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Abstract
Recently, the inhibition of histone deacetylase (HDAC) enzymes has attracted attention in the oncologic community
as a new therapeutic opportunity for hematologic and solid
tumors including non–small cell lung cancer (NSCLC). In
hematologic malignancies, such as diffuse large B-cell
lymphoma, the HDAC inhibitor (HDI), suberoylanilide hydroxamic acid (SAHA), has recently entered phase II and III
clinical trials. To further advance our understanding of their
action on tumor cells, we investigated the possible effect of
HDI treatment on the functionality of the nuclear factor-KB
(NF-KB) pathway in NSCLC. We found that in the NSCLC cell
lines, A549 and NCI-H460, the NF-KB pathway was strongly
inducible, for example, by stimulation with tumor necrosis
factor-A (TNF-A). Incubation of several NSCLC cell lines with
HDIs resulted in greatly reduced gene expression of TNF-A
receptor-1. HDI-treated A549 and NCI-H460 cells downregulated TNF-A receptor-1 mRNA and protein levels as well
as surface exposure, and consequently responded to TNF-A
treatment with reduced IKK phosphorylation and activation,
delayed IKB-A phosphorylation, and attenuated NF-KB nuclear translocation and DNA binding. Accordingly, stimulation of
NF-KB target gene expression by TNF-A was strongly
decreased. In addition, we observed that SAHA displayed
antitumor efficacy in vivo against A549 xenografts grown on
nude mice. HDIs, therefore, might beneficially contribute to
tumor treatment, possibly by reducing the responsiveness of
tumor cells to the TNF-A-mediated activation of the NF-KB
pathway. These findings also hint at a possible use of HDIs in
inflammatory diseases, which are associated with the overproduction of TNF-A, such as rheumatoid arthritis or Crohn’s
disease. (Cancer Res 2006; 66(10): 5409-18)

Introduction
Histone deacetylases (HDACs) regulate the acetylation status of
histones at prominent amino-terminal lysine residues, and their
inhibitors have recently inspired great interest in the cancer
research community as a possible treatment option for solid and
hematologic tumors (reviewed in refs. 1–5). Currently available
HDAC inhibitors (HDIs) fall into six structural classes (1), and
suberoylanilide hydroxamic acid (SAHA, ref. 6) is a prototype of the
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hydroxamate class that inhibits class I and class II HDAC enzymes
with similar potency. The basic concept is that inhibition of HDAC
enzymes relieves gene repression by inducing the hyperacetylation
of core histone proteins, and indeed, many studies have shown
altered gene expression upon treatment of tumor cells with HDIs
(7–9). Nevertheless, over the last few years, it has also become
clear that HDIs not only cause a change in the histone acetylation
status, but are also able to influence the acetylation status of a
number of other proteins important for tumor formation and
proliferation, such as p53, a-tubulin, nuclear receptors, Hsp90, signal transducer and activator of transcription family members, such
as Stat3 (reviewed in ref. 10), and subunits of nuclear factor-nB
(NF-nB; refs. 11–13).
Here, we focused on determining the effect of HDIs on the NF-nB
signaling pathway because its activation is a most prominent route
chosen by cells to evade apoptosis and to respond to stress
conditions caused, e.g., by cytostatic anticancer agents (reviewed
in ref. 14). NF-nB exerts its actions by binding to decameric nB sites
in the promoter regions of genes that can be grouped as antiapoptotic, proangiogenic, or proinflammatory. Besides regulating
cellular homeostasis, NF-nB can also influence cell motility by
activating adhesion or matrix remodeling genes, such as MMP9
and vimentin (15).
The most common NF-nB isoforms are heterodimers composed of p65 and p50, which have a role in inflammation,
immunoregulation, survival, and proliferation, as well as of RelB
and p52, which are involved in lymphogenesis and B cell
maturation (16). Cytosolic, inactive NF-nB is activated by the
serine/threonine kinase InB-kinase IKK (reviewed in ref. 17), a
heterotrimer composed of the IKKa and IKKh kinases and the
regulatory IKKg subunit. IKK phosphorylates the NF-nB inhibitor
InB-a, which leads to its dissociation from the transcription
factor and generates a high-affinity binding site on InB-a for the
ubiquitin ligase h-TrCP, causing its subsequent ubiquitination
and proteasomal degradation. Simultaneously, the dissociation of
InB-a unmasks a nuclear localization signal on NF-nB and
renders it competent for translocation to the nucleus and DNA
binding.
A pivotal role for activation of the NF-nB pathway in tumors as
well as for survival of several tumor cell lines has been shown and
can be correlated with tumor stages and outcome. Constitutively
active NF-nB can be found, for example, in later-stage hormoneindependent (estrogen receptor negative) breast cancer cell lines,
but is absent from the earlier-stage hormone-dependent lines, such
as MCF-7 and T47D (18). Furthermore, NF-nB is constitutively
active in certain colorectal cancer cell lines, and 8 of 10 colorectal
tumors tested showed enhanced NF-nB DNA binding activity when
compared with adjacent normal mucosa (19). In addition, NF-nB is
regarded as a therapeutic target in multiple myeloma (20) and
Hodgkin’s lymphoma (21).
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Even though smoking has been shown to induce NF-nB activation (22, 23), which can lead to asthma and other inflammatory
processes, such as chronic obstructive pulmonary disease (24),
surprisingly little is known about the prevalence of the NF-nB
pathway in securing survival or inducing chemoresistance in lung
tumors or lung cancer cell lines. One of the goals of this study,
therefore, was the elucidation of the NF-nB activation status in
human non–small cell lung cancer (NSCLC) cell lines. Moreover, we
investigated the influence of HDI on the inducibility of the NF-nB
pathway in NSCLC as well as their in vivo antitumor effects against
NSCLC xenografts.

