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cell carcinomas to classic histone deacetylase inhibitors
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Abstract
Histone deacetylase inhibitors (HDI) can inhibit proliferation and enhance apoptosis in a wide range of malignancies. However, HDIs show relatively modest activity
in head and neck squamous cell carcinomas (HNSCC), in
which we have shown the activation of nuclear factor-KB
(NF-KB; NF-KB1/RelA or p50/p65), a transcription factor
that promotes expression of proliferative and antiapoptotic
genes. In this study, we examined if HDIs enhance
activation of NF-KB and target genes and if genetic or
pharmacologic inhibition of NF-KB can sensitize HNSCC to
HDIs. Limited activity of classic HDIs trichostatin A and
sodium butyrate was associated with enhanced activation
of NF-KB reporter activity in a panel of six HNSCC cell
lines. HDIs enhanced NF-KB p50/p65 DNA binding and
acetylation of the RelA p65 subunit. Transfection of small
interfering RNAs targeting p65 strongly inhibited NF-KB
expression and activation, induced cell cycle arrest and
cell death, and further sensitized HNSCC cells when combined with HDIs. The p65 small interfering RNA inhibited
HDI-enhanced expression of several NF-KB – inducible
genes implicated in oncogenesis of HNSCC, such as
p21, cyclin D1, and BCL-XL. Bortezomib, an inhibitor of
proteasome-dependent NF-KB activation, also increased
sensitization to trichostatin A, sodium butyrate, and a
novel HDI, PXD101, in vitro, and to the antitumor effects
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of PXD101 in bortezomib-resistant UMSCC-11A xenografts. However, gastrointestinal toxicity, weight loss,
and mortality of the combination were dose limiting and
required parenteral fluid administration. We conclude that
HDI-enhanced NF-KB activation is one of the major
mechanisms of resistance of HNSCC to HDIs. The
combination of HDI and proteasome inhibitor produced
increased antitumor activity. Low starting dosages for
clinical studies combining HDIs with proteasome inhibitors
and IV fluid support may be warranted. [Mol Cancer Ther
2007;6(1):37 – 50]

Introduction
Head and neck squamous cell carcinomas (HNSCC), which
arise from the mucosal epithelial lining of the upper
aerodigestive tract, account for f40,000 new cases and
f12,000 cancer deaths in the United States and 500,000
deaths worldwide annually (1). Despite advances in
treatment by surgery, radiation, and chemotherapy, approximately half of patients with HNSCC still die within
5 years, and many of the f300,000 surviving patients suffer
significant impairment in voice, speech, and swallowing as
a result of cancer or treatment. Consequently, there has
been considerable interest in identifying new molecularly
targeted agents that have greater and more selective
activity for HNSCC.
Histone deacetylase (HDAC) inhibitors (HDI) represent
an important class of agents with anticancer activity.
Treatment with HDIs causes the accumulation of acetylated
histones and other proteins regulating chromatin structure
and transcription, thereby altering the transactivation and
expression of specific genes that regulate cell growth arrest,
differentiation, or apoptosis (2). The HDIs include the
classic hydroxamic acid, trichostatin A (TSA), and butyrate,
sodium butyrate (NaBu), and newer synthetics with more
favorable pharmacologic characteristics for therapeutic
investigation (3 – 5). Among these, phenylbutyrate, depsipeptide, SAHA, MS275, and PXD101 have been investigated in preclinical and early-phase clinical trials. In
preclinical studies, HDIs have shown variable antiproliferative and cytotoxic activity in a wide range of solid
malignancies, including head and neck, breast, colon, lung,
and ovarian cancers as well as hematologic malignancies,
such as lymphomas, leukemias, and myeloma (3 – 5). In
clinical trials, monotherapy with HDIs has mostly produced partial responses, whereas various combinations are
under investigation to increase activity. In HNSCC, classic
HDIs have shown modest antiproliferative and cytotoxic
activity when used alone (6, 7) and greater activity when
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used in combination with radiation and demethylating
agents (8, 9). The basis for the limited sensitivity of HNSCC
and other cancers to cytotoxic effects of HDIs is not well
understood, and greater understanding of the possible
mechanisms is needed to guide the investigation of
rationale combinations.
We have identified previously a molecular mechanism
that could potentially contribute to the relative resistance of
HNSCC and other malignancies to cytotoxic effects of
HDIs. We showed that a signal transcription factor, nuclear
factor-nB (NF-nB; NF-nB1/RelA p50/p65), is constitutively
activated in human and murine SCC (10 – 12). Because
activation of the NF-nB heterodimer involves signal
phosphorylation, ubiquitination, and proteasome-dependent degradation of an inhibitor-nB protein, InBa (13), we
examined the effects of blocking NF-nB activation by
expression of a dominant-negative InBa phosphorylation
site mutant (InBaM) or proteasome inhibitor, which block
InB degradation. Genetic inhibition of NF-nB was found to
restore the expression of many genes differentially
expressed by SCC to levels detected in normal keratinocytes and inhibit malignant phenotypic features, including
cell survival, proliferation, migration, angiogenesis, and
tumorigenesis (11, 12). Similarly, a proteasome inhibitor,
bortezomib, inhibited NF-nB and had cytotoxic, antiangiogenic activity, partially inhibiting HNSCC tumor growth in
preclinical and clinical studies (14). Inhibition of NF-nB was
shown to sensitize HNSCC to effects of tumor necrosis
factor and radiation, indicating that it can promote
resistance to cytotoxic therapies (15 – 17).
Regulation of NF-nB1/RelA DNA binding, transactivation, and turnover has been shown to involve acetylation of
RelA p65 by histone acetylase CBP/p300 and deacetylation
by HDACs (18, 19). Exposure to HDIs has been shown to
enhance acetylation of p65 and activation of NF-nB (18).
Given the role of NF-nB1/RelA in prosurvival mechanisms
in HNSCC, we hypothesized that the relative resistance of
HNSCC to HDIs could result from the enhanced activation
and acetylation of NF-nB, and expression of NF-nB
regulated genes known to promote cell survival. In this
study, we examined if classic HDIs TSA and NaBu enhance
basal transactivation, DNA binding and acetylation of NFnB p65, and expression of NF-nB – regulated proliferative
and antiapoptotic genes. We determined if specific NF-nB
inhibition by p65 small interfering RNA (siRNA) blocks
activation of NF-nB and these genes and sensitizes HNSCC
to these HDIs. We examined the cytotoxic effects of
combining classic HDIs and a novel HDI, PXD101, with
proteasome inhibitor bortezomib in vitro as well as
antitumor and systemic effects of combining PXD101 with
bortezomib in mice bearing human HNSCC xenografts
in vivo.

