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                 Chemoresistance is one of the greatest challenges in cancer man-
agement. Melanoma, a highly aggressive tumor arising from pig-
ment cells of the skin, vividly highlights the problem of 
chemoresistance because it is almost universally resistant to chemo-
therapy ( 1  –  3 ). The complete response rate to dacarbazine, the only 
drug thus far approved by the US Food and Drug Administration 
for treatment of metastatic melanoma, rarely exceeds 5% ( 4 ). 
Numerous other chemotherapeutics and immunologic approaches 
have also yielded largely sobering results ( 5  –  9 ). 

 Recent advances in the understanding of the key signaling path-
ways promoting tumorigenesis have nourished hope that the che-
moresistance of tumors can be overcome while limiting unwanted 
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   Background   Increasing the efficacy of chemotherapeutics by reducing chemoresistance may be a useful strategy in 
cancer therapy. Constitutive activation of nuclear factor-kappa B (NF- � B) is a hallmark of various cancers, 
including melanoma, which is almost universally resistant to chemotherapy. NF- � B is regulated by inhibi-
tory  � B (I � B) proteins, which are in turn phosphorylated by the I � B kinase (IKK) complex.  

   Methods   The effect on NF- � B activity of a novel small-molecule inhibitor of the  �  subunit of IKK (KINK-1; kinase inhibi-
tor of nuclear factor- � B-1) was assessed by measuring phosphorylation of the  �  subunit of I � B by immuno-
blotting, DNA binding by electrophoretic mobility shift assays, and nuclear translocation of NF- � B using 
immunofluorescence. Regulation of NF- � B – dependent gene expression was determined by microarray anal-
ysis, real-time and semiquantitative reverse transcription polymerase chain reaction (RT-PCR), and Western 
blot analyses. The effects of KINK-1 (alone and in combination with cytostatic agents) on melanoma cells 
were characterized by assessing proliferation, soft agar colony formation, and markers of apoptosis. The 
antitumoral efficacy of KINK-1 in combination with the cytostatic agents doxorubicin or camptothecin (all 
injected intraperitoneally) was tested in vivo by measuring lung weight and counting metastases in C57BL6 
mice (groups of six) bearing metastases of melanoma cells. All statistical tests were two-sided.  

   Results   KINK-1 strongly suppressed both constitutive and induced NF- � B activity in melanoma cells. It reduced the 
expression of NF- � B – dependent gene products that regulate proliferation, cytokine production, and anti-
apoptotic responses but exhibited little antiproliferative or proapoptotic activity at the cellular level. 
However, KINK-1 markedly increased the activities of some cytostatic agents in vitro and abrogated doxo-
rubicin-induced NF- � B activation. Combined treatment of C57BL6 mice that had been injected with mela-
noma cells with KINK-1 and doxorubicin or camptothecin reduced metastases and pulmonary tumor mass 
compared with either treatment alone (mean lung weight 19 days after injection of melanoma cells of 
mice treated with 3 mg/kg KINK-1 alone, 1 mg/kg doxorubicin alone, and 1 mg/kg doxorubicin plus 3 mg/kg 
KINK-1 = 260 mg, 95% confidence interval (CI) = 216 to 305 mg; 268 mg, 95% CI = 224 to 313 mg; and 181 
mg, 95% CI = 171 to 192 mg, respectively,  P <  .001 from  t  tests comparing mean lung weight of  double-
treated mice to that in mice treated with either compound alone).  

   Conclusion   Inhibition of constitutive and induced IKK � -activity through treatment with KINK-1 might increase tumor 
susceptibility to chemotherapy.  
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toxic side effects. One important signaling pathway in tumorigen-
esis is the nuclear factor-kappa B (NF- � B) pathway, whose consti-
tutive activation is a hallmark of various types of hematologic and 
solid tumors, including melanoma ( 10  –  14 ). All NF- � B family 
members have a Rel homology domain, which is important for 
binding to inhibitory  � B (I � B) proteins, dimerization, nuclear 
translocation, and DNA binding ( 15  –  17 ). In cancer cells, NF- � B 
regulates cell proliferation, controls apoptosis, promotes angio-
genesis, and stimulates invasion and metastasis ( 18 , 19 ). Consistent 
with a role of NF- � B in oncogenesis, inhibition of NF- � B alone or 
in combination with cancer therapies may lead to tumor cell death 
or growth inhibition ( 20  –  22 ). Moreover, activation of NF- � B may 
mediate inducible chemoresistance to anthracycline drugs such as 
doxorubicin, a cytostatic agent that induces chemoresistance by 
increasing NF- � B DNA binding activity and transcription of 
genes related to tumor progression ( 23 ). 

 Phosphorylation of I � B by the I � B kinase complex (IKK; con-
sisting of one  � , one  � , and two  �  subunits) initiates the classical 
pathway of NF- � B activation. Impairment of IKK � -mediated acti-
vation of NF- � B has a pronounced effect on tumorigenesis in 
some animal models of infl ammation-associated cancer ( 24  –  26 ). 

 Here we describe KINK-1 (kinase inhibitor of NF- � B-1), the 
fi rst compound of a novel class of small-molecule substances, 
which specifi cally inhibits IKK � . We investigated the effect of 
KINK-1 treatment on NF- � B activation and the genes regulated 
by this transcription factor and characterized its antineoplastic 
properties (alone and in the presence of chemotherapeutic agents) 
in vitro, and, using a murine model of metastasis, in vivo. 

  Methods 
  Cells and Culture Conditions 

 Human melanoma cell lines A375, Mel-2a, SK-Mel-23, Mel-HO, 
MeWo, MV3, LOX, Brown, and MMNH; the murine melanoma 
cell line B16F10; and the A549, Colo205, DLD-1, HT29, 
HCT116, U87, HH, EL4, DB, MiaPaCa2, MDA-DB-231, PC3, 
and HaCaT cell lines derived from various tissues ( see   Table 1 ) 
were grown in Dulbecco ′ s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 
100  µ g/mL streptomycin (Gibco, Karlsruhe, Germany). To estab-
lish new cultures from lung metastases, tumor nodules were freed 
from connective tissue and cells were released from small (<1 mm) 
pieces by trypsin treatment (0.25% at 37°C for 4 hours). The cells 
were then cultured for 3 days before analysis.      

  Microarray Hybridization and Data Analysis 

 Total RNA from A375 melanoma cells treated with vehicle (0.1% 
DMSO) or KINK-1 (5  µ M for 12 or 24 hours) was extracted using 
the RNeasy Kit according to the manufacturer ’ s instructions 
(Qiagen, Hilden, Germany). RNA integrity and comparability 
between samples was tested using a BioAnalyzer (Agilent, Santa 
Clara, CA). RNA integrity numbers were between 9.4 and 9.7. 
Reverse transcription, second-strand synthesis, and cleanup of 
double-stranded cDNA were performed according to the Affymetrix 
protocols (One-Cycle cDNA Synthesis Kit; Affymetrix, Santa 
Clara, CA) starting from 2  µ g total RNA. Biotin-labeled cRNA was 
synthesized using the IVT Labelling Kit (Affymetrix). The cRNA 

concentration and the distribution of cRNA fragment sizes were 
determined by gel electrophoresis. Fragmented cRNA (15  µ g) was 
used for hybridization of the Human Genome U133 Plus 2.0 
GeneChip, and data were analyzed using different R packages from 
the Bioconductor project ( http://www.bioconductor.org/ ). The 
resulting signal intensities were normalized by variance stabiliza-
tion ( 27 ). The quality of all datasets was tested by density plot and 
RNA degradation plot. Genes displaying at least a twofold change 
in expression with KINK-1 treatment were selected. Two inde-
pendent analyses were performed for each condition. The average 
ratio in expression was 1.002 (95% confidence interval [CI] = 0.908 
to 1.096), indicating excellent reproducibility of the data. 

 To evaluate functional categories, we used the Gene Ontology 
Tree Machine (http://bioinfo.vanderbilt.edu/gotm/), a Web-based 
platform for interpreting microarray data or other interesting gene 
sets using Gene Ontology hierarchies. It permits the identifi cation 
of categories that are enriched in an interesting gene set compared 
with a reference gene set (eg, genes on the array).  

