
jnci.oxfordjournals.org   JNCI | Articles 1107

                    Neuroblastoma is the most common extracranial neoplasm diag-
nosed during childhood ( 1 ). Although myeloablative chemoradio-
therapy followed by 13- cis -retinoic acid treatment improves the 
survival of children with high-risk neuroblastoma, more than 50% 
of the treated patients still die of this disease ( 2 ). A possible con-
tributor to treatment failure is drug resistance acquired during 
therapy ( 3 ). One of the major mechanisms of drug resistance is loss 
of function of p53 ( 4 , 5 ). However, it is likely that other mechanisms 
can confer drug resistance in the presence of functional p53. 
Identifying such mechanisms may provide novel pharmacologic 
targets for neuroblastomas that are refractory to current therapies. 

 Microarray gene expression profi ling of cancer cells has been 
used to identify novel tumor markers ( 6 ), improve existing tumor 
classifi cations ( 7  –  9 ), and characterize transcriptional responses to 
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   Background   Genes that are overexpressed in multidrug-resistant neuroblastomas relative to drug-sensitive neuroblas-
tomas may provide targets for modulating drug resistance.  

   Methods   We used microarrays to compare the gene expression profile of two drug-sensitive neuroblastoma cell 
lines with that of three multidrug-resistant neuroblastoma cell lines. RNA expression of selected overex-
pressed genes was quantified in 17 neuroblastoma cell lines by reverse transcription – polymerase chain 
reaction (RT – PCR). Small-interfering RNAs (siRNAs) were used for silencing gene expression. Cytotoxicity 
of melphalan, carboplatin, etoposide, and vincristine and cytotoxic synergy (expressed as combination 
index calculated by CalcuSyn software, where combination index < 1 indicates synergy and >1 indicates 
antagonism) were measured in cell lines with a fluorescence-based assay of cell viability. All statistical 
tests were two-sided.  

   Results   A total of 94 genes were overexpressed in the multidrug-resistant cell lines relative to the drug-sensitive 
cell lines. Nine genes were selected for RT – PCR analysis, of which four displayed higher mRNA expression 
in the multidrug-resistant lines than in the drug-sensitive lines: histone deacetylase 1 (HDAC1; 2.3-fold dif-
ference, 95% confidence interval [CI] = 1.0-fold to 3.5-fold,  P  = .025), nuclear transport factor 2 – like export 
factor (4.2-fold difference, 95% CI = 1.7-fold to 7.6-fold,  P  = .0018), heat shock 27-kDa protein 1 (2.5-fold dif-
ference, 95% CI = 1.0-fold to  87.7-fold ,  P  = .028), and TAF12 RNA polymerase II, TATA box – binding protein –
 associated factor, 20 kDa (2.2-fold, 95% CI = 0.9-fold to 6.0-fold,  P  = .051). siRNA knockdown of HDAC1 
gene expression sensitized CHLA-136 neuroblastoma cells to etoposide  up to fivefold   relative to the 
parental cell line or scrambled siRNA – transfected cells ( P <.001). Cytotoxicity of the histone deacetylase 
inhibitor depsipeptide was tested in combination with melphalan, carboplatin, etoposide, or vincristine in 
five multidrug-resistant neuroblastoma cell lines, and synergistic cytotoxicity was demonstrated at a 90% 
cell kill of treated cells (combination index < 0.8) in all cell lines.  

   Conclusion   High HDAC1 mRNA expression was correlated with multidrug resistance in neuroblastoma cell lines, 
and inhibition of HDAC1 expression or activity enhanced the cytotoxicity of chemotherapeutic drugs in 
multidrug-resistant neuroblastoma cell lines. Thus, HDAC1 is a potential therapeutic target in multidrug–
resistant neuroblastoma.  

    J Natl Cancer Inst 2007;99: 1107  –  19   

  ARTICLE  

http://creativecommons.org/licenses/by-nc/2.0/uk/
http://creativecommons.org/licenses/by-nc/2.0/uk/


1108   Articles | JNCI Vol. 99, Issue 14  |  July 18, 2007

stress ( 10 , 11 ). Genome-wide expression analysis has also been used 
to identify genes whose differential expression is associated with 
acquisition of in vitro resistance to 5-fl uorouracil, doxorubicin, and 
cisplatin ( 12 ). To identify genes that play a role in multidrug 
resistance and thus may provide pharmacologic targets, we used 
Affymetrix oligonucleotide microarrays to identify genes that are 
overexpressed in multidrug-resistant neuroblastoma cell lines rela-
tive to drug-sensitive cell lines. Two drug-sensitive neuroblastoma 
cell lines and three neuroblastoma cell lines that are resistant to 
multiple drugs but retain transcriptionally active TP53 were evalu-
ated in our study. The cell line panel included drug-sensitive 
(CHLA-122, obtained at diagnosis) and multidrug-resistant 
(CHLA-136, obtained at relapse after myeloablative therapy) cell 
lines obtained from the same patient. 

 After we identifi ed genes that were overexpressed in multidrug-
resistant neuroblastoma cell lines relative to drug-sensitive cell lines, 
we confi rmed statistically signifi cant overexpression of the candi-
date genes in an extended neuroblastoma cell line panel by quantita-
tive reverse transcription – polymerase chain reaction. Targeted 
siRNA gene silencing and a small molecule inhibitor were then used 
in multidrug-resistant cell lines to evaluate the functional signifi -
cance of overexpression of one of the genes, histone deacetylase 1 
(HDAC1), in neuroblastoma drug resistance. This gene is of partic-
ular interest because histone deacetylase inhibitors are a relatively 
new class of cancer chemotherapeutic agents undergoing preclinical 
testing for clinical development in the treatment of drug-resistant 
neuroblastoma. An increasing number of these agents, including 
depsipeptide (NSC 630176), are currently in clinical trials, where 
they are demonstrating promising anticancer effects at well-tolerated 

doses for both hematologic and solid cancers ( 13  –  16 ). Histone 
deacet  ylases are enzymes that maintain histones in a hypoacetylated, 
positively charged state, which facilitates a condensed chromatin 
structure that prevents gene transcription. Inhibition of histone 
deacetylases (function, activity, or expression) induces cell growth 
arrest, differentiation, and apoptosis in vitro ( 17  –  20 ), presumably 
because of increased histone acetylation, which results in a more 
open chromatin con formation that allows transcriptional complexes 
to access DNA. Administration of histone deactylase inhibitors 
decreased neuroblastoma tumor growth in vivo ( 17 , 21 ). 

  Materials and Methods 
  Cell Lines 

 We used human neuroblastoma cell lines that were established 
from tumors of patients who were at various phases of therapy. 
The SMS-SAN, CHLA-15, CHLA-42, and CHLA-122 cell lines 
were established from tumors obtained from patients at diagnosis 
(before they underwent treatment); the SMS-LHN and SMS-
KCNR cell lines were established from tumors obtained from 
patients who experienced disease progression while undergoing 
dual-agent chemotherapy; the LA-N-6, SK-N-RA, SK-N-BE( 2 ), 
CHLA-20, CHLA-119, CHLA-140, and CHLA-171 cell lines 
were established from tumors obtained from patients who experi-
enced disease progression during or after intensive multiagent 
chemotherapy; and the CHLA-79, CHLA-90, CHLA-136, and 
CHLA-172 cell lines were established from tumors obtained from 
patients who had relapsed after intensive multiagent myeloablative 
chemoradiotherapy and bone marrow transplantation. The neuro-
blastoma origin and characteristics of these cell lines have been 
described previously ( 3 , 22 ). The CHLA-122 and CHLA-136 cell 
lines were derived from the same patient; the CHLA-15 and 
CHLA-20 cell lines were derived from a different patient. 