Materials and Methods
Cell culture and chemicals. All cell lines were obtained from American
Type Culture Collection (Wesel, Germany) and cultured in the recommended medium. Trichostatin A (TSA) was purchased from Sigma-Aldrich
(Taufkirchen, Germany) and SAHA was synthesized in-house. Tumor
necrosis factor-a (TNF-a) and interferon-a (IFN-a) were from Tebu-Bio
(Offenbach, Germany).
Electrophoretic mobility shift assay. Cells were incubated with HDI for
24 hours before stimulation with 25 ng/mL of TNF-a for 30 minutes.
Nuclear extracts were prepared according to the protocol of Active Motif
(Rixensart, Belgium). Briefly, cells were washed with PBS, scraped off in PBS,
centrifuged, resuspended in hypotonic buffer [20 mmol/L HEPES (pH 7.5),
5 mmol/L NaF, 10 Amol/L Na2MoO4, 0.1 mmol/L EDTA], and kept on ice for
15 minutes. NP40 was added to a final concentration of 0.5% and the
suspension was recentrifuged. The pellet was resuspended in 20 mmol/L
HEPES, 400 mmol/L NaCl, 0.1 mmol/L EDTA, 10 mmol/L NaF, 10 Amol/L
Na2MoO4, 20% glycerol, 10 mmol/L h-glycerophosphate, 1 mmol/L DTT
containing a cocktail of protease and phosphatase inhibitors (SigmaAldrich) and rocked on ice for 30 minutes. Then, the suspension was
centrifuged for 10 minutes at 14,000  g, 4jC and the supernatant was
stored at 80jC.
Electrophoretic mobility shift assays (EMSA) were done using a doublestranded oligonucleotide (Invitrogen, Karlsruhe, Germany) containing a
consensus nB binding site (5¶-AGTTGAGGGGACTTTCCCAGGC-3¶—consensus nB region underlined). The oligonucleotide was end-labeled with
[g-32P]ATP using T4 polynucleotide kinase (Amersham, Freiburg, Germany) and purified using MicroSpin G50 columns (Amersham). Nuclear
extracts were incubated with 40 mmol/L HEPES/NaOH (pH 7.9), 120
mmol/L KCl, 8% Ficoll, 2 mmol/L DTT, 0.1 Ag/AL poly(deoxyinosinicdeoxycytidylic acid), 0.1 Ag/mL BSA at room temperature for 15 minutes.
For supershift experiments, the nuclear extracts were preincubated with
4 Ag of anti-p65 antibody (Santa Cruz Biotechnology, Heidelberg,
Germany). The reaction mixture was subjected to electrophoresis in a
5% polyacrylamide gel. Gels were dried under vacuum and visualized with
a FUJIFILM FLA-5000 Phosphorimager (Fuji Photo Film, Düsseldorf,
Germany).
Gene expression analysis. After incubation with HDI for 24 hours
and TNF-a stimulation for 4 hours, cells were washed with PBS, and
total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden,
Germany). cDNA synthesis was carried out using reverse transcriptase
from Roche Applied Science (Mannheim, Germany). Real-time PCR was
employed to quantify human InB-a, IL-8, c-Flip, Bcl-xL, VEGF-c, TNF-a
receptor-1 (TNFR1), and TRAIL receptor 2 (TRAIL-R2) transcripts and
18S rRNA (Applied Biosystems, Foster City, CA) from cDNA samples. All
samples were analyzed in triplicate and probes were standardized with
respect to total RNA and 18S-RNA. Results from three independent
experiments were analyzed for statistical significance performing
ANOVA with Dunnett’s multiple comparison test using GraphPad Prism
4.0 software.
Fluorescence flow cytometry. A549 cells were either treated with HDI
for 24 hours or left untreated. Cells were rinsed with PBS, detached with
0.2% EDTA/PBS solution at 37jC for 10 to 20 minutes, washed with PBS,
and incubated with mouse IgG2b anti-human TNFR1 (Santa Cruz
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Biotechnology) monoclonal antibody for 30 minutes on ice. Thereafter,
cells were washed with PBS and incubated with rabbit anti-mouse IgG
antibody labeled with FITC (Calbiochem/Merck Biosciences, Schwalbach,
Germany). After 30 minutes, cells were washed twice with PBS, resuspended
in 1% formaldehyde/PBS, and analyzed using a FACS-Canto instrument
(Becton Dickinson, Heidelberg, Germany). Data were analyzed employing
FlowJo Software (TreeStar, Ashland, OR).
Immunoblotting. HDI and TNF-a treated cells were washed with
PBS and lysed using 120 mmol/L NaCl, 50 mmol/L Tris/HCl (pH 7.4),
20 mmol/L NaF, 1% Triton X-100, 0.5% Na-desoxycholate, 0.1% SDS,
1 mmol/L Na3VO4, and protease inhibitor cocktail (Roche Applied Science).
Lysates were subjected to SDS-PAGE, transferred to polyvinylidene
difluoride membrane (Bio-Rad, Munich, Germany), and immunoblotted
with anti-InB-a, anti-phospho-InB-a, anti-p-IKKa/IKKh Ser176/180 antibodies from Cell Signaling (Beverly, MA), anti-IKKa and anti-IKKh
antibodies from Biomol (Hamburg, Germany), anti-IKKg and TNFR1 from
Santa Cruz Biotechnology and anti-h-actin from Sigma-Aldrich, respectively. The membranes were washed with TBS containing 0.05% Tween 20
(Sigma-Aldrich) and incubated with secondary antibodies (Bio-Rad)
conjugated with horseradish peroxidase. Protein bands were detected by
chemiluminescence using the Lumi-LightPLUS Western blotting kit (Roche
Applied Science).
Nuclear translocation assay. Cells were incubated with HDI for
24 hours. After stimulation with either 25 ng/mL TNF-a or 100 ng/mL
IFN-a, cells were fixed with 3.7% formaldehyde at room temperature,
washed with blocking buffer (0.3% Tween 20, 1% BSA in PBS), and
permeabilized using 30 mmol/L NaCl, 0.54 mmol/L Na2HPO4, 0.3 mmol/L
KH2PO4, 0.1% Triton X-100. Cells were washed in blocking buffer and
incubated in blocking buffer containing anti-p65 antibody (Santa Cruz
Biotechnology) for TNF-a or anti-STAT1 antibody (Santa Cruz Biotechnology) for IFN-a-stimulated cells for 1 hour. After washing with blocking
buffer twice, Alexa-Fluor 488–labeled anti-mouse IgG or anti-rabbit IgG
(Invitrogen) was added together with Hoechst 33342 dye (Molecular
Probes/Invitrogen) for 1 hour. After washing thrice, the plates were scanned
using the ArrayScan II high-content scan reader (Cellomics, Berkshire,
United Kingdom).
Xenograft study. Female athymic NMRI nu/nu mice were inoculated s.c.
into both flanks with 1  106 A549 cells suspended in 500 AL PBS. The
treatment groups consisted of 10 animals each. The treatment was given
p.o. once a day after 21 days of growth, when tumors reached a volume of
100 mm3. SAHA was prepared in a vehicle of 20% PEG 400 and 4% Methocel
in H2O. The tumor size was determined by externally measuring the tumors
in two dimensions using a caliper. Volume (V ) was calculated according to
V = (L  W 2)  0.5, where L is length and W is width of the tumor.

