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We previously discovered (−)-DHMEQ as a selective inhibitor of NF-kB, and it was shown to suppress many 
cancer and inflammation models in animals. (−)-DHMEQ directly binds to NF-kB components to inhibit DNA 
binding, and moreover, it often inhibits nuclear translocation of NF-kB. The mechanism of inhibiting nuclear 
translocation has been elucidated for RelB, a main noncanonical NF-kB component. However, it was not elu-
cidated for p65, a main canonical NF-kB component. In the present research, we studied how (−)-DHMEQ 
inhibits nuclear localization of p65. First, (−)-DHMEQ inhibited p65 nuclear accumulation in adult T-cell 
leukemia MT-2 cells in which canonical p65 is constitutively activated. But there was no change in the stabil-
ity and importin-a3 affinity of p65. Then, we prepared a p65 mutant protein with Arg35Ala and Tyr36Ala 
(AA) mutations having no DNA-binding ability in HeLa cells. The p65 AA mutant showed reduced nuclear 
localization without changing the stability and importin affinity. Taken together, the mechanism of inhibition is 
different between RelB and p65, and inhibition of p65 nuclear localization is likely to be due to the inhibition 
of DNA binding changing the equilibrium between the nuclear and cytoplasmic amounts of p65.
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the noncanonical one of RelB and p52. In the case of 
canonical NF-kB, IkBa prevents nuclear translocation 
by masking the nuclear localization signal (NLS). A 
cellular stimulant such as TNF-a induces proteasome-
mediated degradation of IkB, which results in the liberation 
of the p65/p50 heterodimer followed by its rapid trans-
location into the nucleus (4). Dissociation of the NF-kB 
component from IkB enables it to interact with importin 
family proteins (5,6). Importins are the major cargo car-
riers from the cytoplasm into the nucleus. Six importin-a 
family members (a1, a3, a4, a5, a6, a7, and a8) have 
been identified in humans. NF-kB, consisting of p65 and 
p50, is known to be transported into the nucleus preferen-
tially by importin-a3 or importin-a4 (6).

(−)-DHMEQ (Fig. 1A) was designed and synthesized 
as a specific inhibitor of NF-kB (7). It was widely used 
in many disease models and shown to suppress vari-
ous inflammation and cancer models in animal experi-
ments without any toxicity (8). DHMEQ is synthesized 
as its racemic form (9), which can be separated into 
(−)- and (+)-DHMEQ (10). After the chiral separation, 
(−)-DHMEQ is about 10 times more effective than the 
(+)-isomer (9). As the mechanism of inhibition, first, it 

INTRODUCTION

NF-kB is a transcription factor and has a role in immune 
activation and tissue stability in the physiological state. 
However, its overactivation often causes inflammation 
and enhances cancer progression (1). NF-kB promotes 
expressions of many inflammatory cytokines, antiapo-
ptosis proteins, and adhesion proteins. Extracellular stimu-
lation of macrophages or dendritic cells activates cellular 
NF-kB to enhance inflammation. NF-kB is often con-
stitutively activated in leukemia and solid cancer cells, 
including adult T-cell leukemia MT-1 and MT-2 cells (2) 
and human breast carcinoma MDA-MB-231 cells (3). 
When NF-kB is activated in cancer cells, it increases 
drug resistance and secretion of prometastatic proteins, 
increasing malignancy.