  Kinase Assays 

 Human IKK �  and IKK �  were cloned from a Quickclone cDNA 
library (BD Biosciences Clontech, Palo Alto, CA) by polymerase 
chain reaction (PCR). The IKK �  kinase assay was performed as 
previously described ( 28 ). IKK �  kinase assay conditions were as 
follows: 0.2  µ M (1.5  µ g/mL) recombinant IKK � , ATP (0.5 Ci per 
well [ � - 33 P]ATP), 0.2  µ g/mL full-length glutathione S-transferase–
tagged I � B � , 20 mM HEPES (pH 7.6), 20 mM  � -glycerophos-
phate, 1 mM Na 3 VO 4 , 10 mM MgCl 2 , 100 mM KCl, 1 mM 
dithiothreitol (DTT), 0.4 mM phenylmethylsulfonyl fluoride 
(PMSF) and 0.1 mg/mL bovine serum albumin. 

  CONTEXT AND CAVEATS 

  Prior knowledge 

 Constitutive activation of nuclear factor-kappa B (NF- � B) occurs in 
many cancers, and activation of this transcription factor may medi-
ate resistance to chemotherapy.  

  Study design 

 The effects of KINK-1, a small molecule that inhibits NF- � B activity, 
on NF- � B – dependent gene expression, cellular proliferation, and 
apoptosis of melanoma cells, and on tumor growth in a murine 
model of pulmonary metastasis were assessed.  

  Contribution 

 The study suggested that inhibition of NF- � B markedly increased 
the efficacy of several currently used cytostatic agents as reflected 
in effects on gene expression, cell proliferation, apoptosis, and 
tumor growth in vivo.  

  Implications 

 Using agents that specifically prevent NF- � B activation to enhance 
the susceptibility of tumor cells to cytostatic agents may improve 
future antitumoral regimens.  

  Limitations 

 The study did not address whether the inhibitor would be effective 
with oral administration, and in vivo data were confined to a single 
murine model of tumorigenesis that may not be applicable to 
human cancers.   
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 Other enzymes were tested according to published procedures, 
or results were obtained from MDS pharmacology services ( http://
www.mdsps.com/ ).  

  Measurement of Nuclear Translocation of NF- � B 

 Cells were cultured in normal medium or in the presence of KINK-
1 (5  µ M) for 12 hours. Then, cultures were maintained in normal 
medium or stimulated with tumor necrosis factor �  (TNF � ) (1 nM 
for 30 minutes or 2 hours). Cells were rinsed in cold phosphate-
buffered saline (PBS), fixed in cold methanol for 10 minutes, and 
rinsed again in PBS. Cells were then incubated with an anti-p65 
antibody (clone F-6, Santa Cruz Biotech, Santa Cruz, CA; 10  µ g/mL 
in PBS) for 45 minutes, washed with PBS, and incubated with a 
fluorescein isothiocyanate-labeled secondary goat-anti-mouse anti-
body (DAKO, Hamburg, Germany) for 45 minutes. After a final 
wash with PBS, the distribution of p65 was examined using a fluo-
rescence microscope.  

  Cell Lysis and Subcellular Fractionation 

 To generate whole-cell lysates for Western blotting, 10 7  cultured 
cells were solubilized in lysis buffer (1% Triton X-100, 50 mM 
Tris, pH 7.4, 150 mM NaCl, and one tablet of Complete Protease 
Inhibitor for 10 mL lysis buffer according to the manufacturer’s 
instructions [Boehringer Mannheim, Mannheim, Germany]). To 
make cytosolic and mitochondrial extracts, 10 7  cells were detached 
from the culture dishes by scraping into PBS on ice, lysed in hypo-
tonic buffer containing Complete Protease Inhibitor, and incu-
bated on ice for 15 minutes. The cells were then homogenized by 
repeated passage through a 28-gauge needle and centrifuged at 
10   000 g  for 10 minutes at 4°C. Cytosolic fractions were collected 
from the supernatants, and the mitochondrial pellets were solubi-
lized in lysis buffer (1% Triton X-100 containing Complete 
Protease Inhibitor). 

 To generate nuclear extracts, cells were removed from the cul-
ture dishes using a cell scraper and centrifuged at 1500 g  for 3 min-
utes. Pellets were resuspended in buffer A (10 mM HEPES/KOH, 
pH 7.9; 1.5 mM MgCl2; 10 mM KCl; 0.5 mM DTT; 0.2 mM 
PMSF) for 3 minutes, centrifuged for 3 minutes at 1000 g , and 
resuspended again in 100  µ L of buffer A for 30 minutes on ice. 
Then, 3.2  µ L of 10% NP40 was added to the cell suspension, and 
the cells were centrifuged for 10 minutes at 20   000 g . The pellet was 
resuspended in 25  µ L of buffer C (20 mM HEPES/KOH, pH 7.9; 
25% glycerol; 420 mM NaCl; 1.5 mM MgCl 2 ; 0.2 mM EDTA; 
0.5 mM DTT; 0.2 mM PMSF) and incubated for 20 minutes on 
ice. The resulting nuclear extracts were used for Western blotting.  

  Western Blot Analysis 

 For analysis of I � B phosphorylation, melanoma cells (A375, 
MMNH, and Mel-2a) were either cultured in normal medium, 
incubated with KINK-1 (5  µ M for 12 hours), incubated with 
KINK-1 (5  µ M for 12 hours) followed by TNF �  (1 nM for 
15 minutes), or incubated with TNF �  (1 nM for 15 minutes). 
Protein concentrations in the cytoplasmic, mitochondrial, and 
nuclear fractions were determined by Bradford assays. Equal 
amounts of protein were separated by sodium dodecyl sulfate – poly-
acrylamide gel electrophoresis and transferred onto nitrocellulose 
membranes. Proteins of interest were detected by monoclonal anti-

bodies (mAbs) followed by peroxidase-labeled goat-anti-mouse IgG 
or peroxidase-labeled goat-anti-rabbit IgG and a chemilumines-
cence reaction (ECL from Amersham Pharmacia, Buckinghamshire, 
UK). Anti–human Bcl-2 (clone 124, DAKO), anti–human Bax 
(2D2; Biozol, Eching, Germany), anti–human Bcl-XL (H-5; Santa 
Cruz Biotech), and anti–human  � -actin (abcam, Biozol) were used 
at 1   :   1000 dilutions. Anti–human cyclin D1 (DCS6; Cell Signaling, 
Danvers, MA), anti–human cytochrome c (D-8; BD, Heidelberg, 
Germany), and anti–human Smac (V-17; Santa Cruz Biotech) were 
used at a 1   :   100 dilution. Phosphorylated I � B and nonphosphorylated 
I � B were detected in the cytoplasmic fraction using the B-9 mAb 
(Santa Cruz, final dilution 1   :   50) or the H-4 mAb (Santa Cruz, final 
dilution 1   :   50), respectively. Signal intensities were quantitated den-
sitometrically (Fluor-S MultiImager, BioRad, München, Germany).  

  Electrophoretic Mobility Shift Assays 

 Melanoma cells cultured in the presence of vehicle (0.1% DMSO) 
or KINK-1 (5  µ M) were incubated with TNF �  (1 nM), phorbol 
12-myristate 12-acetate (PMA) (25 ng/mL), lipopolysaccharide 
(LPS) (1  µ g/mL), or doxorubicin (1  µ M) for 12 hours. Subcellular 
fractionation and preparation of nuclear extracts was performed as 
described above ( 29  –  31 ). Nuclear extracts (10  µ g) from A375 cells 
were incubated with the double-stranded NF- � B oligonucleotide 
5 ′ -AGTTGAGGGGACTTTCCCAGGC-3 ′  that had been end-
labeled with  32 P using the Gel Shift Assay System (Promega, 
Madison, WI) for 20 minutes at room temperature. Subsequently, 
the DNA – protein complexes were resolved in a 6.6% native poly-
acrylamide gel. For supershift assays, nuclear extracts (10  µ g) were 
incubated with antibodies (1  µ g) against p65 (F-6), p50 (E-10), or 
p52 (C-5, all from Santa Cruz Biotech) for 30 minutes at 20°C 
before analysis by electrophoretic mobility shift assays. Radioactive 
signals were visualized and quantitated using a PhosphorImager 
and the Image Quant software (BioRad).  