Results
NF-KB is inducible in NSCLC cell lines. We first evaluated the
NF-nB activation status in the two NSCLC model cell lines A549
and NCI-H460. To this end, we did EMSA experiments (Fig. 1A).
In the absence of TNF-a, both cell lines showed only marginal
binding of the NF-nB protein to the nB sites from the HIV-1 long
terminal repeat (Fig. 1A, lanes 1 and 3). However, the NF-nB DNA
binding capability could be enhanced significantly upon stimulation with TNF-a, indicating that both cell lines possess an
inducible and functional NF-nB pathway (Fig. 1A, lanes 2 and 4).
As a positive control for a cell line with constitutive activation of
the NF-nB signaling pathway, we used Hodgkin’s lymphoma
HDLM-2 cells (25). There, strong NF-nB DNA binding was prevalent
even in the absence of TNF-a and the NF-nB DNA binding
efficiency could not be enhanced by the addition of TNF-a (Fig. 1A,
lanes 5 and 6).
In order to test whether this inducibility of NF-nB DNA binding
translated into changes in NF-nB target gene expression, we
quantified IL-8 and InB-a expression. As predicted from the EMSA
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Figure 1. The NF-nB pathway is inducible in NSCLC cell lines. EMSA (A) and
quantitative PCR (B and C) were used to study the status of NF-nB activation in
human NSCLC cell lines. A, whole cell extracts from untreated as well as TNF-a
(25 ng/mL; 30 minutes)–stimulated A549 and H460 NSCLC as well as HDLM2
Hodgkin’s lymphoma cell lines were used to detect binding of NF-nB to nB
binding sites. Total RNA, isolated from either untreated or TNF-a (25 ng/mL,
4 hours)–stimulated H460 (B) or A549 (C ) cells, was used to quantify the
relative expression of the NF-nB target genes IL-8 and InB-a. **, P < 0.01; ***,
P < 0.001, statistical significance was evaluated using an unpaired t test.