growth of most tumor cell lines range from 0.040 to 0.070
Amol/L TSA and 1,500 Amol/L NaBu (20, 21). The stock
solution for TSA was reconstituted in DMSO at a
concentration of 1 mmol/L, stored at 20jC, and diluted
into complete cell culture medium before use. The stock
solution for NaBu was prepared in double-distilled H2O at
a concentration of 1 mol/L, stored at 20jC, and diluted
into complete cell culture medium before use.
PXD101 is a novel hydroxamate class HDI that inhibits
HDAC activity with IC50s of 0.009 to 0.1 Amol/L and
enhances histone acetylation and cytoxicity in tumor cells
with IC50s in the range of 0.2 to 5 Amol/L (22). PXD101 has
also been shown to achieve serum concentrations in or
above these ranges and to partially inhibit growth of
human ovarian and colon carcinoma xenografts with
minimal toxicity in mice when given daily i.p up to 40
mg/kg (22). Bortezomib (Velcade, formerly PS-341) is a
first-in-class proteasome inhibitor (23) that inhibits NF-nB
in HNSCC lines in vitro and tumor in xenografts and
patients in vivo (14, 17, 24). PXD101 was provided by
TopoTarget and CuraGen (Branford, CT), and bortezomib
was provided by Millennium Pharmaceuticals (Cambridge,
MA) under Materials Cooperative Research and Development Agreements. PXD101 was prepared with L-arginine in
PBS, and bortezomib was prepared in aqueous solution
according to the manufacturer’s instructions.
Antibodies used in these studies purchased from Santa
Cruz Biotechnology (Santa Cruz, CA) included NF-nB p65
(FC-6) and NF-nB p65/p50 (C-19) AC for immunoprecipitation, pan-acetyl (C2) for acetylation analysis, and NF-nB
p65 (A) and NF-nB p65/p50 (H-119), goat anti-mouse IgG –
horseradish peroxidase, and goat anti-rabbit IgG – horseradish peroxidase as the secondary antibodies for Western
blot analysis. For detection of p65 after siRNA knockdown,
Western blot was done using anti-p65, h-actin primary, and
antirabbit horseradish peroxidase – linked secondary antibodies (Cell Signaling Technology, Danvers, MA).
Cell Culture
Human HNSCC cell lines UMSCC-1, UMSCC-6,
UMSCC-9, UMSCC-11A, UMSCC-11B, and UMSCC-38
from University of Michigan UMSCC series (25) were
kindly provided by Dr. T.E. Carey (University of Michigan,
Ann Arbor, MI). These cell lines have been extensively
characterized and exhibit alterations detected in the
majority of HNSCC, including epidermal growth factor
receptor activation (26), constitutive activation of NF-nB
and target genes (10 – 12) and either wild-type (UMSCC-1,
UMSCC-6, UMSCC-9, and UMSCC-11A) or mutant
(UMSCC-11B and UMSCC-38) p53 genotype (27).3
UMSCC-11A and UMSCC-11B were used for molecular
studies because they have been shown previously to form
xenografts and differ in sensitivity to chemotherapy
agents, with UMSCC-11A being relatively more resistant

Materials and Methods
Inhibitors and Antibodies
Classic HDIs TSA and NaBu were purchased from
Sigma-Aldrich (St. Louis, MO). The IC50s for inhibition of

3

T.L. Lee, unpublished data.

Mol Cancer Ther 2007;6(1). January 2007

Downloaded from mct.aacrjournals.org on September 20, 2020. © 2007 American Association for Cancer
Research.

