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Abstract
Purpose Histone deacetylase inhibitors (HDACi)
inhibit the growth of cancer cells, and combinations of
HDACi with established chemotherapeutics can lead
to synergistic eVects. We have investigated eVects of
PXD101 (HDACi in phase II clinical trials) in combi-
nation with 5-Xuorouracil, on tumour cell proliferation
and apoptosis both in vitro and in vivo.
Experimental design HCT116 cells were studied using
proliferation and clonogenic assays. Synergistic inhibi-
tion of proliferation and clonogenicity was determined
by incubation with PXD101 and 5-Xuorouracil, and
analysis using CalcuSyn™ software. The eVect of com-
bining PXD101 and 5-Xuorouracil on apoptosis was
examined in vitro using PARP-cleavage and TUNEL.
Finally, the eVectiveness of combining PXD101 and
5-Xuorouracil in vivo was tested using both HT-29 and
HCT116 xenograft models.

Results Synergistic inhibition of proliferation and clo-
nogenicity was obtained when HCT116 cells were incu-
bated with PXD101 and 5-Xuorouracil. 5-Xuorouracil
combined with PXD101 also increased DNA fragmen-
tation and PARP cleavage in HCT116 cells. Incubation
with PXD101 down regulated thymidylate synthase
expression in HCT116 cells. In vivo studies, using
mouse HT29 and HCT116 xenograft models, showed
improved reductions in tumour volume compared to
single compound, when PXD101 and 5-Xuorouracil
were combined.
Conclusions PXD101 and 5-Xuorouracil synergisti-
cally combine in their anti-tumour eVects against colon
cancer cells in vitro and show enhanced activity when
combined in vivo. Based on the results presented
herein, a rationale for the use of PXD101 and 5-Xuoro-
uracil in combination in the clinic has been demon-
strated.
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Introduction

Even after four decades of use, 5-Xuorouracil (5-FU)
remains the cornerstone of current colorectal cancer
(CRC) treatments even though resistance to the drug is
a common clinical problem. 5-FU is a well-character-
ised Xuoropyrimidine compound whose active metabo-
lite, Xuorodeoxyuridine monophosphate (FdUMP)
inhibits vital biosynthetic pathways, including the
enzyme thymidylate synthase (TS). TS converts deoxy-
uridine monophosphate (dUMP) to deoxythymidine
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monophosphate (dTMP), a substrate that is vital for
DNA replication and repair. FdUMP competes for the
nucleotide-binding site of TS forming a complex with
5,10-methylene tetrahydrofolate and blocking the abil-
ity of the natural substrate, dUMP, to bind [1, 2].

In vitro studies have established that in 5-FU resis-
tant cell lines, the levels of TS rise dramatically and this
is a major contributing factor towards the mechanism
of resistance [3, 4]. Elevated levels of tumour TS have
also been repeatedly demonstrated to be a major con-
tributor towards resistance to 5-FU, with high levels of
TS being predictive of a poor response [5].

Gene expression is controlled in part by a class of
enzymes known as histone deacetylases (HDACs).
HDACs are zinc-dependent hydrolases that control
remodelling of chromatin by deactylation of speciWc
lysine residues on histone tails [6–8]. The deacetylase
action of HDACs has the eVect of condensing chroma-
tin and therefore restricting access to the DNA for
nuclear proteins such as transcription factors, leading
to alterations in gene expression.

Histone deacetylase inhibitors (HDACi) are cur-
rently being developed as anti-tumour agents and have
been shown to inhibit the growth and induce apoptosis
of hyper-proliferating cancer cells. Expression proWling
of cells treated with HDACi in vitro showed that under
these conditions genes are both up- and down-regu-
lated, at least at the mRNA level [9, 10]. Up to 5% of
the total genome has been shown to be regulated by
HDACi using microarrays, although the exact Wgure
appears to be dependent on the HDACi and cell line
used in the study [9–12]. Altered genes included those
required for cellular proliferation, signal transduction,
metabolism and metastasis, as well as others. This data
has encouraged the investigation of combining HDACi
and compounds that have their molecular target(s) reg-
ulated by HDACi. Indeed, it has been demonstrated
that combinations of HDACi with well-established
chemotherapeutics can synergise with their anti-
tumour eVects [13–15].