read-outs, we observed strong stimulation of gene expression for
each of these target genes upon TNF-a treatment, thus indicating
functional inducibility of the NF-nB pathway in NSCLC (Fig. 1B
and C). Because information correlating HDAC inhibition with NFnB signaling in NSCLC is sparse, we next sought to test the effect of
HDI on the inducibility of the pathway.
HDIs suppress TNFR1 expression and surface exposure in
NSCLC. Activation of NF-nB by TNF-a in noninflammatory cells,
such as NSCLC tumor cells, requires binding to TNFR1 (26, 27).
Thus, we decided to start by characterizing the effect of HDIs on
TNFR1 gene expression in a panel of NSCLC cell lines from all
three NSCLC subtypes. Treatment of eight cell lines for 24 hours
with either SAHA or TSA caused reduction of TNFR1 gene expression to f10% to 40% of control levels irrespective of the
NSCLC subtype as measured by TaqMan PCR (Table 1). A more
detailed analysis in NCI-H460 and A549 cells showed that
increasing concentrations of each of the drugs led to a statistically significant, dose-dependent decrease in the TNFR1 message
(Fig. 2A, lanes 2-4, 5-7, 9-11, and 12-14) and also caused reduced
TNFR1 protein levels (Fig. 2B, lanes 2-4 and 5-7), when compared
with control cells (Fig. 2A, lanes 1 and 8; Fig. 2B, lane 1).
As an internal control for the specificity and relevance of the
observed TNFR1 down-regulation, we measured the expression
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of TRAIL-R2. Expression of this cell surface molecule has been
previously shown to increase upon HDI treatment (28–30), which
results in synergistic apoptosis induction of TRAIL and HDIs,
such as SAHA, sodium butyrate (NaB), and TSA (31). Indeed, at
concentrations in which TNFR1 expression was suppressed,
TRAIL-R2 expression was increased (Fig. 2C, lanes 2-4, 5-7, 9-11,
and 12-14). If functionally important, the strong down-regulation
of TNFR1 mRNA and protein should also result in reduced
surface exposure of the receptor. To obtain evidence for this, we
probed for surface TNFR1 using FACS measurements. In line
with the findings for TNFR1 message and protein levels, we
found that increasing concentrations of SAHA (Fig. 2D, b-d) and
TSA (Fig. 2D, f-h) reduced the surface exposure of TNFR1: upon
the addition of SAHA or TSA, the main fluorescence intensity
shifted from 104 as observed in untreated cells (Fig. 2D, a)
towards 103, the value also seen for the isotype control sample
(Fig. 2D, e).
Thus, in summary, both HDIs caused a drastic reduction of
TNFR1 gene expression in a number of NSCLC cell lines, resulting in lowered TNFR1 protein levels and exposure on the cell
surface as shown for NCI-H460 and A549. In order to elucidate
whether this finding would bear functional consequences for the
inducibility of the NF-nB pathway, we decided to characterize
several components along the pathway for their response to
combined HDI and TNF-a treatment, and to ultimately test for the
influence of HDI incubation on TNF-a-stimulated NF-nB target
gene expression.
IKK phosphorylation is influenced by treatment with
HDIs resulting in reduced inhibitor phosphorylation and
degradation. Upon the binding of TNF-a to TNFR1, a signaling
cascade involving RIP-1 and TRAF proteins, which form a
complex with the TNFR1 cytosolic domain, induces IKK recruitment and activation. This results in phosphorylation of IKK on
serines 176/180 and 177/181 of the a and h subunits, respectively. Several kinases have been described to carry out this
phosphorylation, among which, NIK possesses a certain preference for IKKa (32), whereas MEKK3 is more specific for IKKh
(33). TNFR1 down-regulation should decrease the potential of
TNF-a to induce IKK phosphorylation. Accordingly, we found
reduced levels of phosphorylated IKKa/IKKh 10 minutes after
the addition of TNF-a in cells preincubated with HDIs (Fig. 3A,
lanes 1-3 and 5-7) when compared with cells without HDIs
(Fig. 3A, lanes 4 and 8). IKK protein levels, on the other hand,
seemed to be unaffected. Figure 3B shows that in NCI-H460 as
well as in A549, the intracellular amounts of all three subunits of
IKK—IKKa, IKKh, and IKKg—were unchanged after 24 hours of
incubation with HDIs.
We then tested whether the lack of activating phosphorylation on IKK would translate into altered phosphorylation and
degradation of the inhibitor InB-a. In line with the previous
findings, immunoblotting experiments revealed that in SAHAtreated and TSA-treated NSCLC cells, InB-a phosphorylation
was largely undetectable after 4 minutes of TNF-a stimulation
(Fig. 3C, upper panel, lanes 1-3 and 5-7), whereas control cells
showed appreciable phosphorylation of InB-a (Fig. 3C, upper panel,
lanes 4 and 8). This phosphorylation defect resulted in stabilization
of the inhibitor. In NCI-H460 and in A549, 10 minutes after the
addition of TNF-a, InB-a was undetectable in control cells (Fig. 3C,
lower panel, lanes 4 and 8), whereas the respective protein band was
present under increasing concentrations of SAHA (Fig. 3C, lower
panel, lanes 1-3) as well as TSA (Fig. 3C, lower panel, lanes 5-7).
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Table 1. HDIs cause down-regulation of TNFR1 mRNA in a variety of human NSCLC cell lines
Cell line

Relative expression of TNFR1 (% of untreated control F SD)

NSCLC subtype

10 Amol/L SAHA
A-427
A549
NCI-H23
NCI-H1563
NCI-H1703
NCI-H460
NCI-H520
NCI-H2170

Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Large cell carcinoma
Squamous cell carcinoma
Squamous cell carcinoma

36
29
21
91
35
24
23
40

F
F
F
F
F
F
F
F

50 Amol/L SAHA

6
4
1
5
1
1
1
2

21
13
7
29
15
9
9
10

F
F
F
F
F
F
F
F

1
2
1
3
2
1
1
1

2 Amol/L TSA
20
12
6
21
18
6
8
10

F
F
F
F
F
F
F
F

4 Amol/L TSA

3
1
1
2
2
1
0
1

25
12
7
26
17
6
7
9

F
F
F
F
F
F
F
F

2
2
1
2
1
1
0
1

NOTE: NSCLC cell lines were treated with HDIs for 24 hours and expression of TNFR1 was assayed by TaqMan PCR.

