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Gene expression-signature of belinostat in cell lines
is specific for histone deacetylase inhibitor treatment,
with a corresponding signature in xenografts
Anne Monksa, Curtis D. Hosea, Patrick Pezzolic, Sudhir Kondapakab,
Gordon Vansantc, Kamille Dumong Petersend, Maxwell Sehestedd,
Joseph Monfortec and Robert H. Shoemakerb

Belinostat is a hydroxamate-type histone deactylase

inhibitor (HDACi), which has recently entered phase

I and II clinical trials. Microarray-based analysis

of belinostat-treated cell lines showed an impact on genes

associated with the G2/M phase of the cell cycle

and downregulation of the aurora kinase pathway.

Expression of 25 dysregulated genes was measured

in eight differentially sensitive cell lines using a novel

high-throughput assay that combines multiplex

reverse transcriptase-PCR and fluorescence capillary

electrophoresis. Sensitivity to belinostat and the

magnitude of changes in overall gene modulation were

significantly correlated. A belinostat-gene profile was

specific for HDACi in three cell lines when compared with

equipotent concentrations of four mechanistically different

chemotherapeutic agents: 5-fluorouracil, cisplatin,

paclitaxel, and thiotepa. Belinostat- and trichostatin A

(HDACi)-induced gene responses were highly correlated

with each other, but not with the limited changes in

response to the other non-HDACi agents. Moreover,

belinostat treatment of mice bearing human xenografts

showed that the preponderance of selected genes were

also modulated in vivo, more extensively in a drug-sensitive

tumor than a more resistant model. We have demonstrated

a gene signature that is selectively regulated by HDACi

when compared with other clinical agents allowing us to

distinguish HDACi responses from those related to other

mechanisms. Anti-Cancer Drugs 20:682–692 �c 2009
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Introduction
Chromatin remodeling is regulated in part through the

opposing activities of histone acetyl transferases and

histone deactylases (HDACs) [1]. Acetylation of their

histone tails leads to open and closed forms of chromatin,

which alters accessibility of transcription factors to DNA

[2]. Inhibitors of HDAC (HDACi), which are being

developed as potential anticancer agents [3,4], cause

accumulation of acetylated proteins, particularly histones,

alter chromatin structure leading to a change in gene

transcription, and induce apoptosis [5,6].

Gene expression changes have been evaluated in

response to a variety of inhibitors of HDAC [7–9], and

up to 22% of genes were identified as showing expression

changes in response to HDACi treatment [9]. These

were diverse genes impacting multiple pathways impor-

tant for cell survival and proliferation. Cell cycle analysis

indicates that HDACi may impact two distinct check-

points [10], inhibiting cells at the G1/S, mainly by

inducing expression of the cyclin-dependent kinase

inhibitor p21/CIP1/WAF1 [11] and G2/M by downregula-

tion of cyclin B1 [12]. Moreover, as a growing number of

nonhistone, acetylated targets of HDACi are identified

[13], it becomes more likely that modulation of these

proteins may contribute to drug-induced cell death.

Thus, there may be multiple mechanisms underlying the

activity of HDACi, possibly related to the specificity of

the HDAC class targeted by the agent, but this remains

an open question [4]. However, due to the diverse cellular

response to inhibitors of HDAC, which can be different in

different tumor models, HDACi may represent a class of

agents that do not generate rapid resistance owing to their

effect on a range of cellular processes.

Belinostat (PXD101, NSC 726630) is a hydroxamate-class

HDACi with in-vitro activity against a variety of human

cell lines and in-vivo activity against ovarian, colon, and

bladder xenografts [14–16]. Belinostat has been shown to

inhibit both class I and II HDAC isoforms with similar

efficacy [17], and exhibits synergistic toxicity in combi-

nation with 5-fluorouracil [18] and bortezimib [19],
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carboplatins, and taxanes [15]. To date, more than

500 patients have been treated with belinostat in

a number of phase I and II clinical trials. A report from

a phase I trial in patients with advanced solid tumors

indicated that the drug is well tolerated with a terminal

half life of approximately 1 h, and a Cmax (maximum

plasma concentration) of approximately 32 mg/ml at the

recommended phase II dose [20]. In a study to evaluate

biomarkers for this agent in multiple cell lines, sensitivity

to belinostat was correlated with basal expression of

several genes, but not with acetylation of either histone

or tubulin [21], although in A2780 xenografts, the level

of H4 acetylation was related to plasma and tumor

pharmacokinetics [22].

