within the cytoskeleton can achieve these changes by
exposing or masking internal molecular binding sites (32). For
example, changes in the arrangement of cytoskeletal filaments
may expose sequestered RNA molecules to cytoplasmic en-
zymes to which they were otherwise resistant (50). Recently,
the Rho family of G proteins has become a paradigm of the
link between actin cytoskeleton modifications and gene expres-
sion in response to growth factors (for a review, see reference
18). For example, phosphatidylinositol 3-kinase-mediated ac-
tivation of Rac proteins by platelet-derived growth factor or
insulin receptors (52) leads to membrane ruffling on the one
hand and stimulation of the p21-associated kinases that control
JNK/SAPK (18) and the mitogen-activated protein kinases
(MAPKs) (25) on the other hand, leading to gene expression.

The microtubule cytoskeleton also is involved in modulation
of gene expression. Microtubule-disrupting agents such as col-
chicine have been reported to induce interleukin-1 expression
in monocytes (45) or AP1-regulated urokinase-type plasmino-
gen activator transcription (41). To date, the molecular events
that link microtubule disruption to signal transduction path-
ways are poorly characterized. However, during monocyte dif-
ferentiation, tubulin becomes phosphorylated, and Fyn and
Lyn have been proposed as candidate protein tyrosine kinases

involved in this process (35). In addition, MAPKs have been
shown to associate with and destabilize microtubules by phos-
phorylation of microtubule-associated proteins, hence their
original name (55).

The activity of some cytoplasmic transcription factors which
migrate to the nucleus upon stimulation can be modulated by
cytoskeletal plasticity. This is the case with the NF-kB/Rel
family of transcription factors, which preexist as a latent com-
plex in the cytoplasm of unstimulated cells (6). Cytosolic re-
tention is mediated by the IkB family of inhibitory proteins (7,
10, 27). The IkB inhibitory molecules are all characterized by
the presence of five to seven ankyrin motifs, responsible for
p65 association and DNA-binding inhibition (29, 33, 34), and
are also thought to mediate cytoskeleton association through
these motifs (44). To date, the most extensively characterized
IkB family member has been the IkBa protein. Upon cell
stimulation, IkBa is inducibly degraded, thus unmasking the
nuclear localization signal of the NF-kB subunits and permit-
ting nuclear translocation and gene activation (70). The mo-
lecular events that lead to rapid IkBa proteolysis converge
upon a signal response domain located at the amino-terminal
end of the inhibitor (12, 13). Phosphorylation of 32Ser and
36Ser (13, 15, 66) targets IkBa for ubiquitination on 21Lys and
22Lys (57, 59) and subsequent proteolytic degradation by the
26S proteasome multisubunit complex (3, 15, 65). Despite con-
siderable discrepancies between in vivo and in vitro data, it
appears that these posttranslational modifications occur while
IkBa is still bound to the NF-kB subunits (2, 20, 23, 43, 46).
The carboxy-terminal portion of IkBa contains an acid-rich
region, the PEST region, which has been reported to be re-
sponsible for constitutive turnover of IkBa (9, 42).

Since the IkBa protein is a key molecular target specifically
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controlling NF-kB activity during viral infection or inflamma-
tory reactions, it is of crucial interest to precisely characterize
the effectors, i.e., the kinase(s) and protease(s) that mediate
inducible IkBa degradation. A 700-kDa multisubunit complex
that requires ubiquitination for activity has been isolated as a
potential IkBa kinase activity (16); recent experiments also
implicate MEKK1 in the signaling cascade leading to IkBa
kinase activation (40). Interestingly, a novel proteolysis-inde-
pendent mechanism of NF-kB activation, mediated through
42Tyr phosphorylation of IkBa, has also been reported (31).

In order to identify regulators of the IkBa inhibitory activity,
we undertook a yeast two-hybrid genetic screen, using the
regulatory amino-terminal end of IkBa as bait. In this report,
we provide evidence for a novel interaction between IkBa and
Dlc-1, a cytoskeleton-associated protein.

MATERIALS AND METHODS

Cell culture. COS-1, HeLa and N-Tera 2 cells were grown in minimal essential
medium containing 10% fetal bovine serum. Myeloid cell lines (ZR3, U937,
PLB-985, and H460), the T-cell lines Jurkat and Jurkat-IIIB (a human immu-
nodeficiency virus type 1-infected Jurkat line) and the B-lymphoblastoid cell line
Raji were grown in suspension in RPMI 1640 containing 10% fetal bovine serum.
Media were supplemented with gentamicin (10 mg/ml) as previously described
(61).