Molecular Cancer Therapeutics

to bortezomib and other agents in vitro and in mice
in vivo (16).4 The cell lines were maintained in Eagle’s
MEM supplemented with 10% FCS, 1% glutamine, and
0.5% penicillin/streptomycin at 37jC in 5% CO2.
HDAC Activity Assay
HDAC activity was analyzed before and after TSA
(0.2 Amol/L) and NaBu (500 Amol/L) treatment using the
HDAC kit from Biomol (Plymouth Meeting, PA) as
directed by the manufacturer.
Transfection with siRNA
SMARTpool p65 (RelA) siRNAs consist of four doublestranded siRNAs commercially designed and tested by
Dharmacon, Inc. (Dallas, TX). The pool of siRNAs
contained the p65-specific sequences GATGAGATCTTCCTACTGT, CAAGATCAATGGCTACACA, GGATTGAGGAGAAACGTAA, and CTCAAGATCTGCCGAGTGA.
Control (nonsilencing) siRNA (Qiagen, Germantown, MD)
was used as the negative control and its sequence
AATTCTCCGAACGTGTCACGT was analyzed in a
BLAST search to exclude homology to p65 or other genes.
UMSCC-11A and UMSCC-11B cells at 50% to 70% were
transfected with p65 (RelA) SMARTpool siRNAs (100
nmol/L) or control siRNA (100 nmol/L) by LipofectAMINE 2000 (Invitrogen, Carlsbad, CA) for 5 h at 37jC
in six-well culture plates or 100-mm tissue culture plates in
Opti-MEM (Invitrogen). Following transfection, cells were
grown in complete MEM and treated or collected as
indicated.
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide Cell Proliferation Assay
UMSCC cells (5  103 per well) were grown in 96-well
plates and exposed to TSA, NaBu, PXD101, bortezomib, or
combination of these reagents, 24 h after the cells were
plated. Cell proliferation and viability were measured daily
for up to 5 consecutive days using a 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation kit (Roche Diagnostics, Indianapolis, IN). Absorbance
at 570 nm was determined using a microtiter ELISA plate
reader (Biotek Instruments, Inc., Winooski, VT).
Proliferation of UMSCC-11A and UMSCC-11B cell lines
transfected with p65 (RelA) siRNAs was also measured
using the MTT cell proliferation kit. Cells were transfected
with p65 siRNA, nonsilencing siRNA, or no oligonucleotide as controls in six-well plates for 24 h, trypsinized, and
transferred as six replicates to a 96-well, flat-bottomed plate
at a concentration of 5  103 cells per well in 100 AL of
complete MEM with or without TSA and NaBu. Cells were
incubated at 37jC in 5% CO2 for 1, 3, or 5 days, and growth
rates were analyzed by MTT as described above.
Apoptosis Assay
UMSCC-11A and UMSCC-11B cells (5  103 per well)
were grown in 96-well plates and exposed to HDIs. After
24 h, cells were harvested, and the extent of apoptosis was
determined by quantitation of nucleosomes released into
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the cytoplasm using the Cell Death Detection ELISA Plus
kit (Roche Applied Science, Indianapolis, IN) according to
the manufacturer’s directions. The assay has been standardized against DNA laddering, a hallmark of apoptosis
(28, 29).
Transcription Factor Binding and Electrophoretic
Mobility Shift Assays
UMSCC-11A and UMSCC-11B cells (5  104 per plate)
were plated into 100-mm plates and exposed to HDIs.
Nuclear extracts were harvested using Nuclear Extract kit
(Active Motif, Carlsbad, CA) at the desired time points
following the manufacturer’s instruction. Five micrograms of nuclear extracts for each sample were used to
quantify the NF-nB activation by the binding of p65 and
p50 with TransAM Transcription Factor Assay kit (Active
Motif).
The DNA binding activity of NF-nB was further
confirmed with biotin-labeled oligonucleotide NF-nB probe
(5¶-AGTTGAGGGGACTTTCCCAGGC-3¶) using an electrophoretic mobility shift assay kit according to the manufacturer’s instructions (Panomics, Inc., Redwood City, CA;
refs. 30, 31). Five micrograms of nuclear protein were
incubated for 30 min at 21jC with biotinylated NF-nB
probe. To test the specificity of the binding, 3 AL unlabeled
probe was added to compete with the labeled probe. For
supershift assay, 1 AL of the appropriate antibodies was
added to the nuclear extracts for 20 min at room
temperature before the addition of the labeled probe. The
DNA binding activity of ornithine carbamyl transferase-1
was assessed as loading control. Samples were run on 6%
DNA retardation gel (Invitrogen) at 120 V for 2 h, then
transferred to nylon membrane, and subjected UV crosslinking and autoradiography according to the manufacturer’s instruction.
Reporter Gene Assay
The p65-Luc and pRSV-LacZ plasmids were cotransfected as described previously (26) or combined with p65
siRNA or control siRNA following the procedure described
above. The cells were harvested at 24 to 48 h after
transfection, and the reporter gene activities were assayed
using the Dual-Light Combined Reporter Gene Assay
System for detection of luciferase and h-galactosidase
(Tropix, Bedford, MA). The relative light units were
calculated as follows: relative light units = (light units
from luciferase) / (light units from h-galactosidase).
Cell Cycle Analysis
UMSCC-11A and UMSCC-11B cells treated with different
HDIs were incubated for times indicated before harvesting.
Both live monolayer cells and dead nonadhesive cells were
collected and counted by hemocytometer using trypan blue
solution (Invitrogen). The cells were stained with propidium iodide provided by Cycletest Plus DNA Reagent kit
(Becton Dickinson, San Jose, CA) following the manufacturer’s suggestions. DNA staining was quantified by
FACScan flow cytometer (Becton Dickinson) using CellQuest software (Becton Dickinson). Cell cycle and DNA
degradation of cells were analyzed by ModFit LT software
(Verity Software House, Inc., Topsham, MA).
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RNA Isolation, Reverse Transcription, and Real-time
Quantitative PCR
Total RNA was isolated from cultured UMSCC-11A and
UMSCC-11B cells using Trizol reagent (Invitrogen) and
purified with RNeasy column (Qiagen, Valencia, CA). Ten
micrograms of purified total RNA were used for a reverse
transcription reaction using Applied Biosytems HighCapacity cDNA Archive kit (Applied Biosystems). The
real-time quantitative PCR was done using above-generated
cDNA samples with Taqman Assays-on-Demand primers
and kit (Applied Biosystems). The assay ID numbers for the
primer pairs and probes used were RelA (Hs00153294),
cyclin D1 (Hs00277039), BIRC2/inhibitor of apoptosis 1
(IAP1; Hs00357350), BCL-XL (Hs00236329), p21/WAF1
(Hs00355782), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Hs9999905; Applied Biosystems). Each
assay was run in triplicate. A linear regression was done for
each primer set to calculate the amount of starting material
in each sample. All samples were normalized to GAPDH.
A comparison was done for each sample using a relative
cycle threshold (C t) comparison. An average C t was calculated for the triplicate reactions and normalized to GAPDH
(DC t = C t Sample C t GAPDH). The C ts were then compared
between different treatments and time points (DDC t) with
normalization to the untreated samples. Finally, a fold
change was calculated from the DDC t (fold change = 2DDC t).
Immunoprecipitations and Western Blot Analysis
The extracts of indicated cell lines were harvested before
and after various treatments using Nuclear Extract kit at
the desired time points following the manufacturer’s
instruction. Fifteen micrograms of nuclear extracts for each
sample were incubated with 20 AL indicated agaroseconjugated primary antibody at 4jC overnight. The
immunoprecipitates were collected by centrifugation at
1,000  g for 30 s at 4jC and the beads were washed for
four times with PBS buffer. The beads were then
resuspended in 20 AL of 2 SDS sample buffer, boiled for
3 min, and analyzed on NuPAGE (Invitrogen). Proteins
were transferred to nitrocellulose polyvinylidene difluoride
membranes (Invitrogen), blocked with 5% milk in TBST [20
mmol/L Tris-HCl (pH 7.6), 137 mmol/L NaCl, 0.5% Tween
20], and incubated with the indicated antibodies for 60 min.
Membranes were then washed with TBST and incubated
for 60 min with secondary antibody, washed with TBST,
and incubated with enhanced chemiluminescence reagent
(Amersham, Piscataway, NJ). Membranes were exposed to
X-ray film to visualize the bands.
Animal Studies
Immunodeficient BALB/c SCID mice were obtained from
the National Cancer Institute, Frederick Cancer Research
and Development Center, Animal Production Area. The
animals were housed in a specific pathogen-free animal
facility. Animal care was provided under a NIH Animal
Care and Use Committee – approved protocol (1226-05).
Tumors were established by injecting 5  106 UMSCC-11A
cells s.c. into the left flank of BALB/c SCID mice (7 weeks of
age, male, and weight of 20 – 25 g). When tumors were
palpable on day 11, animals were randomized into groups

of eight and i.p. injection of drugs using sterile technique
commenced. Bortezomib was dissolved in sterile normal
saline and given at a dose of 0.8 mg/kg at intervals indicated. PXD101 stock solution (50 mg/mL) was prepared in a
L-arginine solution (final concentration of L-arginine was
520 mmol/L) and filtered. PXD101 (50 mg/mL) was diluted
with sterile PBS and given at a dose of 60 mg/kg at times
specified. Three times weekly, tumors were independently
measured bidimensionally by a staff technician and tumor
volumes were calculated as volume (cm3) = (L  W 2) / 2.
Body weights and appearance were also monitored, and
2.0 mL saline s.c. was given to mice showing evidence of
diarrhea and/or weight loss, which was observed in pilot
experiments.
Statistical Analysis
The data obtained are expressed as mean F SD.
Statistical evaluation of data was done with two-tailed
Student’s t test. P values <0.05 were considered statistically significant.