Here, we report a gene profile for HDACi across a variety

of cell lines which is specific to HDACi compared with

four other antineoplastic agents of different mechanisms.

These data were associated with the G2/M phase of the

cell cycle and led us to determine an indirect effect on

expression of aurora kinase A and B proteins. Moreover,

in vivo, this selected subset of genes was largely

dysregulated in a belinostat-sensitive tumor, A2780, but

to a lesser extent in the more resistant PC-3 tumor. The

fact that most of these changes are consistent across

otherwise heterogeneous tumor cell lines and that they

occur not only in cell culture, but also in xenograft

models, suggests they may provide a mechanism to assess

in-vivo response in tumors or surrogate markers.

Methods
Cell lines and reagents

Cell lines were utilized from the NCI-60 cell line screen,

grown in RPMI-1640 (Lonza, Walkersville, Maryland,

USA), 5 mmol/l L-glutamine, and 5% fetal bovine serum.

Belinostat was provided by TopoTarget (Copenhagen,

Denmark), trichostatin A (TSA) was purchased from

Sigma (St. Louis, Missouri, USA) and all other agents

were provided by the Drug Synthesis and Chemistry

Branch of the Developmental Therapeutics Program,

National Cancer Institute (NCI).

Xenografts

Female NMRI mice, 6–8 weeks old, were obtained from

Charles River Laboratories, Germany. The experiment

was conducted at TopoTarget, Copenhagen, and approved

by the Experimental Animal Inspectorate, Danish

Ministry of Justice. All animals were housed and

maintained under high hygiene standard conditions and

provided with standard food and water ad libitum. Mice

were acclimatized for at least a week and then injected

subcutaneously with 1e7 A2780 human ovarian carcinoma

(a gift from R. Ozols, Fox Chase Cancer Centre,

Philadelphia, Pennsylvania, USA) or PC-3 (CRL-1435)

human prostate cancer cells. The cells were grown

in RPMI + 10% fetal bovine serum, washed once with

PBS and suspended in 100 ml of PBS, and then suspended

in 100 ml matrigel (Becton Dickinson and Company,

Franklin Lakes, New Jersey, USA) before injection. Tumor

diameters were measured during tumor growth and tumor

volumes estimated according to the formula: (width2�
length)/2. When tumor size reached 600 ± 150 mm3 (A2780)

or 750 ± 200 mm3 (PC-3), mice were randomized into

treatment groups and treatment initiated. Belinostat

was used in the clinical formulation in L-arginine/

isotonic sterile saline (pH approximately 9.4) and injected

200 mg/kg 100ml/10 g in the tail vein at t = 0, 1.5, and 3 h.

At t = 6 and 24 h after first dose, groups of three mice were

sacrificed. Vital tumor fragments (100–200 mg) were

immersed in RNAlater stabilization reagent (1 ml per

tumor sample; Qiagen, Valencia, California, USA). The

tumor fragments were minced slightly to ensure full

solution penetration and stored at – 201C until analysis.

Microarray

Human OncoChip (35K cDNA arrays from the NCI/

Center for Cancer Research microarray center) were

utilized according to published protocols on the mAdB

homepage (www.nicarray.nci.nih.gov).

Total RNA was extracted from cell lines treated

with belinostat and TSA for 6 and 24 h, plus control,

untreated cell lines at the same time points, then

reverse transcribed and amino-allyl modified dUTP was

incorporated (Labelstar kit, Qiagen), then chemically

coupled to a Cy3 or Cy5 fluorescently labeled dye. The

appropriate treated versus control RNA was combined

and hybridized to arrays at 421C for 16 h. Fluorescence

was read on a GenePix 4100A microarray scanner and

data was analyzed through GenePix Pro 4.1 software

(Molecular Devices, Sunnyvale, California, USA), and

then the files were uploaded to the NCI/Center for

Cancer Research microarray centers mAdB gateway,

where they were analyzed with available tools including

significance analysis of microarrays [23], prediction

analysis of microarrays [24], and DAVID/EASE functional

analysis [25].

Quantitative real time reverse transcriptase-PCR

Reactions were measured using the ABI prism 7700

Sequence Detection System and TaqMan Chemistries

(Applied Biosystems, Foster City, California, USA). PCR

reactions using 5 ng of cDNA were carried out using the

TaqMan SYBR green master mix (Applied Biosystems) in

25 ml reactions. Triplicate samples were analyzed using

the comparative Ct method (ABI user bulletin #2) and

expressed as an increase or decrease in relative expression

(log2) compared with the untreated control.