Yeast two-hybrid screen. The fragment containing the amino-terminal 55
amino acids (aa) of IkBa (NIK) and the NIK2N fragment were PCR amplified
with primer A (59-GATCGTCGACAGCTCGTCCGCGCCATGTTC-39) and B
(59-GTCCGTCGACCTCGGTGAGCTGCTGCTTCC-39) and subcloned into
the SalI site of the TRP1 pBTM116 vector, in frame with the LexA DNA-binding
domain. After transformation of the L40 yeast strain [MATa his3D200 trp1-901
leu2-3 ade2 LYS2::(lexAop)4-HIS3 URA3::(lexAop)8-LACZ GAL4] (30) by the
lithium acetate permeabilization method (60) and selection for tryptophan pro-
totrophy, the NIK-expressing clone was cotransformed with an LMP-1-trans-
formed B-cell cDNA library cloned into the LEU2 pACT2 vector (Clontech),
according to the Matchmaker protocol. Positive yeast clones were selected for
prototrophy for histidine and expression of b-galactosidase. Subsequent two-
hybrid assays were carried out by a mating assay between the AMR70 MATa
tester strain [MATa his3 lys2 trp1 leu2 URA3::(lexAop)8-LACZ GAL4] (30) and
the L40 strain. Diploid cells from the mating assay were selected on Trp2 Leu2

His2 selective medium and screened by replica plating for their ability to pro-
duce b-galactosidase. The full-length IkBa gene and those for the carboxy-
terminal PEST-containing domain of IkBa (CIK) and ankyrin repeat region
(ANK) constructs were all subcloned into the pGAD424 vector (Clontech), in
frame with the GAL4 transactivation domain. The IkBa gene was PCR amplified
from a pSVK3 construct (8) with primer A described above and primer C
(59-CCCCTGCAGGTCGACTCTAGAG-39), homologous to the pSVK3 vector
polylinker, and subcloned into the SalI site; the CIK fragment sequence was
inserted into the SmaI and SalI sites, and the ANK fragment sequence was
subcloned into the EcoRI and SmaI sites. The pBTM116 derivatives and the
laminin- and ras-expressing plasmids were gifts from S. Katzav (Hebrew Uni-
versity, Jerusalem, Israel), and the NFATc construct was a gift from L. Petro-
poulos. These controls were all subcloned into pBTM116 derivatives. The sub-
sequent subclonings were performed after PCR amplification of the Dlc-1 insert
in pACT2, with pACT2-specific primers, as described in the Matchmaker pro-
tocol.

GST-affinity chromatography. Bacterially synthesized IkBa and IkBa2N (100
ng) were incubated with glutathione S-transferase (GST) or GST–Dlc-1 (1 mg)
for 1.5 h at room temperature in phosphate-buffered saline (PBS)–0.1% Triton.
After four washes in PBS–0.1% Triton, complexes were analyzed by Western
blotting. Purified IkBa (2 ng) was loaded as a migration control. Immunodetec-
tion was performed with the rabbit anti-IkBa polyclonal antibody. The same
procedure was used to visualize p65-IkBa-Dlc-1 interaction, except that the
amounts of the different proteins varied (as described in Results).

Immunoprecipitation. The Dlc-1 partial cDNA was subcloned into the pBlue-
script KS plasmid, in frame with a Myc epitope tag, as previously described (56).
After infection with vaccinia virus to sustain high levels of T7 RNA polymerase-
dependent transcription, HeLa cells were transfected with Myc-tagged Dlc-1-
expressing plasmid and harvested after 6 h of incubation at 37°C (26). Cells were
then lysed in PBS–0.5% Nonidet P-40. Total cell lysates (100 mg) were immu-
noprecipitated with a monoclonal anti-IkBa antibody (MAD10B) for 1.5 h at
4°C, and immune complexes were then used to coat protein A-Sepharose for an
additional 0.5 h at 4°C. After four washes in PBS–0.5% Nonidet P-40, complexes
were analyzed by Western blotting. Crude extracts (10 mg) were loaded as
migration controls. Immunodetection was performed with an anti-Myc mono-
clonal antibody. In some experiments, 293 cells were transfected with SVK3-
IkBa and Myc-tagged Dlc-1 (10 mg each) by the calcium phosphate method, and
at 48 h after transfection, cells were treated for 15 or 30 min with 10 ng of tumor

necrosis factor alpha (TNF-a) (R&D Systems) per ml to degrade IkBa. Lysates
were prepared as described above. Total cell lysates (300 mg) were immunopre-
cipitated with a C-terminal anti-IkBa antibody (Santa Cruz, Inc.) for 1.5 h at 4°C;
immune complexes were isolated on protein A-Sepharose for an additional hour
at 4°C, and the immunoprecipitates were analyzed with an anti-Myc monoclonal
antibody. Anti-GST–Dlc-1 antibody was also used to immunoprecipitate Dlc-1
complexes from 293 cell lysates (1 to 3 mg); immune complexes were then
isolated on protein A-Sepharose for an additional hour at 4°C. After four washes
in PBS–0.5% Nonidet P-40, immunoprecipitates were analyzed for IkBa by
Western blotting with anti-N-terminal IkBa (Santa Cruz). Crude extracts (20 mg)
were loaded as migration controls.

Preparation of cytoplasmic and nuclear extracts. Jurkat and N-Tera 2 cells
seeded at 106/ml were treated with 10 ng of TNF-a per ml of culture medium for
15 min at 37°C, washed twice in PBS, and then collected after each washing by
centrifugation. Sedimented cells were gently resuspended and disrupted for 10
min in lysis buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.1% Nonidet P-40. After 40 ml of supernatant was collected to
prepare the cytoplasmic extracts, sedimented nuclei were further disrupted for 15
min in 20 mM HEPES (pH 7.9), 1.5 mM MgCl2, 0.5 mM DTT, 0.5 mM PMSF,
25% glycerol, 0.42 M NaCl, and 0.2 mM EDTA in the presence of 5 mg of each
of the following protease inhibitors per ml: leupeptin, pepstatin, spermidine,
spermine, and aprotinin. After centrifugation, nuclear extracts were collected
and stored as a fivefold dilution in 20 mM HEPES (pH 7.9), 0.5 mM DTT, 0.5
mM PMSF, 20% glycerol, 0.2 mM EDTA, and 50 mM KCl.