We have examined in detail the eVects of PXD101 in
combination with 5-FU on colorectal tumour cell pro-
liferation and apoptosis, both in vitro and in vivo.
PXD101 is an HDACi that shows nM and sub-�M
potency in HDAC biochemical and anti-proliferative
in vitro assays respectively [16].

PXD101 (hydroxamic acid type HDACi) is cur-
rently undergoing phase I/II clinical evaluation for the
treatment of multiple cancers types including T-cell
lymphoma, multiple myeloma, ovarian and colorectal.
Data provided here establishes a rationale for the use
of HDACi and 5-FU combinations for the treatment of
colorectal cancer.

Materials and methods

Chemicals and antibodies

PXD101 was synthesised to a purity of >98% (deter-
mined by HPLC) by the Latvian Institute of Organic
Chemistry (Riga, Latvia). The structure of PXD101
(conWrmed by NMR) is given in ref. [16]. All other
standard reagents and 5-FU were supplied by Sigma-
Aldrich (Poole, UK). Primary antibodies used were
anti-TS (Abcam Ltd; Cambrige, UK), anti-actin
(Sigma; Poole, UK) and anti-poly-ADP-ribose poly-
merase (R&D Systems; Abingdon, UK).

Cell culture

The colorectal carcinoma cell lines, HCT116 and
HT29, were purchased from the American Type Cul-
ture Collection (ATCC; Virginia, USA) and European
Collection of Cell Cultures (ECACC; Salisbury, UK)
respectively. Culture medium (HCT116 – RPMI 1640
and HT29 – McCoy’s 5A) was supplemented with 10%
(v/v) FCS and penicillin (100 U/ml), streptomycin
(0.1 mg/ml) and cells incubated at 37°C in an atmo-
sphere containing 5% CO2.

WST-1 proliferation assays

Cells were seeded in 96-well plates at 3 £ 103 cells/well
in 50 �l of culture medium. The following day com-
pound was serially diluted in culture medium at a
2 £ concentration and 50 �l of each dilution added per
well in triplicate. Plates were incubated for the desig-
nated time at 37°C in a 5% CO2 atmosphere and the
number of viable cells assessed using cell proliferation
reagent WST-1 (Roche, Mannheim, Germany). 10 �l
of reagent were added to each well and after a 1 h incu-
bation period, absorbance was measured at 450 nm
subtracting absorbance at 690 nm as a reference. Data
were analysed using GraphPad Prism (GraphPad Soft-
ware, CA, USA) and Calcusyn (Biosoft, Cambridge,
UK) as appropriate. Using Calcusyn, synergy or antag-
onism is reported using an output value known as the
combination index (CI). A full description of how the
CI mathematical equation is derived and CI values are
calculated can be found in ref. [17]. Table 1 outlines
the descriptive meanings that the range of reported CI
values represent.

Clonogenic assays

In vitro colony forming assays were performed essen-
tially to the same protocol as outlined in ref. [18].
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BrieXy, HCT116 cells were cultured with compounds
for the indicated times and seeded onto 35 mm dishes
in 3% (w/v) agar containing a sheep erythrocyte feeder
layer. Agar plates were cultured for 14–21 days at 37°C
and colonies counted using a digital colony counter and
Sorcerer image analysis software (Perceptive Instru-
ments Ltd, SuVolk, UK). Data were analysed using
GraphPad Prism (GraphPad Software, CA, USA) and
Calcusyn (Biosoft, Cambridge, UK) as appropriate.

Western blotting

Sub-conXuent HCT116 cells were exposed to com-
pounds as required and incubated for up to 24 h, then
harvested by trypsinisation and washed twice in ice
cold PBS. The cells were re-suspended in two volumes
of buVer (60 mM Tris–HCl pH 7.4, 30% (v/v) glycerol,
450 mM NaCl) and lysed by three freeze-thaw cycles
(dry ice/30°C). Cell debris was removed by centrifuga-
tion at 20,000 g and the supernatant stored at ¡20°C.