 None of the patients whose tumors gave rise to the cell lines 
used in this study had been treated with HDAC inhibitors. As we 
have shown previously ( 3 , 22 ), the cell lines that were established 
from tumors of patients who had received intensive therapy [LA-N-
6, SK-N-RA, SK-N-BE( 2 ), CHLA-119, CHLA-140, CHLA-171, 
CHLA-79, CHLA-136, CHLA-90, and CHLA-172] displayed a 
spectrum of resistance to melphalan, carboplatin, cisplatin, doxoru-
bicin, etoposide, SN-38 (an active metabolite of irinotecan), and 
topotecan. Cell lines with LC 90  values (drug concentration lethal for 
90% of treated cells) greater than the clinically achievable drug 
levels for at least two of the four agents commonly used in neuro-
blastoma therapy (melphalan, carboplatin, etoposide, and vincris-
tine) were considered to be multidrug resistant. Clinically achievable 
drug concentrations are 10  µ g/mL for melphalan, 3  µ g/mL for car-
boplatin, 7  µ g/mL for etoposide ( 3 ), and 10 ng/mL for vincristine 
( 23 ). SMS-SAN, CHLA-122, CHLA-15, CHLA-20, CHLA-42, 
SMS-KCNR, SMS-LHN, LA-N-6, SK-N-RA, CHLA-79, CHLA-
136, and CHLA-140 cells carry wild-type and transcriptionally 
active (i.e., functional) TP53 genes; CHLA-119, CHLA-90, CHLA-
172, and SK-N-BE( 2 ) cells carry mutant, nonfunctional TP53 
genes, CHLA-171 carries wild-type but nonfunctional TP53 ( 4 , 5 ). 

 All cell lines were cultured in complete medium consisting of 
Iscove ’ s modifi ed Dulbecco’s medium (Bio Whittaker, Walkersville, 
MD) supplemented with 3 mM  l -glutamine (Gemini Bioproducts, 

  CONTEXT AND CAVEATS 

  Prior knowledge 

 More than 50% of patients treated for high-risk neuroblastoma die, 
possibly from drug resistance acquired during therapy. Although 
such drug resistance is often caused by loss of p53 function, other 
mechanisms are also likely to induce drug resistance.  

  Study design 

 Molecular study in human neuroblastoma cell lines to identify genes 
that confer drug resistance in the presence of functional p53.  

  Contribution 

 The histone deacetylase 1 (HDAC1) gene was found to be expressed 
at higher levels in multidrug-resistant neuroblastoma cells than in 
drug-sensitive neuroblastoma cells. Knockdown of HDAC1 expres-
sion made neuroblastoma cells more sensitive to chemotherapeu-
tic agents. The histone deacetylase inhibitor depsipeptide enhanced 
cytotoxicity in multidrug-resistant neuroblastoma cell lines of four 
agents commonly used to treat neuroblastoma independent of the 
p53 status of the cell.  

  Implications 

 HDAC1 is a potential therapeutic target in multidrug-resistant 
neuroblastomas.  

  Limitations 

 The genome-wide screen used to identify genes whose overex-
pression is associated with drug resistance may not detect all 
potentially relevant genes.   
   



jnci.oxfordjournals.org   JNCI | Articles 1109

Inc, Calabasas, CA); 5  µ g/mL insulin, 5  µ g/mL transferrin, and 
5 ng/mL of selenous acid (ITS Culture Supplement; Collaborative 
Biomedical Products, Bedford, MA); and 20% heat-inactivated fetal 
bovine serum (Omega Scientifi c, Tarzana, CA). All neuroblas toma 
cell lines were used before passage 40. The cell lines were cultured 
without antibiotics in a humidifi ed incubator (95% air – 5% CO 2 ) at 
37 °C. All cell lines tested negative for mycoplasma. Cell lines were 
not selected for drug resistance in vitro. The identities of all cell 
lines were confi rmed by the short tandem repeat assay ( 24 ). 
Unique short tandem repeats were identifi ed for all cell lines, 
except the pairs CHLA-122/CHLA-136 and CHLA-15/CHLA-
20. Both members of each pair had been derived from the same 
patient and had identical short tandem repeats, as expected.  

  Drugs, Chemicals, and Antibodies 

 Depsipeptide, melphalan, carboplatin, etoposide, and vincristine 
were obtained from the Drug Synthesis and Chemistry Branch, 
Developmental Therapeutics Program, National Cancer Institute 
(Bethesda, MD). Fluorescein diacetate was purchased from Eastman 
Kodak Company (Rochester, NY) and eosin Y was from Sigma 
Chemical Co (St Louis, MO). Anti-HDAC1, anti – acetyl-histone 
H3 (catalog No. 06-599), and anti – acetyl-histone H4 (catalog No. 
06-598) rabbit polyclonal immunoglubulins (IgGs) were purchased 
from Upstate Biotechnology (Lake Placid, NY), and horseradish 
peroxidase – conjugated goat anti-rabbit IgG (catalog No. sc-2004) 
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).  

  Oligonucleotide Array Expression Analysis 

 Total RNA was isolated from SMS-SAN, CHLA-122, CHLA-
136, CHLA-79, and SK-N-RA cell lines with the use of TRIzol 
reagent (Invitrogen Life Technologies, Carlsbad, CA) and was 
further purified with the use of an RNeasy Mini kit (QIAGEN, 
Valencia, CA) according to the manufacturers’ instructions. We 
then used a high-performance liquid chromatography – purified 
T7-(dT) primer [5 ′ -GGCCAGTGAATTGTAATACGACTCA
CTATAGGGAGGCGG-(dT) 24 -3 ′ ; Affymetrix Inc, Santa Clara, 
CA] to synthesize double-stranded cDNA from the total RNA; 
the cDNA was then purified with the use of a phase lock gel 
(Eppendorf, Westbury, NY), phenol – chloroform extraction, and 
ethanol precipitation. Biotin-labeled complementary RNA (cRNA) 
was transcribed in vitro from the cDNA with the use of an ENZO 
Bioarray High Yield RNA Transcript Labeling kit (Affymetrix Inc, 
Santa Clara, CA), purified with the use of RNeasy columns 
(QIAGEN, Valencia, CA), and precipitated with ethanol. The 
biotin-labeled cRNA was quantified with the use of a spectropho-
tometer at wavelengths of 260 and 280 nm; fragmented by resus-
pension in 200 mM Tris-actate (pH 8.1), 500 mM KOAc, and 150 
mM MgOAc; and hybridized to U133A GeneChip microarrays 
(Affymetrix Inc) according to the manufacturer’s instructions. The 
arrays were washed, stained first with a streptavidin – phycoerythrin 
conjugate (Molecular Probes, Eugene, OR) and then with biotinyl-
ated anti-streptavidin antibody (Vector Laboratories, Burlingame, 
CA), and scanned to measure signal intensities using a GeneArray 
Scanner (Affymetrix). Fluorescence intensities were analyzed using 
Microarray Suite (MAS 5.0) software (Affymetrix). Complete 
microarray protocols can be found at the Affymetrix website 
( http://www.affymetrix.com/support/technical/manuals.affx ).  

  Quantitative Reverse Transcription – Polymerase 

Chain Reaction 

 We used real-time reverse transcription – polymerase chain reaction 
(RT – PCR) and an ABI Prism 7700 sequence detection system 
(Applied Biosystems, Foster City, CA) to quantify the levels of RNA 
expressed by the selected nine genes that were identified by microar-
ray analysis as being overexpressed in multidrug-resistant cells rela-
tive to drug-sensitive cells. Primers and probes for the HDAC1, 
FN1, and HSPB1 genes were designed with the use of Primer 
Express (version 1.5; Applied Biosystems) software based on 
sequences obtained from the GenBank database and synthesized by 
Integrated DNA Technologies, Inc (Coralville, IA). The following 
probes and primers were used to amplify and detect the HDAC1 
gene (HDAC1; NM_004964), 5 ′ -CCAAATGCAGGCGATTCCT-
3 ′  (forward primer), 5 ′ -AGAATCGGAGAACTCTTCCTCACA-3 ′  
(reverse primer), and 5 ′ -TGACAAGCGCATCTCGATCTGCTC
CT-3 ′  (probe); the fibronectin 1 gene (FN1; NM_002026), 5 ′ -AGA
TCTACCTGTACACCTTGAATGACA-3 ′  (forward primer), 5 ′ -
CTGCCATGATACCAGCAAGGA-3 ′  (reverse primer), and 5 ′ -CA
TTGATGCACCATCCAACCTGCGT-3 ′  (probe); and the heat 
shock 27-kDa protein 1 gene (HSPB1; NM_001540), 5 ′ -AGGATG
GCGTGGTGGAGAT-3 ′  (forward primer), 5 ′ -TGTATTTCCGC
GTGAAGCAC-3 ′  (reverse primer), and 5 ′ -TGTAGCCATGCT
CGTCCTGCCG-3 ′  (probe). 