Multiplexed reverse transcriptase-PCR (XP-PCR)

Chimeric primer pairs were designed for each selected

gene with a gene-specific sequence and a universal
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sequence common to all forward and reverse primers.

Twenty-five nanograms of total RNA was used as

template for the reverse transcription reactions. Half of

these reactions were carried over as templates for the

PCR reactions. A pair of universal primers that recognized

the universal sequences in the chimeric primers were

included (in excess) in the PCR reaction, with one

fluorescently labeled. After a few initial rounds of PCR,

the universal primers primarily drive the reactions. The

chimeric primers were designed to produce PCR

products with an approximately 5 base pair difference

between them, resulting in a stratified set of labeled PCR

products. The fluorescently labeled PCR reactions were

then analyzed by capillary electrophoresis on a Beckman

GeXP Genetic Analysis System (Beckman Coulter Inc.,

Fullerton, California, USA). Gene expression data are

given as the ratio of a target gene normalized by a

control gene from the same reaction. Heatmaps of the

average gene expression data (log2) was generated using

cluster and Treeview software (Eisen Lab, University of

California Berkeley, Berkeley, California, USA) [26].

Western blots

Protein (50 mg) from drug treated or control cells was

separated by electrophoresis (4–20% Tris–glycine gel),

transferred to polyvinylidene fluoride membranes

(Invitrogen, Carlsbad, California, USA) and probed with

primary (AURKA and AURKB-Cell Signaling, Danvers,

Massachusetts, USA) and appropriate secondary antibodies,

then developed using enhanced chemiluminescence, and

band intensities measured.

Flow cytometry

Approximately 5�106 cells were treated with the HDACi

for the indicated times, then harvested and fixed with 70%

EtOH. Pellets were resuspended in RNase A (0.2 mg/ml)

and stained with propidium iodide (0.05 mg/ml) and read

using the Becton Dickinson FACScan flow cytometer

(Becton Dickinson). Data were analyzed through Modfit

LT v. 2.0 (Becton Dickinson) for MAC.

Aurora kinase assays

The enzymes aurora A and B were obtained from Upstate

Biotechnology (Uppsala, New York, USA) and biotiny-

lated substrate (polo-like kinase) is obtained from Cell

Signaling Technology (Danvers, Massachusetts, USA).

The drugs were diluted in kinase buffer to obtain 100, 10,

1 and 0.1 mmol/l concentrations in a final volume of 10 ml.

Five microliter of aurora A or B (1 ng/ml) was pretreated

with drug for 30 min, and then 5ml of substrate (1.5mmol/l)

was added. An ATP concentration of 100 mmol/l was

maintained in all kinase reactions. After 30 min of

incubation, 5 ml of detection mixture of antibody

(phospho-polo-like kinase)-conjugated acceptor and

streptavidin-conjugated donor beads (Perkin Elmer Life

and Analytical Sciences, Waltham, Massachusetts, USA)

was added and then incubated for a further hour. Assays

were performed in 384-well white plates in a final volume

of 20 ml. All the reactions were performed at room

temperature. The plates were read on a Fusion-alpha

microplate analyzer (Perkin Elmer Life and Analytical

Sciences) to measure fluorescence. The data presented is

an average of three different experiments.

Results
Microarray expression profile

HCT-116 (colon) was selected for expression profiling

and treated in duplicate experiments with 1 mmol/l

belinostat for 6 and 24 h, with more robust, but similar

changes observed after 24 h. When all the gene expression

profiles were queried for the most significantly dysregu-

lated genes (using significance analysis of microarrays at

an false discovery rate of 0.06, and delta = 1.5),

there were 238 genes selected of which 77% were

downregulated while the remaining were upregulated.

The DAVID/EASE program was used to categorize the

selected gene set [25], and the gene ontology-based

functional analysis is shown in Fig. 1. In line with the

functional analysis indicating perturbation of genes

involved in the cell cycle, particularly mitosis, we

confirmed by real time reverse transcription-PCR, the

decreased expression of two genes, RAN and TD60

reported to be upstream in the aurora kinase pathway

[27,28], and while there was a modest downregulation of

both aurora kinase A and B genes (but not C) which did

not meet the stringency criteria for gene modulation, we

did confirm the downregulation of aurora kinase protein

which has recently been reported for HDACi [29].