Forty micrograms of proteins were electrophoresed
on SDS-PAGE gels and transferred to nitrocellulose
membranes then blocked in phosphate-buVered saline
(137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4,
1.5 mM KH2PO4) containing 0.05% (v/v) Tween 20
(PBST) and 5% (w/v) non-fat milk for 1 h at room
temperature. Blots were incubated overnight at 4°C in
primary antibodies diluted in PBST, washed and incu-
bated with a suitable secondary antibody diluted in
PBST with 5% (w/v) non-fat milk for 1 h at room tem-
perature. Antibody binding was detected using ECL
reagent and X-ray Wlm.

Apoptosis analysis

An evaluation of apoptosis was performed using an In
Situ Cell Death Detection Kit (Roche Diagnostics Ltd,
East Sussex, UK) that employs the principle of the TdT
(terminal deoxynucleotidyl transferase)-mediated
dUTP nick end labelling (TUNEL) reaction, as follows.

375 £ 103 HCT116 cells were plated onto a 75 cm2

Xask and cultured overnight. Compounds were added
to the cells and incubated at 37°C in an atmosphere
with 5% CO2. After incubation, medium was removed
and cells harvested, washed and resuspended in 4%
(w/v) paraformaldehyde. Cells were Wxed at room tem-
perature for 30 min then washed twice. Fixed cells
were resuspended in 0.5 ml of 0.1% (v/v) Triton X100,
incubated on ice to permeabilise the cells, and washed.
TUNEL reaction mixture was prepared according to
the kit instructions, and each cell pellet was resus-
pended in 50 �l. Cells were incubated at 37°C for 1 h,
washed and resuspended in FACS FLOW solution for
FACS analysis using a FACScan system (BD, Oxford,
UK).

In vivo xenograft studies

Experiments were conducted at EPO-GmbH, Berlin-
Buch, Germany and approved by the Institutional
Animal Care and Use Committee at EPO. These stan-
dards are equivalent to the UKCCCR guidelines for
the welfare of animals in experimental neoplasia (Br J
Cancer 58: 109–113, 1988).

Female Ncr:nu/nu mice (Charles River Laborato-
ries, NCI-Frederick, USA) were injected sub-cutane-
ously with 107 HCT116 cells, and treatment began at
day 6 when tumour size reached around 100 mm3. At
this stage, animals were randomised into groups of ten
for experiments. PXD101 was formulated in L-argi-
nine/isotonic sterile saline (pH t 9.4) to give a Wnal
concentration suYcient for a dose of 100 mg/ml. 5-FU
for clinical use was diluted with isotonic sterile saline
and used at a suYcient concentration for a dose of
15 mg/ml. PXD101 was administered for 5 days each
week for 2 weeks in the morning followed by 5-FU in
the afternoon as appropriate. Tumour diameters were
measured at 3-day intervals using calliper measure-
ments and estimated assuming spherical geometry
according to the formula: (Width2 £ Length)/2, until
day 31 when the study was terminated. Relative
tumour volumes compared to pre-treatment are also
shown to account for variations in starting tumour
volumes.

Following on from the HCT116 xenograft experi-
ments, a further study was performed using HT¡29
cells and an increased dose of 5-FU (30 mg/kg) and
PXD101 at either 60 or 100 mg/kg. Study treatment
began on positive tumour take (day 7), at which point,
animals were randomised into groups of 8 and contin-
ued until day 35. The 5-FU treatment was stopped
after the Wrst 5 day cycle due to weight loss and diar-
rhoea. Two toxic deaths occurred in the 100/30 mg/kg

Table 1 Descriptive meanings of CI values

The description used for each range of combination index values
are modiWed from those in ref. [17] to give a more simplistic and
stringent interpretation of results

Combination index range Description

<0.1 Very strong synergism
0.1–0.3 Strong synergism
0.3–0.7 Synergism
0.7–1.0 Additive
1.0–3.3 Antagonism
3.3–10 Strong antagonism
>10 Very strong antagonism
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PXD101/5-FU combination group and the data is not
presented here. Mice were therefore administered
60 mg/kg PXD101 for 5 days each week in the morning
followed by 30 mg/kg 5-FU in the afternoon during the
Wrst week only. Tumour volumes were calculated and
are presented as above.