Results
Limited Inhibitory Effects of HDIs in UMSCC Cells
with Basal and HDI-Inducible Activation of NF-KB
Activity
HDIs have been reported to inhibit proliferation and/or
induce cell death of eukaryotic cells in vitro and in vivo
(20, 21). To examine the sensitivity of HNSCC to HDIs, we
examined a panel of six HNSCC lines from the University
of Michigan series (UMSCC). The UMSCC-1, UMSCC-6,
UMSCC-9, UMSCC-11A, UMSCC-11B, and UMSCC-38 cell
lines have previously been extensively characterized and
found to exhibit varying levels of constitutive NF-nB
activation (10, 30), consistent with variation observed in
tumor specimens from patients (31). NF-nB DNA binding
and luciferase activity in UMSCC-1, UMSCC-6, UMSCC11A, and UMSCC-11B is 1- to 3-fold greater than that of
UMSCC-9 and UMSCC-38 (30). The drug sensitivity of cell
lines to various concentrations of TSA (0.1, 0.2, 0.5, and 1.0
Amol/L) and NaBu (200, 500, 1,000, and 2,000 Amol/L) was
examined using MTT assay at 0-, 1-, 3-, and 5-day time
points. Figure 1 shows results from day 3, when optimal
growth and inhibition was observed. Statistically significant inhibition was detectable in most cell lines beginning
with TSA above 0.2 Amol/L and NaBu above 1,000 Amol/L
(P < 0.05; Fig. 1A). However, inhibition exceeding the IC50
was not observed in most of the UMSCC cell lines at
concentrations of 0.5 Amol/L TSA or 2,000 Amol/L NaBu
(Fig. 1A), concentrations above those reported to induce
apoptosis in other cancer cell lines (0.040 – 0.070 Amol/L
TSA; 1,500 Amol/L NaBu; refs. 20, 21). We confirmed that
the inhibitors significantly inhibited HDAC activity in the
different cell lines, at concentrations of 0.20 Amol/L TSA
and 500 Amol/L NaBu, which were below those that
inhibited cell growth (Fig. 1B). When we examined the
effects of HDIs on NF-nB (Fig. 1C), we found that the HDIs
significantly enhanced the basal NF-nB reporter gene
activity in the cell lines at concentration(s) that inhibited
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Figure 1. Limited sensitivity of UMSCC cells to HDIs is associated with HDI-induced enhancement of constitutive NF-nB reporter gene activity. A, 5-d
MTT assay was done to test the drug sensitivity of UMSCC-1, UMSCC-6, UMSCC-9, UMSCC-11A, UMSCC-11B, and UMSCC-38 cell lines to TSA and
NaBu. Results from day 3 when the optimal growth and inhibition were observed are shown. The cell density (absorbance) of cultures was measured by a
microtiter ELISA reader at a wavelength of 550 nm with reference wavelength at 690 nm. Results include data from six replicate cultures. Columns, mean
of one of two independent experiments yielding similar results; bars, SD. B, HDAC activity was analyzed before and after TSA (0.2 Amol/L) and NaBu
(500 Amol/L) treatment as described in Materials and Methods. Results include pooled data from triplicate cultures from two independent experiments.
Columns, mean; bars, SD. C, NF-nB reporter gene activity assay was done by transfection of NF-nB p65-Luc and pRSV-LacZ plasmids. TSA and NaBu
were added after 24 h and the cells were harvested at 48 h. The reporter gene activities were assayed using the Dual-Light Luciferase and h-Galactosidase
system. Results include pooled data from triplicate cultures from two independent experiments. Columns, mean; bars, SD. *, P < 0.05.

HDAC activity. Because we have shown previously that
NF-nB can promote cell survival and therapeutic resistance
in these UMSCC lines (15 – 17), these results were consistent
with the possibility that constitutive and/or inducible
NF-nB activation could contribute to cell survival of these
cells when treated with HDIs.
HDIs Increase NF-KB p5 0/p65 DNA Binding and
Acetylation of p65
To determine the mechanism of HDI-inducible NF-nB
reporter activity in Fig. 1C above, we examined if HDIs
increased nuclear DNA binding activity and acetylation of
NF-nB1/RelA p50/p65, the species of NF-nB detected
previously in HNSCC cell lines (10) and tumor specimens
(24, 31). The UMSCC-11A and UMSCC-11B cell lines
selected for further molecular analysis were shown
previously to exhibit DNA binding activity composed of
p50/p65 heterodimers (10) and intermediate levels of

NF-nB activation among the UMSCC lines (30). These cell
lines also form murine xenografts although differing in
sensitivity to proteasome inhibitors despite an isogenic
origin (14). Consistent with Fig. 1C, we found that HDIs
induced a significant increase in DNA binding activity of
p65 and p50 in both UMSCC-11A and UMSCC-11B cells, as
detected by quantitative DNA binding assay (Fig. 2A). The
specificity of DNA binding was further confirmed by DNA
electrophoretic mobility shift assay, which showed competitive inhibition with unlabeled probe, and supershift of
p65 and p50 by anti-p65 and anti-p50 antibodies (Fig. 2B).
The Western blot analysis shown in Fig. 2C reveals that
treatment of UMSCC-11A with both TSA and NaBu
resulted in detection of increased acetylation of p65 when
compared with untreated control. No significant change in
total p65 protein or h-actin control was observed. No
acetylation of p50 was detected by Western blot when p50
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was immunoprecipitated (data not shown). Therefore,
these results indicate that the activation of NF-nB by HDIs
occurs with increased p65/p50 DNA binding and acetylation of p65.
Inhibition of NF-KB Activation by p65 siRNA
Based on the effect of HDIs on activation of p50/p65 and
acetylation of p65, we next examined if specific inhibition
of p65 expression could attenuate constitutive and HDIinduced activation of NF-nB and sensitize HNSCC to
antiproliferative or cytotoxic effects of HDIs. To block p65
(RelA) expression, p65 (RelA) – specific or control doublestranded siRNAs were transfected into UMSCC-11A and
UMSCC-11B cells, and p65 and GAPDH expression were
quantitatively compared by real-time reverse transcriptionPCR. The mRNA level of p65 was significantly decreased
by >90% by p65 siRNA relative to control (P < 0.05) as
shown in Fig. 3A. Significant suppression of RelA mRNA
expression levels by p65 siRNA compared with baseline
was sustained over 24 h (P < 0.05; Fig. 3B) but neither were
significantly affected by exposure to TSA, indicating that
HDIs do not modulate baseline or overcome p65 siRNA –
suppressed RelA mRNA expression. A corresponding
decrease in p65 protein was confirmed by Western blot
(Fig. 3C). No inhibition in GAPDH mRNA or h-actin
protein expression to which the results were compared was
observed, making it unlikely that such reduction was due