HDIs inhibit nuclear translocation of NF-KB. In order to
bind to the promoter regions in its target genes, NF-nB needs to
first translocate from the cytosol into the nucleus. Given the
altered inhibitor degradation, we asked whether incubation
with HDIs would consequently influence NF-nB nuclear translocation upon TNF-a stimulation. To this end, we employed
Array Scan–based translocation measurements, which quantify
the cytosolic and nuclear fractions of NF-nB. Indeed, at
concentrations in which TNFR1 was down-regulated, HDIs led
to a reduction of nuclear NF-nB (Fig. 4A and B). When compared with control cells without HDIs, NF-nB translocation
kinetics differed profoundly in two aspects: first, a lag phase of
several (up to 10) minutes for onset of nuclear translocation
was observed. Secondly, the overall level of translocated NF-nB
remained much lower in HDI-treated cells than in control cells.
This effect became dominant after 15 minutes, when HDItreated cells leveled out the amount of nuclear NF-nB at f50%
of untreated control cells. Thus, the nuclear translocation
studies suggested that the pool of cytosolic NF-nB was not
only activated more slowly, but that it also had a lower
nuclear translocation potential once it became activated. To
determine whether this translocation defect was specific for
the NF-nB pathway or might be a matter of general nuclear
import down-regulation, we compared the TNF-a-induced
translocation of NF-nB with the IFN-a-induced translocation
of STAT1 (Fig. 4C and D). We found that SAHA, in a dosedependent manner, reduced only the TNF-a-stimulated translocation of NF-nB (Fig. 4C). No inhibitory effect was observed
for the IFN-a-induced nuclear shuttling of STAT1 (Fig. 4D),
thus indicating that HDIs specifically block NF-nB’s nuclear
import.
NF-KB DNA binding and target gene expression are
decreased by HDIs. Thus far, we were able to show that the
HDI-mediated effects on TNFR1 also caused defective IKK and
InB-a phosphorylation, and reduced NF-nB nuclear translocation upon addition of TNF-a. In order to fully establish the
proof of concept though, we wanted to determine whether the
above-described effects would also translate into alterations of
NF-nB DNA binding and of NF-nB-mediated target gene
expression.
We employed EMSA measurements to assay for the inducibility
of NF-nB DNA binding after 24 hours of incubation with HDIs

Cancer Res 2006; 66: (10). May 15, 2006

(Fig. 5). Increasing concentrations of SAHA (Fig. 5A, lanes 3-5) and
TSA (Fig. 5A, lanes 6-8) lowered the amount of NF-nB bound to
DNA below the level seen in stimulated cells (Fig. 5A, lane 2).
Furthermore, the supershift experiment shown in Fig. 5B
established the identity of the shifted band as p65-containing
NF-nB. The addition of an anti-p65 antibody led to increased
retardation of the respective band (Fig. 5B, lanes 1 and 2).
Moreover, Fig. 5B (lanes 2, 4, and 6) shows the decrease in p65
upon incubation with SAHA or TSA (see arrows).
The reduced signal in the EMSA experiments coincided with a
repression of TNF-a-induced NF-nB-dependent gene expression
(Fig. 5C). Relative expression levels of InB-a (top), c-Flip (second),
Bcl-xL (third), and VEGF-c (bottom) were decreased at concentrations of SAHA and TSA in which NF-nB DNA binding was
reduced and TNFR1 was down-regulated.
In conclusion, these results show that HDIs cause TNFR1 downregulation, which triggers desensitization of the NF-nB pathway,
and ultimately results in reduced induction of NF-nB target gene
expression after the addition of TNF-a.
SAHA inhibits growth of A549 xenografts. In order to
determine whether these findings would bear any significance
for the treatment of NSCLC, we evaluated the in vivo antitumor
effect of SAHA in athymic nude mice carrying A549 tumor
xenografts obtained 21 days after s.c. inoculation of 1  106 cells
into both flanks of the animals. As shown in Fig. 6, oral treatment with 120 mg/kg SAHA led to growth retardation of the
tumor compared with the placebo-treated group. Whereas the
tumors of the placebo group reached a final mean tumor volume
of f700 mm3, tumors of the SAHA-treated group grew to a
mean volume of only 460 mm3. The tumor/control ratio in
this model was 0.5, revealing that SAHA inhibited tumor growth
by 50%.

Discussion
HDIs have recently garnered great interest in the oncology
community (2, 5, 34). Their possible therapeutic use holds great
promise for the treatment of hematologic as well as solid tumors.
Nevertheless, their mechanism of action is still unresolved with
manifold observations ranging from the activation of gene
expression by the alleviation of epigenetic blocks, such as
histone deacetylation and methylation, to the modification (i.e.,
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acetylation) of other important cellular proteins, such as tubulin
(35, 36), p53 (37, 38), or Hsp90 (39), themselves regulators of
many important intracellular pathways in a variety of cellular
systems.