NF-kB/Rel-family proteins include p65, RelB, c-Rel, 
p50, and p52. Each NF-kB/Rel-family member partici-
pates in the formation of different homo- or heterodim-
ers. NF-kB is classified as a canonical one important for 
innate immunity, general inflammation, and cancer and 
a noncanonical one important for B-cell maturation and 
autoimmune diseases. The canonical NF-kB complex is  
a heterodimer that is typically composed of p65 and p50, 
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Figure 1. Cellular localization of p65 in adult T-cell leukemia MT-1 and MT-2 cells. (A) Structure of (−)-DHMEQ. (B) Total and 
nuclear amount of p65 in MT-1 and MT-2 cells. Total cell lysates (TCL) or nuclear extracts (NE) were analyzed by Western blotting 
using each antibody. Laminin A/C and a-tubulin were used for nuclear and total cell markers, respectively. (C) Inhibition of NF-kB by 
(−)-DHMEQ in vitro and in situ. Left: Inhibition of NF-kB-DNA binding by (−)-DHMEQ. Nuclear extracts prepared from MT-2 cells 
were treated with 10 mg/ml (−)-DHMEQ or DMSO for 1 h, and they were subjected to electrophoretic mobility shift assay (EMSA) 
with a radiolabeled consensus kB oligo-DNA. Right: Inhibition in cultured cells. Cultured MT-2 cells were treated with 10 mg/ml 
(−)-DHMEQ for the indicated periods. Nuclear extracts were subjected to EMSA with a radiolabeled consensus kB DNA.
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was reported to inhibit nuclear translocation of NF-kB 
(11), but later, it was found to inhibit DNA binding more 
directly (12). It covalently binds to a specific Cys residue 
of each NF-kB/Rel family protein, except p52, to inhibit 
the DNA binding. In the case of p65, (−)-DHMEQ cova-
lently binds to Cys38 selectively (12). On one hand, it 
binds to Cys144 of RelB to prevent DNA binding (12). 
Recently, we found that (−)-DHMEQ induces instability 
of RelB and also decreases the affinity to importin-a5 in 
addition to the inhibition of DNA binding (13). Moreover, 
mutation to inhibit DNA binding in RelB resulted in 
instability and loss of importin-a5 affinity. However, 
these effects of (−)-DHMEQ have not been elucidated for 
canonical NF-kB, which is more popular.

In the present research, we have found that the effect of 
(−)-DHMEQ on p65 is quite different from that on RelB. 
(−)-DHMEQ inhibited nuclear translocation of p65, but 
did not affect the stability and importin-a affinity in p65. 
The p65 mutant having no DNA-binding ability showed 
no change in stability and no change in importin affinity.

MATERIALS AND METHODS

Materials

(−)-DHMEQ was synthesized in our laboratory as  
described previously (9). Mouse monoclonal anti-p65 
NF-kB (sc-8008), anti-p50 NF-kB (sc-8414), anti-p52 
NF-kB (sc-7386), anti-c-Rel NF-kB (sc-6955), anti-GST 
(sc-138), and rabbit polyclonal anti-IkBa (sc-203) anti-
bodies were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Rabbit monoclonal anti-RelB 
(#4922), anti-NF-kB2 p100/p52 (#3017), and polyclonal 
anti-Lamin A/C (#2032) antibodies were purchased from 
Cell Signaling (Beverly, MA, USA). Mouse monoclonal 
anti-FLAG and anti-a-tubulin antibodies were purchased 
from Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture

MT-2 cells were grown in RPMI-1640 medium (Nissui, 
Tokyo, Japan) containing 10% heat-inactivated FBS, 
100 mg/ml kanamycin, 100 units/ml penicillin G, 300 mg/
ml L-glutamine, and 2.25 g/L NaHCO

3
. HeLa cells were 

grown in Dulbecco’s modified Eagle’s medium (DMEM, 
Nissui) supplemented with 10% calf serum, 200 mg/ml kana-
mycin, 100 units/ml penicillin G, 600 mg/ml L-glutamine, 
and 2.25 g/L NaHCO

3
.

Preparation of Total Cell Extracts, 
Cytoplasmic Extracts, and Nuclear Protein Extracts

Whole cell extracts were suspended in lysis buffer 
[25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA, 
0.1% SDS (w/v), 1% NP-40 (v/v), 1% sodium deoxy-
cholate (w/v), 1 mM PMSF, and 0.3 μM aprotinin], soni-
cated, and centrifuged for 10 min at 14,000 rpm, and the 
supernatant was used as the total cell extracts.

Nuclear extracts were prepared according to the 
method of Andrews and Faller (14). Cells (2 × 105) were 
grown in 60-mm dishes and incubated with the desired 
chemicals. They were then harvested and washed with 
phosphate-buffered saline (PBS), suspended in 400 ml of 
buffer A [10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM 
MgCl

2
, 0.5 mM DTT, and 0.2 mM PMSF] and incubated 

on ice for 15 min. Nuclei were pelleted by centrifugation 
for 5 min at 500 × g, and the supernatant was used as the 
cytoplasmic fraction. Then, the pellets were resuspended 
in 400 ml of buffer A and incubated on ice for 15 min. 
After the incubation, the nucleus fractions were pelleted 
by centrifugation for 5 min at 500 × g, resuspended in 40 ml 
of buffer C [20 mM HEPES (pH 7.9), 1.5 mM MgCl

2
, 

420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM 
PMSF, and 25% glycerol (v/v)], sonicated, and centri-
fuged for 5 min at 14,000 rpm. The resulting supernatant 
was used as the nuclear extract.

