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Abstract

expressing cells.

Background: Recurrence with distant metastases has become the predominant pattern of failure in locally advanced
rectal cancer (LARC), thus the integration of new antineoplastic agents into preoperative fluoropyrimidine-based
chemo-radiotherapy represents a clinical challenge to implement an intensified therapeutic strategy.

The present study examined the combination of the histone deacetylase inhibitor (HDACI) valproic acid (VPA) with
fluoropyrimidine-based chemo-radiotherapy on colorectal cancer (CRQC) cells.

Methods: HCT-116 (p53-wild type), HCT-116 p53‘/_ (P53-null), SW620 and HT29 (p53-mutant) CRC cell lines were used
to assess the antitumor interaction between VPA and capecitabine metabolite 5-deoxy-5-fluorouridine (5-DFUR) in
combination with radiotherapy and to evaluate the role of p53 in the combination treatment. Effects on proliferation,
clonogenicity and apoptosis were evaluated, along with yH2AX foci formation as an indicator for DNA damage.

Results: Combined treatment with equipotent doses of VPA and 5-DFUR resulted in synergistic effects in CRC lines
expressing p53 (wild-type or mutant). In HCT-116 p53™~ cells we observed antagonist effects. Radiotherapy further
potentiated the antiproliferative, pro-apoptotic and DNA damage effects induced by 5-DFUR/VPA combination in p53

Conclusions: These results highlighted the role of VPA as valuable candidate to be added to preoperative chemo-
radiotherapy in LARC. On these bases we launched the ongoing phase /1l study of VPA and short-course radiotherapy
plus capecitabine as preoperative treatment in low-moderate risk rectal cancer (V-shoRT-R3).
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Background
Colorectal cancer (CRC) is the third most common can-
cer in males and females with an estimated worldwide
annual incidence of 1.3 million [1, 2] and with rectal
cancer representing a 30% of its totality [3].

The management of rectal cancer varies somewhat from
that of colon cancer because of the increased risk of local
recurrence and a poorer overall prognosis. Preoperative
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fluoropyrimidine-based chemo-radiotherapy followed by
surgery is the preferred treatment option for patients with
stages II and III rectal disease [4, 5].

However, rectal cancer is a heterogeneous group of
tumors, where different types of treatments, depending
on stages and progression, are available.

Although the introduction of total mesorectal excision
and preoperative radiotherapy (RT) have been revolutionary
and resulted in improved local control after curative resec-
tion for rectal cancer, local relapses and distant metastasis
still occur and remain a cause of recurrence worldwide [6].
This is particularly true for the “high risk” locally advanced
rectal cancer (LARC) patients, also defined as the “ugly”
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subgroup [3]. Therefore several strategies have attempted
to improve local control and reduce distant recurrence add-
ing new cytotoxic agents into the standard treatment strat-
egy, but this is still an ongoing challenging process [3].

Histone deacetylase inhibitors (HDACi) are an emer-
ging group of agents that target histone deacetylase in-
fluencing chromatin structure, which in turn regulates
gene expression. Radiosensitization by HDACi has been
demonstrated in multiple preclinical and clinical studies
[7-10]. Moreover HDACi can also modulate cellular
functions independent of gene expression by acting on
non-histone proteins deacetylation, in this way being in-
volved in the regulation of different altered pathway in
cancer, such as apoptosis, cell cycle and DNA repair.

Valproic acid (VPA) is an anti-epileptic drug with
HDAC inhibitory activity, characterized by a much better
safety profile compared to other HDAC], with neovestibu-
lar symptoms, fatigue and somnolence as the only dose-
limiting toxicities [11]. VPA is also considered a less po-
tent HDAC]i and this could be probably associated to its
minor toxicity. For these reasons and due to its safe use as
chronic therapy in epileptic disorders, VPA represents a
good candidate to be tested in combination therapy devel-
opment in cancer patients. A good tolerability and en-
couraging tumor responses of VPA in combination with
chemotherapy were observed in phase I/II trials in various
solid tumors, including CRC [12-16].

We have previously demonstrated that HDAC;, including
VPA, synergize with fluoropyrimidines, in vitro and in vivo
preclinical models of breast and CRC cancer by down-
regulating thymidylate synthase (TS), the key enzyme in the
mechanism of action of 5-Fluorouracil (5-FU) and by up-
regulating thymidine phosphorylase (TP), the key enzyme
converting capecitabine to 5-FU [17-19]. TS is an essential
enzyme for the de novo synthesis of thymidylate and subse-
quently DNA synthesis and it is a critical target for 5-FU.
High levels of TS expression have been correlated with
poorer overall patient survival in several tumors and resist-
ance to 5-FU [20]. Thus, while increasing the conversion of
capecitabine to 5-FU, through TP modulation, HDACI
down-regulate TS, 5-FU final target, enhancing its antitu-
mor activity. Preclinical radiosensitization activity of VPA
has been also demonstrated [9, 10].