Effect of belinostat on cell cycle

Figure 2a summarizes the change in distribution of cells

within the cell cycle in response to 0.5–2 mmol/l

belinostat over 24 h. All cell lines showed an increase in

cells in the G2 phase, accompanied by a loss of cells in the

G1 or S phase of some cell lines indicating a decrease in

cells actively replicating their DNA, consistent with the

decrease of multiple minichromosome maintenance

genes (involved in the initiation of eukaryotic genome

replication) seen on the arrays.

Figure 2b shows the effect of 100 nmol/l belinostat on the

expression of the aurora kinase A and B proteins.

Although there was a limited impact on these proteins

after 6 h incubation, there was a significant decrease in all

the cell lines except OVCAR-3 after 24 h but as shown in

Fig. 2c, belinostat had no direct effect on the phosphory-

lating activity of aurora kinase A or B.

A novel multiplexed reverse transcriptase-PCR

(XP-PCR) assessment of the effect of 0.5–2 lmol/l

belinostat on array-selected genes in multiple cell lines

Figure 3 shows the measurement of 25 array-selected

genes (identified in Table 1) in seven cell lines after 1, 2,

4, 8, and 24 h incubation with 0.5–2 mmol/l belinostat
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(3A = downregulated genes, 3B = upregulated genes, and

3C = control genes). The aim was to confirm gene

expression changes from the arrays in more cell lines

and explore how quickly these expression changes

occurred after treatment. The multiplex assay allowed

for rapid analysis of the 1000 samples generated (each in

Fig. 1
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were analyzed by the DAVID gene function classification tool (http://david.abcc.ncifcrf.gov), which uses a novel agglomeration algorithm to condense
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Effects of belinostat on cell cycle distribution and aurora kinase inhibition. (a) Distribution of cells in the cell cycle after treatment with 0.5, 1.0, and
2.0mmol/l belinostat. Bars represent the percentage of cells in each part of the cell cycle; G1–G0, S, G2–M . (b) Western blots of Aurora
A (AURKA) and Aurora B (AURKB) protein expression after treatment with 1mmol/l belinostat for 6 and 24 h in seven human tumor cell lines. (c) Lack
of direct inhibition of aurora kinase A ( ) and B ( ) phosphorylating activity by belinostat compared with staurosporine as a positive control. Data
reflect average ( + SD) of three independent experiments.
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triplicate wells), and the relative expression values are

plotted as a heatmap [26] to rapidly allow for visual

comparisons. The sum of the delta for these genes in

each cell line was calculated for the lowest tested

concentration (0.5 mmol/l) as a measure of drug-induced

gene modulation after 24 h incubation and was found to

be negatively correlated to belinostat sensitivity, in these

seven cell lines (Fig. 3d), with a Pearson correlation

coefficient (PCC) r = 0.77 (P = 0.04). This indicated

that the greater the sensitivity of the cell line to

belinostat, the greater the total modulation of the

selected genes. There was surprisingly little difference

in drug-induced gene perturbations between the selected

concentrations, but it was clear that the shorter incubation

times (1–4 h) resulted in less modulation of the selected

genes than the longer incubations (8–24 h), with the

greatest overall change occurring after 24 h.

Specificity of selected gene response for belinostat

compared with other antineoplastic agents

Three cell lines, HCT-116 (belinostat sensitive and

gene responsive), OVCAR-3 (relatively resistant, but

moderately gene responsive), and PC-3 (moderately

sensitive but modestly gene responsive) were selected

for comparison of gene signatures between belinostat

and TSA, another HDACi and a group of four addi-

tional antineoplastic drugs. Each cell line was exposed

to equipotent concentrations of each of the drugs

(belinostat, 0.1 mmol/l; TSA, 0.5 mmol/l; 5-fluorouracil,

20 mmol/l; cisplatin, 10 mmol/l; paclitaxel, 0.025 mmol/l;

and thiotepa, 10 mmol/l), resulting in approximately 50%

growth inhibition (Fig. 4). Triplicate wells were used for

untreated controls and those treated with drugs for 2,

4, 8, and 24 h, in three separate experiments. Each

experiment was independently analysed for expression of

four control genes and a set of 30 selected genes (Table 1)

that had a robust response to belinostat (Table 1 in bold

type), and additional related genes functionally involved in

belinostat transcriptional response including modulation of

the cell cycle, particularly mitosis and the aurora kinase

pathway.