Western Blotting

Whole cell extracts, cytoplasmic extracts, and nuclear 
extracts were boiled in Laemmli loading buffer [58.3 mM 
Tris-HCl (pH 6.8), 1.7% SDS (w/v), 6% glycerol (v/v), and 
0.83% 2-mercaptoethanol] and separated on 10–12.5% 
SDS-polyacrylamide gel electrophoresis. Then the pro-
teins were transferred to 200 mA for 1 h onto Hybond-P 
membranes (GE Healthcare). Nonspecific binding was 
blocked for 30 min at room temperature with TBST buf-
fer [20 mM Tris-HCl (pH 7.6), 135 mM NaCl, and 0.1% 
Tween 20 (v/v)] containing 3% (w/v) nonfat milk. After a 
short washing in TBST, the membrane was incubated in 
a 1:1,000 dilution of either primary antibody overnight at 
4°C. Primary antibodies were diluted in 3% nonfat milk. 
In the case when anti-p65 NF-kB antibody was used, it 
was diluted in solution 1 (Toyobo, Osaka, Japan). After 
washing for 10–30 min in TBST, the bound antibodies 
were visualized with horseradish peroxidase-conjugated 
antibodies against rabbit or mouse IgG (diluted at 1:5,000 
in TBST containing 3% nonfat milk) using the ECL 
Western blotting system (GE Healthcare).

Semiquantitative RT-PCR

Total cellular RNA from cells was prepared with Trizol 
reagent (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s protocol. cDNAs were synthesized 
from total RNA by using a High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Carlsbad, CA, 
USA) in a total volume of 20 ml. The resultant cDNA was 
amplified by PCR with rTaq DNA polymerase (Takara 
Bio, Shiga, Japan) using the following primers: total p65, 
5¢-CAGGCTCCTGTGCGTGTCTC-3¢ (forward) and 5¢-CT 
GGCTGATCTGCCCAGAAG-3¢ (reverse); exo-p65, 5¢-TA 
CAAGGATGACGACGATAAGGCC-3¢ (forward) and 
5¢-TAGAAGCCATCCCGGCAGTC-3¢ (reverse); IkBa, 
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5¢-CAAGGAGCTGCAGGAGATCC-3¢ (forward) and 
5¢-CCAAGGACACCAAAAGCTCC-3¢ (reverse); b-actin,  
5¢-CTTCGAGCAAGAGATGGCCA-3¢ (forward) and 5¢-C 
CAGACAGCACTGTGTTGGC-3¢ (reverse). The expres-
sion of b-actin was measured as an internal control.

Electrophoretic Mobility Shift Assay (EMSA)

DNA-binding reactions and electrophoretic mobility 
shift assays were carried out as described previously (13). 
Samples of 20 m1 containing 5 mg of nuclear cell extracts 
were incubated with 1 mg poly(dI–dC), and 10,000 cpm 
32P-labeled probe (oligonucleotide containing NF-kB 
binding site), binding buffer [15 mM Tris-HCl (pH 7.0), 
75 mM NaCl, 1.5 mM EDTA, 1 mM DTT, 7.5% glyc-
erol (v/v), and 1.5% NP-40 (v/v)] for 20 min at room 
temperature in this mixture. DNA–protein complexes 
were separated from free DNA on 4% native polyacryl-
amide gels in TBE buffer [22.5 mM Tris-HCl (pH 8.3) 
and 0.5 mM EDTA]. The DNA probes used for NF-kB 
binding were purchased from Promega (Madison, WI, 
USA). The following sequences were used as NF-kB 
probes: 5¢-AGTTGAGGGGACTTTCCCAGG C-3¢ and 
5¢-GCCTGGGAAAGTCCCCTCAACT-3¢. These oligo-
nucleotides were labeled with [g-32P]ATP (3000 Ci/mmol; 
GE Healthcare, Little Chalfont, UK) by use of T4 poly-
nucleotide kinase (Takara, Ohtsu, Japan) and purified by 
passage through a NICK column (GE Healthcare).