In the present study, we examined for the first time
the effect of VPA in combination with fluoropyrimi-
dines and RT on human CRC cell lines. Since p53 sig-
naling is frequently dysregulated in CRC and the loss
of a complete functional p53 is often associated with
resistance to current therapies and poor prognosis,
we also investigated the role of p53 in the combin-
ation setting, taking advantage of four cellular models:
the HCT116 p53-wild type (wt) and its p53-null sub-
line HCT-116 p53~'7, and the HT29 and SW620
p53-mutant (mut) cell lines.

Page 2 of 13
Methods
Materials
VPA was purchased from Enzo Life Sciences
(Farmingdale) while 5'-deoxy-5-fluorouridine (5°-

DFUR) from Sigma-Aldrich. Stock solutions were
prepared in sterile water and diluted to appropriate
concentrations in culture medium before addition to
the cells. All media, serum, antibiotics, and glutamine
were from Lonza (Verviers).

Cell culture and cell proliferation assay

HT29 and SW620 cell lines were from American Type
Culture Collections (Rockville, MD, USA), while HCT-
116 and HCT-116 p53~'~ were kindly provided by Prof. G.
Russo (University Federico II, Naples, Italy). All cell lines
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated foetal
bovine serum, 50 units/mL penicillin, 500 pg/mL strepto-
mycin, and 4 mmol/L glutamine. All cell lines were culti-
vated at 37 °C in a humidified 5% CO, atmosphere,
regularly inspected to be free of mycoplasma with the
Mycoalert Mycoplasma Detection Kit (Lonza). Cells have
been authenticated with a short tandem repeat profile
generated by LGC Standards (Middlesex).

Cell survival/proliferation was performed by a
spectrophotometric dye incorporation assay using
sulforhodamine B (SRB, ICN Biomedicals) in quadru-
plicate in 96-well plates, after 96 h from treatment, as
described before [17].

All in vitro studies in cancer cells were here performed
with capecitabine-metabolite 5'-DFUR, which requires
the presence of TP to be converted into the active 5-FU
drug. Capecitabine, being a prodrug, needs a first cata-
bolic step of conversion due to the Carboxyl esterase
activity, which enzyme has low level expression in most
cancer cell lines, as previously described [18].

In vitro drugs combination studies

Drug interaction was evaluated by the Chou-Talalay
method, based on concentration-effect curves generated
as a plot of the fraction of unaffected (surviving) cells
versus drug concentration [21, 22]. Serial dilutions of
equipotent doses of the two agents in combination (VPA
and 5'-DFUR) were tested. Synergism, additivity, or
antagonism were quantified evaluating the combination
index (CI) calculated by the Chou-Talalay equation with
Calcusyn software (Biosoft) as described elsewhere [17,
23-26]. A CI<0.9, CI=0.9-1.2, and CI>1.2 indicated
synergistic, additive or antagonistic effect, respectively
[17, 25]. The dose reduction index (DRI) determines the
magnitude of dose reduction allowed for each drug
when given in synergistic combination, as compared
with the concentration of a single agent that is needed
to achieve the same effect level [21].
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Clonogenic assay

SW620, HT29, HCT-116 and HCT-116 p53~'" cells
were used for colony forming assay. Briefly around 80
or 100 cells were seeded in a 6-well flat-bottom plate
and treated for 24 h with VPA 1 mM and/or 5'-
DFUR at a concentration corresponding at IC;5 at
96 h. The following day, cells were placed in a water-
equivalent phantom at a depth of 5 cm and exposed
or not to a single 2 Gy irradiation with 6 MV
photons, from an Elekta “Agility” linear accelerator.
Colonies were allowed to grow for 12-14 days after
RT, then collected, washed with PBS 1x and stained
with 0.5% crystal violet in a solution 25% methanol in
water for 30 min. Colonies were photographed,
analysed and the colonies aria was evaluated using
image-Pro-Plus (Immagini and Computer snc). Exper-
iments were performed in triplicate and repeated at
least 3 times.

Immunofluorescent staining for yH2AX foci

HT29, SW620, HCT-116 and HCT-116 p53~'~ cells were
seeded 30,000 cells/well on rounded slides placed in a 24
well flat-bottom plate. Cells were treated or not with
VPA and/or 5'-DFUR at a concentration corresponding
at IC3g or ICsq at 96 h for 24 h and then exposed or not
to a single dose irradiation (2 Gy) as described above.
Cells were then collected 24 h after RT, washed with
PBS 1x, pre-fixed with formaldehyde 4% in PBS 1x for
10 min at room temperature, washed with PBS 1x,
permeabilized and fixed with 100% methanol at —20 °C
for 10 min. Cells were then stained for YH2AX antibody
(green). After secondary antibody incubation, slides were
mounted with DAPI (blue) mountant (ProLong® Gold
Antifade Mountant with DAPI, Life Technologies) ap-
plied directly to fluorescently labeled cell on micro-
scope slides. Slides were next analyzed using a
fluorescence microscope (Axioscope.Al, Zeiss). Repre-
sentative images show yH2AX-positive nuclear foci
cells with 63x magnification.