 Predesigned primers and probes (with their corresponding cat-
alog numbers) for glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; Hs99999905), nuclear transport factor 2 – like export 
factor 2 (NXT2; Hs00218849), cyclin-dependent kinse inhibitor 
2C (CDKN2C; Hs00176227), glutathione S-transferase kappa 1 
(GSTK1; Hs00210861), copper chaperone for superoxide dis-
mutase (CCS) (Hs00192851), TAF12 RNA polymerase II, TATA 
box – binding protein – associated factor (TAF12; Hs00194587), and 
biliverdin reductase B (BLVRB Hs00355972) were obtained from 
Applied Biosystems. 

 All RT – PCR assays were performed in triplicate in 96-well 
plates using 150 ng RNA and TaqMan One-Step RT-PCR Master 
Mix reagents (Applied Biosystems, Branchburg, NJ) in a fi nal vol-
ume of 25  µ L under the following conditions: 2 minutes at 50 °C, 
10 minutes at 95 °C, 40 cycles of 95 °C for 15 seconds, followed 
by 60 °C for 1 minute. The RNA of each sample was normalized 
to the GAPDH mRNA level, which was measured on the same 
plate but not in the same wells/reaction as the gene of interest.  

  Immunoblot Analysis of Protein Expression 

 Cells from seven drug-sensitive cell lines (SMS-KCNR, CHLA-15, 
CHLA-20, SMS-SAN, SMS-LHN, CHLA-42, CHLA-122) and 
seven multidrug-resistant cell lines (CHLA-136, LA-N-6, SK-N-
RA, CHLA-119, CHLA-79, CHLA-90, CHLA-172) were grown 
to 70% confluence in T75 flasks (one flask per cell line) and then 
lysed in radioimmunoprecipitation assay buffer (50 mM NaCl, 
50 mM Tris [pH 7.4], 1% Triton X-100, 1% sodium deoxycholate, 
0.1% sodium dodecyl sulfate). Total protein (30  µ g per lane) was 
fractionated on 10% Tris-Glycine precast gels (Novex, San Diego, 
CA), transferred to nitrocellulose membrane (Protran, Keene, 
NH), and probed with primary antibodies (anti-HDAC1, anti – 
acetyl-histone H3, or anti – acetyl-histone H4, each at 1   :   1000 dilu-
tion), followed by incubation with an HRP-conjugated secondary 
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antibody. The membranes were incubated with  SuperSignal  West 
Pico chemiluminescent substrate (Pierce Biotechnology, Inc, 
Rockford, IL), and protein – antibody complexes were detected on 
autoradiography film (Denville Scientific, Inc, Metuchen, NJ).  

  Cytotoxicity Assay 

 We determined the cytotoxicity of depsipeptide alone or in combi-
nation with etoposide, melphalan, carboplatin, or vincristine in the 
CHLA-140, CHLA-136, CHLA-119, CHLA-90, and CHLA-172 
cell lines with the use of DIMSCAN ( 25 , 26 ), a semiautomatic fluo-
rescence-based digital image microscopy system that quantifies via-
ble cells in tissue culture multiwell plates on the basis of their 
selective accumulation of fluorescein diacetate. DIMSCAN is capa-
ble of measuring cytotoxicity over a 4-log dynamic range by quanti-
fying total fluorescence per well, which is proportional to the 
number of viable, clonogenic cells after eliminating background flu-
orescence with digital thresholding and eosin Y quenching ( 25 , 26 ). 

 To conduct formal quantitative analysis of depsipeptide’s interac-
tion with etoposide, melphalan, carboplatin, and vincristine, we 
employed a fi xed-ratio analysis for combination cytotoxicity assays; 
drugs were tested on a linear scale at concentration ranges that 
included the clinically achievable plasma levels in patients. To simu-
late in vivo systemic exposure to depsipeptide, we applied pharmaco-
kinetic data reported in a phase I trial ( 14 ) to the design of cytotoxicity 
experiments. Cells were exposed to 0 – 400 ng/mL depsipeptide for 6 
hours because it was reported ( 14 ) that the clinically achievable level 
for depsipeptide when administered intravenously for 4 hours at the 
maximally tolerated dose of 17.8 mg/m 2  was 554 ng/mL. 

 Cell lines were seeded into 96-well plates in 150  µ L of complete 
medium (3000 – 7000 cells per well) and incubated overnight. 
Depsipeptide (at various concentrations in DMSO) in 100  µ L of 
complete medium was added to each well (12 replicate wells per 
each concentration of depsipeptide), and the cells were incubated 
for 6 hours. We then discarded 150  µ L of medium from each well 
and added 150  µ L of fresh medium. This procedure was repeated 
three times over 30 minutes. After this washout, the following che-
motherapeutic agents (fi nal concentrations, vehicle) were added 
to individual wells: etoposide (0 – 10  µ g/mL, medium), melphalan 
(0 – 20  µ g/mL, 0.1 N HCl in ethanol), carboplatin (0 – 12  µ g/mL 
water), and vincristine (0 – 2  µ g/mL, water). Each drug concentra-
tion was tested in 12 wells. Cell lines were incubated in the presence 
of these agents for 5 days, after which fl uorescein diacetate in 
50  µ L of 0.5% eosin Y (fi nal concentration of fl uorescein diacetate 
10  µ g/mL) was added to each well and the cells were incubated for 
an additional 25 minutes at 37 °C. Total fl uorescence was then mea-
sured with the use of DIMSCAN as previously described ( 25 , 26 ), 
and the results were expressed as surviving fractions of treated cells 
compared with control cells that were exposed to  vehicle .  

  Histone Deacetylase 1 Gene Silencing by 

Small-Interfering RNA 

 We used a Gene Pulser Xcell electroporation system (Bio-Rad 
Laboratories, Inc, Life Science Research Group, Hercules, CA) to 
transfect CHLA-136 cells with a small-interfering RNA (siRNA) 
targeted against the HDAC1 gene [HDAC1 siRNA sense sequence: 
r(UGAACGAUCCUAUCCGCCA)dTdT, antisense sequence: 
r(UGGCGGAUAGGAUGGUUCA)dTdT]. Control cells were 

electroporated with an siRNA containing a scrambled sequence 
[scrambled siRNA sense sequence: r(UGAACGAUCCUAUCCGC
CA)dTdT, antisense sequence: r(UGGCGGAUAGGAUCGUU
CA)dTdT]. Electroporation was carried out at 300 V for 10 
milliseconds at a siRNA concentration of 20  µ M in siPORT 
electro poration buffer (Ambion, Inc, Austin, TX). HDAC1 siRNA 
and scrambled siRNA sequences were obtained from Dr Keith B.  
Glaser ( 27 ) and were manufactured by QIAGEN. Parental (i.e., 
untransfected) CHLA-136 cells and CHLA-136 cells transfected 
with HDAC1 siRNA or with scrambled siRNA were seeded into a 
96-well microplate, incubated for 24 hours, treated with etoposide (0 
to 10  µ g/mL) for 7 days, and then evaluated for cytotoxicity with the 
use of DIMSCAN. HDAC1 gene silencing was confirmed by 
HDAC1 immunoblotting of cell lysates assayed at 0, 24, 48, and 96 
hours and 7 days after electroporation (data not shown).  