to nonspecific mechanisms (Fig. 3A and C). Both constitutive and HDI-induced DNA binding activity of p65 and p50
were significantly inhibited by p65 siRNA as shown in
Fig. 3D. NF-nB p65 binding activity was decreased by
>80%, whereas p50 activity was decreased by >50%. Thus,
p65 siRNA inhibited both p65 mRNA and protein expression, and DNA binding of p65/p50 protein-containing
NF-nB complexes in both control- and HDI-treated cells.
Inhibition of NF-KB by p65 siRNA Sensitizes HNSCC
Cells to HDIs
We examined the effects of p65 siRNA knockdown above
on HDI sensitivity of UMSCC-11A and UMSCC-11B cells.
UMSCC-11A and UMSCC-11B cells were transfected with
p65 siRNA and treated with TSA and NaBu. Figure 4A
confirms that TSA and NaBu at the concentrations used
had weak inhibitory effects on cell density when added
with no oligonucleotide or when combined with control
siRNA oligonucleotides. The siRNA targeting p65 siRNA
alone significantly inhibited cell density of UMSCC-11A
and UMSCC-11B cells when compared with controls (P <
0.05). The strongest inhibition was observed when p65
siRNA interference and HDIs were combined. Figure 4B
shows corresponding effects on cell morphology in
UMSCC-11A. HDIs alone had minimal affects on the
morphology of cells or colonies. When compared with no
oligonucleotide and nonspecific oligonucleotide controls,

Figure 2.

HDIs increase p65/p50 DNA binding and acetylation of NF-nB p65 in HNSCC. A, p65/p50 DNA binding was measured by ELISA-based DNA
binding assay as described in Materials and Methods. UMSCC-11A and UMSCC-11B cells were plated into 100-mm plates (5  104 per plate) and exposed
to HDIs (0.2 Amol/L TSA and 500 Amol/L NaBu). Five micrograms of nuclear extracts generated from untreated and HDI-treated UMSCC-11 cells were
subjected to DNA binding assay for p65 and p50 subunits. Points, mean of triplicate samples from two independent experiments; bars, SD. *, P < 0.05.
B, electrophoretic mobility shift assay was done to determine the specificity of inducible NF-nB p65/p50 DNA binding activity. Fifteen micrograms of
nuclear extracts generated from untreated and TSA-treated (200 nmol/L) UMSCC-11A cells were subjected to electrophoresis on 6% of DNA retardation
gel. Competition and supershift assays were done by adding the unlabeled probe and specific antibodies into the sample during probe labeling. C, HDIs
enhance accumulation of acetylated p65. UMSCC-11A cells were treated with TSA (0.2 Amol/L) and NaBu (500 Amol/L), and nuclear extracts were
subjected to immunoprecipitation with anti-p65 antibody, electrophoresis, and Western blot. The blots were probed for acetylated and total p65 proteins,
and h-actin was used as the loading control.
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Figure 3. p65 siRNA inhibits p65 expression and NF-nB activation. A, p65 gene expression was measured using real-time reverse transcription-PCR.
Forty-eight hours after transfection without oligonucleotide (Oligo ), with oligonucleotide control, or with p65 siRNA. GAPDH was used as the internal
control and did not vary significantly between treatments. B, time course showing stability of p65 mRNA expression with and without TSA. mRNA
expression was measured at intervals for 24 h in p65 siRNA – transfected and nonspecific oligonucleotide control cell cultures before (0 h) and after TSA
(0.2 Amol/L) treatment by real-time reverse transcription-PCR. GAPDH was used as the internal control. C, Western blot showing p65 siRNA knockdown of
RelA but not h-actin. UMSCC-11A protein extracts obtained 48 h after transfection with control oligonucleotide or with p65 siRNA were separated by SDSPAGE, transferred, and developed with anti-p65 – and h-actin – specific antibodies. D, constitutive and HDI-induced DNA binding activity of both p65 and
p50 was measured by ELISA-based TransAM assay. UMSCC-11A cells were transfected with p65 siRNA or nonspecific oligonucleotide control and treated
with TSA (0.2 Amol/L) or NaBu (500 Amol/L). Data represent a result of triplicate samples from two independent experiments. *, P < 0.05.

treatment with p65 siRNA alone resulted in a decrease in
density as well as cell rounding and blebbing. The effects
on density and cell fragmentation observed with p65
siRNA alone were markedly enhanced in the presence of
TSA or NaBu, consistent with massive cell death. Similar
effects were shown in UMSCC-11B cells (data not shown).
To confirm whether the inhibitory and morphologic
effects of HDIs and p65 siRNA were due to growth arrest
and/or apoptosis, DNA cell cycle analysis and fragmentation assays were done. Fig. 5A shows DNA cell cycle
histograms of UMSCC-11A cells 24 and 48 h after treatment
with the HDIs, with p65 siRNA or oligonucleotide control
or the combinations. The HDIs (TSA > NaBu) induced an
increase in cells arrested in G0-G1 before S phase, with no or
a minimal increase in the apoptotic sub – G0-G1 DNA
fraction. Following transfection by p65 siRNA, there was
an increase in cells in G2-M phase arrest and small increase
in the apoptotic sub – G0-G1 fraction from 24 to 48 h.
Combining HDIs with p65 siRNA markedly increased the
sub – G0-G1 DNA fraction by 48 h, consistent with morphologic evidence for apoptosis in Fig. 4B. Effects on the apoptotic fraction of even greater magnitude were observed in
UMSCC-11B cells with the combination treatment (p65
siRNA and TSA, 43%; NaBu, 32.6%) versus control oligo-