Protein extraction and western blotting

Cells treated as indicated were harvested, lysed and, after
protein concentration was determined by Bradford
method (Bio-Rad Protein Assay), separated on SDS poly-
acrylamide gel electrophoresis (PAGE), as described else-
where [17, 23]. Proteins were next transferred to nitro-
cellulose membranes, immunoblotted with specific
antibodies and probed with the appropriate horseradish
peroxidase-linked IgG. Immunoreactive bands were de-
tected by enhanced chemiluminescence (Immobilon
Western, Chemiluminescent HRP Substrate, Millipore,
USA). The following primary antibodies (Abs) were used
to investigate protein expression: Thymidylate Synthase
(TS)-Ab (Rockand Immunochemicals Inc; cod. 100-
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601-199); y-Tubulin-Ab (cod. sc-7396), and platelet-derived
endothelial growth factor (TP)-Ab (cod. sc-71,867), VDAC-
1-Ab (cod. sc-8829), p53-Ab (cod. sc-6243) (Santa Cruz
Biotechnology); YH2AX-Ab (cod. 05636) (Millipore);
phospo-p53-Ab (cod. #9289), BAX-Ab (cod. #2774) and
acetyl-H3-Ab (cod. #9649), GAPDH-Ab (cod. #2118) (Cell
Signalling Technology); ATM (cod. PC116) (Calbiochem);
phospho-ATM-Ab (cod. Ab81292) (Abcam). Densitometric
analysis of western blotting data was performed by NIH
Image]J software.

Flow cytometry analysis of apoptosis

HT29 and SW620 cells were treated with VPA and/or
5'-DFUR, at the indicated concentrations as described
for clonogenic assay, for 24 h and then exposed or not
to 2 Gy RT. Apoptosis was measured 24 and 48 h after
RT using the annexin V-fluorescein isothiocyanate
(annexin V-FITC). Briefly, adherent cells were harvested,
washed with PBS 1x and stained with annexin V-FITC.
Annexin positive cells were quantified with FACScalibur
flow cytometer (Becton Dickinson), considering fluores-
cence collected as FL1 (Log scale) and analysed using
CellQuestPro software (Becton Dickinson). Data were
acquired after analysis of at least 10,000 events.

Flow cytometry analysis of cell cycle

Analysis of cell cycle kinetic was performed at indicated
times on HT29 and SW620 cells treated with VPA/5'-
DFUR/RT combination treatment. Briefly, adherent and
floating cells were harvested, fixed in 70% ethanol and
stored at —20 °C until analysis. After nuclear DNA staining
with propidium iodide, flow cytometry was evaluated by a
FACScalibur flow cytometer (Becton Dickinson). For each
sample, 20,000 events were collected. Cell cycle analysis
was performed with ModFit LT software (Verity Software
House, Inc., Topsham, ME). FL2 area versus FL2 width gat-
ing was done to exclude doublets from the G2-M region.

Statistics

The results of in vitro cell proliferation are expressed
as the means for at least three independent experi-
ments done in quadruplicates, and the standard
deviation (SD) is indicated.

Representative results from western blotting, immuno-
fluorescent staining for yH2AX foci as well as apoptosis
and cell cycle analysis by flow cytometry (perfomed in
triplicates) from a single experiment are presented;
additional experiments yielded similar results. Appropri-
ate statistical analyses were applied, assuming a normal
sample distribution. Statistical significance in clonogenic
assay was determined by the unpaired t-test. All
statistical evaluations were done using GraphPad Prism
6 (GraphPad Software, Inc.).
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Results

In vitro synergistic antitumor effects of VPA in combination
with 5-DFUR in CRC cells: role of TP, TS and p53

We first evaluated the antiproliferative effect of either
VPA or the capecitabine metabolite 5'-DFUR, as single
agent, on HT29, SW620, HCT-116 and HCT-116 p53~/~
cell lines. All examined CRC cell lines were equally sen-
sitive to VPA treatment, independently from their intrin-
sic characteristics such as p53, KRAS, BRAF, PI3KCA
status (Table 1), the basal expression of TS and TP pro-
teins, or the basal histone-H3 acetylation (AcH3)
(Fig. 1a). As shown in Fig. 1a, HT29 and SW620 cells
expressed lower level of TP protein compared to both
HCT-116 cell lines. Moreover, being p53-mut, HT29
and SW620 cells expressed higher p53 protein levels
compared to HCT-116 cells (Fig. 1a). We confirmed that
HCT-116 p53~'~ cells did not express significant levels
of p53 protein (Fig. 1b).

Interestingly, in the two p53-mut HT29 and SW620
cells, the lower expression of TP, the critical enzyme
converting 5'-DFUR into the active compound 5-FU,
correlates with the lower sensitivity to 5'-DFUR
(Table 1 and Fig. 1a), consistently with our previous
studies [18, 19].