  Statistical Analysis 

   Affymetrix GeneChip Data Analysis .       GeneChips were prepro-
cessed using Microarray Analysis Suite 5.0 (Affymetrix) to generate 
a normalized data range. Subsequently, GeneChip analysis was 
conducted using the Genetrix suite of tools for microarray analysis 
(Epicenter Software, Pasadena, CA). Probe sets were first filtered to 
remove genes that showed similar expression in all five samples. 
This variance filter detected probe sets with a standard deviation of 
less than 40 Affymetrix Difference Intensity (ADI) units and yielded 
a dataset of 19   017 probe sets (hereafter referred to as genes). 
Expression data were truncated to a minimum value of 1.0 and log 
transformed. Genes differentially expressed between drug-sensitive 
cell lines (i.e., CHLA-122 and SMS-SAN) and multidrug-resistant 
cell lines (i.e., CHLA-136, CHLA-79, and SK-N-RA) were identi-
fied as those with a change of at least twofold (in either direction) 
and for which a paired Student’s  t  test (two-sided) with Benjamini –
 Hochberg multiple-testing correction ( 28 ) produced an estimated 
false discovery rate of less than 3% at a statistical significance level 
of  P  value less than .025. Genes were defined as having increased 
expression when expressed at higher levels in drug-resistant neuro-
blastomas cell lines compared with drug-sensitive cell lines and as 
having decreased expression when expressed at lower levels in drug-
resistant compared with drug-sensitive cell lines. Because the con-
tribution of noise to the lowest expression estimates of probe sets 
(i.e., <100 ADI) is likely to be substantial, most or all  genes with 
statistically significant differential expression  values in this range 
will be false positives. To reduce the number of such false positives, 
we therefore applied an analytic filter to exclude from our list of 
differentially expressed genes those genes that had a mean expres-
sion of less than 100 ADI from the list of genes with increased 
expression (mean of three multidrug-resistant lines) or the list of 
genes with decreased expression (mean of two drug-sensitive lines). 
Differentially expressed genes were visualized in a heat map that 
was sorted and optimally ordered using two-way hierarchical clus-
tering analysis and complete linkage distance measurements with 
Pearson correlation distance metric, respectively ( 29 ).  

  Analysis of Cytotoxicity and Cytotoxic Synergy.       Drug-induced 
cytotoxic synergy was analyzed with the use of CalcuSyn software 
(Biosoft, Cambridge, U.K.) and was expressed as the combination 
index (CIN) at the LC 90  (i.e., concentration lethal to 90% of cells). 
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The combination index is a method for quantifying drug cytotoxic 
synergism, based on the mass-action law approach and the median-
effect principle derived from enzyme kinetic models developed by 
Chou and Talalay ( 30 , 31 ) that has been widely used to evaluate 
interactions of antineoplastic drugs. With the use of the combination 
index, synergism is defined as a more-than-expected additive effect, 
and antagonism is defined as a less-than-expected additive effect. 
Thus, by this method, a combination index equal to 1 indicates an 
additive effect, a combination index less than 1 indicates synergy, and 
a combination index greater than 1 indicates antagonism. It has been 
proposed by the creators of CalcuSyn software that CIN values be 
interpreted as follows: antagonistic effect when CIN > 1.1, additive 
effect when CIN = 0.9–1.1, slight synergism when CIN = 0.7–0.9, 
synergism when CIN = 0.3–0.7, strong synergism when CIN = 0.1–0.3, 
and very strong synergism when CIN < 0.1. The combination index 
value can be calculated at different “effect levels” or “fraction 
affected” levels (e.g., at LC 50  or LC 99  [i.e., concentration lethal to 
50% or 99% of the cells]) and may vary depending on the fractional 
effect level at which it is calculated. The mutually nonexclusive 
assumption was used in these analyses because agents tested in com-
binations were assumed to have different mechanisms of action. For 
combination index plots, the combination index is plotted as the log 10  
(CIN) versus fraction affected (defined as 1  −  survival fraction), and 
the 95% confidence intervals (CIs) are shown where calculable, with 
the use of the algebraic approximation method of the CalcuSyn pro-
gram. On these plots, additivity is defined as log 10  (CIN) = 0; very 
strong synergy is defined as log 10  (CIN) =  − 1; and antagonism is 
defined as log 10  (CIN) > 0. Although synergism and cytotoxicity may 
be related, a combination index that indicates strong synergy does 
not necessarily imply a high degree of absolute cytotoxicity (i.e., a 
small survival fraction); conversely, a combination index that indi-
cates antagonism need not exclude a high degree of cytotoxicity. 

 CalcuSyn software was also used to calculate the dose reduction 
index, which refl ects fold reduction in the LC 90  value in the pres-
ence of a synergistic drug. 

 Two-way analysis of variance was used to evaluate the effect of 
HDAC1 siRNA transfection on etoposide cytotoxicity in the 
CHLA-136 cell line. Log-transformed fl uorescence scores from 
untreated wells and wells treated at the highest drug concentrations 
(10  µ g/mL etoposide) were compared across the three cell types 
(i.e., parental cells, cells transfected with scrambled siRNA, and 
cells transfected with HDAC1 siRNA). The test of interaction 
effects between cell type and drug treatment main effects addresses 
the dependence of drug response on cell types.  P  values from  F  tests 
are presented. Two-way analysis of variance was performed with 
the use of SAS software (version 8.2; SAS Institute, Cary, NC). 

 The Wilcoxon rank sum test was used to assess the statistical 
signifi cance of differences in median expression of genes between 
drug-sensitive and drug-resistant cell lines as measured by RT –
 PCR. The association between log-transformed RT – PCR values 
for HDAC1 RNA expression and immunoblot values for HDAC1 
protein expression was assessed by calculating the Pearson correla-
tion coeffi cient. All  P  values are two-sided. The Wilcoxon rank 
sum test and computations of the Pearson correlation coeffi cient 
were performed with the use of Stata software (version 8.2; College 
Station, TX). A  P  value of less than or equal to .05 was considered 
to be statistically signifi cant.    

  Results 
  Identification of Potential Therapeutic Targets for 

Multidrug-Resistant Neuroblastoma 

 To identify mechanisms that confer drug resistance in neuroblas-
toma cells with wild-type and functional p53, we used Affymetrix 
U133A GeneChips to compare the genome-wide expression profiles 
of two drug-sensitive cell lines (SMS-SAN and CHLA-122) with 
those of three multidrug-resistant cell lines (SK-N-RA, CHLA-79, 
and CHLA-136). CHLA-122 and CHLA-136 is a pair of cell lines, 
one member of which was established from a patient at diagnosis 
(CHLA-122) and the other member of which was established later 
from the same patient after disease progression following myeloab-
lative chemoradiotherapy and bone marrow transplantation (CHLA-
136). We identified 170 genes that were differentially expressed 
between these drug-resistant and drug-sensitive cell lines ( Fig. 1 ), of 
which 94 were overexpressed in the multidrug-resistant cell lines 
relative to the drug-sensitive cell lines (Supplementary Table 1, 
available online).     

 We selected nine genes for further investigation ( Table 1 ). 
Three genes were selected because they have been reported to play 
a role in drug resistance: FN1 ( 32 ), HSPB1 ( 33 ), and HDAC1 ( 34 ). 
The other six genes (TAF12, CCS, GSTK1, NXT2, BLVRB, and 
CDKN2C) have not been implicated in drug resistance; we selected 
these genes because their known functions suggested that they might 
play a role in drug resistance or because of their high fold differ -
ence in expression between multidrug-resistant and drug-sensitive 
cell lines. For example, we included the GSTK1 gene, which 
encodes an enzyme with GST-like activity ( 35 ), because glutathi-
one mediates drug resistance in neuroblastoma ( 36 ). The copper 
chaperone for superoxide dismutase encoded by the CCS gene is an 
intracellular metallochaperone that is required for incorporation of 
copper into the essential antioxidant enzyme copper/zinc superox-
ide dismutase (SOD1) ( 37 ). The CDKN2C gene was selected be -
cause it encodes a putative tumor suppressor ( 38 ). The TAF12 
and BLVRB genes were selected because their mean expression 
differed substantially between the multidrug-resistant and the drug-
sensitive cell lines (eightfold and 5.7-fold, respectively;  Table 1 ).     

 We used a quantitative RT – PCR assay to quantify expression 
of the nine selected genes in the extended panel of neuroblastoma 
cell lines, which consisted of seven drug-sensitive cell lines (SMS-
KCNR, SMS-SAN, SMS-LHN, CHLA-122, CHLA-15, CHLA-
20, and CHLA-42) and 10 multidrug-resistant cell lines 
(CHLA-136, SK-N-BE( 2 ), CHLA-171, CHLA-79, CHLA-140, 
SK-N-RA, LA-N-6, CHLA-172, CHLA-119, and CHLA-90) 
( Fig. 2 ). Statistically signifi cant overexpression in multidrug-resis-
tant cell lines was confi rmed by RT – PCR for four genes: HDAC1 
( P  = .025), NXT2 ( P  = .0018), HSPB1 ( P  = .028), and TAF12 
( P  = .051). Fold differences in the median expression between 
multidrug-resistant and drug-sensitive cell lines were 2.3-fold 
(95% CI = 1.04-fold to 3.51-fold) for HDAC1, 4.2-fold (95% 
CI = 1.7-fold to 7.6-fold) for NXT2, 2.5-fold (95% CI = 1.0-fold 
to 87.7-fold) for HSPB1, and 2.2-fold (95% CI = 0.90-fold to 5.96-
fold) for TAF12 ( Fig. 2 ).     