  Semiquantitative Reverse Transcription – Polymerase 

Chain Reaction 

 RNA from treated or untreated cells was extracted using the RNeasy 
Mini Kit (Qiagen) according to the manufacturer’s instructions. Gene 
expression was assessed by reverse transcription (RT)-PCR, as previ-
ously described ( 32 ). The primers and the respective annealing tem-
peratures are indicated in Supplementary Table 1 (available online).  

  Quantitative Real-Time Polymerase Chain Reaction 

 cDNA was prepared from RNA of cells treated with vehicle or 5  µ M 
KINK-1 for 4, 12, or 48 hours. PCR was performed according to 
the manufacturer’s instructions using the QuantiTect Primer Assays 
(Qiagen) for human IL-6, IL-8, IL-1 � , CXCL-1, and GAPDH. 
Each PCR was carried out in triplicate in a 25  µ L volume using 
QuantiTect SYBR Green Kits (Qiagen). Thermal cycles were 
5 minutes at 95°C for initial denaturing followed by 40 cycles of 
95°C for 10 seconds and 60°C for 30 seconds in the ABI Prism 7000 
Sequence Detection System. Values for each gene were normalized 
to expression of GAPDH. Experiments were done in duplicate.  

  Proliferation Assays 

 To determine IC 50  values for inhibition of cell proliferation, tumor 
cells were plated at 500 cells per well in RPMI medium 

http://www.mdsps.com
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supplemented with glutamax, insulin, transferrin, selenium A, and 
10% fetal bovine serum in 96-well plates. After 24 hours, the test 
compounds (10× final concentration) were added to the cultures 
and plates were incubated for 72 hours at 37°C in 5% CO 2  in a 
humidified incubator. Detection of cell growth as evidenced by 
ATP content with CellTiter-Glo (Promega) was determined 
according to the manufacturer ′ s instructions. Briefly, CellTiter-
Glo reagent was added to the cultures (100  µ L per well) and, 10 
minutes later, luciferase luminescence was measured using a lumi-
nescence charge-coupled device camera system. 

 To assess the combined effects of KINK-1 and other compounds, 
cells were plated at a density of 3000 cells per well in a 96-well plate. 
Subconfl uent cultures were treated with KINK-1 (5  µ M), doxorubi-
cin (0.3  µ M or 1.0  µ M), camptothecin (10  µ M or 30  µ M), tamoxifen 
(10  µ M or 30  µ M), cisplatin (10  µ M or 30  µ M), or combinations of 
the cytostatic agents with KINK-1, in a fi nal volume of 100  µ L. After 
24 or 48 hours, cell proliferation was measured using the CellTiter 
96 AQueous One Solution Cell Proliferation Assay (Promega), a form 
of the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay.  

  Detection of Mitotic Cells In Vivo 

 Paraffin-embedded sections of mouse lungs were rehydrated, 
washed twice with Sörensen buffer (15 mM Na 2 HPO 4  × 2H 2 O and 
15 mM KH 2 PO 4  × H 2 O, pH 6.8), incubated for 3 minutes with PBS 
containing 62.5  µ g/mL acridine orange, and destained for 8 min-
utes in Sörensen buffer ( 33 ). Mitotic cells were immediately visual-
ized by fluorescence microscopy. The proliferation index (PI, 
number of proliferating cells per 100 tumor cells) was determined 
in a blinded fashion by counting at least 2000 cells per section in at 
least four independent tissues for each condition.  

  Induction and Detection of Apoptosis (DNA 

Fragmentation Assay) 

 To assess apoptotic responses, cultured cells were incubated with 
apoptotic stimuli for 16 hours. The following cytostatic agents 
were used to trigger apoptosis: doxorubicin (0.3 or 1.0  µ M), camp-
tothecin (10  µ M or 30  µ M), and tamoxifen (10  µ M or 30  µ M). To 
trigger CD95 (Fas) – mediated apoptosis, the cells were incubated 
with the Fas-stimulating CH-11 mAb (1  µ g/mL). To stimulate the 
TRAIL (TNF-related apoptosis-inducing ligand) receptor system, 
10 ng/mL of the natural ligand (TRAIL, R&D Systems, Wiesbaden, 
Germany) was added to the cultures. To inhibit caspase activity, cells 
treated with 5  µ M KINK-1, 1  µ M doxorubicin, or their combina-
tion were cultured in the absence or presence of the general cas-
pase inhibitor zVAD-FMK (R&D Systems) at a final concentration 
of 10 nM. Cells were preincubated with zVAD-FMK for 10 min-
utes before incubation with the apoptotic stimulus for 24 hours. 
Control cultures were treated with 0.1% DMSO. 

 After the treatments, the cells were lysed and centrifuged at 
10   000 ×  g  for 10 minutes to prepare a clear supernatant. Equal 
amounts of the supernatant were added to microtiter plates coated 
with anti-histone antibodies (clone H11-4) and incubated for 90 
minutes at 20°C. Histone-bound DNA fragments were detected 
using the Cell Death Detection ELISA (Roche Diagnostics, Penzberg, 
Germany). The substrate reaction (for determination of the amount 
of peroxidase retained in the immunocomplex with ABTS (2,2 ′ -

azino-di-[3-ethylbenzthiazoline sulfonate ( 6 )] as a substrate) was 
quantifi ed using an ELISA reader at a wavelength of 405 nm.  

  Double Thymidine Treatment for G1/S Synchronization 

and Cell Cycle Analysis 

 Subconfluent A375 cell cultures were incubated with 2 mM thymi-
dine for 16 hours, washed three times with PBS, and grown in 
DMEM containing 0.5% fetal calf serum (FCS) for 10 hours. 
Then, 2 mM thymidine was added and cells were incubated for 
another 14 hours. Cells were washed again three times with PBS 
and then released with 10% FCS-containing medium for 4, 12, and 
24 hours. Thymidine-treated cells and nonsynchronized A375 cells 
were treated with DMSO (control), 26 nM bortezomib, or up to 
25  µ M KINK-1. For cell cycle analysis, the fixed cells (70% ethanol 
on ice) were washed three times and resuspended in cold PBS con-
taining 5  µ g/mL propidium iodide and 0.1 mg/mL RNase A. Flow 
cytometry was performed using the FACS Calibur and Cell Quest 
software.  

  Experimental Pulmonary Metastasis 

 Mouse experiments were approved by the appropriate authorities 
(Regierung von Unterfranken, Würzburg, Germany). Mice were 
housed in a climate-controlled specific pathogen – free (SPF) facil-
ity, and, at the time of termination of the experiments, were killed 
by ether anesthesia followed by cervical dislocation according to 
institutional guidelines. In the first series of experiments, thera-
peutic effects on the early phases of metastasis were evaluated. 
C57BL6 mice (n = 6 mice per group) were injected into the tail 
vein with 2.5 × 10 5  B16F10 murine melanoma cells. Treatment (by 
intraperitoneal injection) was started 1 day after injection of the 
melanoma cells. Treatment regimens were as follows: group 1, 
vehicle (10% cremophor in H 2 O); group 2, 10 mg/kg KINK-1 
every other day; group 3, 3 mg/kg KINK-1 every other day; group 
4, 4 mg/kg doxorubicin twice weekly; group 5, 1 mg/kg doxorubi-
cin twice weekly; group 6, 10 mg/kg KINK-1 every other day and 
4 mg/kg doxorubicin twice weekly; group 7, 3 mg/kg KINK-1 
every other day and 1 mg/kg doxorubicin twice weekly. Number 
of metastases and mean lung weight, a surrogate for pulmonary 
tumor mass, were evaluated 19 days after injection of the mela-
noma cells. 