Transfection of DNA plasmids in mammalian cells. HeLa cells were trans-
fected with 5 mg of Myc-tagged Dlc-1 as previously described (56), except that
Lipofectamine (GIBCO) was used. COS-1 cells were transfected on plastic
eight-well slides, with 125 ng of DNA per well, with Lipofectamine. The trans-
fected DNAs were those corresponding to NF-kB RelA(p65) and Myc-tagged
Dlc-1, both subcloned into the pSVK3 expression plasmid.

Western blot analysis and antibodies. Unless otherwise indicated, 40 mg of
proteins from each sample was fractionated in a sodium dodecyl sulfate-polyac-
rylamide gel (10% acrylamide for the detection of IkBa and 15% acrylamide for
the detection of Dlc-1 and a tubulin), electrophoretically transferred to a Hy-
bond C nitrocellulose membrane (Amersham), and probed with various anti-
bodies, as follows. To detect IkBa, a murine monoclonal IkBa antibody raised
against human IkBa aa 21 to 48 (a generous gift from R. T. Hay, University of
St. Andrews, Fife, Scotland) or rabbit polyclonal anti-IkBa antibody previously
described (53) was used. In some experiments N- and C-terminus-specific anti-
bodies were used (Santa Cruz). p65NF-kB was detected with a rabbit polyclonal
antiserum directed against residues 29 to 45 of human p65 (53). Recombinant
Dlc-1 cDNA was used to generate a GST–Dlc-1 fusion construct, and the GST
fusion protein was used to raise a rabbit polyclonal antibody. The antisera were
precleared on GST beads before use. The anti-Myc monoclonal antibody 9E10
was raised against aa 410 to 419 of human c-Myc (22). The monoclonal anti-
human a-tubulin antibody was purchased from Sigma. Horseradish peroxidase-
coupled anti-rabbit and anti-mouse antibodies were used to detect specific an-
tigen-antibody interactions by enhanced chemiluminescence (ECL kit;
Amersham).

Indirect immunofluorescence and confocal microscopy. Cells were fixed in
plastic eight-well chambers in paraformaldehyde (3% in PBS), and indirect
immunofluorescence was performed as previously described (53). Unless other-
wise stated, rhodamine-coupled secondary anti-mouse antibody was used to
detect Myc-tagged Dlc-1, and a fluorescein-coupled anti-rabbit secondary anti-
body allowed detection of IkBa. Both secondary antibodies were purchased from
Jackson Laboratories. Slides were analyzed on a Leitz fluorescence microscope
(Aristoplan). A laser scanning Bio-Rad MRC600 microscope was used for con-
focal microscopy analysis.

Nucleotide sequence accession numbers. The Dlc-1 sequences have been de-
posited in GenBank as follows: Chlamydomonas reinhardtii, U19490; Schisto-
soma mansoni, U55992; Caenorhabditis elegans, U00043; Drosophila melano-
gaster, U32855; and Homo sapiens, U32944.

RESULTS

Isolation of Dlc-1 as an IkBa-interacting protein in yeast. In
an attempt to identify novel IkBa-interacting partners, an
LMP-1-transformed B-cell cDNA library was screened with
NIK as bait. From 3 3 106 cotransformants, 4,000 clones pro-
totrophic for histidine were selected, among which 750 were
also able to activate the b-galactosidase reporter gene (Fig. 1).
The specificity of 250 clones was assessed by mating the seg-
regated L40 strain to the AMR70 strain, expressing NIK, full-
length IkBa, or unrelated proteins such as ras, laminin, and
NFATc. From this extensive screening, we isolated 12 clones
specifically interacting with NIK. Their inserts were PCR am-
plified with the pACT2-specific primers, and Southern blot
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analysis indicated that eight of the clones were homologous
(data not shown). Sequencing and database analysis identified
two of these eight as Dlc-1, a human homolog of the C. rein-
hardtii 8-kDa outer-arm dynein light chain (Fig. 2) (37). In a
two-hybrid assay, the corresponding clone specifically inter-
acted with NIK and not with ras, laminin, or NFATc (Fig. 1).
The PCR-amplified Dlc-1 DNA fragment was 503 bp long and
contained the entire coding sequence except that for the two
amino-terminal amino acids of the 9-kDa protein (data not
shown). One of the encoded proteins (Dlc-1b) differed at the
carboxy-terminal end from the sequence reported previously
(19). This difference is likely due to alternative splicing since
both cDNA sequences are colinear at the 59 and 39 ends,
except for the carboxy-terminal coding regions of Dlc-1a and
Dlc-1b. In addition, a sequence similar to Dlc-1b is present in
the GenBank database, thus ruling out the possibility of a
chimeric cDNA in the library. In subsequent experiments, we
refer to the clones as Dlc-1 to designate both isoforms, since
they are indistinguishable. Comparison of the various Dlc-1
polypeptide sequences from different sources revealed a strik-
ingly high degree of conservation between distant species,
pointing to the conservation of a crucial cellular function(s)
(Fig. 2).