 We selected HDAC1 for further study because histone deacet-
ylase inhibitors are available and currently in clinical trials ( 39 ), 
and we focused on one such inhibitor, depsipeptide, which has 
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been evaluated in pediatric patients ( 40 ). Immunoblot analysis of 
HDAC1 protein expression in 14 neuroblastoma cell lines (SMS-
LHN, SMS-SAN, SMS-KCNR, CHLA-42, CHLA-15, CHLA-
20, CHLA-122, CHLA-136, LA-N-6, SK-N-RA, CHLA-119, 
CHLA-79, CHLA-90, and CHLA-172) is shown in  Fig. 3  (β-actin 
was assayed for equal loading). The median HDAC1 protein level 
normalized to β-actin (in arbitrary units) was 1.24 (95% CI = 1.01 
to 1.77) for the drug-sensitive lines and 2.7 (95% CI = 1.92 to 3.22) 
for the multidrug-resistant lines. HDAC1 RNA expression, as 
determined by TaqMan RT – PCR, was statistically signifi cantly 
correlated with HDAC1 protein expression ( r  = .81,  P <.001).      

  Role of Histone Deacetylase 1 in Resistance of 

Neuroblastoma Cells to Etoposide 

 We next examined whether HDAC1 has a role in multidrug resis-
tance by determining the responsiveness of CHLA-136 cells that 
were transfected with HDAC1 siRNA or scrambled siRNA to 
etoposide ( Fig. 4 ). HDAC1 expression was decreased at 48 and 72 
hours following HDAC1 siRNA transfection but was not affected 
by scrambled siRNA transfection, as determined by immunoblot-
ting (data not shown). LC 99  values for etoposide were 9.7  µ g/mL 
(95% CI = 3.4 to >10  µ g/mL) for CHLA-136 cells transfected with 
HDAC1 siRNA, and >10  µ g/mL for CHLA-136 cells transfected 
with scrambled siRNA and untransfected CHLA-136 cells. CHLA-
136 cells transfected with HDAC1 siRNA were 2.4- to 5.0-fold   

more sensitive to etoposide across the tested concentration range 
(i.e., 1.25 – 10  µ g/mL) than parental or scrambled siRNA trans-
fected CHLA-136. Two-way analysis of variance showed that 
HDAC1 siRNA transfection  statistically significantly sensitized  

CHLA-136 cells relative to the parental cell line ( P <.001) or 
scrambled siRNA-transfected cells ( P <.001); no difference in cyto-
toxicity was observed between scrambled siRNA-transfected and 
the parental cells ( P  = .54). These data indicate that HDAC1 has a 
role in drug resistance and that silencing of this gene can sensitize 
multidrug-resistant neuroblastoma cells to etoposide.      

  Effect of Depsipetide on Histone Acetylation in 

Neuroblastoma Cells 

 To confirm that depsipeptide inhibits HDAC1 protein function in 
neuroblastoma cell lines at exposures similar to those used for 
clinical treatment ( currently the highest achievable level of depsi-
peptide  as a single agent in humans is 500 ng/mL [14]), we used 
immunoblotting with acetylation-specific antibodies to examine 
the acetylation status of two targets of HDAC1, histones H3 and 
H4, in CHLA-172 and CHLA-90 cells that were exposed for 6 
hours to 25, 50, or 100 ng/mL depsipeptide. Levels of acetylated 

  
 Fig. 1  .    Hierarchical clustering heat map of gene expression. Expression 
matrix displays 170 probe sets that were differentially expressed 
between drug-resistant (CHLA-136, CHLA-79, and SK-N-RA) and drug-
sensitive (SMS-SAN and CHLA-122) neuroblastoma cell lines according 
to the following selection criteria: (i) at least a twofold difference 
between the geometric mean expression values of drug-resistant (n = 3) 
and drug-sensitive (n = 2) cell lines; (ii)  P  value for difference in expres-
sion less than .025 (Student’s  t  test); and (iii) an average difference in 
intensity of more than 100 units (the mean of three multidrug-resistant 
cell lines versus the mean of the two drug-sensitive cell lines). The 
expression of each gene in each sample was normalized in the pseudo-
colored expression matrix based on the number of standard deviations 

above ( red ) and below ( blue ) the median expression value ( black ) 
across all samples. Samples and genes were optimally clustered 
and ordered using Pearson correlation distance metric with complete-
linkage distance measurements.  Arrows  indicate genes. HIST2H2AA = 
histone 2 H2aa; GSTK1 = glutathione S-transferase kappa 1; TP53AP1 = 
TP53-activated protein 1; FN1 = fi bronectin 1; HSPB1 = heat shock pro-
tein 1; NXT2 = nuclear transport factor 2 – like export factor 2; ICAM3 = 
intercellular adhesion molecule 3; CCS = copper chaperone for super-
oxide dismutase; TAF12 = TAF12 RNA polymerase II TATA box – binding 
protein (TBP) – associated factor, 20 kDa; HDAC1 = histone deacetylase 
1; SELP = selectin P; TF = transferring; CDC14A = CDC14 cell division 
cycle 14 homolog A.    
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histones H3 and H4 increased with increased concentrations of 
depsipeptide (data not shown).  

  Cytotoxicity of Depsipeptide in Multidrug-Resistant 

Neuroblastoma Cell Lines 

 We next examined the cytotoxicity of depsipeptide in combina -
tion with melphalan, carboplatin, etoposide, or vincristine in two 
multidrug-resistant neuroblastoma cell lines with functional p53 
(i.e., CHLA-140 and CHLA-136) and three multidrug-resistant 
neuroblastoma cell lines with nonfunctional p53 due to mutations 
in TP53 (i.e., CHLA-119, CHLA-90, and CHLA-172). Results of 
these drug-combination studies were expressed as LC 90 , combina-
tion index, and dose reduction index values ( Tables 2  and  3 ).         

 The single-agent LC 90  values ranged from 58.8 to more than 
400 ng/mL for depsipeptide, ranged from 4.6 to more than  
20     µ g/mL for melphalan, were more than  12  µ g/mL  for carbopla-
tin, ranged from 0.8 to more than  10     µ g/mL for etoposide, and 
ranged from 0.08 to 0.8  µ g/mL for vincristine ( Table 2 ). The con-
centrations lethal for 90% of treated cells (LC 90 ) of drugs alone or 
when combined with depsipeptide were calculated from dose –
 response curves obtained from the DIMSCAN assay.  Figure 5  dem-
onstrates such dose – response curves for melphalan, carboplatin, 
etoposide, and vincristine in the absence or presence of depsipep-
tide in a representative multidrug-resistant cell line, CHLA-172. 
Interaction between cytotoxic drugs (melphalan, carboplatin, eto-
poside, and vincristine) and depsipeptide was synergistic, i.e., 
there was a more-than-expected additive effect. Dose – response 
curves for the other four multidrug- resistant cell lines tested can 
been seen in Supplementary Figs. 1 – 4 (available online).     

 Melphalan was tested in combination with depsipeptide at a 
fi xed depsipeptide   :   melphalan ratio of 50   :   1. Depsipeptide was 
highly synergistic with melphalan in all fi ve cell lines tested (CIN 

at LC 90  ranged from 0.1 to 0.8). LC 90  values for depsipeptide when 
combined with melphalan were 1.4-fold to 63.0-fold lower than 
those for depsipeptide alone and ranged from 6.4 to 102 ng/mL. 
The LC 90  values for melphalan in the presence of depsipeptide 
were also reduced approximately  3.0-fold  to 22.0-fold compared 
with melphalan alone and ranged from 0.3 to 5.1  µ g/mL 
(Supplementary Fig. 1, available online;  Table 3 ). 