We next investigated VPA antitumor effect in combin-
ation with 5'-DFUR. Combined treatment with equipo-
tent doses (50:50 cytotoxic ratio) of VPA and 5'-DFUR
for 96 h, resulted in synergistic antiproliferative effect in
HT29, SW620 and HCT-116 cell lines, as shown by CI
values always lower than 0.9, calculated at 50% (Cls),
75% (Cl5) or 90% (Clgp) of cell lethality (Table 2). In
addition, we demonstrated a reduction in the ICs, values
(DRI5p) for both VPA and 5'-DFUR in the combination
setting compared with the two drugs used alone (Table
2). Interestingly, in HCT-116 p53~"we did not observe
synergistic interaction between VPA and 5'-DFUR, as
shown by the CI values higher than 1.2 and the lower
DRI for 5'-DFUR compared with the HCT-116
p53-wt cells (Table 2). Similar data were obtained in
p53-wt, -mut and -null prostate cancer and non-small-
cell lung cancer models. Here, we demonstrated a syner-
gistic interaction between VPA/5'-DFUR in p53-wt or
p53-mut cell lines, but not in p53-null cells, where we
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observed only an additive/antagonistic effect (unpub-
lished results).

To gain insight into the mechanism of the observed
synergism, we tested the effect of increasing doses of
VPA on TS, TP and p53 protein expression in HCT116
p53-wt and HCT116 p53~"~ cells and in p53-mut HT29
and SW620 cells. VPA, even at low doses (such as 0.5
and 1 mM), was able to up-regulate TP and to down-
regulate TS protein expression, within 24 h of treatment
in all cell lines examined, in a dose-dependent manner,
independently of p53 expression and status, as previ-
ously reported with alternative HDACi and/or other cell
models [17] (Fig. 1c). Moreover, we observed that VPA
up-regulates p53-wt and down-regulates p53-mut pro-
tein levels, in accord with previous data obtained by our
group and others, using alternative HDACi [17, 27].
Induction of AcH3 confirmed the dose-dependent HDAC-
inhibitory activity of VPA in all treated cells (Fig. 1c).

VPA/5'-DFUR combination sensitizes CRC cells to RT: role
of p53

To evaluate if VPA/5'-DFUR combination can sensitize
CRC cells to RT, cells were first treated for 24 h with VPA
and/or 5'-DFUR and next exposed or not to 2 Gy RT.
Notably, we performed most of further experiments with
a low dosage of VPA (1 mM), easily reached in the plasma
of patients treated with antiepileptic dosage [28] and also
able to modulate TS and TP expression (Fig. 1c).

We used colony formation assay and initially evaluated
VPA/5'-DFUR plus RT on HCT-116 and HCT-116 p53
“cells. As shown in Fig. 2a, VPA/5'-DFUR treatment
strongly reduced colony formation in HCT-116 cells
compared to control or single agent treatments. How-
ever, this effect was not observed in the syngeneic HCT-
116 p53~'"cell line, confirming the data reported above
by antiproliferative assay and CI evaluation. Further-
more, although synergistic inhibitory effect was observed
by combining either VPA or 5'-DFUR with RT, VPA/5'-
DFUR plus RT triple combination almost completely
inhibited colony formation of HCT116 cells. HCT-116
p537/~ cells appeared more sensitive to either RT or 5'-
DFUR alone compared to parental cells, and the antitu-
mor effect of RT was further increased in combination

Table 1 Characteristics and sensitivity of colorectal cancer cell lines to valproic acid and 5-deoxy-5-fluorouridine (5-DFUR)

Cell lines p53 KRAS B-RAF PI3KCA IC50 96 h IC50 96 h
VPA, mM £ SD 5"-DFUR, uM +SD
HT29 mut (R273H) wt mut mut 335+ 049 988 +2.14
SWe20 mut (R273H) mut (G12 V) wit 201 £052 3531 £ 595
HCT-116 wt mut (G13D) mut 141 £0.19 216 + 043
HCT-116 p53™7~ null mut (G13D) mut 235+ 043 341 + 068

1Cso values were computed at 96 h of treatment (mean * standard deviation (SD) from at least three separate experiments performed in quadruplicates); (mut is

for mutant and wt for wild-type)
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with 5-DFUR. However in this cell line we did not ob-
serve any synergistic effect of RT in combination with
VPA alone or in triple combination, being 5'-DFUR sin-
gle agent treatment, with or without RT, comparable to
VPA/5'-DFUR combined treatments (Fig. 2a).

We also evaluated the treatments effect on DNA dam-
age, by measuring YH2AX foci formation 24 h after RT.

As shown in Fig. 2b, in HCT-116 cells VPA/5'-DFUR
treatment increased the number of yH2AX foci com-
pared to single agent treatments and this effect was
clearly amplified by RT (Fig. 2b and Additional file 1:
Figure S1A). Conversely, in agreement with colony
formation experiments, in the HCT-116 p53~'~ cells,
although RT alone appeared more effective in increasing

Table 2 Combination index (Cl) and dose reduction index (DRI) values for VPA and 5-DFUR combination treatment

Cell lines Clyy + SD “Clys + SD Clgy + SD PDRI at ICsg + SD
VPA + 5“DFUR VPA + 5“DFUR VPA + 5-DFUR VPA 5-DFUR
HT29 087 + 017 0.75 + 007 0.75 + 0078 165+ 035 2.56 = 0.62
SW620 081 £0.10 083 £0.16 0.74 + 024 291+ 149 1.90 £ 0.40
HCT-116 087 + 002 086 + 004 0.77 + 003 1.85+028 244 022
HCT-116 pS3™7~ 124+ 015 115 + 003 115 +£0.17 1434024175033