 To assess therapeutic effects in already established metastases, 
C57BL6 mice (n = 6 mice per group) were injected intravenously 
with 2.5 × 10 5  B16F10 cells, and treatment was started 8 days after 
transplantation. The mice received an initial high-dose bolus 
(group 1, vehicle; group 2, 10 mg/kg KINK-1; group 3, 4 mg/kg 
doxorubicin; group 4, 10 mg/kg KINK-1 and 4 mg/kg doxorubi-
cin. Lower doses were administered on days 2, 5, 7, and 9: group 1, 
vehicle; group 2, 3 mg/kg KINK-1; group 3, 1 mg/kg doxorubicin; 
group 4, 3 mg/kg KINK-1 and 1 mg/kg doxorubicin). Metastasis 
was evaluated 12 days after initiation of treatment (for ethical rea-
sons, mice had to be euthanized at this time point and could not be 
observed for longer periods of time).  

  Statistical Analyses 

 Data were calculated as the mean values with 95% confidence 
intervals. Statistical comparisons were performed using Excel soft-
ware (Microsoft GmbH, Munich, Germany). Results were 
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 compared using the Student  t  test, and  P  values less than .05 (95% 
CI) were considered statistically significant. All statistical tests 
were two-sided.   

  Results 
  KINK-1 and Selective Inhibition of IKK �  Activity 

 To identify small-molecule compounds that interfere with the activa-
tion of NF- � B in tumor cells, small-molecule IKK �  inhibitors were 
derived from a large-scale high-throughput screening ( 28 ). In a series 
of cell-free experiments, compound A (7-[2-(cyclopropylmethoxy)-

6-hydroxyphenyl]-5-[(3S)-3-piperidinyl]-1,4-dihydro-2H-
pyrido [2,3-d][ 1 , 3 ] oxazin-2-one hydrochloride), with M r  395.45 
( Figure 1, A ), specifically inhibited the kinase activity of human 
recombinant IKK �  with a K i  of 2 nM for ATP and 4 nM for the 
GST-I � B �  substrate. The selectivity of the compound was con-
firmed by assessing its effects on additional enzymes including vari-
ous kinases (IKK � , IKK3, Syk, ERK-1, PI3Kg, Fyn, Lck, PKA, 
PKC, MKK4, and MKK7), phosphatases (PTP1B, PTP1C, PTP 
[T cell], CD45, and PP2B), phospholipases (PLC and PLA2-I), and 
proteases (caspase-1,-3,-4,-6,-7, and -8 and matrix metalloprotease-
1,-2,-3,-7, and-9) in cell-free assays (data not shown). Compound A 

  
 Figure 1  .     Inhibition of I � B phosphorylation, NF- � B activation, and nuclear 
translocation by KINK-1.  A ) Chemical structure of KINK-1.  B ) Western blot 
showing total I � B (upper panel), phosphorylated I � B (middle panel), and 
the housekeeping protein  � -actin (lower panel) in lysates of A375 mela-
noma cell cultures treated with normal medium (control), tumor necrosis 
factor �  (TNF � ; 1 nM), KINK-1 (5  µ M), or both.  C ) Activation of NF- � B in 
various melanoma lines. Cells were lysed, nuclear extracts were pre-
pared, and activated NF- � B was determined by electrophoretic mobility 
shift assays (EMSA). Unlabeled refers to an A375 extract incubated with 
a 10-fold excess of unlabeled oligonucleotides to demonstrate the speci-
fi city of the upper band.  D ) Percent activation of NF- � B in nuclear extracts 
of A375 melanoma cells cultured in normal medium (control) or in the 
presence of the indicated concentrations of KINK-1 (corresponding to the 
fraction of the labeled probe bound) was quantitated densitometrically. 

Values shown are the mean of triplicate measurements. ** P  = .007; *** P  
< .001 compared with untreated control.  E ) Activated NF- � B in nuclear 
extracts from A375 melanoma cells cultured in normal medium (lanes 1 
and 2), in the presence of phorbol 12-myristate 12-acetate (PMA) (25 ng/
mL; lanes 3 and 4), lipopolysaccharide (LPS) (1  µ g/mL; lanes 5 and 6), or 
TNF �  (1 nM; lanes 7 and 8), and supplemented with vehicle (0.1% DMSO) 
or KINK-1 (5  µ M). The fraction of activated NF- � B was determined by 
EMSA.  F ) Analysis of nuclear translocation of NF- � B in A375 melanoma 
cells cultured in normal medium (panels 1 and 2) or in the presence of 
KINK-1 (5  µ M; panels 3 and 4) and maintained in normal medium (panels 
1 and 3) or stimulated with TNF �  (1 nM; panels 2 and 4) was determined 
by immunofl uorescence. The photomicrographs were taken 30 minutes 
after stimulation with TNF � ; similar results were obtained when the cells 
were stimulated with TNF �  for 2 hours.    
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had no detectable inhibitory activity toward these enzymes, with the 
exception of the IKK � -related kinase IKK � , for which the K i  (135 
nM) was approximately 70-fold higher than for IKK � . Thus, the 
compound is a highly selective IKK �  inhibitor. We termed this 
member of a novel class of IKK inhibitors KINK-1.      

  KINK-1 and Inhibition of I � B Phosphorylation in 

Melanoma Cells 

 As part of the IKK complex, the primary function of IKK �  is activa-
tion of NF- � B via phosphorylation of I � B ( 34 ). By probing Western 
blots with an antibody specific for the phosphorylated form of I � B, 
we found that the protein was constitutively phosphorylated in 
human melanoma cells (data not shown). When three melanoma 
lines (A375, MMNH, and Mel-2a) that showed constitutive phos-
phorylation of I � B were incubated with 5  µ M KINK-1, viability, 
proliferation, and apoptosis were not affected (data not shown). 
However, both constitutive and TNF-induced phosphorylation of 
I � B was inhibited by KINK-1 ( Figure 1, B , representative of all cell 
lines tested).  

  KINK-1 and Reduced NF- � B Activation in Melanoma Cells 

 Following dissociation of the I � B/NF- � B complex, activated NF- � B 
translocates from the cytoplasm into the nucleus, where it binds to 
specific DNA sequences and thereby regulates transcription of vari-
ous genes ( 15 , 16 ). Because electrophoretic mobility shift assays are a 
reliable method for detecting DNA-binding proteins, we used them 
to detect activated NF- � B in the nuclear fractions of cell lysates. In 
nuclear fractions from melanoma cells, we observed constitutive 
activation of NF- � B ( Figure 1, C ), and KINK-1 substantially 
decreased NF- � B activation in a dose-dependent manner ( Figure 1, 
D and E ; the presence of the p65 subunit within the upper band was 
confirmed by supershift assays; Supplementary Figure 1, available 
online). Furthermore, when activation of NF- � B was induced with 
TNF �  (1 nM) or PMA (25 ng/mL) [which activate NF- � B through 
different pathways upstream of the IKK complex ( 35 )], KINK-1 
treatment (5  µ M) led to almost complete abrogation of NF- � B acti-
vation ( Figure 1, E ). Similar results obtained with the keratinocyte-
derived line HaCaT (data not shown) suggested that the inhibitory 
activity of KINK-1 is not specific to particular cell types (data not 
shown). 

 Because translocation of activated NF- � B from the cytoplasm 
to the nucleus is necessary for its proper function, we visualized 
nuclear translocation of NF- � B in three melanoma cell lines 
(A375, MMNH, and Mel-2a), using an immunofl uorescence 
method to detect p65. Incubation of melanoma cells with TNF �  
(1 nM for 30 minutes) resulted in rapid nuclear translocation of 
NF- � B, whereas pretreatment of the cells for 12 hours with 
KINK-1 (5  µ M) abolished this effect ( Figure 1, F ). Thus, KINK-1 
suppressed both constitutive and induced phosphorylation of I � B, 
as well as downstream activation of NF- � B.  