 Carboplatin was tested in combination with depsipeptide at a 
fi xed depsipeptide   :   carboplatin ratio of 30   :   1. Depsipeptide was 
synergistic with carboplatin in all fi ve cell lines (CIN at LC 90  
ranged from 0.3 to 0.8). LC 90  values of depsipeptide were reduced 
1.2-fold to 5.3-fold in the presence of carboplatin and ranged from 
22.6 to 290 ng/mL. LC 90  values for carboplatin were reduced by 
more than 1.4-fold to more than 17-fold, and ranged from 0.7 to 
8.7  µ g/mL in the presence of depsipeptide (Supplementary Fig. 2, 
available online;  Table 3 ) .

 Etoposide was tested in combination with depsipeptide at a 
fi xed depsipeptide   :   etoposide ratio of 25   :   1. Depsipeptide was syn-
ergistic with etoposide in all fi ve cell lines (CIN at LC 90  ranged 
from 0.1 to 0.5). LC 90  values of depsipeptide in the presence of 
etoposide were reduced approximately two- to eightfold and 
ranged from 26 to 95.3 ng/mL. Etoposide LC 90  values were also 
reduced by depsipeptide pretreatment by 1.3-fold to more than 
8.0-fold, and ranged from 0.6 to 2.4  µ g/mL in the presence of 
depsipeptide (Supplementary Fig. 3, available online;  Table 3 ). 

 Vincristine was tested in combination with depsipeptide at a 
fi xed depsipeptide   :   vincristine ratio of 5   :   1. Depsipeptide was syn-
ergistic with vincristine in four of fi ve cell lines (CIN at LC 90  
ranged from 0.08 to 0.5). In the CHLA-136 cell line, this combi-
nation was antagonistic. In CHLA-140, CHLA-119, CHLA-90, 
and CHLA-172 cells, LC 90  values of depsipeptide in the presence 
of vincristine were reduced approximately fi vefold to 59.0-fold and 

 Table 1  .    Selected genes overexpressed in multidrug-resistant neuroblastoma cell lines relative to drug-sensitive neuroblastoma cell lines *   

  Mean expression (SD)  †   

 Affymetrix probe 

set name Gene name Gene symbol

Drug-resistant 

cell lines

Drug-sensitive 

cell lines Fold change  ‡   P  §   

  211719_x_at  ||  Fibronectin 1 FN1 3376 (1740) 132 (91) 25.6 .019 
 209463_s_at TAF12 RNA 

 polymerase II
TAF12 504 (150) 63 (4) 8.0 .006 

 217751_at Glutathione S-transferase 
 kappa 1

GSTK1 1580 (304) 239 (125) 6.6 .02 

 202201_at Biliverdin reductase B BLVRB 482 (156) 84 (24) 5.7 .015 
 201841_s_at Heat shock 27-kDa 

 protein 1
HSPB1 3736 (957) 656 (128) 5.7 .008 

 212464_s_at  ||  Fibronectin 1 FN1 2516 (979) 454 (13) 5.5 .022 
 203522_at Copper chaperone for 

 superoxide dismutase
CCS 366 (67) 89 (3) 4.1 .004 

 209629_s_at Nuclear transport factor 
 2 – like export factor 2

NXT2 769 (39) 198 (46) 3.9 .005 

 211792_s_at Cyclin-dependent 
 kinase inhibitor 2C

CDKN2C 907 (49) 302 (48) 3.0 .003 

 201209_at Histone deacetylase 1 HDAC1 1443 (134) 719 (129) 2.0 .021  

  *   SD = standard deviation.  

   †    Geometric mean of Affymetrix Difference Intensity units between multidrug-resistant (n = 3) and drug-sensitive (n = 2) neuroblastoma cell lines.  

   ‡    Fold change indicates genes whose mean expression was increased in drug-resistant lines relative to that in drug-sensitive lines.  

  §   Two-sided Student’s  t  test.  

   ||    Two different probe sets for the same gene.   



1114   Articles | JNCI Vol. 99, Issue 14  |  July 18, 2007

ranged from 1 to 42 ng/mL. LC 90  values for vincristine were also 
reduced by depsipeptide pretreatment twofold to more than eight-
fold, and ranged from less than 0.1 to 0.25  µ g/mL in the presence 
of depsipeptide (Supplementary Fig. 4, available online;  Table 3 ). 

 We also tested the cytotoxicity of depsipeptide in combination 
with the topoisomerase I inhibitor topotecan in the CHLA-136 
and CHLA-172 cell lines. This combination was not synergistic 
(data not shown).   

  Discussion 
 We have previously shown that relapsed neuroblastomas mani-
fested resistance to multiple drugs and that multidrug resistance is 
sustained in vitro ( 3 ). Although such drug resistance is often caused 
by loss of p53 function ( 4 , 5 , 41 ), other mechanisms are also likely 
to induce high-level drug resistance. To identify genes that confer 
drug resistance and may serve as drug targets, we used Affymetrix 

U133A GeneChips to compare genome-wide gene expression of 
two drug-sensitive neuroblastoma cell lines with that of three 
multidrug-resistant neuroblastoma cell lines with functional p53. 
Of the 94 genes whose expression was higher in the multidrug-
resistant cell lines relative to the drug-sensitive lines by microarray 
analysis, we selected nine genes (FN1, HSPB1, HDAC1, CDKN2C, 
TAF12, CCS, GSTK1, BLVRB, and NXT2) for further analysis 
of RNA expression by quantitative RT – PCR. FN1 and HSPB1 
were selected for further study because their respective gene prod-
ucts, fibronectin ( 32 ) and HSP27 ( 33 ), have been reported to be 
associated with drug resistance. However, we found that FN1 
RNA expression did not correlate with multidrug resistance in our 
expanded panel of neuroblastoma cell lines. Expression of the 
other eight selected genes was higher in some but not all of the 
multidrug-resistant cell lines relative to the drug-sensitive lines, 
suggesting that these genes might play a role in neuroblastoma 
drug resistance and may provide drug targets in some patients. 

   Fig. 2  .    Quantifi cation of mRNA expression for nine selected genes by 
TaqMan reverse transcription – polymerase chain reaction in an 
extended panel of neuroblastoma cell lines. Graphs show mRNA 
expression of the genes in seven drug-sensitive neuroblastoma cell 
lines ( white bars ) and 10 multidrug-resistant neuroblastoma cell lines 
( black bars ). Mean mRNA expression (normalized to GAPDH mRNA 
expression) and 95% confi dence intervals ( error bars ) from three repli-

cates are shown. HDAC1 = histone deacetylase 1; NXT2 = nuclear 
transport factor 2-like export factor; BLVRB = biliverdin reductase B; 
CDKN2C = cyclin-dependent kinase inhibitor 2C; CCS = copper chaper-
one for superoxide dismutase; GSTK1 = glutathione S-transferase 
kappa 1; FN1 = fi bronectin 1; HSPB1 = heat shock 27-kDa protein 1; 
TAF12 = TAF12 RNA polymerase II TATA box – binding protein (TBP) –
 associated factor.    
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 Higher expression of HDAC1, NXT2, HSPB1, and TAF12 
was fi rst identifi ed by microarray analysis. TaqMan RT – PCR 
then confi rmed statistically signifi cantly higher expression in 
multidrug-resistant cell lines in an extended cell line panel. NXT2 
is a member of the NXT family of proteins, which are involved in 
exporting nuclear RNA ( 42 ). TAF12 is a component of transcrip-
tion factor IID that functions at various levels as a regulator 
of transcription ( 43 ). To our knowledge, neither NXT2 nor 
TAF12 has been associated with drug resistance previously. We 
are currently evaluating the roles of NXT2, HSPB1, and TAF12 
in neuroblastoma drug resistance. 

  A limitation of our study  is that genome-wide screens for genes 
whose overexpression is associated with drug resistance can miss 
some potentially relevant genes, perhaps, because of the array 
probe sets used and/or stringent statistical analysis applied to the 
small sample sizes. For example, the Affymetrix microarray analy-
sis did not identify  � -glutamylcysteine synthetase ( � -GCS) or 
glutathione S-transferase  µ  (GST µ ) as genes that were overex-
pressed in our limited panel of multidrug-resistant cell lines. 
We have previously reported that high expression of  � -GCS and 
GST µ  correlated with drug resistance in our expanded cell line 
panel ( 36 ) and that the inhibition of glutathione synthesis results 
in increased sensitivity of multidrug-resistant neuroblastoma cell 
lines to melphalan ( 44 ). 