Data from these replicate experiments were well

reproduced and PCC ranged from 0.71 to 0.80. Figure 5

Fig. 3
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Confirmation of gene expression changes found on microarrays using a novel reverse transcriptase-PCR multiplexed assay-XP-PCR. Eight cell lines
were inoculated onto 96 well plates and treated with 0.5, 1.0, and 2.0mmol/l belinostat and total RNA was collected at 0, 1, 4, 8, 12, and 24 h after
drug addition (triplicate wells for each cell line, time, and dose). RNA was then reverse transcribed and gene expression changes for the 1000
samples were measured utilizing the XP-PCR multiplex assay. Gene expression changes compared to the 0 h control samples were calculated (log2)
after normalization to actin and represented as a heatmap where green indicates downregulation, red indicates induction, black shows no change,
and grey is missing data. Each block in the heatmap represents the gene expression data for each gene/dose combination where the seven rows are
each of the cell lines and the six columns are the belinostat exposure times (as outlined in the key). These data indicate that all eight cell lines have a
similar gene response profile to belinostat. IC50, concentration of drug that inhibits 50% of the cell growth. (a) downregulated genes, (b) induced
genes, (c) housekeeping genes, (d) identifies the relationship between the sum of the 0.5mmol/l drug induced changes in genes identified in (a), (b),
and (c) after 24 h (sum of the gene expression changes) and the IC50 of belinostat for each cell line. This data indicates that the more sensitive the
cell line is to belinostat, the greater the magnitude of gene modulation.
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shows a heatmap representing the relative change in

expression of these genes in response to treatment with

each of the different agents. Using a Student’s t-test

(two-tail), comparing the average response of the two

HDACi, relative to the four other neoplastic agents, for

each gene and time point, there were no significant

differences in any gene modulation patterns after 1 h

reflecting the lack of gene expression change in any cell

lines after this early time point. After 4 h drug incuba-

tion, nine genes were significantly (P < 0.01) differen-

tially modulated either up or down by HDACi treatment

compared with the other agents. However, with minor

exceptions, after 8 or 24 h, or both incubation periods,

expression of all measured genes was dysregulated by

the two HDACi, but not by the other mechanistic classes

and this difference was highly statistically significant

(P < 0.01). The exceptions were HCT-116, where there

was no significant change in CDKN1A following HDACi

treatment although both OVCAR-3 and PC-3 showed

greater than 20-fold change in expression of this gene

after 24 h belinostat and TSA treatment, but this was not

a unique response to HDACi, as other agents also

modestly induced CDKN1A; the gene TPX2, encoding

a protein that is critical for targeting aurora kinase to

the spindle apparatus, was downregulated only in the

HCT-116 cell line (approximately five-fold) after 24 h

with both belinostat and TSA, but not in the other two

cell lines; INCENP, encoding a protein member of the

chromosomal passenger complex composed around aurora

B kinase, was not significantly changed by treatment with

any of the agents.

Evaluation of gene expression changes in xenografts

6 and 24 h after initial treatment with belinostat

(200mg/kg, Q1.5 h�3)

Two xenograft models were chosen to validate the set

of selected genes in an in-vivo environment. The A2780

ovarian xenograft was selected to represent a known,

sensitive model to this agent [15], although it is not in

the NCI-60 panel. The PC-3 xenograft was chosen as a

model analogous to the PC-3 cell line used in vitro.

However, although the two cell lines were similarly

sensitive in a clonogenic assay, PC-3 xenografts were not

significantly responsive to belinostat when treated under

these treatment conditions that rendered the A2780

xenograft sensitive (data not shown). Figure 6a shows a

heatmap representation of the belinostat-induced change

in expression of the selected set of genes in these in-vivo

models. The more sensitive tumor, A2780, has a greater

magnitude of change in more genes than the less

sensitive xenograft, PC-3. Figure 6b shows a hierarchical

clustering, including a relational dendogram, of the best

correlated in-vivo and in-vitro samples, reflecting those

collected after 6 h in vivo and 4 h in vitro. Expression

profiles from A2780 xenograft samples collected 6 h after

the final belinostat dose were well correlated with A2780

xenografts collected after 24 h (PCC = 0.61, P < 0.001)

and with the PC-3 xenograft samples collected after

6 h (PCC = 0.55, P = 0.001), but poorly correlated with

the 24 h collection of PC-3 xenografts (PCC = – 0.33),

reflecting the lack of expression changes measured 24 h

after drug treatment in the PC-3 xenograft samples. The

xenograft 6 h data, particularly for the drug-sensitive

A2780, was well correlated with all the in-vitro data

points for all three cell lines (PCC > 0.73, P < 0.005).