  KINK-1 and Differential Reduction of Expression of 

NF- � B – Dependent Gene Products 

 NF- � B is an important transcription factor that regulates transcrip-
tion of a multitude of genes, many of which have a role in cell pro-
liferation, migration, or adhesion. To further investigate the 
downstream effect of KINK-1 – mediated inhibition of IKK � , we 

used microarray analyses to assess the expression of approximately 
54   000 genes in A375 melanoma cells that were exposed to KINK-1 
for 12 or 24 hours. We found that for 124 genes, there was at least 
a twofold alteration in expression compared with untreated cells; 
for 16 of these genes, there was a more than fourfold difference 
between melanoma cells treated with KINK-1 and untreated cells 
(a subset of these genes classified in terms of function is shown in 
 Figure 2, A ). To confirm the KINK-1-mediated reduction in 
expression of NF- � B – dependent gene products, we measured the 
transcription of 14 genes by RT-PCR. We selected several gene 
products known to be regulated by NF- � B as well as some gene 
products regulated independent of NF- � B to further demonstrate 
the specificity of KINK-1. Gene products whose transcription 
was diminished by KINK-1 included CCL-2 (MCP-1), CXCL-1 
(Gro- � ), CXCL-8 (IL-8), TNF � , IL-6, MMP-9, COX-2, and 
ICAM-1-1 ( Figure 2, B ). Similar effects of KINK-1 treatment on 
expression of these genes were observed in cells treated with the 
potent activators of NF- � B, TNF �  (1 nM), or PMA (25 ng/mL) 
( Figure 2, B ). Time-dependent reductions in the expression of IL-
1 � , IL-6, CXCL-1, and CXCL-8 were confirmed by quantitative 
real-time PCR (data not shown). Expression of other gene prod-
ucts, such as  � -catenin, p21, and VEGF, were affected marginally, 
if at all, by KINK-1. The results of the semiquantitative RT-PCR 
and the quantitative real-time PCR regarding expression of IL-6 
and CXCL-8 (gene products that were assessed by both techniques) 
were in good agreement ( Figure 2, C and D ).     

 Because cellular apoptosis and cell cycle regulation are often 
dysregulated in malignant tumors and because some apoptosis-
related and cell cycle – related gene products such as IAP (inhibi-
tors of apoptosis) proteins, members of the Bcl-2 family, or cyclins 
may be infl uenced by NF- � B, we assessed components of the 
apoptotic signaling cascade in melanoma cells treated with KINK-1. 
KINK-1 treatment induced moderate release of mitochondrial 
Smac and cytochrome c into the cytoplasm ( Figure 2, C ), where it 
contributes to the formation of the apoptosome, and decreased 
the expression of the antiapoptotic proteins Bcl-X L  and cyclin D1 
(data not shown). In contrast, the Bcl-2/Bax ratio was only mar-
ginally affected ( Figure 2, C ). In addition, in melanoma cells 
treated simultaneously with doxorubicin and KINK-1, there was a 
marked decrease in expression of gene products related to tumor 
progression as determined by RT-PCR ( Figure 2, D ). These gene 
products included cytokines and chemokines involved in tumor 
cell migration and angiogenesis (CCL-2 [MCP-1], CXCL-8 [IL-8] 
and IL-6), a matrix-degrading enzyme that promotes tumor inva-
sion (the matrix metalloprotease MMP-9), and the adhesion mol-
ecule ICAM-1, which mediates tumor cell adhesion. 

 Overall, there was a clear tendency toward reduced expression 
of genes involved in cell proliferation, motility, and protection 
against apoptotic signals in KINK-1 – treated melanoma cells 
( Figure 2 ). The activity of KINK-1 in melanoma cells was similar 
regardless of whether activation of NF- � B was constitutive or sub-
sequent to treatment with TNF, LPS, PMA, or doxorubicin 
( Figure 2, B and D ).  

  KINK-1 and Direct Toxicity 

 Because KINK-1 affected the expression of several gene products 
thought to mediate important cellular functions, including 
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 proliferation and apoptosis, we determined whether KINK-1 causes 
 toxicity at the cellular level by assessing proliferation and apoptosis 
of tumor cells. The results of proliferation assays with 14 tumor cell 
lines confirmed that at nanomolar concentrations the cytostatic 
agents taxol and camptothecin statistically significantly inhibited 

proliferation (data not shown). In contrast, the IC 50  of KINK-1 in 
assays of cellular proliferation was approximately 1000-fold higher 
than that of any of these agents for inhibition of growth of 14 dif-
ferent tumor cell lines ( Table 1 ). The low cytotoxicity of KINK-1 
was confirmed by assaying the colony formation of six different 

  
 Figure 2  .     Differential inhibition of the expression of NF- � B – dependent 
gene products by KINK-1.  A ) Microarray cluster analysis ( heat plots ) 
of A375 melanoma cells cultured in normal medium (left) or in the 
presence of KINK-1 (5  µ M) for 12 (middle) or 24 (right) hours. The 
panels show gene products with more than twofold changes com-
pared with the control culture from two independent experiments 
(labeled 1 and 2, respectively). The panel depicts a selection of genes 
from different functional panels.  Red  color indicates higher and  green  
color indicates lower expression.  B ) Differential regulation of NF- � B –
 dependent genes by KINK-1 in melanoma cells under both resting and 
stimulated conditions detected by semiquantitative reverse transcrip-
tion-polymerase chain reaction (RT-PCR). A375 melanoma cells were 

cultured in normal medium (lanes 1 and 2) or stimulated with TNF �  (1 
nM; lanes 3 and 4), phorbol 12-myristate 12-acetate (PMA) (25 ng/mL; 
lanes 5 and 6), or lipopolysaccharide (LPS) (1  µ g/mL; lanes 7 and 8) for 
12 hours and maintained in medium containing vehicle or KINK-1 (5 
 µ M) as indicated at the bottom of the panels.  C ) Western blot of cyto-
chrome c from mitochondrial extracts and Bcl-2/Bax from whole-cell 
lysates of MMNH melanoma cells exposed to KINK-1 (5  µ M) for the 
indicated periods of time.  D ) RT-PCR analysis of gene expression in 
A375 melanoma cells cultured in normal medium (lanes 1 and 2) or in 
the presence of doxorubicin (1  µ M; lanes 3 and 4) and maintained in 
medium containing vehicle or KINK-1 (5  µ M) as indicated at the bot-
tom of the panels.    
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tumor lines (data not shown). Human melanoma cells A375 and 
murine B16F10 cells exposed to 5  µ M KINK-1 showed no change 
in cellular morphology ( Figure 3, A ). In cultured melanoma cell 
lines, statistically significant antiproliferative and proapoptotic 
effects were observed only at concentrations of 10  µ M and higher, 
as determined by DNA fragmentation assays (data not shown) and 
MTS proliferation assays: proliferation of untreated A375 cells = 
2.175 U, 5% CI = 1.870 to 2.480 U; proliferation of cells treated with 
10  µ M KINK-1 = 1.525 U, 5% CI = 1.198 to 1.852 U,  P  = .048 in 
comparison to untreated cells; and proliferation of cells treated with 
15  µ M KINK-1 = 0.725 U, 95% CI = 0.537 to 0.913 U,  P  < .001. 
This low toxicity at the cellular level was observed despite the fact 
that inhibition of NF- � B was detectable at markedly lower 
concentrations.     

 The suppressive effect of KINK-1 on cyclin D1 expression 
suggested that KINK-1 might inhibit cell cycle regulation in 
melanoma cells. To test this hypothesis, melanoma cells (A375, 
Mel-2a, and MMNH) were exposed to higher doses of KINK-1 
( ≥ 10  µ M) for extended periods of time (ie, 4, 12, and 24 hours). As 
determined by fl ow cytometry of propidium iodide – labeled cells, 
cell cycle was arrested in the G2 phase. However, whereas the 
proteasome inhibitor bortezomib led to permanent cell cycle arrest 
under these conditions, KINK-1 – treated cells appeared to re-enter 
the cell cycle (Supplementary Figure 2, available online). 

 Thus, KINK-1 exhibited very low antiproliferative and pro-
apoptotic effects at the cellular level, and the concentrations of 
KINK-1 required to produce toxic effects in vitro were several logs 
higher than those for established cytostatics. Therefore, KINK-1 
may have low or negligible cytotoxic potential at concentrations 
suffi cient to inhibit NF- � B.  