Cl values (mean + SD from at least three separate experiments performed in quadruplicates) computed at 50, 75 and 90% of cell kill (Clsg, Cl;sand Clgo, respectively)
according by CalcuSyn software after 96 h of treatment. Combinations were considered strongly synergistic when Cls were below 0.9. °DRI values (mean + SD . from at
least three separate experiments performed in quadruplicates) represents the order of magnitude (fold) of dose reduction obtained for ICso (DRIsp) in combination

setting compared with each drug alone



Terranova-Barberio et al. Journal of Experimental & Clinical Cancer Research

(2017) 36:177 Page 6 of 13

VPA 1mM

5"-DFUR 1uM

0 Gy

2 Gy

VPA 1mM

i f'/q. N
27 il
7 ' A
z o .//

|

5 4 |

0 Gy

-

0 Gy

Hm
@
8
2
S
]
S

F
3
S
3
3
S

HCT-116

N
S
S
3
3
S

Area colonies d >250

o
VPA:

Control
Control

pm
w
8
2
S
8
3

9
3
S
3
s
3

2
s
3
s
3

Area colonies d >250

HCT-116 p537-

o
VPA:

Control
VPA

HCT-116

HCT-116 p537/-

Fig. 2 Crucial role of p53 in the synergistic effect of VPA/5-DFUR combination treatment with RT. a Clonogenic assay shows the long-term effects of
combination treatment VPA/5-DFUR plus 2 Gy RT on CRC cell lines in HCT-116 and HCT-116 pSS’/’ collected 12-14 days after RT. A photograph of
one well in a representative experiment is shown for each treatment; bar graphs show the area of colony with diameter > 250 um (mean =+ SD of 2 or
more separate experiments each one with technical triplicate). * = p < 0.05; ** = p < 0.006; *** = p < 0.0005. b DNA damage was analyzed in HCT-116
and HCT-116 p53™ cell lines by visualizing DSB marker yH2AX foci. Cells treated for 24 h with or without VPA and/or 5“DFUR at the indicated
concentration, corresponding to ICz at 96 h and then with or without 2 Gy RT, were collected 24 h after RT. Cells were fixed, stained for yH2AX (green)

and DAPI for nuclei (blue) and observed by microscope. Representative images show yH2AX-positive nuclear foci cells with 63x magnification

YH2AX foci formation compared to untreated cells,
VPA and 5'-DFUR in combination did not demon-
strate any synergistic effect, neither alone nor with
RT, compared to single agent treatments (Fig. 2a and
Additional file 1: Figure S1B).

We next tested VPA/5'-DFUR and RT interaction in
HT29 and SW620 p53-mut cell lines. As shown by col-
ony formation assay, VPA/5’'-DFUR combination did not
significantly increase the antitumor effect compared to
single agent treatments in both cell lines. Similarly, the
addition of RT to single agent treatments did not im-
prove the antitumor effect in p53-mut cells. Conversely,

a significant inhibition of colony formation was observed
only in triple combination setting in both HT29 and
SW620 cells (Fig. 3a).

Furthermore, although we did not observe any
synergistic effect in VPA/5'-DFUR combination by
colony formation assay, we showed an increased
number of YH2AX foci after VPA/5'-DFUR treatment
compared to control or single drugs, in both HT29
and SW620 cell lines (Fig. 3b). The addition of VPA/
5-DFUR to RT was able to significantly increase
YH2AX foci formation in the two cell lines (Fig. 3b
and Additional file 2: Figure S2A and B).
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Apoptotic bodies were observed in both HT29 and
SW620 cells after 5'-DFUR or VPA/5'-DFUR combin-

cells we observed an induction of apoptosis upon VPA/
5'-DFUR combination treatment compared to single

ation treatment, as shown by phase-contrast microscopy,
and this effect was further potentiated when RT was
added, particularly in VPA/5'-DFUR/RT triple combina-
tions (Additional file 3: Figure S3). Similarly, in SW620

agent treatments, further potentiated by 24 h exposure
to RT, as demonstrated by flow cytometry analysis with
annexin V-FITC staining. In RT-resistant HT29 cells no
major induction of apoptosis was observed after 48 h of
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RT treatment, compared to cells not exposed to RT
either alone or in combination (Fig. 4a).

Thereafter we analyzed the effects of our treatments
on cell cycle modulation (Fig. 4b). It has been reported
[29] that RT induced brief and moderate G2/M arrest
with a peak at 6 h and returning to basal level at 10 to
12 h following 2 Gy RT. We observed a slight increase
of G2/M arrest in SW620 cells after 24 h of treatment
(15.6% of cells in G2/M phase in control cells vs 23.2%
in 2 Gy RT irradiated cells), but not in RT resistant
HT29 cells (11.41% vs 12.3%). Moreover we confirm in
SW620 cells the ability of HDACi to abrogate the G2 ar-
rest induced by RT as previously reported [29] (Fig. 4b).