nucleotide (9.0%) or p65 siRNA (12.4%) alone (histograms
not shown). As another independent indicator of apoptosis,
we did a DNA fragmentation assay validated against
standard DNA laddering assay for apoptosis to confirm the
presence of apoptotic nucleosomal DNA fragmentation
induced by p65 siRNA and HDIs (28, 29). The level of DNA
fragmentation induced by the HDIs in combination with
p65 siRNA significantly exceeded that observed with the
agents alone (P < 0.05; Fig. 5B). UMSCC-11B cells were also
more sensitive to the treatment than UMSCC-11A cells as
measured by DNA fragmentation. These results indicate
that inhibition of NF-nB by p65 siRNA sensitizes HNSCC
cells to HDI-induced apoptosis.
Disruption of NF-KB by p65 siRNA Down-regulates
Cell Cycle ^ Related Genes p21 and CCND1 and Antiapoptotic Genes IAP1 and BCL-XL in Response to HDIs
To explore whether HDIs and p65 siRNA have opposing
effects on important genes involved in proliferation and
apoptosis, we examined the effects of HDIs without or in
combination with p65 siRNA on expression of p21, cyclin
D1, IAP1, and BCL-XL, which are genes reported previously to regulate the cell cycle and apoptosis in HNSCC
(12, 32 – 38). TSA induced increases in expression of p21,
cyclinD1, cIAP1, and BCL-XL from baseline of differing
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magnitude, kinetics, and duration (Fig. 6). p65 siRNA
attenuated the increase in TSA-induced p21 expression and
significantly inhibited baseline and TSA-induced increases
in cyclin D1 and BCL-XL expression and, to a lesser extent,
in cIAP1 (P < 0.05; Fig. 6). No induction or inhibition of
GAPDH to which these were normalized was observed
(data not shown), indicating this was not due to nonspecific
effects on global gene expression. Thus, TSA induced and
p65 siRNA inhibited TSA-enhanced expression of several
genes implicated in proliferation, cell survival, and
oncogenesis of HNSCC, including p21, cyclin D1, IAP1,
and BCL-XL.
The Proteasome Inhibitor Bortezomib and HDIs Have
Combined Growth-Inhibitory Activity in UMSCC Cells
Because activation of NF-nB through degradation of InBs
is proteasome dependent (13) and we showed previously
that proteasome inhibitor bortezomib is a potent pharmacologic inhibitor of NF-nB activation in human HNSCC cell
lines and xenografts (14, 17, 24), we examined if bortezomib
sensitized UMSCC lines and xenograft tumor to HDIs.

First, we compared the effects of subtherapeutic concentrations of bortezomib (0.005 Amol/L), TSA (0.1 Amol/L),
NaBu (400 Amol/L) alone and in combination on a panel of
nine UMSCC cell lines by MTT assay. Figure 7A shows that
treatment of cells with bortezomib, TSA, and NaBu alone at
these concentrations minimally inhibited or enhanced
growth of many of these UMSCC lines. However, when
bortezomib was combined with HDIs, a marked decrease
in cell density was observed, particularly with TSA,
compared with the drugs alone (P < 0.05; Fig. 7A). The
decrease in density was associated with cytotoxic morphologic changes similar to those observed with HDIs and p65
siRNA (data not shown).
To evaluate a potential HDI/bortezomib combination for
preclinical and clinical trials, we also determined the
activity of a novel hydroxamate HDI, PXD101, with bortezomib. PXD101 enhances histone acetylation and cytoxicity
in tumor cells with IC50s in range of 0.2 to 5 Amol/L (22)
and is under investigation in phase I studies. Figure 7B
shows that PXD101 (1 Amol/L) and bortezomib (0.005

Figure 4.

Inhibition of NF-nB by
p65 siRNA sensitizes HNSCC to HDI.
A, MTT assay. UMSCC-11A and
UMSCC-11B cells were transfected
without oligonucleotide, with oligonucleotide control, or with p65
siRNA, and TSA (0.2 Amol/L) and
NaBu (500 Amol/L) were added after
24 h. The cell growth curves for 5 d
were determined, and data from day
3 during optimal growth and inhibition are shown. Columns, mean of
triplicates from two independent
experiments; bars, SD. *, P <
0.05. B, phase-contrast photomicrographs show the effects of HDIs and
p65 siRNA on cell morphology in
UMSCC-11A. TSA (0.2 Amol/L) and
NaBu (500 Amol/L) were added
24 h after transfection with p65
siRNA, nonspecific oligonucleotide,
and no oligonucleotide control. Cells
were photomicrographed at a magnification of 100 after 48 h of TSA
and NaBu treatment.
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Figure 5.

HDIs and p65 siRNA
induce cell cycle delay, and p65
siRNA sensitizes HNSCC cells to
HDI-induced apoptosis. A, DNA cell
cycle analysis and sub – G0-G1 DNA
fragmentation analysis were analyzed by flow cytometry. UMSCC11A cells were transfected with p65
siRNA and oligonucleotide controls
24 h before HDIs (0.2 Amol/L TSA
and 500 Amol/L NaBu) treatment.
One of three independent experiments showing similar results. B,
apoptosis DNA fragmentation assay.
p65 siRNA was transfected 24 h before HDI treatment. Twenty-four
hours after TSA (0.2 Amol/L) and
NaBu (500 Amol/L) exposure. DNA
fragmentation was confirmed and
quantified using a Cell Death Detection ELISA kit. Columns, mean of
triplicate from one of two independent experiments that showed similar results; bars, SD. *, P < 0.05.

Amol/L) alone partially inhibit growth of the UMSCC-11A
cell line. In combination, strong inhibition of cell growth
was observed on days 3 and 5 (P < 0.05). Together, these
findings indicate that bortezomib can sensitize HNSCC
cells to HDIs.
Combining Novel HDI PXD101 with Bortezomib
Results in Greater Tumor Inhibition and Gastrointestinal
Toxicity in Mice with Bortezomib-Resistant UMSCC11A Xenografts
We next explored if PXD101 and bortezomib may have
combined tumor-inhibitory activity against UMSCC-11A

and/or potential toxicity in vivo. PXD101 has been shown
to partially inhibit growth of human ovarian and colon
carcinoma xenografts with minimal toxicity in mice when
given daily i.p up to 40 mg/kg for 1 to 2 weeks (22). In pilot
studies with PXD101 given 40, 60, and 80 mg/kg weekdays
for 2 weeks, only minimal growth inhibition of bortezomibresistant UMSCC-11A xenografts was observed at 60 and
80 mg/kg, consistent with the relative resistance of HNSCC
to this agent. When PXD101 (80 mg/kg) was given daily in
combination with a maximally tolerated dose of bortezomib (1 mg/kg) every 4 days, resulting diarrhea, weight,
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activity loss, and deaths exceeded protocol criteria. Thus,
we examined the potential antitumor activity and toxicity
of combining PXD101 (60 mg/kg) weekdays for 3 weeks
following pretreatment and with two additional doses of
bortezomib (0.8 mg/kg) according to the schedule indicated in Fig. 7C.
Figure 7C shows that mice receiving bortezomib
(0.8 mg/kg alone) showed no significant inhibition of
tumor growth compared with control, consistent with our
previous results showing this line and tumor is relatively
bortezomib resistant in this dose range in vivo (14). Mice
receiving PXD101 (60 mg/kg) alone showed slowed growth
of tumor xenografts when compared with controls,
although the differences did not reach the level of statistical
significance until day 27 (P < 0.05) and thereafter approached growth in controls. After 1 week of treatment with
the combination, significant inhibition of growth was observed at three time points (P < 0.05), but growth resumed
during the following week and subsequently approached
that of PXD101 alone and then with controls (Fig. 7C).
Increased gastrointestinal and systemic toxicity was also
observed in the combination group, and to a lesser extent
with PXD101, compared with the control and bortezomib
groups. Increased diarrhea was observed within 3 days of
start of treatment on day 13 in the combination group
(three of eight) and on day 17 (two of eight); days 23, 24,
and 26 (one of seven); day 30 (one of six); and day 31 (two
of six); in association with lethargy days 22, 23, 24, and 29
(one of seven) and deaths on days 22 and 31 (two of eight).
Delayed onset of diarrhea was noted with PXD101 alone
beginning day 26 (two of eight), day 30 (one of seven), and
day 31 (two of seven), with one death on day 29. No
diarrhea or lethargy was observed in the control or