  KINK-1 and Increased Susceptibility of Melanoma Cells to 

Antitumoral Treatment 

 The strong inhibitory effect of KINK-1 on the expression of gene 
products involved in cell cycle regulation, proliferation, or apoptosis 
resistance, together with its surprisingly low cytotoxic and proapop-
totic activity at the cellular level, led us to hypothesize that inhibi-
tion of IKK �  by KINK-1 would increase the susceptibility of tumor 
cells to antitumoral treatment and/or antagonize mechanisms of 
chemoresistance. To test this hypothesis, we treated three mela-
noma cell lines (A375, MMNH, and B16F10) with several well-
characterized cytostatic compounds, different concentrations of 
TRAIL, or the CD95 (Fas) – agonistic proapoptotic CH-11 mAb in 
either the presence or absence of KINK-1. Cell proliferation was 
assessed by MTS assays, and apoptosis was determined by DNA 
fragmentation. KINK-1 at concentrations as high as 7.5  µ M did not 
induce apoptosis in any of the melanoma cell lines. Doxorubicin 
alone did not induce apoptosis at concentrations of 0.1  µ M or 
0.3  µ M and showed only weak proapoptotic activity at 1.0  µ M. 
However, the inhibition of cell proliferation by doxorubicin as 
determined by the MTS assay was statistically significantly enhanced 
when KINK-1 was present in the cell cultures: proliferation (arbi-
trary units) of untreated A375 cells = 2.24 U, 95% CI = 2.12 to 2.36 
U; proliferation of cells treated with 5  µ M KINK-1 = 2.18 U, 95% 
CI = 1.93 to 2.42 U; proliferation of cells treated with 0.3  µ M doxo-
rubicin = 2.01 U, 95% CI = 1.86 to 2.16 U; and proliferation of cells 
treated with 0.3  µ M doxorubicin and 5  µ M KINK-1 = 1.12, 95% CI = 

0.97 to 1.27,  P  < .001, compared with doxorubicin (0.3  µ M) alone; 
proliferation of cells treated with 1.0  µ M doxorubicin = 1.52 U, 95% 
CI = 1.40 to 1.64 U; proliferation of cells treated with 1.0  µ M doxo-
rubicin and 5  µ M KINK-1 = 0.54 U, 95% CI = 0.40 to 0.68 U, 
 P  < .001, compared with doxorubicin (1.0  µ M alone;  Figure 3, C ). 
The antiproliferative activities of tamoxifen and camptothecin, but 
not cisplatin, were similarly increased by KINK-1 ( Figure 3, C ). 
Furthermore, apoptosis (as measured by the generation of histone-
bound DNA fragments) of melanoma cells was increased by the 
presence of KINK-1 at low concentrations of doxorubicin: with 
treatment with 0.3  µ M doxorubicin, the increase in apoptosis in the 
presence of 3  µ M KINK-1 = 1.8-fold, 95% CI = 1.63- to 1.95-fold, 
 P  = .002, and the increase in the presence of 5  µ M KINK-1 = 2.4-
fold, 95% CI = 2.21- to 2.55-fold,  P  < .001; with treatment with 1.0 
 µ M doxorubicin, the increase with 3  µ M KINK-1 = 2.5-fold, 95% 
CI = 2.18- to 2.84-fold,  P  = .005, and the increase with treatment 
with 5  µ M KINK-1 = 3.5-fold, 95% CI = 3.15- to 3.83-fold,  P  < .001 
( Figure 3, D ). A similar enhancement of proapoptotic activity was 
observed when the cytostatic agents camptothecin or tamoxifen 
were combined with KINK-1 ( Figure 3, D ). Likewise, the apoptotic 
response was increased when the natural death receptor ligand 
TRAIL or the CD95-activating CH-11 mAb was combined with 
KINK-1 (data not shown). Thus, specific inhibition of IKK �  by 
KINK-1 markedly increased the susceptibility of melanoma cells to 
some antitumoral treatments in vitro.  

 Table 1 .     Antiproliferative activity of KINK-1 in cancer cell lines *   

  Cell line IC 50  ( µ M) 95% CI  

Number of 

experiments

  B16F10 
 (murine melanoma)

14 12 to 16 9

 MeWo 
 (human melanoma)

19 11 to 26 3

 Colo205 (human 
 colon carcinoma)

20 15 to 25 6

 DLD-1 (human 
 colon carcinoma)

21 20 to 22 3

 HT29 (human 
 colon carcinoma)

18 14 to 22 4

  HCT116 (human 
 colon carcinoma) 

21 16 to 26 3

 U87 (human 
 glioblastoma)

9.9 9.6 to 10 2

 HH (human 
 lymphoma)

2.8 2.2 to 3.4 6

 EL4 (murine 
 lymphoma)

12 6.3 to 18 5

 DB (human 
 lymphoma)

12 11 to 13 3

 MiaPaCa2 (human 
 pancreas carcinoma)

19 14 to 23 5

 MDA-MB-231 (human 
 breast carcinoma)

18 11 to 25 2

 PC3 (human prostate 
 carcinoma)

18 12 to 24 3

 A549 (human lung 
 carcinoma)

17 15 to 19  6

  *   IC 50  values (ie, compound concentration that inhibits proliferation by 50%) 
were calculated from several independent experiments for each condition. 
KINK-1 = kinase inhibitor of nuclear factor- � B-1; CI = confidence interval.   
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 Figure 3  .     Toxicity of KINK-1 and its effect on susceptibility of mela-
noma cells to antitumoral treatment in vitro.  A ) Murine (B16F10) and 
human (A375) melanoma cells were cultured for 24 hours in the pres-
ence of doxorubicin (1.0  µ M), camptothecin (10.0  µ M), or KINK-1 (5  µ M). 
KINK-1 alone had no apparent effect on cellular morphology, whereas 
combinations of doxorubicin or camptothecin and KINK-1 resulted in 
marked cellular damage ( arrows  indicate examples of damaged cells). 
Scale bar = 20  µ m.  B ) Proliferation (fold increase in number of cells as 
refl ected by the MTS assay) of two melanoma cell lines (A375 and 
MMNH) exposed to the indicated concentrations of KINK-1 for 24 hours. 
Values shown represent the means ( error bars  indicate 95% confi dence 
intervals [CI]) of four cell cultures.  C ) Proliferation in melanoma cells 
(A375) incubated with normal medium ( open bar ) or the indicated con-

centrations of tamoxifen, camptothecin, doxorubicin, or cisplatin for 24 
hours in the presence or absence of KINK-1 (5.0  µ M). Mean values and 
95% CIs derive from measurements of four cell cultures.  P  values rep-
resent statistical comparisons (two-sided  t  test) of the indicated values 
vs those obtained when treatment was with the cytostatic alone.  D ) 
Apoptosis of melanoma cells (A375) incubated with normal medium or 
the indicated concentrations of doxorubicin (doxo.), camptothecin 
(campt.), or tamoxifen (tamox.) for 24 hours in the presence or absence 
of KINK-1 (3.0  µ M or 5.0  µ M). Y axis indicates the number of apoptotic 
cells for a given treatment normalized to the number of apoptotic cells 
without treatment.  P  values represent statistical comparisons (two-
sided  t  test) of the indicated values vs treatment with the respective 
cytostatic agent alone.    
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  KINK-1 and Antagonization of Doxorubicin-Induced 

Activation of NF- � B 

 Because drug-induced activation of NF- � B is an important mecha-
nism for resistance to some cytostatics such as doxorubicin ( 23 , 36 ), 
we tested the hypothesis that IKK �  inhibition by KINK-1 prevents 
this activation. Doxorubicin treatment led to the activation of 
NF- � B in all melanoma lines tested. However, when doxorubicin 
was combined with 5  µ M KINK-1, induction of NF- � B activation 
in a human (A375) and a murine (B16F10) melanoma line was pre-
vented (Supplementary Figure 3, available online).  

  KINK-1 and Increased Antitumoral Activity of 

Doxorubicin In Vivo 

 The inhibition of IKK �  in tumor cells by KINK-1 in vitro featured 
three interesting properties: 1) KINK-1 showed low direct toxicity, 
2) it enhanced the antitumoral activity of cytostatic compounds, 
and 3) it antagonized doxorubicin-induced activation of NF- � B, a 
potential mechanism for resistance to doxorubicin. Based on these 
results, we performed experiments to investigate the antitumoral 
activity of KINK-1 in mice. 