The PC-3 xenograft data was somewhat less correlated

with the in-vitro data (PCC = 0.5–0.7, P < 0.01), but

reflects the lack of sensitivity and absence of robust

expression changes in samples collected after 24 h.

Finally, Fig. 6b shows a hierarchical clustering and

relational dendogram of the best correlated in-vivo and

in-vitro samples, reflecting those collected 6 h after the

final treatment in vivo and 4 h-treated samples in vitro.

Thus, a group of genes that seem to be differentially and

specifically regulated by HDACi in vitro, and belinostat

Table 1 Selected belinostat-associated genes measured
by multiplex reverse transcriptase-PCR

Gene Description Accession

ABL1* v-abl Abelson murine viral oncogene homolog 1 NM_005157
AURKA Aurora kinase A NM_198436
AURKB Aurora kinase B NM_004217
BIRC5 Survivin NM_001168
BTF Bcl-2-associated transcription factor NM_014739
CAD* Carbamoyl-phosphate synthetase 2 NM_004341
CCNA2 Cyclin A2 NM_001237
CCNB1 Cyclin B1 NM_031966
CDC2 Cell division cycle 2, G1–S NM_001786
CDC25B Cell division cycle 25B NM_004358
CDK4 Cyclin-dependent kinase 4 NM_000075
CDKN1A Cyclin-dependent kinase inhibitor 1A (p21) NM_000389
CDKN2A Cyclin-dependent kinase inhibitor 2A (p16) NM_000077
CLU Clusterin (complement lysis inhibitor) NM_001831
CTGF* Connective tissue growth factor NM_001901
CTPS* CTP synthase NM_001905
DDX21 DEAD (Asp-Glu-Ala-Asp) box polypeptide 21 NM_004728
DHRS2* Short-chain dehydrogenases/reductase family NM_005794
DNAJB1* DnaJ (Hsp40) homolog, subfamily B NM_006145
EIF4G2* Eukaryotic translation initiation factor 4 gamma, 2 NM_001418
H1FX H1 histone family, member X NM_006026
H1F0* H1 histone family, member 0 NM_005318
IFNGR1 Interferon gamma receptor 1 NM_000416
INCENP Inner centromere protein NM_020238
KEAP1 Kelch-like ECH-associated protein 1 NM_012289
KPNB1* Karyopherin (importin) beta 1 NM_002265
MAP1LC3B* Microtubule-associated protein 1 light chain 3 b NM_022818
MCM3 MCM3 minichromosome maintenance deficient 3 NM_002388
MCM7 MCM7 minichromosome maintenance deficient 7 NM_005916
ODC1* Ornithine decarboxylase 1 NM_002539
PA2G4 Proliferation-associated 2G4, 38 kDa NM_006191
PEG10 Paternally expressed 10 NM_015068
RAC1 RAS-related C3 botulinum toxin substrate 1 NM_006908
RAN* RAS-related oncogene family NM_006325
SAT* Spermidine/spermine N1-acetyltransferase NM_002970
TACC1* Transforming, acidic coil containing protein 1 NM_006283
TD-60* Regulator of chromosome condensation 2 NM_018715
TP53* Tumor protein p53 NM_000546
TUFT1 Tuftelin 1 NM_020127
TPX2 Microtubule-associated, homolog NM_012112
TYMS* Thymidylate synthetase NM_001071

Genes identified with ‘*’ are those representing the specific set of histone
deactylase inhibitor-regulated genes. Genes identified by ‘italics’ are those that
were measured in the initial experiments with eight cell lines and shown in Fig. 3,
but were replaced in focused set of genes selected for comparison between
drugs (Fig. 5). Genes shown in ‘bold’ were evaluated in both experimental
undertakings.
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in vivo, compared with the transcriptional responses for

5-fluorouracil, cisplatin, paclitaxel, and thiotepa (Table 1).

Within this group, upregulated genes were CTGF,

DHRS2, DNAJB1, H1F0, MAP1LC3B, ODC, SAT,

TACC1, and downregulated genes were ABL1, CTPS,

EIF4G2, KPNB1, CAD, RAN, TP53, TYMS, and TD-60.