To explore which, if any, of the hitherto described mechanisms
would apply to the molecular layout in NSCLC, we measured the
effect of two hydroxamate-type HDIs on several human NSCLC
cell lines and uncovered a yet undescribed reduction in the

Figure 2. HDIs down-regulate TNFR1
mRNA and protein, and decrease
receptor exposure at the cell surface. H460
and A549 cells were treated with various
concentrations of HDIs for 24 hours and
assayed for RNA and protein expression.
Total RNA was used to quantify the relative
expression of (A ) TNFR1 and (C )
TRAIL-R2: lanes 1 and 8, no HDI;
lanes 2-4 and 9-11, 1 Amol/L, 10 Amol/L,
and 50 Amol/L SAHA; lanes 5-7, and 12-14,
200 nmol/L, 2 Amol/L, 4 Amol/L TSA.
Columns, mean of three independent
experiments; bars, FSD. Statistical
significance was evaluated using ANOVA
with Dunnett’s multiple comparison test
(n.s., not statistically significant; *, P < 0.05;
**, P < 0.01). B, H460 and A549 cells were
preincubated with various concentrations
of HDIs for 24 hours, lysed and
immunoblotted for TNFR1: lane 1, no HDI;
lanes 2-4, 1 Amol/L, 10 Amol/L, and 50 Amol/
L SAHA; lanes 5-7, 200 nmol/L, 2 Amol/L,
and 4 Amol/L TSA; loading control, h-actin.
D, A549 cells were treated with SAHA or
TSA for 24 hours, detached and reacted with
mouse monoclonal antibody against TNFR1
and FITC conjugated anti-mouse antibody
and analyzed on a BD FACS-Canto.
a, no HDI; b-d, 1 Amol/L, 10 Amol/L, and
50 Amol/L SAHA; e, isotype control; f-h,
200 nmol/L, 2 Amol/L, 4 Amol/L TSA. Thin
and thick lines in (b-d) and (f-h ) indicate
the position of the medium and isotype
controls, respectively.
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Figure 3. Incubation with HDIs changes IKK activation and reduces InB-a
phosphorylation and degradation, but does not alter IKK protein levels. A549
and H460 cells were preincubated with HDIs for 24 hours and stimulated with
TNF-a for 4 minutes (p-InB-a) or 10 minutes (all others). Cell lysates were
immunoblotted for (A ) p-IKKa/h, (B ) IKKa, IKKh or IKKg, as well as (C ) p-InB-a
or InB-a protein levels. A,C, lanes 1-3, 1 Amol/L, 10 Amol/L, 50 Amol/L SAHA;
lanes 4 and 8 , no HDI; lanes 5-7, 200 nmol/L, 2 Amol/L, 4 Amol/L TSA.
B, lanes 1 and 4 , 50 Amol/L SAHA; lanes 2 and 5, 4 Amol/L TSA; lanes 3 and 6,
no HDI. Loading control: h-actin.

expression of TNFR1. We did a thorough analysis of the influence
of HDIs on the well-defined NSCLC cell lines, A549 and NCI-H460,
in which TNFR1 is the only TNF-a receptor present (26, 27).
Accordingly, the reduction in TNFR1 expression correlated with
dramatic consequences for the inducibility of the NF-nB pathway:
delayed InB-a phosphorylation, retarded InB-a degradation, a
subsequent block in the translocation of NF-nB from the cytosol
to the nucleus, and finally reduced NF-nB DNA binding and target
gene expression. Interestingly, the reduced nuclear shuttling of
NF-nB upon TNF-a stimulation after HDAC inhibition was
previously noted in murine RAW264 macrophages (40), as well as
in HT-29 colon cancer cells (41) after treatment with TSA and NaB,
and TNF-a stimulation. We observed these effects in the NSCLC
cell lines at concentrations in which cellular viability after 24 hours
was slightly decreased to f75% as judged by Alamar blue measurements. As internal control read-outs for the specificity of the
effect of HDIs on the NF-nB pathway, we showed the literaturedescribed up-regulation of TRAIL-R2 (34–36), which occurred in
the same HDI concentration range, lack of an effect on IFN-a
signaling, and unaltered levels of intracellular proteins such as IKK
and h-actin.
It is important to point out that the findings presented here
are in contrast with two studies from one laboratory, describing
the activation of NF-nB signaling by HDIs in NSCLC (42, 43).
There, HDIs were postulated to activate NF-nB target gene
expression, which was used to argue for the synergy between