Results

PXD101 and 5-FU are potent inhibitors of HCT116 
cell proliferation in vitro

The WST¡1 assay tests the viability and/or prolifera-
tion of cells by measuring mitochondrial activity by
cleavage of a tetrazolium salt to formazan dye by the
electron coupling reaction. Using this assay, PXD101
and 5-FU titration curves were produced and gave
EC50 values of 0.28 and 7.46 �M for incubations over
48 h, respectively (Fig. 1a, b).

EVect of PXD101 on TS expression in vitro

As it has been previously reported that HDACi can
down-regulate TS [11] we therefore investigated the
eVects of treatment of HCT116 cells with PXD101.
HCT116 cells were incubated with 0.9 �M PXD101 for
up to 24 h and immunoblotting of whole cell lysates
performed. PXD101 down-regulated TS protein levels
after 6 h incubation, with no expression being detect-
able after 24 h (Fig. 2). Treatment of HCT116 cells
with 0.9 �M PXD101 for 24 h also signiWcantly dimin-
ished expression of TS at the mRNA level measured by
quantitative PCR (data not shown).

Synergistic anti-proliferative eVects of PXD101 
and 5-FU in vitro

In order to determine if there was any beneWt to com-
bining PXD101 with 5-FU on inhibition of prolifera-
tion, a constant ratio combination design based on
each compound’s EC50 value was used. The maximum

concentrations of PXD101 and 5-FU were determined
by multiplying their EC50 values by 5.0625, followed by
constructing a titration curve using 1.5-fold dilutions.
This ensured that all concentrations used were on the
linear range of their individual titration curves.

Co-incubation of PXD101 and 5-FU for 48 h pro-
duced synergy over a wide range of concentrations
with only one combination point being slightly antago-
nistic (Fig. 3a). Furthermore, the synergistic eVects
were improved by pre-incubation with PXD101 for
24 h followed by 5-FU for 48 h alone (Fig. 3b). Strong
synergy could be produced with this schedule, using
adjusted PXD101 concentrations to take into account
the shorter exposure time. Again, only one combina-
tion point showed some mild antagonism.

Synergistic anti-clonogenic eVects of PXD101 
and 5-FU in vitro

The eVects of PXD101 and 5-FU alone and in combi-
nation on the clonogenicity potential of HCT116 cells
were tested in vitro. Both PXD101 and 5-FU proved to
be eVective inhibitors of colony formation with EC50
values of 13 and 45 �M after 24 h incubation, respec-
tively (Fig. 4a, b).

For combination studies, the maximum concentra-
tion of PXD101 was determined by multiplying its
EC50 values by 8, followed by constructing a titration
curve using twofold dilutions (a rounded concentration
of 100 �M was used). The maximum concentration of
5-FU was determined by multiplying its EC50 value by

Fig. 1 a PXD101 and b 5-FU 
WST¡1 proliferation assays 
were generated using 
HCT116 cells incubated with 
compound for 48 h. EC50 val-
ues of 0.28 and 7.46 �M for 
PXD101 and 5-FU were ob-
tained, respectively. Error 
bars are masked by data 
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Fig. 2 Western blot demonstrating down regulation of TS levels
in HCT116 cells, following PXD101 treatment. Cells were incu-
bated §0.9 �M PXD101 for 1, 3, 6 and 24 h. Control cells were
incubated with 0.9 �l DMSO in 10 ml media only
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3, followed by construction of a titration curve using
1.5-fold dilutions. Again, this ensured that all concen-
trations used were on the linear range of their individ-
ual titration curves.

Co-incubation of PXD101 and 5-FU for 24 h produced
synergy to strong synergy over a wide range of concentra-
tions (Fig. 4c). Additionally, the synergistic eVects were
slightly improved by pre-incubation with PXD101 for
24 h followed by 5-FU for 24 h alone (Fig. 4d), with one
combination point showing very strong synergism.