bortezomib-only groups, with one death on day 29 in the
control group of unknown cause during the same period.
Correspondingly, greater weight loss was observed in the
combination and PXD101 groups than in the control or
bortezomib groups (data not shown). For all groups,
support for increased diarrhea and weight loss was
provided by supplementation with saline 2.0 mL s.c. daily
and 1- to 2-day rest from PXD101 for lethargy. These results
indicate that although combining this HDI and proteasome
inhibitor resulted in inhibition of tumor growth, this was
accompanied by gastrointestinal and systemic toxicity in
this murine HNSCC xenograft model.

Discussion
Recently, HDIs have received considerable attention as
potential anticancer agents for the treatment of solid and
hematologic malignancies (2 – 5). HDIs have been shown to
induce apoptosis, promote differentiation, and inhibit
angiogenesis in a variety of experimental models (2 – 5),
but it remained unclear why HDIs exhibit only modest
antiproliferative and cytotoxic effects in HNSCC (6, 7). We
showed previously that NF-nB is constitutively activated
and contributes to cell proliferation, survival, therapeutic
resistance, and angiogenesis by HNSCC (10, 11, 15 – 17).
Increased nuclear localization of phospho-p65 has been
shown in f85% of HNSCC and associated with decreased
prognosis (31). Acetylation of the p65 subunit has been
implicated previously in transactivation of NF-nB, providing a potential mechanism by which HDIs could enhance
the prosurvival effects of NF-nB and oppose the proapoptotic effects of HDIs (18, 19). We hypothesized that the
relative resistance of HNSCC to HDIs could result from

Figure 6. Inhibitory effects of p65
siRNA on constitutive and HDIinduced expression of NF-nB – regulated cell cycle – related genes p21
and cyclin D1 and antiapoptotic
genes IAP1 and BCL-XL . UMSCC11A cells at 50% to 70% confluence
were transfected with p65 (RelA)
SMARTpool siRNAs (0.1 Amol/L) or
control siRNA (0.1 Amol/L) for 5 h at
37jC in six-well culture plates in
Opti-MEM. Twenty-four hours after
transfection, cells were treated with
TSA (0.2 Amol/L) and total RNAs
were isolated at time points indicated. Gene expression of p21, cyclinD1,
IAP1 , and BCL-XL was assessed
by real-time reverse transcriptionPCR. GAPDH was used as the internal control. Significant inhibition by
p65 siRNA compared with control.
*, P < 0.05.
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Figure 7.

The proteasome inhibitor bortezomib interacts with HDIs to
inhibit growth of UMSCC cells in culture and UMSCC-11A xenografts in
mice. A, MTT assay for cell proliferation was done for a panel of nine
UMSCC cell lines (UMSCC-1, UMSCC-6, UMSCC-9, UMSCC-11A,
UMSCC-11B, UMSCC-22A, UMSCC-22B, UMSCC-38, and UMSCC-46)
following treatment by PS-341 (0.005 Amol/L), TSA (0.1 Amol/L), NaBu
(400 Amol/L) alone, and combined PS-341, TSA, or NaBu. The cell
proliferation growth curves for 5 d were obtained, and data from the 3rd
day are shown. Columns, mean of six replicates from two independent
experiments; bars, SD. *, P < 0.05 (combined treatment was statistically
significant when compared with single drug treatment). B, MTT cell
proliferation assay was done for UMSCC-11A cell line following treatment
by PS-341 (0.005 Amol/L), PXD101 (1 Amol/L) alone, and combined PS341 and PXD101. The cell proliferation growth curves over 5 d were
obtained. *, P < 0.05 (combined treatment was statistically significant
when compared with single drug treatment). C, animals bearing
established UMSCC-11A xenografts were randomized to four groups of
eight mice each, to receive bortezomib alone, PXD101 alone, the
combination, or no treatment, as controls. The animals in the bortezomib
group and combination group received a total of three bortezomib
injections (arrows). The animals in the PXD101 group and combination
group received a total of 15 PXD101 injections over 3 wks (open
arrowheads ). The control animals received injections of normal saline and/
or a L-arginine solution dissolved in PBS. Points, mean of eight mice per
group; bars, SE. Saline supplementation and treatment delays were as
described in Results. One animal in the combination group died on day 20.
*, P < 0.05 indicates intervals for which combination group is
significantly different from control group using Student’s t test. Tumor
size in groups treated with bortezomib or PXD101 alone did not reach
statistical significance. P > 0.05.