Cancer Res 2006; 66: (10). May 15, 2006

inhibitors of HDACs and NF-nB for NSCLC tumor treatment.
Both reports focused on differences in the expression of a 3x-nBluciferase construct and of the NF-nB target gene IL-8. Curiously
though, upon incubation with HDIs, no degradation of the
inhibitor InB-a or NF-nB DNA binding could be shown (43), both
hallmarks of NF-nB signaling. When we investigated the
influence of HDIs on NF-nB target gene expression, we confirmed
the reported f5-fold activation of IL-8 gene expression in A549
(data not shown) but observed that the addition of TNF-a, a
well-described NF-nB activator, caused an f200-fold activation
of IL-8 gene expression (see Fig. 1C), and that under these
conditions, the addition of HDI became inhibitory to the activation of NF-nB. Moreover, we found that expression of the
InB-a gene, a highly specific read-out for NF-nB activation, was
not increased by the addition of HDIs alone and was only
induced in TNF-a-treated samples. Taken together, these
observations and the lack of NF-nB activation–specific read-outs
upon HDI incubation reported by Mayo et al. (43), suggest that
the previously noted activation of NF-nB by HDI was weak in
magnitude and possibly nonspecific.
Several recent publications report on the influence of HDI
treatment on the NF-nB activation status in model systems other
than NSCLC. Among them, the most comprehensive was a measurement of the release of cytokines in BALB/c mice treated
with lipopolysaccharide. There, except for IL-1h precursor, IL-1
receptor antagonist, and IL-8, SAHA treatment had an inhibitory
quality, arguing for an NF-nB inhibitory effect of HDIs (44).
Besides this, literature describing the effects of HDIs on tumor
cells is conflicting with respect to the observed phenotype and
its consequences (reviewed in refs. 45, 46), which can be
illustrated regarding the question of NF-nB acetylation. Even
though this seems to be a focused, relatively straightforward,
and accessible read-out, the question of whether p65 is itself
acetylated and, if so, which functional consequences arise
thereof, is a matter of debate. Several reports indicate that
HDIs regulate NF-nB activity by acetylation of the p65 subunit
(11, 12, 45, 47, 48). Direct acetylation of the NF-nB subunit p65
in 293T cells that was enhanced by treatment with TSA was first
described by Chen and colleagues (11). The authors claim
reduced binding of the inhibitor InB-a to NF-nB after treatment
with TSA, and thus enhanced TNF-a-induced gene expression of
a luciferase reporter construct. Later, Kiernan et al. showed that
in Jurkat cells, TSA enhanced PMA-mediated acetylation of p65
(12), which negatively influenced the DNA-binding capability of
p65, and was thus speculated to pose a negative feedback
mechanism. Adam et al., on the other hand, were unable to show
acetylation of p65 (49), but showed the activation of NF-nB
signaling by HDIs resulting from a persistent activation of IKK in
HeLa cells. Similarly to this latter report, in our experiments,
several attempts to detect acetylated p65 in samples from HDItreated cells either from whole cell lysates or from immunoprecipitated p65 and by using several acetyl lysine–specific antibodies, failed (data not shown). However, given the observed
cytosolic retention of NF-nB, we find this not surprising. The
methyltransferase activities p300/CBP and PCAF as well as the
deacetylase enzymes HDAC1 and HDAC3 involved in the
proposed acetylation/deacetylation reaction of NF-nB are nuclear
activities. Accordingly, Benkirane and colleagues describe that
NF-nB stimulation is required for acetylation of p65 in the
nucleus (12). This acetylation is then enhanced in the presence of
TSA. No p65 acetylation is observed, however, by incubation
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with TSA alone. Thus, p65 acetylation/deacetylation is thought to
be a strictly nuclear event (reviewed in ref. 45). In the NSCLC cell
lines used here, HDIs inhibited the activation of NF-nB far
upstream of its nuclear translocation. Thus, a likely explanation
for the absence of detectable levels of acetylated p65 in this
setting is that the cytosolically retarded transcription factor is
prevented from acetylation by not entering the nucleus in the
first place. Possibly, in cellular systems with constitutively active
NF-nB that frequently travels the nucleus, acetylation of p65 is a
major regulatory event, but it does not seem to be under the
conditions of inducibly active NF-nB signaling in NSCLC.
The heterogeneity of the results presented in the literature,
that are in part contradictory, stresses the need for careful
definition of the NF-nB activation status in the cellular system
used and the characterization of the HDI-mediated alterations in a
pathway of interest using as many experimentally accessible readouts as possible. Being first and foremost regulators of gene
expression, HDIs have a multitude of effects, and thus, in order to
separate specific from unspecific effects, coherence of many
experimental findings is invaluable for correctly interpreting the
results.

In our own Array Scan experiments, we noted that at later
time points, a significant amount of NF-nB was able to translocate
into the nucleus in HDI-treated, TNF-a-stimulated cells without
causing obvious consequences for NF-nB DNA binding as well as
NF-nB target gene expression. As, according to the current
paradigm, nuclear translocation requires inhibitor degradation,
we assayed for InB-a phosphorylation and degradation dynamics
at these later time points. Surprisingly, given the low abundance of
TNFR1 on the cell surface and the lack of target gene expression,
we found that phosphorylated InB-a and overall InB-a in HDItreated cells reached the levels of untreated control cells after 10
and 15 minutes of TNF-a treatment, respectively (Supplementary
Fig. S1). This indicated a kinetic defect in InB-a phosphorylation
and degradation rather than an overall inhibition of IKK activity
and perfectly fitted the observed NF-nB nuclear translocation
dynamics: degradation of InB-a reached the level of control cells
f15 minutes after the addition of TNF-a, and Array Scan
measurements pointed to an increase in nuclear shuttling at
exactly that time point. Obviously, the remaining few TNFR1
molecules at the cell surface allowed for some activation of IKK,
InB-a degradation, and subsequent NF-nB translocation. The fact