Preparation of Designed Plasmids

The cDNA encoding full-length importin-a3 was 
digested with BamHI and XhoI. It was inserted into BamHI 
and XhoI sites of pGEX-6P-1 vector (GE Healthcare). The 
following primers were used: 5¢-TTTTTTCTCGAGATG
GCGGACAACGAGAAA-3¢ (forward) and 5¢-TTTTT
TGCGGCCGCCTAAAACTGGAACCCT-3¢ (reverse). 
The cDNA encoding full-length IkBa was digested with 
BamHI and NotI. It was inserted into BamHI and NotI 
sites of pGEX-6P-1 vector (GE Healthcare). The fol-
lowing primers were used: 5¢-TTTTTTGGATCCATGT
TCCAGGCGGCCGAGCGCCCC-3¢ (forward) and 5¢-
TTTTTTGCGGCCGCTCATAACGTCAGACGCTGG
CCT-3¢ (reverse). The cDNA encoding full-length p65 
was digested with BamHI and XhoI. It was inserted into 
BamHI and XhoI sites of Flag-tagged pCMV-tag2B vec-
tor (Stratagene, La Jolla, CA, USA). The following prim-
ers were used: 5¢-TTTTGGATCCATGGACGAACTG
TTCCCCCTCATC-3¢ (forward) and 5¢-TTTTCTCGA
GTTAGGAGCTGATCTGACTCAGCAG-3¢ (reverse). 
The cDNA encoding c-Myc-tagged full-length IkBa 
was EcoRI and NotI. It was inserted into EcoRI and NotI 
sites of pCI-neo vector (Promega). The following primers 
were used: 5¢-TCAGAAGAGGATCTGATGTTCCAGG
CGGCC-3¢ (forward 1), 5¢-GAACAGAAACTCATCTC
AGAAGAGGATCTG-3¢ (forward 2), 5¢-TTTTTTGAAT

TCATGGAACAGAAACTCATC-3¢ (forward 3), and 5¢-
TTTTTTGCGGCCGCTCATAACGTCAGACGCTGGC
CT-3¢ (reverse). The cDNA encoding c-Myc-tagged full-
length IkBa was amplified in three installments.

Site-Directed Mutagenesis

Site-directed mutagenesis for the p65 Cys38Ser (p65 
C38S) mutant and p65 Arg35Ala, Tyr36Ala (p65 AA) 
mutant was carried out by the overlap extension method 
(15). The following primers were used (altered nucle-
otides are underlined in bold): p65 C38S mutant, 5¢-CC
GCTACAAGTCCGAGGGGCGCTCCGCGG-3¢ (for-
ward) and 5¢-CCGCGGAGCGCCCCTCGGACTTGT
AGCGG-3¢ (reverse); p65 AA mutant, 5¢-CAGCGGG
GCATGCGCTTCGCCGCCAAGTGCGAG-3¢ (for-
ward) and 5¢-GGAGCGCCCCTCGCACTTGGCGGC
GAAGCGCAT-3¢ (reverse). The cDNA was inserted into 
BamHI and XhoI sites of Flag-tagged pCMV-tag2B vec-
tor (Stratagene).

Recombinant Protein Purification

Recombinant proteins were expressed in E. coli BL21 
(Promega) as GST fusion proteins by induction at 25°C 
for 2.5 h with 100 mM isopropyl-1-thio-b-D-galactopy-
ranoside (GE Healthcare). The bacteria were lysed in a 
sonication buffer [PBS containing 0.1% NP-40 (v/v), 
1 mM DTT, and 1% protease inhibitors (v/v) (Nacalai 
Tesque, Kyoto, Japan)], sonicated for 10 min on ice, and 
centrifuged for 10 min at 14,000 rpm at 4°C. The super-
natant was mixed with 500 ml of equilibrated glutathione-
Sepharose 4B (GE Healthcare) at 4°C for 1 h followed 
by washing five times with the sonication buffer. For 
preparation of cell lysates, MT-1 cells and HeLa cells 
transfected with plasmids were incubated with or with-
out (−)-DHMEQ. The cells were then lysed in L buffer 
[50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 
1% Triton X-100, and 0.1% protease inhibitors (v/v) 
(Nakalai Tesque)] on ice for 30 min and centrifuged for 
10 min at 14,000 rpm at 4°C.