 We examined C57BL6 mice that were injected intravenously 
with B16F10 melanoma cells and observed that prominent pulmo-
nary metastasis occurred within 19 days in vehicle-treated animals 
as well as in mice treated with KINK-1 (3.0 mg/kg or 10.0 mg/kg 
every other day) or doxorubicin (1.0 mg/kg twice weekly) ( Figure 
4, A  – C). Monotherapy of animals injected with tumor cells with 
higher doses of doxorubicin (4 mg/kg) was severely toxic and led 
to cachexia. However, after combined treatment with both com-
pounds at doses that were ineffective when given separately, there 
was a clear and statistically signifi cant reduction in the number of 
pulmonary metastases and the overall lung weight (a surrogate 
parameter for pulmonary tumor mass): mean lung weight of 
vehicle-treated control mice = 248 mg, 95% CI = 230 to 265 mg; 
mean lung weight of mice treated with 3 mg/kg KINK-1 = 260 mg, 
95% CI = 216 to 304 mg; mean lung weight of mice treated with 
10 mg/kg KINK-1 = 249 mg, 95% CI = 227 to 271 mg; mean lung 
weight of mice treated with 1 mg/kg doxorubicin = 268 mg, 95% 
CI = 224 to 313 mg; mean lung weight of mice treated with 4 mg/
kg doxorubicin = 157 mg, 95% CI = 144 to 169 mg; mean lung 
weight of mice treated with 10 mg/kg KINK-1 plus 4 mg/kg doxo-
rubicin = 133 mg, 95% CI = 128 to 139 mg; mean lung weight of 
mice treated with 3 mg/kg KINK-1 plus 1 mg/kg doxorubicin = 
181 mg, 95% CI = 171 to 192 mg,  P  < .001 from  t  test comparing 
mean lung weight of mice treated with the combination of 3 mg/kg 
KINK-1 plus 1 mg/kg doxorubicin to that in mice treated with 
1 mg/kg doxorubicin alone, 3 mg/kg KINK-1 alone, or vehicle-
treated controls ( Figure 4, B ). The increased antitumoral effi cacy 
of combined treatment was confi rmed by histological and morpho-
metric analyses of the lungs, which revealed a statistically signifi -
cant reduction in the areas covered by tumor masses in mice 
treated with combination treatment compared with mice treated 
with either treatment alone or with vehicle ( Figure 4, C ;  P  values 
from Student  t  test comparing combination treatment with either 
treatment alone or vehicle < .001).     

 When mitotic cells within pulmonary metastases of the above 
experiments were visualized by acridine orange staining, a high PI 
was calculated for vehicle-treated mice and mice treated with 

KINK-1 or doxorubicin monotherapy (PI in vehicle-treated mice = 
1.64, 95% CI = 1.40 to 1.87; PI in KINK-1-treated mice = 1.63, 
95% CI = 1.38 to 1.88; PI in doxorubicin-treated mice = 0.86, 95% 
CI = 0.62 to 1.10;  Figure 4, D ). By contrast, when low doses of 
doxorubicin were combined with KINK-1, there was a statistically 
signifi cant reduction of the PI (PI = 0.22, 95% CI = 0.09 to 0.35; 
 P  values < .001 from  t  tests comparing PI of cells treated with both 
agents to that of cells treated with KINK-1 or doxorubicin alone, 
 Figure 4, D ). 

 In another series of experiments, mice were injected with 
B16F10 melanoma cells and left untreated for 8 days to allow 
tumor growth. Mice were then treated for another 12 days with 
vehicle, doxorubicin, or a combination of doxorubicin with 
KINK-1. Again, when mice were treated with a combination of 
doxorubicin and KINK-1, the lung weights were statistically sig-
nifi cantly lower compared with those of either vehicle or doxoru-
bicin-treated mice ( P  < .001 in both cases;  Figure 4, E ). 

 To confi rm that KINK-1 enhanced the effects of other cyto-
static agents, C57BL6 mice injected with B16F10 melanoma cells 
were treated with camptothecin (2 mg/kg every other day), 
KINK-1 (3 mg/kg every other day), or both agents. After 19 days, 
mice treated with KINK-1 or camptothecin alone had developed 
numerous pulmonary metastases (mean = 113.5, 95% CI = 71.2 to 
155.8, and 60.3, 95% CI = 28.3 to 84.9, respectively). Treatment 
with both KINK-1 and camptothecin led to a statistically signifi -
cant reduction in the number of pulmonary metastases (mean = 
2.0, 95% CI = 1.2 to 2.8;  P  = .002 from  t  test comparing number 
of metastases with those observed in mice treated with KINK-1 
alone,  P  = .01 comparing number of metastases with those 
observed in mice treated with camptothecin alone). 

 Because induction of chemoresistance is a major challenge in 
many antitumoral therapies and previous studies have demon-
strated that doxorubicin may rapidly induce chemoresistance ( 37 ), 
we tested the hypothesis that KINK-1, alone or in combination 
with doxorubicin, induces chemoresistance in melanoma cells in 
vivo. Cultures from pulmonary metastases of mice treated with 
vehicle, KINK-1 (3.0 mg/kg or 10.0 mg/kg), doxorubicin (1.0 mg/kg 
or 4.0 mg/kg), or combinations thereof were established after 
19 days of therapy. Three separate cultures were established for 
each treatment condition, and the responses of the recultured 
melanoma cells to KINK-1, doxorubicin, or their combinations 
were assessed by analyzing proliferation and apoptosis. All of the 
melanoma cell populations showed almost identical responses: 
exposure to KINK-1 (5  µ M) or doxorubicin (0.3  µ M) alone neither 
inhibited cell proliferation nor statistically signifi cantly induced 
apoptosis, but the combination of suboptimal concentrations of 
the two compounds resulted in statistically signifi cant antiprolifer-
ative and proapoptotic activity (data not shown). Thus, the 
response of tumor cells reestablished from treated mice was not 
distinguishable from the response of the parental cell line.   

  Discussion 
 NF- � B signaling pathways are constitutively active in many cancer 
cells and have been implicated in tumor progression and tumor 
resistance to chemotherapy ( 38 ). Some chemotherapeutic agents 
may induce chemoresistance of cancer cells through activation of 
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NF- � B ( 29 , 39  –  44 ). KINK-1 is the lead compound in a novel class 
of small-molecule inhibitors of IKK �  ( 45 ). The effectiveness of 
KINK-1 in inhibiting IKK �  activity was underscored by our obser-

vation of abrogation of constitutive and TNF-induced I � B phos-
phorylation in melanoma cells. Indeed, based on our observation 
that the compound suppressed constitutive NF- � B activation and 

  
 Figure 4  .     Response of melanoma cells to antitumoral treatment in vivo. 
 A ) Pulmonary metastasis in C57BL6 mice intravenously injected with 
2 × 10 5  B16F10 melanoma cells and treated with KINK-1 intraperitone-
ally every other day and/or doxorubicin twice weekly at the indicated 
doses.  B ) C57BL6 mice (n = 6 per group) were injected intravenously 
with 2 × 10 5  B16BL6 melanoma cells and treated as indicated. Total lung 
weight, a surrogate parameter for pulmonary tumor mass, was deter-
mined. *** P  < .001 vs the vehicle control.  C ) Histological examination 
of representative sections from the indicated groups.  D ) Proliferation of 
tumor cells from mice treated with KINK-1 (3 mg/kg), doxorubicin 
(1 mg/kg), or KINK-1 and doxorubicin (3 mg/kg and 1 mg/kg, respec-

tively). The PI (number of proliferating cells per 100 tumor cells) in acri-
dine orange – stained lung sections was calculated based on at least 
2000 tumor cells in each section, counted in a blinded fashion. Values 
represent the mean (with 95% confi dence intervals [CIs]); *** P  < .001; 
n.s. = not statistically signifi cant (from two-sided  t  test).  E ) Treatment 
effects on established metastases. Lungs from C57BL6 mice injected 
intravenously with melanoma cells and left untreated for 8 days to 
allow tumor growth and then treated as indicated for another 12 days 
were weighed. Values represent the means (with 95% CIs, ** P  = .002 
compared with vehicle control, *** P  < .001 compared with both vehicle 
control and doxorubicin treatment by two-sided  t  test).    
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NF- � B activation induced by cytostatics or inflammatory agents, 
KINK-1 appears to be a universal inhibitor of NF- � B activation in 
melanoma cells, regardless of the mode of activation, which may 
vary considerably according to the inducer ( 41 , 46 ). 