Additionally, we observed a strong S-phase arrest
after 5'-DFUR treatment in both HT29 and SW620
and this was further increased by VPA in HT29 cells.
In both cell lines RT reduce S-phase arrest compared
to 5'-DFUR treated cells (Fig. 4b).

In order to better define the mechanism of VPA/5’-
DFUR and RT interaction in p53-mut cells, we next
evaluated the expression of critical proteins potentially
involved in the observed antitumor effects in p53-mut
HT29 and SW620 cells by western blotting. Cells were
treated for 24 h with VPA and/or 5'-DFUR, then
exposed or not to 2 Gy RT and harvested after 48 h.
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First of all we confirmed that VPA alone or in combin-
ation with 5'-DFUR, in the presence or absence of RT is
able to increase TP protein levels also at a later time
point (after 72 h). After 48 h, RT alone slightly increased
TP in both cell lines, in accord with previous reports
[30, 31]. This effect is further potentiated by VPA. Not-
ably, as confirmed by densitometric analysis, TP up-
regulation is conserved (HT29 cells) or even potentiated
(SW620 cells) in triple combination setting (Fig. 5).
Moreover, we confirm that VPA reduces both basal and
5'-DFUR-induced TS protein expression as previously
reported [17-19], in the presence or absence of RT.
Notably, the formation of the ternary complex
between the 5-FU metabolite FAUMP, the enzyme TS
and 5,10-methylene tetrahydrofolate [17], highlighted
by the upper bands in the western blot, is still
achieved in the presence of VPA, indicating that TS
downregulation does not affect the biochemical
inhibition of the enzyme induced by 5-FU.

We also confirmed that VPA/5'-DFUR combination
treatment was able to induce DNA damage as
demonstrated by yH2AX increased protein expression.
Significantly the triple combination setting further
increased YH2AX foci formation, in agreement with pre-
vious results (Fig. 5). Notably, we also demonstrated a
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prolonged DNA damage up to 48 h after RT in combin-
ation setting.

In agreement with these latter findings, upon VPA/5'-
DFUR treatment with RT, we observed, in both HT29 and
SW620 cell lines, a prolonged induction in the phosphoryl-
ation of ATM, the kinase mainly recognizing DNA-double-
strand breaks (DSB) by ionizing radiation, compared with
RT alone. In both cell lines ATM phosphorylation was
strongly induced also by VPA/5'-DFUR combination and
in SW620 cells also by 5'-DFUR treatment alone (Fig. 5).
The observed ATM phosphorylation/activity increase cor-
relates with an increase in ATM protein expression.

Indeed, we also observed an induction of p53
phosphorylation (serine 37) in both cell lines probably
mediated by ATM induction, in combination treatment.
In details, this is evident in the absence of RT, while p53
phosphorylation induction in triple combination is simi-
lar to that observed in 5'-DFUR/RT treated cells.

Furthermore, in both HT29 and SW620 cells, the p53
activation induced upon VPA/5 -DFUR/RT combination
treatment, is accompanied by the induction of the pro-
apoptotic protein BAX, as compared to control or single
agent treatments, an observation that can explain, at
least in part, the apoptotic induction (Fig. 4a).

Finally, we evaluated the expression of voltage-
dependent anion-selective channel protein 1 (VDAC-1),
a protein involved in reactive oxygen species (ROS) gen-
eration and a key player in mitochondria-mediated
apoptosis, that we have previously reported to be regu-
lated by HDACi [32]. As shown in Fig. 5 in HT29 cells,
we observed an increased expression of VDAC- 1 after
VPA/5'-DFUR treatment compared to single agent
alone, further enhanced by RT. In SW620, in the
absence of RT, we observed a clear increase in VDAC-1
expression after 5'-DFUR treatment alone. This effect
was maintained in the presence of RT, also in the triple
combination treatment.

Discussion

Fluoropyrimidine-based =~ chemo-radiotherapy is a
standard preoperative approach in LARC patients.
HDACI have shown promising anticancer effects in both
preclinical and clinical setting as radiosensitizers when
administrated in combination with RT [7, 8, 33-35].

In this study we report that the HDACi VPA in com-
bination with capecitabine could be a suitable approach
to use in combination with RT in CRC treatment in
both p53-wt and p53-mut tumors.
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We and others have previously demonstrate that
HDACI, including VPA, synergize with either 5-FU or
capecitabine because are able to modulate the levels of
two critical enzymes in the metabolism of fluoropyrimi-
dines such as TP and TS [17, 18, 36-39]. Notably, TP
knockdown experiments confirmed a crucial role of TP
protein up-regulation in the observed synergism [19]. In
the present study we discovered for the first time that
VPA/capecitabine combination treatment further syner-
gizes with RT, as previously reported with the pan-
HDACI vorinostat [35]. Moreover, we also confirmed
modulation of both TS and TP protein levels by VPA in
CRC models, even in the presence of RT. Interestingly,
TP protein induction is achieved also at low doses of
VPA (0.5-1 mM), corresponding to a plasma level be-
tween 50 and 100 pg/ml, easily reached in patients with
normal anticonvulsant doses [28]. Although at these
doses VPA did not induce growth inhibition as single
agents, a significant synergistic antitumor effect was
still demonstrated in combination with 5'-DFUR and
RT, suggesting a specific mechanism of interaction as
well as the feasibility to translate this approach in a
clinical study.