Incubation with PXD101 and 5-FU produces enhanced 
apoptosis over single agent incubations in vitro

HCT116 cells were incubated with PXD101 and 5-FU
either alone or in combination for 48 h and whole cell
lysates prepared. Western blots were then produced
using these lysates and probed with antibodies that
detect PARP-cleavage. Cleavage of PARP by Cas-
pase¡3 occurs early in the apoptotic response [19].
Incubation of HCT116 cells with either PXD101

(0.7 �M) or 5-FU (17 �M) alone for 48 h produced low
levels of PARP cleavage while co-incubation enhanced
this eVect substantially (Fig. 5a). In contrast, incubating
in PXD101 (0.9 �M) for 24 h followed by a further 48 h
in 5-FU (11 �M) alone did not lead to enhanced cleav-
age over either compound alone (data not shown).

The eVects of either compound alone on the
TUNEL assay in HCT116 cells were enhanced when
PXD101 and 5-FU were combined. TUNEL detects
apoptosis-induced DNA nicks, which is also one of the
hallmarks of apoptosis [20]. Cells were treated with
0.9 �M PXD101 for 24 h followed by a further 48 h in
11 �M 5-FU alone, and the TUNEL assay was per-
formed. PXD101 and 5-FU produced 1.4 and 1.8-fold
shifts in the TUNEL positive population, respectively,
whereas a 3.4-fold shift was produced when they were
combined (Fig. 5b). In contrast to the PARP cleavage
experiments a co-incubation schedule only produced a
minor shift in TUNEL positive population of around  1.6-
fold compared to 1.3-fold using single compound (data
not shown). This in line with the data demonstrating that

Fig. 3 a 48 h PXD101/5-FU 
co-incubation and b 24 h 
PXD101 followed by 48 h 
5-FU alone Calcusyn™ analy-
sis of combination WST¡1 
data produced using HCT116 
cells. For full key to combina-
tion values, see Table 1. 
Values below 0.7 represent 
synergism
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Fig. 4 a PXD101 and b 5-FU 
clonogenic assays using 
HCT116 cells incubated with 
compound for 24 h. EC50 
values of 13 and 45 �M for 
PXD101 and 5-FU were 
obtained, respectively. c 24 h 
PXD101/5-FU co-incubation 
and d 24 h PXD101 followed 
by 24 h 5-FU alone Calcu-
syn™ analysis of combination 
clonogenic assay data. For full 
key to combination values, see 
Table 1. Values below 0.7 
represent synergism
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incubation with PXD101, followed by 5-FU, achieved a
greater degree of synergy in their anti-proliferative
eVects.

Enhanced eVects of PXD101 and 5-FU combinations 
in HCT116 and HT29 tumour xenografts

HCT116 tumour bearing mice were treated as
described in the methods section with PXD101
(100 mg/kg) and 5-FU (15 mg/kg). At these concentra-
tions each compound alone produced reductions in
tumour volume over the measured period (Fig. 6a, b).
When PXD101 and 5-FU were administered together
there was a further inhibition of tumour growth, with a
signiWcant reduction in volume at days 28 and 31

compared to the single compound treated groups
(Figs. 6a, b). At day 24, there was a signiWcant reduction
in tumour growth with co-administration compared to
5-FU alone only. No signiWcant eVect on body weight
was observed for any of the treated groups (Fig. 6c).

In a subsequent xenograft experiment, using HT¡29
cells, the dose of 5-FU was increased to 30 mg/kg in an
attempt to achieve an enhanced eVect over that found
using 15 mg/kg 5-FU in the HCT116 study. Only one
cycle, however, of 5-FU treatment was administered at
this level due to toxicity. The combination of 100 mg/
kg PXD101 with 30 mg/kg produced four mice with
toxic weight loss, two of which subsequently died. This
group was, therefore, excluded from subsequent study.

Some tumour inhibition was observed in the 60 mg/
kg PXD101 and 30 mg/kg 5-FU single treatment
groups, with increased tumour growth inhibition in the
PXD101/5-FU (60/30 mg/kg) group (Figs. 6d, e). The
eVect of the combination is larger when data is norma-
lised to the pre-treatment tumour volume (Fig. 6e),
with the tumour reduction by the combination signiW-
cantly greater than the control and 5-FU alone groups
at days 24, 28, 31 and 35. Statistical signiWcance was not
achieved compared to the PXD101 alone group at any
measurement time.