Transfection With Plasmids

HeLa cells (1.5 × 105 cells/dish) were grown in 60-mm 
dishes. The cells were transfected with the desired DNA 
by using Lipofectamine LTX (Invitrogen, Grand Island, 
NY, USA) as described by the manufacturer. After 24 h, 
the transfected cells were treated with the desired chemi-
cal prior to Western blotting.

GST Pull-Down Assay

GST fusion proteins were expressed in E. coli BL21 
and purified using glutathione-Sepharose beads. Briefly, 
the GST fusion proteins were coupled to glutathione 
beads at 4°C for 1 h and then washed 10 times with the L 
buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM 
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EDTA, 1% (w/v), Triton X-100]. The immobilized GST 
fusion proteins were incubated with the cell lysates for 
2 h at 4°C. The beads were washed with the L buffer five 
times, and then the protein complexes were separated in 
10% SDS-PAGE, followed by Western blotting.

RESULTS

Constitutive Activation of p65 in Adult  
T-Cell Leukemia MT-2 Cells

Both adult T-cell leukemia (ATL)-derived cell lines 
MT-1 and MT-2 show constitutively activated NF-kB 
activity (16), possibly due to the viral Tax activity (17). 
We compared p65 nuclear localization between MT-1 
and MT-2 cells. As a result, p65 was found to be more 
accumulated in the nucleus of MT-2 cells than in MT-1 
cells (Fig. 1B). So we employed MT-2, and (−)-DHMEQ 
inhibited the DNA binding of NF-kB prepared from the 
nuclear extract of MT-2 cells as shown in Figure 1B. It 
also inhibited NF-kB when added to the cultured MT-2 
cells (Fig. 1C). Thus, we employed MT-2 cell line to 
study the effect of (−)-DHMEQ on canonical NF-kB 
nuclear translocation.

Inhibition of p65 Nuclear Translocation  
by (−)-DHMEQ in MT-2 Cells

(−)-DHMEQ lowered the nuclear localization of p65 in 
a dose- and time-dependent manner (Fig. 2A, B). The total 
p65 amount did not change by addition of (−)-DHMEQ 
(Fig. 2C). Therefore, (−)-DHMEQ will likely not affect 
the stability of p65. Next, we studied how (−)-DHMEQ 
inhibits nuclear translocation. Importin-a3 is necessary 
for the TNF-a-induced nuclear translocation of p65 (6). 
Employing the GST pull-down assay, we found that treat-
ment of p65 with (−)-DHMEQ did not reduce the binding 
affinity of p65 to importin-a3, as shown in Figure 2D. 
This observation is quite different from the effect of 
(−)-DHMEQ on RelB, in which binding of (−)-DHMEQ 
to RelB markedly reduced the affinity to importin-a5 
(13).

Preparation of p65 Mutant Defective in DNA 
Binding and Expression in HeLa Cells

We have prepared two mutants of p65, one without 
DNA binding and another with stronger DNA-binding 
abilities. It was reported that p65 with its Arg35 mutated 
to Ala cannot bind to DNA (18). Arg35 and Tyr36 in 
p65 are essential amino acids for DNA binding, forming 
hydrogen bonds (18). Cys38 exists just between Arg35/
Tyr36 and DNA, which would clearly explain how 
(−)-DHMEQ inhibits p65-DNA binding. In the case of 
p52, its Arg54 mutated to Ala, and its Tyr55 to Ala cannot 
bind to DNA (19), and these two residues are conserved 
in all the Rel family proteins. Thus, we newly prepared 
Arg35Ala and Tyr36Ala double mutant (AA mutant) 

that should not bind to DNA. We then transfected wild, 
AA mutant, or Cys38Ser mutant DNA into HeLa cells. 
As shown in Figure 3A and B (normalized for the pro-
tein input), the AA mutant largely lost the DNA-binding 
ability, while the Cys38Ala mutant showed higher DNA-
binding ability, as reported previously (20).

Unlike in the case of RelB (13), the p65 AA mutant 
cells showed similar protein and mRNA amounts as wild-
type and Cys38Ser cells, and the stability of p65 did not 
change by AA mutation.