 The remainder of this study focused on HDAC1 — a gene 
whose expression by microarray analysis was only twofold higher 
in three multidrug-resistant lines than in the two drug-sensitive 
cell lines — because, unlike the products of the other genes whose 
differential expression was more pronounced, the histone deacety-
lases are well established drug targets ( 45 ) and various histone 
deacetylase inhibitors are in clinical trials. In addition, histone 
deacetylase inhibitors have been shown to inhibit neuroblastoma 
cell growth in vitro and in vivo when used alone or in combination 
with other agents ( 17 , 21 , 46  –  48 ). 

 The higher HDAC1 expression in multidrug-resistant lines 
relative to drug-sensitive cell lines that was fi rst identifi ed by 
microarray analysis was confi rmed to be statistically signifi -
cantly higher in a quantitative analysis of RNA expression 
among 17 neuroblastoma cell lines (seven drug-sensitive lines and 
10 multidrug-resistant lines). HDAC1 is a member of a family of 
histone deacetylase genes ( 49 ). The opposing functions of histone 
deacetylases and histone acetyltransferases provide a dynamic 
equilibrium that controls the acetylation of histones in nuclear 
chromatin. Acetylation of histones by histone acetyltransferases 
results in gene activation, whereas histone deacetylation causes 
gene silencing ( 50 ). Acetylation of histones is also involved in 
cellular processes such as chromatin assembly, DNA repair, apop-
tosis, and differentiation ( 51 ). 

 The functional signifi cance of HDAC1 expression was con-
fi rmed by HDAC1 gene silencing with the use of HDAC1 
siRNA. HDAC1 overexpression in melanoma cell lines was asso-
ciated with impaired Bax induction and increased resistance to 
sodium butyrate – induced apoptosis ( 34 ). However, in the same 
study, an antisense mRNA targeted to HDAC1 made the cells 
more sensitive to sodium butyrate – induced apoptosis. Similarly, 
in our study, decreased expression of HDAC1 by siRNA sensi-
tized a multidrug-resistant cell line, CHLA-136, to etoposide. 

We tested the effect of decreased expression of HDAC1 on 
resistance to etoposide because etoposide is used in both induc-
tion chemotherapy and myeloablative consolidation therapy for 
high-risk neuroblastoma, and it is anticipated that early-phase 
clinical trials combining etoposide with an HDAC inhibitor 
could be carried out for recurrent and refractory high-risk 
neuroblastoma. 

 A novel histone deacetylase inhibitor, depsipeptide, is cur-
rently undergoing early clinical testing. In three phase I clinical 
trials, dose-limiting toxic effects included constitutional symp-
toms ( 13  –  15 ), thrombocytopenia ( 14 ), and cardiac arrhythmia 
( 14 ). In pediatric patients, dose-limiting toxic effects were asymp-
tomatic and reversible sick sinus syndrome, T wave inversions, 

  
 Fig. 3  .    Immunoblot analysis of HDAC1 protein expression in neuroblas-
toma cell lines.  Lower panel)  Quantitative analysis of HDAC1 protein 
expression as a ratio to b-actin expression in seven drug-sensitive 
( white bars ) and seven multidrug-resistant neuroblastoma cell lines 
( black bars ). Equal loading of protein was confi rmed by immunoblot 
analysis of β-actin expression ( upper panels ).    
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 Fig. 4  .    Role of HDAC1 in resistance of neuroblastoma cells to etopo-
side. Dose – response curves of the parental (i.e., untransfected) CHLA-
136 cell line (fi lled circle) and CHLA-136 cells transfected with 
scrambled-sequence small-interfering RNA (siRNA; open triangle) or 
HDAC1 siRNA (solid square) were determined by DIMSCAN. Points 
represent the mean fractional survival, and  error bars  represent 95% 
confi dence intervals. To derive the surviving fraction, the mean fl uo-
rescence for treated cells (obtained from 12 replicate wells) was com-
pared with mean fl uorescence of control wells (obtained from 12 
replicate wells).    
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and hypocalcemia ( 40 ). Depsipeptide has demonstrated clinical 
activity in a phase I clinical trial conducted on four patients with 
cutaneous T-cell lymphoma [one patient had a complete response, 
three patients with cutaneous lymphoma had partial responses 
( 52 )], in a phase II study of lymphoma [three of 14 patients had a 
complete response, four of 14 patients with cutaneous T cell lym-
phoma had a partial response, and four of 17 patients with periph-
eral T cell lymphoma, unspecifi ed, had a partial response ( 53 )], 
and in a phase II study of metastatic renal cell cancer [one of 29 
patients had a complete response ( 16 )]. Other HDAC inhibitors 
undergoing early clinical evaluation include vorinostat (SAHA) 
( 54 , 55 ), MS-275 ( 56 ), and high-dose valproic acid ( 57 ). 

 On the basis of our observation that HDAC1 was overex-
pressed in multidrug-resistant relative to drug-sensitive neuroblas-
toma cell lines and that drug resistance could be reversed by 
HDAC1 knockdown with siRNA, we hypothesized that inhibition 
of HDAC1 by a representative HDAC inhibitor (depsipeptide) 
might enhance cytotoxicity of commonly used agents in neuro-
blastoma. We found that, as a single agent, depsipeptide was not 
cytotoxic in the multidrug-resistant cell lines evaluated in this 
study. Our cell culture cytotoxicity data for depsipeptide as a single 
agent are in agreement with data from neuroblastoma xenograft 
models showing that depsipeptide inhibited its molecular target 
but as a single agent depsipeptide treatment did not result in 
objective tumor regression ( 58 ). We therefore determined if dep-
sipeptide could sensitize multidrug-resistant neuroblastoma cell 
lines to drugs commonly used for treating high-risk neuroblas-
toma. As one common myeloablative consolidation regimen for 
high-risk neuroblastoma patients consists of high-dose carbopla-
tin, etoposide, and melphalan, and vincristine is used as part of 

induction chemotherapy, we tested interaction between these 
drugs and depsipeptide. 

 Histone deacetylase inhibitors have been studied in combina-
tion with various therapeutic modalities and have been shown to 
sensitize cells to topoisomerase inhibitors ( 59 , 60 , 61 ), melphalan 
( 62 ), and radiation ( 63  –  66 ). Our data demonstrated synergistic 
interaction between depsipeptide and melphalan, carboplatin, 
etoposide, and vincristine when such interactions were measured 
at 90% – 99% cell kill. A synergistic interaction was observed in 
all tested cell lines that expressed functional p53 as well as in 
cell lines that did not, except for CHLA-136 cells (which have 
wild-type TP53) treated with the combination of depsipeptide 
and vincristine. 

 The various HDAC inhibitors in clinical use or in clinical trials 
differ with respect to a number of properties besides their poten-
tial toxic effects. For example, depsipeptide has been reported to 
induce expression of the MDR1 and ABCG2 genes in cancer cell 
lines ( 67 , 68 ). Future studies should examine whether MDR1 
induction occurs in neuroblastoma cell lines and xenografts by 
HDAC inhibitors and should directly compare the ability of vari-
ous HDAC inhibitors to reverse drug resistance. Such studies will 
help inform the choice of drugs to be selected for testing in clini-
cal trials. 