It should be noted that toxic weight loss was
observed in mice from both the 5-FU alone and in the
group treated with the combination (Fig. 6f). Owing to
this, the 5-FU treatment was halted after only the Wrst
weekly cycle allowing body weight recovery, even
though they were treated with the second cycle of
PXD101.

Discussion

The Wnding that treatment of cell lines with HDACi in
vitro, as demonstrated by others [9–12, 21–23], only
appears to regulate a relatively small subset of genes is
surprising given the lack of HDAC isoform selectivity
that most HDACi demonstrate [24, 25]—see ref. [26]
for an overview of the classical HDAC family). Com-
monly included in the subset of genes that are regu-
lated by HDACi is TS. It has been previously
demonstrated that HDACi, including trichostatin A
(TSA), suberoylanilide hydroxamic acid (SAHA),
MS¡275, FK228 and BL1521, can down-regulate the
expression of TS in vitro [11, 22, 23, 27]. Down-regula-
tion of TS is likely to be a fundamental response to his-
tone acetylation induced by HDACi treatment since it
was not found to be species or cell line/type speciWc
(human breast, prostate, renal, neuroblastoma and rat
retinoblastoma were included in these diVerent studies).

Fig. 5 a Western blot demonstrating cleavage of Poly ADP-
Ribosyl Polymerase (PARP) in HCT116 cells. Cells were incu-
bated §0.7 �M PXD101 and 17 �M 5-FU for 48 h. b Terminal
dUTP Nick End Labelling (TUNEL) analysis of HCT116 cells
treated for 24 h §PXD101 followed by 48 h §5-FU alone
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As discussed in the introduction, over-expression of TS
in colorectal cancer in vitro is implicated in the mecha-
nism of resistance to 5-FU [3, 4] and is a marker of
poor prognosis clinically [5, 28, 29]. Therefore any
reduction in TS levels in patient colorectal tumours
may translate into a clinical advantage.

It has been demonstrated here that PXD101, in
common with other HDACi, can down-regulate TS
expression both at the mRNA and protein level. Simi-
lar to other HDACi, it is likely that PXD101 regulates
TS levels via eVects on histone acetylation [16] and
downstream transcription. This led to the hypothesis
that combining HDACi, in this case PXD101, with
5-FU should lead to synergism in their anti-prolifera-
tive eVects. The HCT116 colorectal cancer cell line was
employed, which is commonly used as a model for
colorectal tumours, to examine this in some detail.
Both PXD101 and 5-FU were found to be potent inhib-
itors of HCT116 cellular proliferation in vitro, in both
WST¡1 and clonogenic assays, and when combined
their eVects on proliferation were synergistic. It is plau-
sible that the down-regulation of TS by PXD101 is
required for optimal synergy to occur since pre-incuba-
tion with PXD101 for 24 h, followed by 48 h with 5-FU,
was more eVective than the 48 h co-incubation (Fig. 3).
In addition to the aVect of PXD101 on thymidylate
synthase expression, other HDACi have been shown
to eVect additional molecular pathways involved in

colon cancer carcinogensis and growth. These include
down-regulation of Cyclin B1 in a p21WAF¡1 and tran-
scriptional dependent manner [30], suppression of
Cox¡2 activation [31] and repression of Src family
kinase members [32]. PXD101 may also regulate
each of these pathways via its action as an HDACi.
It is therefore conceivable that other molecular
mechanisms of HDAC inhibition (aside from down-
regulation of TS) may be implicated in the synergy
of anti-proliferative actions of PXD101 and 5-FU.

In addition to the synergistic eVects on proliferation,
co-incubation of PXD101 and 5-FU enhanced apopto-
sis compared with single compound treatment. The
PARP-cleavage experiment, however, showed no
increased cleavage over single compound alone when
the PXD101 pre-incubation followed by 5-FU schedule
was used. This is in line with the fact that PARP-cleav-
age is an early stage event in apoptosis [19]. Owing to
this, it is likely to be diYcult to distinguish any diVer-
ences in cleavage between single compound and com-
binations at such an extended period post compound
treatment outset.