Fig. 4
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Discussion
Results of a phase I study of belinostat indicated this

agent was well tolerated, and produced stable disease

in 39% of the patients in its first phase I clinical trial

[20]. In multiple ongoing phase I and II clinical trials,

belinostat has shown promising antitumor activity both as

a monotherapy in cutaneous and peripheral T-cell

lymphomas, as well as in combination with carboplatin

and taxol in solid tumors [30]. The data presented here

identifies a drug-induced gene expression signature

in vitro, which is also reflected in a sensitive xenograft

tumor in vivo, and seems to be specific to the effects of

HDAC inhibition, compared with other mechanisms of

antitumor drug action.

Transcription profiling of HCT-116 showed belinostat

downregulated genes that regulate mitosis and the cell

cycle in general, whereas those involved in chromatin

maintenance and nucleosome assembly were upregu-

lated. Moreover, these data included regulation of genes

previously reported in response to other HDACi, includ-

ing cyclins, cyclin-dependent kinases, minichromosome

maintenance genes, and members of the redox pathway

[9,31]. Twenty-five of the most highly upregulated genes

were selected and the cell line cohort was expanded to

seven different cell lines. In response to belinostat, these

cell lines of different in-vitro sensitivity modulated genes

in a similar manner, although with different magnitudes.

When the total level of drug-induced gene modulation

(i.e. sum of the change of expression of these genes when

compared with untreated control) was calculated for all

seven cell lines, there was a significant negative correla-

tion (r = – 0.77, P = 0.04) with sensitivity (50% growth

inhibitory concentration measured on cell population at

Fig. 6
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Heatmap representation of genes expression data where red represents upregulated genes and green represents downregulated genes.
(a) Heatmap of gene expression levels measured in total RNA isolated from human tumor xenografts (PC-3 and drug-sensitive A2780) collected
6 and 24 h after the final dose from mice treated with belinostat (200 mg/kg Q1.5H�3). (b) Hierarchical clustering of 6 h xenograft samples and
4 h in-vitro samples (most closely correlated) reflects the similarity of response both in vitro and in vivo. Xenograft data are averaged from triplicate
mice and in-vitro data represent triplicate independent experiments.
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the time of the gene expression studies) (Fig. 4). Thus,

the more sensitive the cell line, the greater the

magnitude of drug-induced gene expression changes.

These data confirmed a noteworthy reduction of genes

involved in the cell cycle, particularly those involved in

the G2/M phase, including genes involved in the aurora

kinase pathway, and have shown that belinostat augmented

the fraction of cells in the G2/M phase as was recently

shown for PC-3 [32]. Moreover, gene and protein

expression of aurora kinase A and B, potentially important

chemotherapy targets, were decreased in all cell lines

except OVCAR-3. This is in contrast to a recently published

report [33] where treatment with hydroxamate-type

HDACi in cell lines had no effect on aurora kinase B

expression, but in accord with a report in lung cancer cells

where both aurora A and B are transcriptionally regulated

[29]. We have determined that belinostat does not

directly inhibit the kinase activity of either aurora A or

aurora B, but does inhibit expression of both these

proteins, with modest transcriptional changes in these

genes, and other aurora pathway factors (RAN and TD60)

[27,28], including inhibitors of cell cycle progression.

Many of these cell cycle factors were significantly

modulated in the two xenograft models, although under

the conditions of treatment we did not observe a notable

change ( > 1.3-fold) in the gene expression of aurora A or

B, indicating that an evaluation of the protein expression

would be required to determine whether this target plays

an important role in belinostat toxicity in vivo.

To determine whether there was a distinctive trans-

criptional response for belinostat as compared with

other chemotherapeutic agents, three cell lines were

treated with belinostat, TSA (hydroxamic acid HDACi),

5-fluorouracil, cisplatin, paclitaxel, and thiotepa at

equipotent concentrations resulting in 50% growth

inhibition. Using a group of 30 genes that included some

of the most strongly modulated in the arrays and

confirmed by multiplexed reverse transcriptase-PCR

(XP-PCR, Beckman Coulter Inc.), and genes known to

be involved in regulation of the cell cycle and reported

to be altered by HDACi, drug-induced gene expression

changes were compared in three cell lines treated over

24 h. These data, from 7344 PCR reactions (Fig. 5),

confirmed that this gene group was specific to HDACi

compared with 5-fluorouracil, cisplatin, paclitaxel,

and thiotepa at equipotent concentrations. With few

exceptions, after 8–24 h, each gene was significantly

differentially modulated (P < 0.01) by belinostat and

TSA compared with the other mechanistic classes.