Decrease in p65 Nuclear Accumulation  
by AA Mutation in HeLa Cells

Next we compared the nuclear accumulation of each 
mutant in HeLa cells. As in the case of RelB, the p65 
AA mutant cells showed much lowered protein amounts 
in the nucleus (Fig. 4A). The Cys38Ser mutant of p65 
showed higher accumulation than the wild type. Then, we 
examined the affinity to importin-a3 that is essential for 
p65 nuclear translocation. Unlike in the case of RelB, the 
affinity to importin-a3 did not change in p65, as shown 
in Figure 4B.

Involvement of IkBa in the Regulation of p65 
Subcellular Localization in Breast Carcinoma  
MDA-MB-231 Cells

These observations suggest that nuclear accumulation 
of p65 would be regulated by its DNA-binding ability. 
If so, there should be an effective export system in the 
cells. IkBa contributes to the cytoplasmic localization 
and nuclear export of canonical NF-kB (21,22). Then, 
we studied the effect of IkBa on the inhibition of p65 
nuclear translocation by (−)-DHMEQ. The breast car-
cinoma MDA-MB-231 cell line has constitutively acti-
vated p65, and (−)-DHMEQ inhibited the NF-kB activity 
in EMSA (23). However, (−)-DHMEQ could not inhibit 
p65 nuclear translocation, as shown in Figure 5A, and 
p65 nuclear translocation rather increased by treatment 
with (−)-DHMEQ in 0.5–2.0 h. Both p65 and IkBa 
amounts did not change in the total lysate. We then pre-
pared c-Myc-tagged IkBa and overexpressed this protein 
in MDA-MB-231 cells. As a result, (−)-DHMEQ inhibited 
p65 nuclear accumulation, as shown in Figure 5B. Thus, 
IkBa would be involved in the inhibition of p65 nuclear 
translocation by (−)-DHMEQ. Loss of DNA binding by 
(−)-DHMEQ should change this equilibrium in the pres-
ence of IkBa (Fig. 5C). 

DISCUSSION

There are a lot of similarities in p65 and RelB as 
members of Rel family proteins, for example, possessing  
DNA-binding sites as Arg35Tyr36 and Arg141Tyr142, 
respectively, in the similar conformation. The DNA-binding 
abilities of both proteins are inhibited by (−)-DHMEQ 
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Figure 2. Inhibition of p65 nuclear accumulation by (−)-DHMEQ in MT-2 cells. (A) Inhibition of p65 nuclear accumulation by 
(−)-DHMEQ (time course). The cells were treated with (−)-DHMEQ for the indicated periods. The cytoplasmic (CE) or nuclear (NE) 
extracts were analyzed by Western blotting using each antibody. (B) Inhibition of p65 nuclear accumulation by (−)-DHMEQ in MT-2 
cells (dose dependency). (C) Effect of (−)-DHMEQ on total amount of p65. Total cell lysates were analyzed by Western blotting using 
antibodies against p65. (D) Effect of (−)-DHMEQ on the affinity of p65 to importin-a3. Total cell lysates from MT-2 cells treated with 
10 mg/ml (−)-DHMEQ were subjected to GST pull-down assays using the purified recombinant GST fusion proteins. Coprecipitated 
p65 was detected by Western blotting. Application of equal amounts of GST-fusion input proteins was confirmed by Western blotting 
with antibodies against GST, p65, and a-tubulin.
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by its binding to Cys38 in p65 and to Cys144 in RelB 
(12). It is an unexpected finding that the behavior of each 
protein is very different, except for the loss of DNA bind-
ing. We previously reported that (−)-DHMEQ treatment 
or AA mutation in RelB results in the decreases of cellu-
lar stability and importin affinity (13). On the other hand, 
we have found in the present research that (−)-DHMEQ 
treatment or AA mutation in p65 never changes the cel-
lular stability and importin affinity. 