The amino-terminal end of IkBa is sufficient for association
with Dlc-1. To investigate whether Dlc-1 interacted specifically
with NIK or with other domains of IkBa, a two-hybrid analysis
was performed with various deletion-containing versions of
IkBa. Since full-length IkBa, as well as ANK and CIK con-
structs, transactivated the His3 and b-galactosidase reporter
genes (18a, 47, 48), the proteins were expressed as Gal4 trans-
activation domain hybrids from the pGAD424 vector. The
other constructs were expressed as LexA DNA-binding fusions
from the pBTM116 vector. Dlc-1 interacted with NIK and with
full-length IkBa (Fig. 3) but not with deletion versions con-
taining ANK or CIK, indicating that only the N-terminal signal
response domain of IkBa (aa 1 to 55) was required for interac-

tion. Interestingly, Dlc-1 also interacted efficiently with NIK2N, a
construct in which 32Ser and 36Ser were mutated to Ala.

To confirm the specific interaction of Dlc-1 with IkBa ob-
served in the two-hybrid assay, we next performed in vitro GST
affinity chromatography (Fig. 4). A GST fusion protein con-
taining Dlc-1 was tested for interaction with full-length IkBa
(Fig. 4A). Purified IkBa (Fig. 4A, lane 2), as well as IkBa2N
(Fig. 4A, lane 3), was efficiently pulled down by GST–Dlc-1 but
not by the GST moiety alone (Fig. 4A, lane 1). Conversely,
GST-IkBa also interacted with purified Dlc-1 in vitro (see Fig.
5A). Having demonstrated in vitro association, we next exam-
ined whether Dlc-1 also associated with IkBa in vivo. An
expression vector that directs the synthesis of Dlc-1 (aa 3 to 80)
fused to an amino-terminal Myc epitope tag was transfected
into HeLa cells. At 6 h after transfection, extracts were pre-
pared and immunoprecipitated with an IkBa antibody
(MAD10B); coimmunoprecipitated proteins were fractionated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and immunoblotted with anti-Dlc-1 antibody. IkBa antibody
coimmunoprecipitated Dlc-1 that migrated at the same size as
HeLa extracts overexpressing Myc-tagged Dlc-1 (Fig. 4B, lanes
2 and 3). As determined by this assay, endogenous IkBa in-
teracted with Dlc-1 in HeLa cells transfected with the expres-
sion vector. In contrast, this band was not visible in untrans-
fected HeLa cells (Fig. 4B, lane 1). The upper band in the
Western blot represents the detection of mouse immunoglobu-
lins. For 293 cells cotransfected with both SVK3-IkBa and
Myc–Dlc-1, lysates were prepared and immunoprecipitated
with C-terminal anti-IkBa antibody and analyzed for Dlc-1 in
the coprecipitate with the anti-Myc monoclonal antibody. No
Dlc-1 was precipitated when preimmune serum was used (Fig.
4C, lane 1); however, Dlc-1 was detected in the immunopre-
cipitate when anti-IkBa antibody was used (Fig. 4C, lane 2).
Interestingly, TNF treatment which degrades IkBa and should
disrupt IkBa-Dlc-1 interaction resulted in a loss of Dlc-1 in the
IkBa precipitate after 30 min of TNF treatment (Fig. 4C, lanes
3 and 4). Finally, by using anti-GST–Dlc-1, an endogenous
Dlc-1–IkBa complex was immunoprecipitated from 293 cell
lysates; IkBa precipitated by anti-GST–Dlc-1 (Fig. 4D, lane 1)
migrated in an immunoblot at the same position as endoge-
nous IkBa which had been immunoprecipitated first with rab-

FIG. 1. Two-hybrid screen of the human LMP-1-transformed B-lymphocyte
cDNA library with the amino-terminal end of IkBa (NIK, aa 1 to 55) as a LexA
DNA-binding domain fusion protein. The L40 yeast strain was transformed with
NIK subcloned into the pBTM116 vector. The resulting strain was cotransformed
with the cDNA library in pACT2. To control NIK–Dlc-1 interaction specificity,
yeast expressing only Dlc-1 was segregated and then mated to the AMR70 strain
expressing laminin, ras, or NFATc in fusion with the LexA DNA-binding do-
main. Control yeast cotransformations with Dlc-1 and empty LexA and Gal4
vectors were negative and are not listed here.

FIG. 2. Sequence alignment of Dlc-1 in different species. Identical amino
acids are in bold letters. Homology to the human Dlc-1a protein is indicated.
Dlc-1a refers to the Dlc-1 sequence reported elsewhere (19); Dlc-1b refers to the
alternatively spliced form of Dlc-1, which has been previously identified and also
detected in the present two-hybrid screen. Dlc-1b amino acids which differ from
those in Dlc-1a are underlined.
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bit anti-C-terminal IkBa antibody and then immunoblotted
with anti-MAD10B (Fig. 4D, lane 2). Both these bands comi-
grated with endogenous IkBa present in the whole-cell lysate
(Fig. 4D, lane 4). In conclusion, the interaction between IkBa
and Dlc-1 demonstrated by the yeast two-hybrid assay and in
vitro GST affinity analyses reflects the in vivo association of
these two proteins.