Exceptions included CDKN1A, as several of the other

agents also induced this labile stress-inducible gene and

TPX2, encoding a protein critical for targeting aurora

kinase to the spindle apparatus, was downregulated only

in the HCT-116 cell line. Thus, we have demonstrated

that this set of genes are specifically regulated under

these conditions by HDACi, but not agents belonging

to the antimetabolite, tubulin inhibitor, and DNA

alkylating/interacting classes.

In addition, many of the genes deregulated by belinostat

in vitro were also confirmed as perturbed in vivo,

particularly in a sensitive xenograft (A2780), and to

a lesser extent in the more resistant PC-3 xenograft.

Hierarchical clustering of in-vivo versus in-vitro data (6 h

postfinal dose collection and 4 h continuous exposure,

respectively), showed that the most closely associated

responses are between the A2780 xenograft and the

sensitive HCT-116 cell line in vitro, whereas the PC-3

xenograft response is somewhat less related. The notable

differences in the response time between in-vitro and

in-vivo samples, with xenografts showing a greater

magnitude of transcriptional response in the 6 h post-

dose rather than the 24 h postdose sample (in-vitro res-

ponse is observed over 4–24 h), probably reflects the

short circulating half life of belinostat (0.3–1.3 h) [20],

compared with the in-vitro survival time of the drug.

Pharmacokinetic studies on 22 patients receiving the

maximum tolerated dose, showed a Cmax of 32.1 mg/ml

(101 mmol/l) with a T1/2 of 0.69 h [20]. Based on these

data, a plasma concentration of 1.0 mmol/l should be

maintained for approximately 7 h after infusion. Thus, the

genes seen to be dysregulated with 0.5–1.0 mmol/l

belinostat 4–8 h after treatment (Figs 5 and 6) might be

expected to be reflected in patients, in the same manner

as we have seen in the xenograft models.

The most highly and consistently deregulated genes

in vivo represent genes that underlie a response that

seems to be unique to HDACi, and represent genes that

may provide insight into the mechanism of sensitivity

to belinostat. This transcriptional response represents

events including inhibition of the cells mitotic processes

shown by downregulation of TD60, a passenger protein

whose reduced expression suppresses spindle assembly

and blocks cells in prometaphase and KPNB1 which

codes for a member of the importin-b, nuclear transport

family and has also been identified as a critical mediator

of the role of RAN in regulating mitosis and mitotic

spindle assembly. Surprisingly, TACC1, which has been

reported to be coordinately regulated with its binding

partner aurora A [34], is upregulated both in vivo and

in vitro which is inversely expressed to the downregulated

aurora kinases. An increased expression of H1F0, a

linker histone variant which is involved in differentiation

after H4 acetylation, was observed, as was an increase

in DHRS2 (HEP27) which has previously been shown

to be highly downregulated gene in an established

depsipeptide (HDACi) resistant cell line [35].

Genes coding for the polyamine metabolic enzymes

SAT (spermine/spermidine N1-acetyltransferase) and
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ornithine decarboxylase (ODC) were upregulated and

the latter has been identified as a putative belinostat

biomarker [21], suggesting the possible importance of

polyamine biosynthesis in the response to belinostat.

Both CTPS (CTP synthetase) and TYMS (thymidylate

synthetase) have been identified as targets of HDACi

[36], and the downregulation of TYMS has provided the

basis for combinations of 5-fluorouracil and belinostat

in phase I/II trials.

A significant increase in CDKN1C expression was

observed in the A2780 xenograft response, in accord with

initial microarray data which may reflect the reexpression of

this tumor suppressor, cyclin-dependent kinase inhibitor,

as has recently been reported for sodium butyrate [37]

providing an epigenetic element in the susceptibility of

this tumor to belinostat.

These data provide insight into complex underlying

mechanisms that are specific for HDACi and the fact that

some of the gene changes are consistent across otherwise

heterogeneous tumor cell lines and that they occur not

only in cell culture, but also in xenograft models, suggests

that they may provide tools for optimizing belinostat

dosing, activity, and drug combinations.
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