Although (−)-DHMEQ binding or AA mutation does 
not lower the cellular stability or affinity to importin-a3, 
these treatments decrease nuclear accumulation of p65. 
To explain this observation, we assume that there would 

be equilibrium between cytoplasmic and nuclear p65, and 
its DNA binding should shift it to the nuclear localization. 
Then, loss of DNA binding should shift it to the cytoplas-
mic localization, as shown in Figure 5C. For this mecha-
nism, a p65 export system is essential. One of the known 
factors for p65 cytoplasmic localization is IkBa, which 
exists in the cytoplasm (24). We found that loss of DNA-
binding ability in p65 by (−)-DHMEQ did not lower the 
nuclear localization in highly malignant breast carcinoma 
MDA-MB-231 cells (Fig. 5A). NF-kB is constitutively 
and strongly activated in this cell line. We have assumed 
that the IkBa/p65 ratio is too low to export full p65 in this  
cell line, and we carried out overexpression of IkBa by 

Figure 3. Preparation of Arg35Ala and Tyr36Ala double mutant (AA mutant) of p65 and transfection to HeLa cells. (A) p65 AA 
mutant loses DNA-binding ability. HeLa cells were transiently transfected with plasmids encoding Flag epitope-tagged p65 (WT) and 
two mutants (Cys38Ser and AA mutant). As a control, a vector plasmid (mock) was transfected (EMSA, upper). The total extracts were 
analyzed by Western blotting using antibody against Flag (middle). Each content of tubulin is also shown (lower) (B) Quantification of 
DNA-binding activity. For quantification, the band intensities were normalized to a-tubulin. Equal amounts (5 mg) of nuclear extracts 
were subjected to EMSA with a radiolabeled consensus kB site oligo DNAs. The band intensities were normalized with the intensities 
of Flag-p65 protein levels. 
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Figure 4. Effect of AA mutation on p65 nuclear accumulation, stability, and affinity to importin-a3 in HeLa cells. (A) Effect on 
nuclear accumulation. The cytoplasmic (CE) and nuclear (NE) extracts were analyzed by Western blotting using antibodies against 
Flag and IkBa. Total cell lysates were analyzed by Western blotting using antibodies against Flag and IkBa. (B) Effect on affin-
ity to importin-a3. Total cell lysates were subjected to GST pull-down assay using the purified recombinant GST fusion proteins. 
Coprecipitated p65 was detected by Western blotting using anti-p65 antibody. Equal amounts of GST-fusion proteins and input pro-
teins were confirmed by Western blotting with antibodies against GST, p65, and a-tubulin.
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Figure 5. IkBa would be essential for inhibition of p65 nuclear accumulation by (−)-DHMEQ in MDA-MB-231 cells. (A) (−)-DHMEQ 
does not inhibit nuclear accumulation in MDA-MB-231 cells. MDA-MB-231 (MDA) cells were treated with 10 mg/ml (−)-DHMEQ 
for the indicated periods. The CE and NE were analyzed by Western blotting using antibodies against p65 and IkBa. Total cell lysates 
were also analyzed by Western blotting using antibodies against p65 and IkBa. (B) Recovery of sensitivity to (−)-DHMEQ by over-
expression of IkBa. MDA-MB-231 cells were transiently transfected with plasmids encoding c-Myc epitope-tagged IkBa. As a 
 control, a vector plasmid was transfected. After 24 h of transfection, the cells were treated with 10 mg/ml (−)-DHMEQ for the indicated 
periods. The cytoplasmic (CE) or nuclear (NE) extracts were analyzed as in (A). Total cell lysates were also analyzed by Western blot-
ting using antibodies against c-Myc and p65. (C) Possible mechanism for inhibition of p65 nuclear accumulation by (−)-DHMEQ or 
AA mutation. C, cytoplasm; N, nucleus.
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DNA transfection. Overexpression of this protein resulted 
in the increase in sensitivity to (−)-DHMEQ on inhibi-
tion of nuclear accumulation (Fig. 5B). This observation 
would support the hypothesis of nuclear/cytoplasmic p65 
equilibrium.

There are several exportins, including exportin-1 
(CRM1), in the general protein exporting system. CRM1 
would also contribute to the nuclear export of NF-kB (25). 
IkBa would be necessary for CRM1-mediated nuclear 
export of the IkBa/Rel protein complex (26, 27).

In conclusion, we have demonstrated that (−)-DHMEQ 
treatment or AA mutation resulted in inhibition of nuclear 
accumulation. The inhibitory mechanism would be mainly 
due to the change of IkBa-mediated nuclear/cytoplasmic 
equilibrium (Fig. 5C). (−)-DHMEQ is now being devel-
oped as an anti-inflammatory and anticancer agent. These 
findings may lead to a better understanding of the thera-
peutic activity of (−)-DHMEQ. 
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