Dlc-1 and p65 simultaneously bind different domains of
IkBa in vitro. Next we investigated whether the interaction
between IkBa and Dlc-1 could be prevented by RelA(p65)
binding to IkBa, either by steric hindrance or by conforma-

tional change. For this purpose, GST–Dlc-1 was preincubated
with 50 ng of IkBa and different amounts of Np65 (an amino-
terminal polypeptide of RelA, aa 1 to 328). The addition of
increasing amounts of Np65 did not significantly modify IkBa–
Dlc-1 interaction (Fig. 5A). Conversely, preincubation of
GST–IkBa with increasing amounts of Dlc-1 did not alter
IkBa association with Np65 (Fig. 5B). In addition, this exper-
iment also indicates that Dlc-1 does not interact directly with
Np65 (Fig. 5A, lane 7). Therefore, Dlc-1 binds to IkBa
through its amino-terminal end without compromising its ca-
pacity to interact with p65 through the ankyrin repeats.

FIG. 3. Dlc-1 interacts with the signal response domain but not with other regions of IkBa. NIK, NIK2N, and full-length IkBa interacted with Dlc-1 but not the
ANK and CIK constructs. Dlc-1-expressing L40 yeasts were mated to the AMR70 yeast strain expressing the different IkBa constructs as either LexA DNA-binding
domain hybrids (NIK and NIK2N), or Gal4 transactivation domain hybrids (IkBa, ANK, and CIK). The color of the colonies reflects b-galactosidase activity as tested
by replica plating. Blue colonies are indicative of a positive interaction (color formation within 30 min), and white colonies indicate a lack of interaction (.16 h).

FIG. 4. Dlc-1 and IkBa interact in vitro and in vivo. (A) In vitro interaction of Dlc-1 and IkBa. GST (lane 1) and GST–Dlc-1 (lanes 2 and 3) were incubated with
IkBa (lanes 1 and 2) or IkBa2N (lane 3). Lane 4 shows crude bacterial extract of IkBa protein as a migration control. Western blot analysis was performed with the
anti-IkBa antibody (AR20). The lower bands in lanes 3 and 4 are degradation products of IkBa. (B) In vivo interaction of Dlc-1 and IkBa. Lysates of HeLa cells
transfected (lanes 2 and 3) with Myc-tagged Dlc-1 or untransfected (lane 1) were immunoprecipitated with the anti-IkBa antibody (lanes 1 and 2). Lane 3 shows
migration of crude transfected HeLa extracts as a control. Western blot analysis was performed using the anti-Myc antibody. (C) In vivo interaction of Dlc-1 and IkBa.
293 cells were transfected with SVK3-IkBa and Myc-tagged Dlc-1 (10 mg each); at 48 h after transfection, cells were treated for 15 or 30 min with 10 ng of TNF-a (R&D
Systems) per ml to degrade IkBa, and lysates were prepared. Total cell lysates (300 mg) were immunoprecipitated with a C-terminal anti-IkBa antibody (Santa Cruz,
Inc.), and the immunoprecipitates were analyzed for Dlc-1 by immunoblot with an anti-Myc antibody. The antibody used in the immunoprecipitation step is indicated
above the lane; P, preimmune serum. (D) In vivo interaction of Dlc-1 and IkBa. Anti-GST–Dlc-1 antibody was also used to immunoprecipitate endogenous Dlc-1
complexes from 293 cell lysates (1 to 3 mg); immune complexes were then isolated on protein A-Sepharose and analyzed for IkBa by Western blot with anti-N-terminal
IkBa (Santa Cruz, Inc.). Whole-cell extracts (20 mg) were loaded as migration controls. The antibody used in the immunoprecipitation step is indicated above the lane;
P, preimmune serum.
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Ubiquitously expressed Dlc-1 displays nuclear and cytoplas-
mic localization. To further investigate the expression pattern
of hDlc-1, protein and RNA samples from several different
fibroblastic and hematopoietic cells were analyzed for hDlc-1
expression. Although the levels of expression varied from one
cell type to another, all cells examined constitutively expressed
hDlc-1 at both the RNA and protein levels (Fig. 6A and B).
Dlc-1 distribution was also analyzed biochemically in purified
nuclear and cytoplasmic extracts prepared from suspension
and adherent cells. Jurkat cells (Fig. 6C, lanes 1 to 4) and
N-Tera 2 cells (Fig. 6C, lanes 5 to 8) both contained nuclear
and cytoplasmic Dlc-1, indicating that subcellular Dlc-1 local-
ization was unchanged in both suspension and adherent cells.
Hybridization of the same Western blot with anti-a-tubulin
antibody was used as a control to validate the fractionation
procedure.