Furthermore, although our data suggest that VPA may
increase sensitivity to fluoropyrimidines by specifically
modulating both TS and TP expression, we also showed
that p53 has a critical role in the observed synergism.
Indeed, although we demonstrated that in p53-null
HCT-116 p53~'cells VPA still modulates both TS and
TP, no synergistic antitumor effect was observed in com-
bination with 5'-DFUR and/or RT in this cell lines
compared with p53-wt or p53-mut cells. Notably, we
confirmed similar results in other cancer models.
HDAC;, such as VPA and vorinostat, are able to induce
apoptosis independently of p53 status, while for others,
such as entinostat, p53 is crucial for their activity [40,
41]. However, previous reports have demonstrated that
HDAC:; radiosensitization is p53-influenced through p53
acetylation-mediated c-myc down regulation [27]. We
and others have shown that HDACi might restore/in-
duce p53-wt expression by modulating the epigenetic
suppression of the gene or by inhibiting protein degrad-
ation [17, 41, 42], in this way being able to potentiate
anticancer drugs effect, promoting apoptosis. HDAC] are
also able to downregulate mutated p53, by transcrip-
tional mechanism or by accelerating mutant protein
degradation [17, 43, 44], in this way abrogating gain of
function oncogenic properties, including mechanism of
resistance to anticancer drugs. On the contrary, we
speculate that, when p53 is deleted, cancer cells rely on
different mechanisms in order to acquire resistance to
anticancer drugs and, thus, the synergistic p53-
dependent effect exerted by HDACi in combination with
anticancer drugs is lost.
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HDACs have recently been found to participate in the
DNA damage response and their down-regulation has
been associated with impaired DNA repair [45]. Consid-
ering that after 24 h the RT-induced yH2AX foci forma-
tion, and indicator of DSB, should have recovered to
control levels, our data demonstrating a prolonged DNA
damage up to 48 h after RT in combination setting, sug-
gest that, mechanistically, VPA was able to prolong and
further increase the DNA damage induced by 5'-DFUR
and/or RT. This effect, most likely due to a decrease of
repair rate of DSB, results in apoptosis and in the
potentiation of the antitumor effect, specifically in the
triple combination. As expected, this effect is
particularly evident in p53-wt cell lines, but was abol-
ished in p53-null cells. Remarkably, VPA/5'-DFUR/RT
triple synergistic prolongation of DNA damage was also
demonstrated in p53-mut cell lines.

Accordingly, we demonstrated in p53-mut HT29 and
SW620 cells that VPA in combination with 5'-DFUR
and RT increased p53 phosphorylation at serine 37, a
site of phosphorylation identified in cells following DNA
damage after exposure to radiation [46]. It was reported
that in both HT29 and SW620, despite mutated, p53
can be activated by phosphorylation and can modulate
cell growth or death [47-49].

In response to DSB and DNA damage, ATM
recognizes it and activates Chk2 that, subsequently, by
phosphorylation activates p53 [50]. In details, in the con-
text of p53-wt, stabilization and activation of p53
induces long-term cell-cycle arrest, apoptosis, or senes-
cence by transcriptionally regulating, among others, the
CDK inhibitor p21 and the pro-apoptotic protein BAX
[51]. These effects do not count in the presence of p53-
mut, where p21 is not expressed and apoptosis events
follow different pathways [52].

Generally, ATM phosphorylation is an early event in
DNA damage [25]. Hehlgans et al. observed an
induction of pATM upon 6 Gy treatment alone or in
combination with a novel HDACi (NDACIO054) after
0.25 h with a peak after 1 h. The ATM phosphorylation
returns to basal levels 24 h after RT treatment [34].
We observed an increase in ATM phosphorylation up
to 48 h post RT treatment. This prolonged effect was
probably due to an increased in ATM protein expres-
sion in both HT29 and SW620 cell lines. Thus, we
hypothesized that tumor cells induce ATM protein
expression in order to maintain its activity as a
consequence of the prolonged damage induced in
combination setting and the inability to repair it.

The ATM protein is a crucial player for the induction
of cell cycle arrest following DSB generation, through
cell cycle checkpoints (G1, intra S and G2/M). This
phenomenon leads to efficient repair of DSB or cell
death [53, 54]. It has been reported that the abrogation
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of radiation-induced G2-M arrest by HDACi may de-
crease the time available for repair of DNA damage or
may interfere with repair mechanisms [55], driving cells
in apoptosis [56]. We observed only minor effects on
cell cycle regulation in HT29 and SW620 cells, probably
due to the presence of a mutated form of p53 in these
cells or to the timing chosen in the analysis. Indeed Kim
et al. [29] showed that the moderate G2/M arrest in-
duced by RT was brief, with a peak at 6 h, and returning
to basal level 10/12 h following 2 Gy RT. We observed
only a slight increase of cells in G2/M in SW620 cells
after 24 h of RT treatment, but not in RT resistant
HT29 cells. It is important to underline that the
strong S-phase arrest after 5'-DFUR treatment in
both HT29 and SW620 was reduced in the triple
combination treatment. This suggests that this mech-
anism could contribute to avoid DNA repair and pre-
vent cell cycle progression.