To our knowledge, no in vivo data using HDACi/
5-FU combinations have been previously described. In
line with our in vitro data, results presented here show
that both enhanced survival and tumour reduction in
vivo over and above single compound treatment can be
achieved using PXD101/5-FU combination. It should

Fig. 6 EVect of PXD101 and 5-FU treatment on a absolute,
b relative tumour growth and c body weight in a HCT116 subcu-
taneous xenograft established in NCR:nu/nu mice. EVect of
PXD101 and 5-FU treatment on d absolute, e relative tumour

growth and f body weight in a HT29 subcutaneous xenograft
established in NCR:nu/nu mice. Statistical analysis for eVect on
tumour growth was performed using Mann–Whitney U test;
*P < 0.05
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be noted however, that there was evidence of increased
toxicity when doses of 30 mg/kg 5-FU (and above)
alone in combination with PXD101 in vivo, in a
preliminary toxicology study using B6D2F1 mice 
(cross between female C57BL/6 and male DBA/2
mice - unpublished data). Due to these observations, a
sub-therapeutic concentration of 5-FU (15 mg/kg) was
tested and tolerated in the nude mouse HCT116 xeno-
graft when combined with PXD101. Even at this lower
concentration, signiWcant beneWcial responses were
observed when compared to each monotherapy. These
data indicate that PXD101 signiWcantly enhances the
anti-tumour eYcacy of 5-FU in vivo. After the success
of the HCT116 study, a second xenograft model using
HT29 cells was then established to examine this combi-
nation using an elevated dose of 5-FU in an attempt to
enhance the eVect of the combination. Two toxic
deaths were observed, however, when a dose of
100 mg/kg PXD101 was combined with 30 mg/kg 5-FU.
After reduction of PXD101 to 60 mg/kg no toxic
deaths occurred, although weight loss was observed
which could be attributed to the elevated dose of 5-FU
since the mice recovered after cessation of the 5-FU
treatment. This is in agreement with the preliminary
toxicology study performed using B6D2F1 mice, sug-
gesting that the toxicity produced by daily treatments
of 30 mg/kg 5-FU and above is not strain speciWc. Fur-
thermore, even though the combined treatment did not
produce a statistically signiWcant eVect on tumour
growth over PXD101 alone, there was an observable
beneWt to this combination over single compound
treatment (Fig. 6e).

It has been previously demonstrated that the combi-
nation of the HDACi SAHA with 5-FU and irino-
tecan, in hepatoma cell lines, enhanced their anti-
proliferative and apoptotic eVects in a triple combina-
tion [33]. Dual compound incubations, on the other
hand, did not produce any superior responses over sin-
gle compound alone. In a second study, SAHA was
also combined with 5-FU using both pre- and post-
HDACi incubation schedules in a breast cancer cell
line [34]. These authors found no enhanced anti-clono-
genic activity over single agent alone, and concluded
that only reagents that target DNA, such as Topoisom-
erase inhibitors, are likely to produce synergy with
HDACi. This is based on the Wnding that treatment
with HDACi creates hyper-acetylated histones leading
to the relaxation of DNA around chromatin [35–37],
allowing increased access to the DNA. It has become
clear that this is a simpliWed view since many of the cel-
lular consequences of HDACi treatment are non-his-
tone related [38, 39] and does not take into account the
eVects of HDAC inhibition on transcription (see

above). DiVerences between these previously pub-
lished studies and the data shown here could be due to
a number of factors including diVerences in cell type,
scheduling, assay format and the HDACi that was
used. Indeed, it is probable that diVerences in the 5-FU
metabolism pathways between breast, hepatoma and
colorectal cancer cell lines [40] are a major contributor
towards this discrepancy.

In summary, synergy was produced by the combina-
tion of PXD101 and 5-FU in vitro, with enhanced anti-
tumour eVects in vivo in multiple models, as predicted.
This data provides validation for the use of HDACi
and 5-FU combinations in cancer treatment. Based on
this solid biological basis, the rationale for combination
therapy using PXD101 and 5-FU has been established.
A Phase Ib dose escalation proof-of-concept clinical
trial evaluating PXD101 combination therapy with
5-FU for advanced solid tumours and colorectal cancer
has been initiated.
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