Cell stimulation by TNF-a leads to a rapid proteolysis of
IkBa and induces high levels of NF-kB activity. To investigate
whether TNF-a stimulation affected the subcellular distribu-
tion of Dlc-1, both cell populations were either treated with 10
ng of TNF-a per ml for 15 min (Fig. 6C, lanes 3, 4, 7, and 8)
or left untreated (Fig. 6C, lanes 1, 2, 5, and 6) prior to cell
fractionation. The subcellular localization of Dlc-1 remained
unchanged after TNF-a stimulation. Taken together, these
data indicate that Dlc-1 displays cytoplasmic and nuclear lo-
calization.

Dlc-1 and IkBa colocalize in the cytoplasm. In higher or-
ganisms, cytoplasmic dynein is associated with cytoskeleton-
mediated motility events such as slow axonal transport (21). In
addition, the newly characterized human Dlc-1 isoform has
been reported to be a cytoplasmic protein (19). For these
reasons, we expected to find Dlc-1 mainly associated with cy-
tosolic components. However, as shown by biochemical frac-

tionation and by indirect immunofluorescence, transfected
Myc-tagged Dlc-1 was localized either in the cytoplasm, in the
nucleus, or simultaneously in both compartments of the same
cell (see Fig. 7 to 9). The Myc antibody was unable to recognize
endogenous c-Myc, since untransfected cells remained un-
stained (data not shown). The same result was obtained when
the anti-Dlc-1 antibody was used on the same slide, indicating
that the Myc tag did not affect localization; also, the same
localization of Dlc-1 was observed in untransfected cells, thus
ruling out the possibility that overexpression of Dlc-1 could
saturate cellular transporters (data not shown).

To determine the site(s) of subcellular colocalization of
Dlc-1 and IkBa, double-label immunofluorescence confocal
microscopy was performed with COS-1 cells transfected with a
Myc-tagged Dlc-1 expression plasmid and an NF-kB Re-
lA(p65) plasmid to induce endogenous expression of IkBa (14,
39, 63). As shown in Fig. 7, induced, endogenous IkBa (fluo-
rescein isothiocyanate [FITC] fluorescence) localized predom-
inantly to the cytoplasm while Dlc-1 (rhodamine fluorescence)
localized to both the nucleus and cytoplasm (Fig. 7A and C).
Merged dual-channel images revealed that the two proteins
colocalized to large areas of the cytoplasm, as shown by the

FIG. 5. Dlc-1 and NF-kB RelA contact different protein motifs on IkBa. (A)
GST–Dlc-1 and IkBa association cannot be displaced by increasing amounts of
Np65 (lanes 2 to 6). p65 and IkBa are not retained aspecifically by GST (lane 1),
while p65 does not interact directly with GST-Dlc-1 (lane 7). Immunodetection
was performed with the anti-IkBa antibody. Migration of purified IkBa is shown
in lane 8. (B) GST-IkBa and Np65 interaction cannot be displaced by increasing
amounts of Dlc-1 (lanes 2 to 6). p65 and Dlc-1 are barely retained by GST (lane
1). Western blot analysis allows detection of Np65. Lane 8 shows an Np65
migration control.

FIG. 6. Dlc-1 is a ubiquitously expressed, cytoplasmic and nuclear protein.
(A) Total RNA (20 mg) from hematopoietic cells (Jurkat, PLB, Raji, H460, and
ZR1), from embryonal carcinoma cells (N-Tera-2), or from adherent fibroblastic
cells (293 and HeLa) were analyzed for expression of hDlc-1 RNA by Northern
blotting with a 32P-labeled Dlc-1 probe. Jurkat cells were treated with TNF-a at
10 ng/ml for 4 h prior to RNA isolation. Longer exposure of the autoradiograph
revealed that all cells contained hDlc-1-specific RNA. (B) Total protein extracts
(40 mg) prepared from hematopoietic cells (Jurkat, Jurkat-IIIB PLB, and U937),
from embryonal carcinoma cells (N-Tera-2), and from fibroblastic cells (293 and
HeLa) were analyzed for hDlc-1 protein expression by immunoblot analysis with
a Dlc-1-specific antibody. (C) Jurkat cells and N-Tera 2 cells treated with TNF-a
(10 ng/ml) for 15 min or untreated were biochemically fractionated into nuclear
and cytoplasmic components. CE, cytoplasmic extract; NE, nuclear extract. a-
Tubulin signal is shown as a control to validate the fractionation procedure. The
middle band is an a-tubulin degradation product.
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yellow fluorescence in the merged color images (Fig. 7B and
D). To further confirm the colocalization of IkBa and Dlc-1,
we also performed vertical cross-sectional analysis of Myc-
Dlc-1- and NF-kB RelA-transfected cells (Fig. 8). Again, IkBa
localized mainly to the cytoplasm while hDlc-1 stained both the
nucleus and cytoplasm of the cell (Fig. 8A); the merged-color
image revealed a striking immunolocalization of IkBa and
Dlc-1 exclusively to the cytoplasm, with a distinct red nucleus
(Fig. 8B). Two vertical cross sections were also generated by
rotating the merged dual-channel images and analyzing a slice
through the nucleus (Fig. 8C) and a slice through the cyto-
plasm (Fig. 8D). In Fig. 8C, the large red nucleus containing
hDlc-1 and areas of IkBa and Dlc-1 cytoplasmic colocalization
revealed in the vertical axis by yellow staining can be seen.
Similarly, the vertical cross section of the cytoplasm demon-
strated yellow regions of IkBa and Dlc-1 colocalization (Fig.
8D).