Furthermore, we observed an induction of apoptosis
upon VPA/5'-DFUR combination treatment compared to
single agent treatments in both p53-mut HT29 and SW620
cell lines. This effect is further potentiated by 24 h exposure
to RT in SW620 cells, but not in HT29 RT resistant cells.
We have previously demonstrated that the pro-apoptotic
effect induced by the synergistic combination between
HDACi vorinostat and EGFR inhibitors, was mediated by
an altered mitochondria homeostasis, resulting in ROS ac-
cumulation [32]. We also found that vorinostat induced the
expression of VDAC-1, the major mitochondrial porin of
the outer mitochondrial membrane, involved in ROS gener-
ation and key player in mitochondria-mediated apoptosis.
In its open state, VDAC-1 induces apoptosis mediating the
translocation of the pro-apoptotic protein BAX, the release
of cytochrome c¢ and the activation of caspases [32, 57].
Thus, VDAC-1 regulation could be functionally involved in
oxidative-stress-dependent-apoptosis. In the current study
our observations also suggest a possible role of VDAC-1 in
the pro-apoptotic effect of VPA/5-DFUR/RT combination
in p53-mut cells. The concomitant increase in BAX pro-
tein could be the mechanism through which the triple
combination treatment increases apoptosis. Indeed, it
was reported that BAX may physically interact with
VDAC-1 to yield a heterocomplex with increased per-
meability compared to VDAC-1 oligomer alone. This
increases both ROS and cytochrome c release into
the cytoplasm and activates apoptosis [58, 59].

Taken together, our data suggested that the synergistic
interaction between VPA, 5'-DFUR and RT can results
in a convergent mechanism that induce impaired regula-
tion of DNA repair pathway targeting ATM and the
downstream partners, together with an alteration in
ROS accumulation that leads to DNA damage and apop-
tosis. Remarkably, our results showed that this combin-
ation could be used even in the more complicated and
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poorly prognosis-characterized subset of p53-mutated
patients, casting a new light on this approach.

Conclusion

In conclusion our findings show that the addition of
VPA/capecitabine to RT is a feasible and promising
strategy to improve the efficacy of preoperative treat-
ment of LARC. On these bases we launched a phase I/II
clinical study (V-ShoRT-R3 trial) [60] to explore whether
the addition of both VPA and capecitabine to short-
course RT before optimal radical surgery, might increase
the pathologic complete tumor regression rate in low-
moderate risk rectal cancer patients (ClinicalTrials.gov
number NCT01898104). Correlative studies, comparing
normal mucosa with tumor and on blood samples, could
identify predictive biomarkers and could add new
insight into the mechanism of interaction between
VPA, capecitabine and RT. In this regard, the impact
of p53-null type will be explored because it may give
a clue to a subset of patients that could not respond
to the combinatory regimen.

Additional files

Additional file 1: Figure S1. DNA damage was analyzed in HCT-116 (A)
and HCT-116 p53~~ (B) by visualizing DSB marker yH2AX foci. Cells were
treated with or without VPA and/or 5-DFUR for 24 h at the indicated
concentration: 1 and 1.5 mM for VPA corresponding to IC5q at 96 h for
HCT-116 and HCT-116 p537" respectively; 1 uM for 5-DFUR corresponding
to 1G5 for both cell lines and 2 and 5 uM for 5-DFUR corresponding to and
ICso for HCT-116 and HCT-116 p537~ respectively at 96 h. Cells were then
exposed or not to 2 Gy RT and then collected 24 h after RT, fixed and stained
for yH2AX (green) and DAPI for nuclei (blue) and observed by microscope.
Triplicates images of a representative experiment show yH2AX-positive nuclear
foci cells with 63x magnification. (PPT 3021 kb)

Additional file 2: Figure S2. DNA damage was analyzed in HT29 and
SW620 by visualizing double strand break marker yH2AX foci. Cells were
treated for 24 h with or without VPA and/or 5-DFUR at the indicated
concentration, corresponding to ICsq for VPA and ICsq and ICs for
5"-DFUR at 96 h. Cells were then exposed or not to 2 Gy RT and then
collected 24 h after RT, fixed and stained for yH2AX (green) and DAPI for
nuclei (blue) and observed by microscope. Triplicates images of a
representative experiment show yH2AX-positive nuclear foci cells with
63x magnification. (PPT 2793 kb)

Additional file 3: Figure S3. HT29 and SW620 cells were treated or
untreated with VPA 1 mM and 5-DFUR at the indicated concentration,
corresponding to 1Cso at 96 h for 24 h followed or not by 2 Gy RT.
Morphology and survival were examined after 48 h and phase contrast
images of representative area are showed. A photograph of one well in a
representative experiment is shown for each treatment. (PPT 6438 kb)
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