 The distinct mechanisms of drug-induced activation of NF- � B 
were the basis for our selection of cytostatic agents in this study. 
Doxorubicin intercalates into DNA, where it forms adducts and 
inhibits topoisomerase II. This results in cell death ( 41 , 47 ). 
DNA-dependent protein kinase and the ataxia telangiectasia–
mutated protein have been implicated in the activation of NF- � B 
following exposure to camptothecin ( 48 , 49 ). PMA is thought to 
activate NF- � B through stimulation of protein kinase C (PKC)  �  
( 50 ). Tamoxifen, an antiestrogen and PKC inhibitor, does not 
induce NF- � B activation but rather leads to a moderate attenuation 
of NF- � B signals in some cells ( 41 ). This suggests that the poten-
tiation of tamoxifen’s antiproliferative effect by KINK-1 results 
from additional NF- � B inhibition. In any case, specifi c inhibition 
of IKK � , possibly augmented by weak inhibition of IKK �  ( 51 ), 
appears to be a common denominator in KINK-1’s inhibition of 
these various mechanisms for NF- � B activation. 

 Analysis of microarray data revealed that KINK-1 did not sub-
stantially affect expression of some gene products known to be 
important for the activity of cytostatics. These genes include DNA 
topoisomerases or proteins involved in the mitotic chromosome 
segregation machinery. Therefore, it appears that KINK-1 does 
not interfere directly with known mechanisms of cytostatic action 
but rather infl uences pathways that indirectly modulate the activity 
of cytostatic agents. One possible explanation for the increased 
effect of cytostatics in KINK-1 – treated tumor cells may be pro-
vided by our observation of KINK-1 – induced temporary G2 arrest 
of melanoma cells, which may facilitate DNA intercalation by 
cytostatic agents such as doxorubicin. 

 KINK-1 inhibition of IKK �  also led to marked decrease in 
expression of NF- � B – dependent gene products involved in cell pro-
liferation, antiapoptosis, and invasion. Among them, both CXCL-8 
(IL-8) and CCL-2 (MCP-1) have been implicated in angiogenesis, 
invasion, autocrine growth loops, and resistance to apoptosis; ICAM-1 
and MMP-9 are essential for tumor cell invasion; TNF � , IL-6, 
CXCL-8, and IL-1 �  are mediators of immune responses; IL-1 � , 
CXCL-2, CCL-2, and CCL-20 are involved in cell migration; 
and CXCL-1, CXCL-8, and COX-2 are associated with tumor 
growth, metastasis, and angiogenesis, respectively ( 52  –  59 ). 

 Although inhibition of NF- � B may in some cases induce cellu-
lar apoptosis ( 60  –  62 ), treatment with KINK-1 at concentrations 
that were therapeutic in mice did not by itself produce appreciable 
apoptosis in melanoma cells. However, given that exposure of 
melanoma cells to KINK-1 resulted in activation of some apop-
totic responses such as release of mitochondrial cytochrome c and 
Smac, and a moderate decrease of some IAP proteins, it is reason-
able to assume that increased apoptotic responses contribute to 
KINK-1’s augmentation of antitumoral effects. Furthermore, at 
very high (approximately 25  µ M) concentration, KINK-1 induced 
transient G2 arrest of the cell cycle or slowed G2/M progression 
in melanoma cells. Therefore, it is conceivable that KINK-1 at 
lower concentrations enhances the G2/M cell cycle arrest and 
subsequent apoptosis induced by cytostatic agents such as doxoru-
bicin ( 63 ), camptothecin ( 64 ), or tamoxifen ( 65 ). Consistent with 

the idea that KINK-1 acts by targeting NF- � B, gene products 
under NF- � B control that are primarily or also regulated by other 
transcription factors, such as vascular endothelial growth factor 
and  � -catenin, which depend on STAT-3 ( 66 , 67 ), were only mar-
ginally affected by KINK-1. 

 Overall, KINK-1 exhibited little toxicity at concentrations that 
were therapeutic in mice and suffi cient for inhibition of IKK �  and 
potentiation of the antitumoral activity of several cytostatics. 
Toxicity of chemotherapeutics (eg, cardiotoxicity and neurotoxic-
ity of anthracycline drugs) ( 68 , 69 ), is a major obstacle to achieving 
effective doses in humans. Therefore, enhancement of the antitu-
moral activity of doxorubicin at lower, less toxic doses would be 
very useful for cancer therapy. In mice, combined treatment with 
KINK-1 and doxorubicin led to a statistically signifi cant decrease 
in experimental melanoma metastasis compared with either treat-
ment alone. Higher doses of doxorubicin to achieve an equivalent 
effect would entail severe systemic toxicity. 

 In a model of pulmonary metastasis ( 70 ), we observed statisti-
cally signifi cantly less tumor cell proliferation in situ in mice 
treated with a combination of doxorubicin and KINK-1 than in 
mice treated with either drug alone or vehicle. These mice also 
exhibited markedly fewer metastases within the lungs, consistent 
with our in vitro proliferation results. The marked reduction in the 
expression of proteins involved in cell proliferation in cells exposed 
to KINK-1 is likely to contribute to reduced tumor cell prolifera-
tion in vivo. However, the extent to which other systemic effects 
of NF- � B inhibition that were demonstrated in vitro, such as pro-
motion of epithelial cell growth ( 71 , 72 ), immunosuppression ( 73 ), 
or IL-1 �  regulation ( 74 ), occur in vivo is diffi cult to predict. 

 Treatment of tumors with suboptimal doses of cytostatic agents 
may in some cases select for resistant cell clones, thus rendering 
the tumors even more recalcitrant to therapy. For example, doxo-
rubicin, when used transiently at sublethal concentrations, renders 
tumor cells resistant to subsequent challenges ( 43 , 75 ). Enhancing 
the susceptibility of tumors to cytostatic agents using another com-
pound, such as KINK-1, may provide a means to overcome che-
moresistance in some cases. Melanoma cells isolated from lung 
metastases of mice treated with different concentrations of KINK-1 
in vivo did not show altered responses to antitumoral treatment 
after they had been reestablished in vitro. Furthermore, because 
KINK-1 treatment did not lead to growth impairment (an indica-
tor of long-term systemic toxicity) in mice when administered over 
a period of several weeks ( 45 ), it appears to be a safe treatment. 

 Our study has some limitations. First, it is unclear whether the 
antitumoral effect of KINK-1 will be observed following oral 
administration, the preferred route of administration for a small-
molecule compound. Second, additional in vivo dose – response and 
toxicity experiments are needed to determine the optimal thera-
peutic window. Third, when used at therapeutic concentrations 
KINK-1 did not by itself induce appreciable apoptosis in mela-
noma cells. This fi nding, which is surprising in light of studies 
showing that inhibition of NF- � B may in some cases induce cellu-
lar apoptosis ( 61 , 62 ), suggests that IKK � -dependent activation of 
NF- � B may not be suffi cient for survival and tumorigenicity of 
cancer cells, a hypothesis that needs to be studied further. Fourth, 
our study did not explain why KINK-1 increased the antitumoral 
activity of some (eg, doxorubicin and camptothecin) but not all 
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cytostatics, and this question needs further study. Finally, it is nec-
essary to investigate the effi cacy of KINK-1 in additional preclini-
cal tumor models, including melanoma models, addressing effects 
on local progression as well as other metastatic tumors. 

 In conclusion, our work suggests that using agents to enhance 
the susceptibility of tumor cells to cytostatic agents may improve 
future antitumoral regimens.     
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