hDlc-1 and IkBa colocalize with the microtubule network.
Many studies have shown that dyneins are associated with
microtubules; Dlc-1 has likewise been shown to colocalize with
microtubules (19, 36). Confocal microscopy analysis per-
formed on COS-1 cells transfected with Myc–Dlc-1 demon-
strated that Dlc-1 associated with the microtubule network
(Fig. 9A and C) but also clearly demonstrated an association

with the perinuclear microtubule organizing center (MTOC)
(Fig. 9B and D). The results obtained by confocal microscopy
analysis prompted us to investigate whether IkBa also associ-
ated with the microtubule network. As shown in Fig. 10A,
IkBa and a-tubulin both localized to the cytoplasm of COS-1
cells transfected with Myc–Dlc-1 and RelA(p65) expression
plasmids. Strikingly, the merging of the dual-channel images
colocalized IkBa and a-tubulin in the cytoplasm to a subset of
microtubules; furthermore, the association of IkBa and a-
tubulin was focused to a perinuclear region that includes the
MTOC, the region from which the microtubules radiate (Fig.
10B). Two vertical cross sections of IkBa and a-tubulin immu-
nolocalization were also obtained (Fig. 11) by rotating the
merged dual-channel images and analyzing two cytoplasmic
slices. The positions of the vertical cross sections can be seen in
Fig. 11A as the lines of reduced fluorescence. Both the upper
(Fig. 11B) and lower (Fig. 11C) cross sections revealed exten-
sive colocalization of IkBa and a-tubulin. Together with the
confocal data demonstrating the colocalization of hDlc-1 and
a-tubulin, as well as genetic, biochemical, and immunolocal-
ization data demonstrating hDlc-1 and IkBa association, these
results identify Dlc-1 as a protein that acts as a bridge between
the NF-kB–IkBa transcription factors and the cytoskeletal mi-
crotubule network.

FIG. 7. Cytoplasmic colocalization of IkBa and Dlc-1. Cells were transfected with 125 ng of NF-kB RelA and Myc-tagged Dlc-1 expressed from the pSVK3
expression plasmid for 48 h before fixation. After coupling to FITC- and rhodamine-conjugated antibodies, slides were analyzed by confocal microscopy. Scale: 1 cm 5
100 mm. (A and C) The FITC-conjugated antibody detected p65-induced IkBa (green), and the rhodamine-coupled antibody detected Dlc-1 (red). (B and D)
Colocalization of the two proteins is detected by the yellow fluorescence generated by merging the color images.
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DISCUSSION

In this report, we demonstrate that the IkBa protein asso-
ciates physically with Dlc-1, a cytoskeleton-associated dynein
light-chain protein of 9 kDa. This interaction was originally
detected in a yeast two-hybrid genetic screen, with the N ter-
minus of IkBa (aa 1 to 55) as bait and an LMP-1-transformed
B-lymphocyte library; in this assay, we identified several inde-
pendent clones of hDlc-1, including both hDlc-1a and a splic-
ing variant, hDlc-1b. Interestingly, in a previous HeLa cell
library screen, we had also picked up a Dlc-1 clone (18a). This
interaction did not compromise the ability of IkBa to associate
with NF-kB RelA(p65). Surprisingly, although IkBa ankyrin
repeats were expected to mediate contacts with integral mem-
brane proteins and with the cytoskeleton, we found that only
the signal response domain was required for cytoskeleton as-
sociation. We also demonstrated that Dlc-1 displayed both
cytoplasmic and nuclear subcellular distribution; both IkBa
and hDlc-1 proteins clearly colocalize within the cytoplasm as
determined by dual-fluorescence confocal microscopy. Fur-
thermore, both Dlc-1 and IkBa interacted with the microtu-
bule network, particularly with the MTOC.

Dyneins are large multisubunit ATPases divided into inner
and outer arms, each composed of multiple heavy, intermedi-
ate, light intermediate, and light chains (69). These proteins

are molecular motors that provide the driving force for micro-
tubule-based transport within cells (69). They also contact the
actin cytoskeleton through the dynactin complex (28). The
dynein complex is thought to be responsible for retrograde
transport as well as centripetal transport of endosomes, lyso-
somes, and elements of the Golgi apparatus (69). Evidence of
a role for cytoplasmic dyneins in mitosis also exists (51, 68).
However, little is known about the function of individual dy-
nein chains and, least of all, about the 9-kDa outer-arm dynein
light chain.