the combined effects of basal and inducible activation of
NF-nB and prosurvival genes. In this study, we show that
HDIs enhance NF-nB transactivation, DNA binding, and
acetylation of p65 in HNSCC. Specific knockdown by p65
siRNA inhibited p65 expression and p65/p50 DNA
binding, enhanced the antiproliferative and cytotoxic
effects of HDIs, and inhibited expression of several HDIand NF-nB – induced cell cycle and antiapoptotic genes
that are implicated in proliferation and survival of
HNSCC and other cancers. Proteasome inhibitor bortezomib, which we showed previously can inhibit constitutive
and inducible NF-nB activation, also sensitized HNSCC to
HDIs. Consistent with the in vitro studies with classic
HDIs, PXD101 showed limited activity in mice with
UMSCC-11A xenografts resistant to bortezomib. Although
combining this HDI and proteasome inhibitor produced
increased antitumor activity, this was accompanied by
dose-limiting gastrointestinal and systemic toxicity. Thus,
low starting dosages for clinical studies combining HDIs
with proteasome inhibitors and IV fluid support may be
warranted.
We found that a panel of UMSCC cell lines were
relatively resistant to growth inhibition by HDIs (Fig. 1A),
when compared with IC50s published previously for these
agents (20, 21), or relative to the effects on enzymatic
activity observed in HDAC assay (Fig. 1B). Increased NFnB reporter activation was observed at these concentrations
(Fig. 1C), consistent with a possible effect on NF-nB
activation. The increase in NF-nB was accompanied by
enhanced DNA binding of p50/p65 and acetylation of p65,
implicating HDIs and enhanced acetylation in the increase
in NF-nB binding and transactivation. (Fig. 2B). The
activities of HDIs have been reported to include enhancement of acetylation of certain host transcription factors
such as p53, E2F, and p65 RelA as well as core histones,
thereby potentially resulting in complex alterations in
transcription as well as chromatin structure (2 – 5, 18, 19,
39). Acetylation of p65 by cofactor CBP/p300 is important
in transactivation and nuclear retention of NF-nB (19). Chen
et al. (18) showed that the duration of nuclear NF-nB
activation may be regulated by reversible acetylation of
p65, and the acetylated form is subsequently deacetylated
through a specific interaction with HDAC3. This deacetylation reaction promotes effective binding to InBa and leads
in turn to InBa-dependent nuclear export of the complex
through a chromosomal region maintenance-1 – dependent
pathway. Deacetylation of p65 by HDAC3 can thus act as
an intranuclear regulatory mechanism that can control the
duration of the NF-nB transcriptional response and contribute to the cytoplasmic redistribution of NF-nB – InBa
complexes. We have not excluded the possibility that HDIs
enhance activation of NF-nB and cell survival through
other mechanisms in addition to their affects on acetylation
of p65. HDIs have also been reported to enhance NF-nB
activation via upstream signal pathways. Several investigators have reported that phosphatidylinositol 3-kinase,
Akt, and protein kinase C contribute to NF-nB activation by
HDIs (40, 41). We have shown that phosphatidylinositol
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3-kinase and Akt contribute to constitutive activation of
NF-nB in HNSCC (26). Identifying the combination of
upstream signal mechanisms as well as histone acetylases
and HDACs important in regulating activation of NF-nB in
HNSCC may provide additional targets for therapy.
Combined treatment with p65 siRNA and HDIs resulted
in a clear decrease in cell density, cell cycle inhibition at
G0-G1 and G2-M phase, and increase in apoptosis (Figs. 4
and 5). HDI had complex effects on expression of genes
important in cell cycle regulation and the downstream
apoptotic cascade. The enhanced expression of p21, cyclin
D1, IAP1, and BCL-XL by HDIs and inhibitory effects of
p65 siRNA on their expression is consistent with a
functional role for NF-nB activation in induction of these
genes reported previously (33, 35 – 37). The accumulation of
HNSCC cells in G0-G1 phase of the cell cycle observed with
HDIs in this study are consistent with the opposing effects
of p21 and cyclin D1 on the G1 checkpoint. The inhibitory
effect of p65 siRNA on p21, IAP1, and BCL-XL are
consistent with several recent studies, which indicate that
these genes can act as inhibitors of apoptosis (36, 41 – 45).
IAP1 and BCL-XL have been shown to inhibit caspase and
mitochondrial-mediated cell death (41, 42), and BCL-XL
overexpression or knockdown has been shown to modulate
resistance of HNSCC to apoptosis (38). Evidence indicates
that p21 may attenuate HDI-mediated apoptosis due to the
ability of cytoplasmic p21 to bind to and inactivate
procaspase-3 (43, 44). It will be interesting to determine if
abrogation of p21 induction and the down-regulation of
antiapoptotic genes, such as BCL-XL by p65 siRNA,
contributes to the cell cycle effects and induction of
apoptosis in HDI-treated HNSCC cells.
Proteasome inhibitors represent a new group of anticancer agents, which inhibit the catalytic 20S core of the
proteasome, and degradation of diverse cellular proteins,
including InB, which is necessary for activation of NF-nB
(13). Of the many cellular perturbations induced by
proteasome inhibitors, interference with NF-nB signaling
has been implicated as one of the mechanisms that
contributes to their effects on proliferation, apoptosis,
angiogenesis, and radiation sensitivity in SCC and other
cancers (14 – 17, 46). Bortezomib has been approved for
treatment of multiple myeloma patients who have received
at least one prior therapy based on a large phase III trial
(23) and is currently under investigation in clinical trials in
several types of cancer (46). Bortezomib has also been
shown recently to have activity in other B-cell – related
malignancies, including mantle cell lymphoma, and Waldenstrom macroglobulinemia (47, 48). Evidence from
preclinical and clinical studies suggest that combination
with other cytotoxic therapies, or inhibitors of other
prosurvival pathways, may enhance antitumor activity of
bortezomib in some cancers. In preclinical and an ongoing
phase I clinical study, we have found that bortezomib has
NF-nB – inhibitory, antiproliferative, proapoptotic, and radiation-sensitizing activity in HNSCC (14, 17, 24). A
combination, including bortezomib, gemcitabine, and
carboplatinum, has shown activity and prolonged survival

in patients with non – small cell lung cancer (49). Combinations with platinum or taxanes have also shown clinical
responses in patients with advanced malignancies in phase
I studies (50, 51).
Proteasome inhibitors have been reported to sensitize
several other types of tumor cells to HDIs (52 – 59), but the
antitumor activity and safety of such combinations in vivo
have not been reported. The sensitizing effects of combining classic HDIs with the proteasome inhibitor bortezomib
were detected in multiple UMSCC cell lines (Fig. 7A) as
well as with PXD101 and bortezomib in vitro and in vivo
(Fig. 7B and C). PXD101 showed limited inhibitory activity
alone against UMSCC-11A proliferation and tumor growth.
Bortezomib showed no inhibitory activity, consistent with
the relative resistance of UMSCC-11A cells observed
previously. However, combining this HDI and proteasome
inhibitor was associated with gastrointestinal and systemic
toxicity. Diarrhea and lethargy were also observed at a later
time point in a few mice treated with PXD101 alone,
suggesting that this effect may be enhanced when
combined with bortezomib. Gastrointestinal toxicity and
death have been reported in animal studies with higher
doses of bortezomib and proteasome inhibition exceeding
90% than used in the present study. Several HDIs have
been shown to have direct proteasome-inhibitory activity
(55, 56), providing a possible explanation for the increased
toxicity of such a combination in normal as well as
malignant epithelia. NF-nB – dependent or NF-nB – independent mechanisms involving proteasome or oxidative
mechanisms could contribute to antitumor activity and
systemic side effects (52 – 58). These findings indicate that
further studies of the mechanisms of activity and toxicity of
proteasome and HDI inhibitors are needed. Because of the
potential for enhanced toxicity, low starting dosages for
clinical studies combining HDIs with proteasome inhibitors
and IV fluid support may be warranted.
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