Figure 4. HDIs delay and reduce TNF-a induced nuclear
translocation of NF-nB. A and B, A549 cells were
incubated with either (A) 1 Amol/L, 10 Amol/L or 50 Amol/L
SAHA or (B ) 200 nmol/L, 2 Amol/L or 4 Amol/L TSA,
respectively, for 24 hours, and subsequently treated with
25 ng/mL TNF-a for various amounts of time as indicated.
Cells were fixed and nuclear translocation of NF-nB
was assessed by staining with anti-p65 antibody. Graphs
represent quantitative fluorescence intensity read-outs
of cell images. C and D, A549 cells were incubated
without HDIs (lanes 1 and 2 ) or with 100 nmol/L, 1 Amol/L,
5 Amol/L, 10 Amol/L, or 50 Amol/L SAHA for 24 hours
(lanes 3-7). Then, cells were stimulated with TNF-a for
30 minutes (C, lanes 2-7 , n), fixed and stained with
anti-p65 antibody or were stimulated with IFN-a for
30 minutes (D, lanes 2-7 , n), fixed and stained with
anti-STAT1 antibody. As a control, unstimulated cells are
also depicted (C, D, lanes 1 and 3-7, 4).
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that this delayed translocation of presumably inhibitor-free NF-nB
would not result in NF-nB target gene expression suggests that
only rapid and excessive translocation of NF-nB might possess
sufficient transactivating potential to induce gene expression.
Physiologically, this failsafe mechanism could guard against
erroneous induction of target gene expression caused by leakage
of NF-nB into the nucleus in unstimulated cells.
It is noteworthy that, in addition to the effects described
above, during the 24-hour HDI incubation period in NCI-H460,
but not in A549 cells, we observed a steady increase in
expression of the NF-nB inhibitory subunit p100. This expression
was both dose-dependent and time-dependent, whereas expression of p105, another inhibitory NF-nB subunit, decreased (data
not shown). Coimmunoprecipitation experiments showed an HDI
concentration–dependent increase in p100-p65 binding (data not
shown), indicating that an increased protein concentration of
p100 was sufficient to recruit an ever-higher amount of p65 into

a translocation-deficient state. However, the lack of this observation in A549 along with the fact that short interfering RNA
experiments targeting p100 in NCI-H460 revealed no influence
on NF-nB inducibility (data not shown), led us to conclude that
the p100 up-regulation in NCI-H460 could not explain the
reduced NF-nB target gene expression caused by HDIs.
Somewhat contradictory to the effects observed at higher
HDI concentrations, we noted that in one of the cell lines
(NCI-H460), the lowest HDI concentration led to an apparent
up-regulation of the TNFR1 message. This also translated into
apparent increases of NF-nB target gene expression. In order to
evaluate the significance of these observations, we applied statistical analysis to three independent replicates of the gene
expression measurements. ANOVA followed by Dunnett’s multiple
comparison test revealed that the observed increases were not
statistically significant for TNFR1 as well as for two of the four
target genes. Yet, for c-Flip and VEGF-c, a statistically significant

Figure 5. HDIs antagonize the activation of
NF-nB in NSCLC. Induction of NF-nB DNA
binding ability and target gene transcription
upon TNF-a stimulation were assayed by
EMSA and TaqMan PCR, respectively.
A, H460 and A549 cells were preincubated
for 24 hours with various concentrations of
HDIs, then treated with 25 ng/mL TNF-a for
30 minutes, and nuclear extracts were
tested for NF-nB DNA binding activity:
lanes 1 and 2, no HDI; lanes 3-5,
1 Amol/L, 10 Amol/L, 50 Amol/L SAHA;
lanes 6-8, 200 nmol/L, 2 Amol/L, 4 Amol/L
TSA; lane 1: no TNF-a; lanes 2-8, with
TNF-a. B, For NF-nB supershift experiments,
nuclear extracts of TNF-a-stimulated
untreated (lanes 1 and 2 ) or 24 hours
HDI-treated (lanes 3-6 ) A549 and H460
cells were incubated with anti-p65 antibody
(lanes 2, 4 , and 6 ) before adding the
oligonucleotide probe: lanes 3 and 4,
50 Amol/L SAHA; lanes 5 and 6 , 4 Amol/L
TSA. C, After 24 hours of incubation with
HDI, H460 and A549 cells were treated with
TNF-a for 4 hours, lysed and total RNA
was isolated to assay for expression of the
NF-nB target genes InB-a, c-Flip, Bcl-xL, and
VEGF-c; lanes 1 and 8 : no HDI; lanes 2-4
and 9-11 : 1 Amol/L, 10 Amol/L, 50 Amol/L
SAHA; and lanes 5-7, and 12-14 , 200 nmol/
L, 2 Amol/L, 4 Amol/L TSA. Statistical
significance was analyzed as in Fig. 2
(n.s., not statistically significant; *, P < 0.05;
**, P < 0.01).
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increase in mRNA upon TSA treatment could be found in NCIH460. In summary, because the overall effect was very small and
strictly limited to NCI-H460, we concluded that, in contrast to
the excessive down-regulation at higher concentrations, this
effect would most likely not be of general relevance for NSCLC if
at all. Nevertheless, even though apparently not functionally
important for NF-nB signaling in this context, this finding
reiterates the fact that the inhibition of HDACs could create
pleiotropic effects in different target cells which require extensive
validation and a close correlation with a functional read-out in
multiple cellular systems.
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