Recently, the first cytoplasmic dynein light chain of Drosoph-
ila (DDLC1) and its human counterpart were cloned (19, 36).
The Dlc-1 protein reported here is homologous to these and
includes the variant Dlc-1b form which was also picked up in
the two-hybrid screen. In Drosophila, P-element-induced par-
tial loss-of-function mutations caused pleiotropic morphoge-
netic defects in bristle and wing development, as well as in
oogenesis, resulting in female sterility. Interestingly, the ma-
jority of total loss-of-function mutant animals degenerated
during embryogenesis, and dying cells showed morphological
changes characteristic of apoptosis (19). Therefore, DDLC1
appears to play a role in the inhibition of apoptosis during
Drosophila development. It will be interesting to determine
whether human Dlc-1 displays a biological function in mam-

FIG. 8. Vertical and horizontal cross sections of IkBa and hDlc-1. COS-1 cells were transfected, fixed, and stained as described in the legend to Fig. 7. (A) The
FITC-conjugated antibody detected p65-induced IkBa (green), and the rhodamine-coupled antibody detected Dlc-1 (red). (B) Colocalization of the two proteins is
detected by the yellow fluorescence generated by merging the color images. (C) The merged color image was rotated, and a vertical cross-sectional analysis through
the nucleus was performed. (D) The merged color image was rotated, and a vertical cross-sectional analysis through the cytoplasm was performed.
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malian cells similar to that revealed by DDLC1 mutants, par-
ticularly given recent evidence that NF-kB can play a protec-
tive role in TNF-a-induced apoptosis (38, 62, 64).

The results reported here raise a number of appealing hy-

potheses. First, we demonstrate that Dlc-1 does not interfere
with IkBa binding to the RelA(p65) subunit of NF-kB. Re-
lA(p65) knockout mice suffer from a severe liver degeneration
due to massive apoptosis (11), suggesting that p65 limits pro-

FIG. 9. hDlc-1 and a-tubulin colocalize to the microtubule cytoskeleton. COS-1 cells were transfected with 125 ng of the Myc-tagged Dlc-1 expression plasmid for
48 h prior to fixation. (A and C) FITC-labeled a-tubulin is shown on the left (green), and rhodamine-labeled hDlc-1 is shown on the right. (B and D) Colocalization
of the two proteins is detected by the yellow fluorescence generated by merging the color images. The MTOC is prominently labeled by both conjugated antibodies
(yellow).

FIG. 10. Association of IkBa with the MTOC. COS-1 cells were transfected with 125 ng of NF-kB RelA expression plasmid to induce endogenous IkBa expression.
At 48 h after transfection, cells were fixed and stained. After coupling to FITC- and rhodamine-conjugated antibodies, slides were analyzed by confocal microscopy.
Scale: 1 cm 5 100 mm. (A) IkBa is detected by the FITC-conjugated antibodies (green), and a-tubulin is detected by the rhodamine-conjugated antibody (red). (B)
Colocalization of IkBa and a-tubulin is visualized in yellow by merging the color images. IkBa localizes to a subset of microtubules in the region of the MTOC.
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grammed cell death in liver cells. In contrast, forced c-Rel
expression in chicken bone marrow cells induces apoptosis (1).
If the DDLC1 inhibitory role in apoptosis appears to be con-
served in mammals, it will be of great interest to examine

whether Dlc-1 could modulate IkBa–c-Rel interaction, per-
haps altering the ratio of c-Rel-containing to p65-containing
complexes. It is also possible that Dlc-1 may strengthen the
IkBa–c-Rel interaction in order to prevent the apoptosis pro-
gram, while as shown here, the IkBa-p65 association would
remain unaffected.

Second, DDLC1 is cytoskeleton associated and seems to be
exclusively cytoplasmic. In contrast, it is shown here that hu-
man Dlc-1 has both cytosolic and nuclear distribution, and this
distinct subcellular distribution may reflect functional differ-
ences. Of note, newly synthesized IkBa accumulates in the
nucleus of cells following brief exposure to TNF-a (4) and
could be actively exported to the cytosol via a putative nuclear
export signal located at its carboxy-terminal end (5, 24).
Whether Dlc-1 affects intracellular trafficking of NF-kB–IkB
complexes is being investigated.

Third, our results highlight the possibility that IkBa addi-
tionally contributes to the cytoplasmic retention of NF-kB
through an interaction with cytoskeletal components. This in-
teraction may allow the activity state of NF-kB to be modu-
lated by the cytoarchitecture and may provide a mechanism for
gene regulation in response to cytoskeletal changes. This hy-
pothesis is supported by recent studies demonstrating that a
variety of agents and conditions that depolymerize microtu-
bules but not the actin cytoskeleton rapidly activate NF-kB and
induce NF-kB-dependent gene expression (58). This activation
is accompanied by concomitant IkBa proteolysis. Of note,
ubiquitin and ubiquitin-activating enzymes are also localized to
microtubules (49, 67). During the preparation of this article,
Régnier et al. identified conserved helix-loop-helix ubiquitous
kinase (CHUK) as an IkB kinase capable of phosphorylating
Ser-32 and Ser-36, modifications that are required for targeted
degradation of IkBa via the ubiquitin-proteasome pathway
(54). It will obviously be of great importance to determine the
relationship between CHUK, microtubule depolymerization,
and NF-kB/IkB activation. In addition, rac1 has been reported
to be part of a redox-dependent signal transduction pathway
leading to NF-kB activation (17). The results presented here
provide a molecular link between cytoskeletal dynamics and
NF-kB-dependent gene regulation by highlighting an intrigu-
ing association between the IkBa protein and the human ho-
molog of a member of the dynein family of motor proteins.
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