 Several potential mechanisms could explain increased drug 
sensitivity in the presence of histone deacetylase inhibitors. Khan 
et al. ( 62 ) reported that histone deacetylase inhibitors increased 
transcription of pro-apoptotic genes and decreased transcription of 
antiapoptotic genes in multiple myeloma cells ( 62 ). A potentiating 
effect of histone deacetylase inhibitors on etoposide cytotoxicity 
has been reported previously ( 59 , 60 ). Kim et al. ( 69 ) reported 

 Table 3  .    DRI and CIN values for depsipeptide plus melphalan, carboplatin, etoposide, or vincristine at the 90% cell kill *   

  Cell line

DRI for 

M (+DP)

DRI for 

DP (+M) CIN SD

DRI for 

C (+DP)

DRI for 

DP (+C) CIN SD

DRI for 

E (+DP)

DRI for 

DP (+E) CIN SD

DRI for 

V (+DP)

DRI for 

DP (+V) CIN SD  

  CHLA-90 >4.7 1.4 0.7 0.12 >4.0 1.2 0.8 0.08 7.7 3.0 0.5 0.04 5.0 5.2 0.5 0.22 
 CHLA-119 3.5 2.2 0.8 0.62 >17.1 2.6 0.4 0.32 1.3 2.3 1.1 0.67 16.0 59.0 0.1 36.9 
 CHLA-136 2.7 >6.2 0.4 0.16 >1.4 >1.4 0.7 0.11 0.8 >6.1 0.4 0.15 <1.0 >8 >1.1 >100 
 CHLA-140 22 62.5 0.1 0.08 >5.2 5.3 0.3 0.11 >8.3 8.2 0.1 0.04 8.0 16.0 0.6 0.5 
 CHLA-172 >4.8 >3.9 0.2 0.08 >1.9 >1.9 0.6 0.24 2.3 >4.2 0.5 0.1 2.0 >9.5 0.5 0.2  

  *   Dose reduction index (DRI) reflects the fold reduction in the required concentration of tested agents when used in combination to achieve 90% cell kill. The 
combination index (CIN) correlates the cytotoxicity of drug combinations to the single-agent activities. Interpretation of CIN values: less than 0.1 = very strong 
synergism, 0.1 – 0.3 = strong synergism, 0.3 – 0.7 = synergism, 0.7 to 0.9 – slight synergism, 0.9 – 1.1 = additive effect, and more than 1.1 = antagonism. 
M = melphalan; DP = depsipeptide; SD = estimated standard deviation of CIN values; C = carboplatin; E = etoposide; V = vincristine.   

 Table 2  .    LC 90  values for cytotoxic agents in multidrug-resistant cell lines *   

  Cell line

Depsipeptide, ng/mL 

(95% CI)

Melphalan,  µ g/mL 

(95% CI)

Carboplatin,  µ g/mL 

(95% CI)

Etoposide,  µ g/mL 

(95% CI)

Vincristine,  µ g/mL 

(95% CI)  

  CHLA-90 122.5 (101.1 to 148.4) >20 ( >20) >12 ( >12) 7.7 (6.3 to 9.4) 0.5 ( 0.6 to 0.4 ) 
 CHLA-119 58.8 (29.8 to 116.1) 4.6 (3.0 to 6.3) >12 (8.9 to >12) 0.8 ( 2.4 to 0.3 ) 0.1 ( 0.2 to 0.1 ) 
 CHLA-136 >400 ( >400) 8.9 (4.1 to 19.3) >12 ( >12) 1.2 (0.9 to 1.6) 0.2 (0.1 to >2) 
 CHLA-140 400 (256.2 to >400) 6.6 (4.9 to 8.8) >12 ( >12) >10 (8.6 to >10) 0.8 ( >2 to 0.3)  
 CHLA-172 >400 ( >400) 20 (15.1 to >20) >12 (5.4 to >12) 5.6 (4.0 to 7.8) 0.4 ( 0.8 to 0.2 )  

  *  If 90% cell kill was not achieved at the tested concentrations, then LC90 values were reported as “> the highest tested concentration”. The highest 
concentrations tested were: 400 ng/ml for depsipeptide, 20 µg/mL for melphalan, 12 µg/mL for carboplatin, 10 µg/mL for etoposide, and 2 µg/mL for 
vincristine. Similarly, 95% confidence intervals are reported in the range of tested concentrations.  LC 90  = drug concentration that was lethal for 90% of the 
cells; CI = confidence interval  .  
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that pretreatment of glioblastoma cells with trichostatin A 
or SAHA (currently known as vorinostat) increased the killing 
effi ciency of etoposide (a topoisomerase II inhibitor), ellipticine, 
doxorubicin, and cisplatin. However, in the same study, histone 
deacetylase inhibitors did not increase camptothecin (a topoisomerase 
I inhibitor) – induced cell killing. Likewise, we demonstrated syner-
gistic interaction of depsipeptide with etopside, but not with topo-
tecan, a topoisomerase I inhibitor (data not shown). It has been 
suggested ( 60 , 61 ) that histone deacetylase inhibitors hypersensitize 
cells to etoposide by inducing expression of the gene encoding 
topoisomerase IIa. 

 The enhanced therapeutic potential for various histone deacet-
ylase inhibitors in combination with radiation in vitro ( 63 ) and 
in vivo ( 70 ) has been reported. These studies have suggested that 
the radiosensitizing effect of histone deacetylase inhibitors is due 
to perturbation of the cell cycle ( 63 , 66 ) and decreased repair of 
radiation-induced DNA double-strand breaks ( 64 , 65 ). Loosening 
of the chromatin structure by histone acetylation could increase 
the effi ciency of DNA-targeting agents or enzymes. Indeed, in a 
brain tumor cell line that is intrinsically resistant to topoisomerase 
inhibitors, sensitivity to etoposide increased more than 10-fold in 
the presence of histone deacetylase inhibitors without affecting 
either the levels or the activity of topoisomerase II ( 69 ). Further 
studies that examine proapoptotic and antiapoptotic pathways, cell 
cycle, transcription factors, or DNA damage repair mechanisms 
will be required to identify mechanisms by which histone deacety-

lase inhibition enhances the response of multidrug-resistant neu-
roblastoma cells to various drugs. 

 An area that will require further investigation is the potential 
for interactions between depsipeptide and MDR1. Depsipeptide 
has been reported to be a P-glycoprotein (Pgp) substrate but not a 
Pgp inhibitor ( 71 ). Furthermore, hyperacetylation of the MDR1 
promoter by depsipeptide ( 67 )-induced MDR1 expression, and it 
has been suggested that depsipeptide induces its own mechanism 
of resistance ( 67 , 68 ), which could be reversed by MDR1 inhibitors, 
such as cyclosporine A and verapamil ( 72 ). Although  depsipeptide 
was found not to saturate Pgp  ( 71 ), an interaction between depsip-
eptide and MDR1 in the modulation of drug resistance to drugs 
that are substrates for MDR1 cannot be excluded. 

 We undertook this study to identify genes that are overexpressed 
in multidrug-resistant neuroblastomas with functional p53 and to 
use one such gene (ideally one that expresses a protein that can be 
targeted by available drugs) to determine if inhibiting the target 
could reverse multidrug resistance. We demonstrated that HDAC1 
is a potential therapeutic target in multidrug-resistant neuroblasto-
mas, that the histone deacetylase inhibitor depsipeptide synergisti-
cally enhanced cytotoxicity of four agents commonly used to treat 
neuroblastoma, and that the synergistic interaction of depsipeptide 
with these agents was independent of p53 status. Our observations 
suggest that further investigations of depsipeptide and other histone 
deacetylase inhibitors in animal models and, perhaps, in clinical trials 
of patients with recurrent high-risk neuroblastoma are warranted.    

 Fig. 5  .    Effect of depsipeptide in combination 
with chemotherapeutic agents on cytotoxicity 
in drug-resistant CHLA-172 neuroblastoma 
cells. In drug combination assays, cells were 
pretreated with depsipeptide for 6 hours, dep-
sipeptide was washed out three times, and the 
cells were then treated with a chemotherapeu-
tic agent.  A ) Dose – response curves for depsip-
eptide alone ( open square ), melphalan alone 
( open circle   ), and combination of depsipeptide 
and melphalan ( inverted fi lled triangle ).  B ) 
Dose – response curves depsipeptide alone 
( plus ), carboplatin (open triangle), and combi-
nation of depsipeptide and carboplatin ( inverted 

fi lled triangle ).  C ) Dose – response curves for 
depsipeptide alone ( open square ), etoposide 
( inverted open triangle ), and combination of 
depsipeptide and etoposide ( inverted fi lled tri-

angle ).  D ) Dose – response curves for depsipep-
tide alone ( plus ), vincristine ( open diamond ), 
and combination of depsipeptide and vincris-
tine ( inverted fi lled triangle ).  Points  represent 
the mean fractional survival, and  error bars  
represent 95% confi dence intervals. To derive 
the surviving fraction, the mean fl uorescence 
for treated cells (obtained from 12 replicate 
wells) was compared with mean fl uorescence 
of control wells (obtained from 12 replicate 
wells).    
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