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Background

Colorectal cancer is the second most common cause of can-
cer-related mortality in Western countries [1]. Around 30% 
of the patients have advanced disease at presentation, either 
locally or at distant sites; where chemotherapy is the only 
therapeutic option. However, at times, the inherent resist-
ance of metastatic colon cancer to many currently estab-
lished treatment regimens remains a major hindrance in 
cancer therapy. Doxorubicin is widely used in the treatment 
of colon cancer [2–4]. It is a topoisomerase II inhibitor and 
inhibition of this enzyme can result in DNA-double strand 
breaks (DSBs) [5]. However, cells are programmed with 
various DNA-DSB repair pathways such as Non-Homol-
ogous end-joining (NHEJ) and Homologous-recombina-
tion (HR) followed by a transient halt in the cell cycle [6]. 
These DSB repair mechanisms are one of the main causes 
of cancer cell resistance and failure of chemotherapy [7]. 
In response to DSBs, AKT is activated and its activity is 
modulated downstream by phosphatidylinositol 3 kinase 
(PI3K) through a multistep process. PI3Ks are lipid kinases 
that have been implicated in many physiological pro-
cesses such as cell cycle regulation, DNA repair, apopto-
sis, senescence, angiogenesis and cellular metabolism and 
pathological disorders such as cancer [8]. PI3K is involved 
in the repair of DSBs by recruitment of resection factors, 
such as RPA, Brca1, and Rad51, to sites of damage [9, 10]. 
Consequently, inhibition of this enzyme will impede the 
repair of cancer cells prolonging cell cycle arrest leading 
to apoptosis.

The PI3K-AKT signalling pathway regulates cell growth 
and survival through various mechanisms. Deregulation of 
the PI3K signalling pathway has been identified in approxi-
mately one-third of all cancers [11, 12]. The role of PI3K 
isoforms in the context of tumorigenesis appears to be both 
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coinciding and distinctive. PI3Kα has been involved in can-
cer cell proliferation and tumour progression [13]. PI3Kβ 
has been associated with transformation induced by the 
inactivation of PTEN, both in vivo and in vitro [14]. High 
expression of PI3Kγ has been observed in chronic mye-
loid leukaemia [15]. Overexpression of PI3Kδ has been 
observed in acute myeloblastic leukaemia and some stud-
ies have demonstrated its role as an oncoprotein [16–18]. 
PI3Kδ has also been implicated in tumour angiogenesis, 
particularly in the conditions of repair following damage of 
tumour blood vessels by radiation [19]. Although expres-
sion of the γ and δ isoforms is normally restricted to leu-
kocytes, increased p110δ has been identified in some colon 
malignancies [20]. Recently, there has been an upsurge in 
the development of isoform-specific PI3K inhibitors that 
sensitize cancer cells to chemo and radiotherapy. However, 
very few have proved promising enough to enter clinical 
trials. This might be due to the undesirable pharmacoki-
netic profile of the drugs and partly due to the lack of cor-
relation between in  vitro studies and early clinical trials. 
Several lines of evidence suggest redundancy in PI3K iso-
form signalling and additionally deregulated PI3K pathway 
signalling has been shown to confer resistance to conven-
tional therapies and radiation [21–23].

Several studies have reported cardiotoxicity following 
treatment with Doxorubicin and have worked out to opti-
mize treatment regimens including anthracyclines such 
as Doxorubicin [24, 25]. These include dose optimiza-
tion, combination therapy, adjuvant therapy, use of iron-
chelating agents and modified drug formulations [26, 27]. 
Despite significant research being devoted to circumvent 
cardiotoxicity without compromising its antitumor efficacy, 
to date none of the current approaches have proven to be 
successful [28]. This draws attention to the potential role 
of chemosensitizers as an adjunct to Doxorubicin. Che-
mosensitizers can selectively enhance the cytotoxic effects 
of anti-cancer drugs without exerting toxic effects on nor-
mal tissues. Thus at a minimum possible therapeutic dose, 
maximum antitumor efficacy can be obtained without dose 
escalation and hence dose-dependent toxic effects can be 
minimized. Here, the role of a novel benzoxazine deriva-
tive, LTUR6 a PI3K inhibitor, as a potential chemosensi-
tizer in combination with Doxorubicin, was investigated.

Materials and methods

Cell lines and cell culture

The human colon tumours cells (HT-29 and HCT-116) 
were used to study the effects of compounds on chem-
osensitivity. Both the cell lines were obtained from the 
American Type Culture Collection (ATCC, Maryland, 

USA). Cells were grown in DMEM media (Thermo Sci-
entific HyClone) containing 10% FBS (In Vitro Technol-
ogies, Auckland, New Zealand), 4.5 g glucose/L, 4 mM 
L-glutamine and sodium pyruvate and maintained in a 
humidified atmosphere at 37 °C with 5%  CO2.

Doxorubicin and sensitizing compounds

Novel benzoxazine derivatives were synthesized in the 
Organic Chemistry Laboratory, La Trobe University, 
Bendigo. Selection of the test inhibitor was based on its 
 IC50 against PI3K isotypes and DNA-PK as assayed by 
Reaction Biology Corporation USA (Table 1). The com-
pound LTUR6 was selected based on the expression lev-
els of PI3Kδ in the cell lines used (HT-29 and HCT116) 
for analysis. HT-29 expresses low levels of normal PI3Kδ 
but HCT-116 has a deletion of exon 16 which should 
mean a loss of function [Correlating phosphatidylinosi-
tol 3-kinase inhibitor efficacy with signaling pathway sta-
tus: in silico and biological evaluations]. A known PI3K 
inhibitor (LY294002) was used for comparisons [22, 29, 
30]. LY294002 was obtained from Cell Signalling Tech-
nology (Danvers, MA). Stock solutions of 1  mM were 
prepared in DMSO and stored at −20 °C and further 
diluted in culture medium to obtain the required concen-
tration. The percentage of DMSO was kept below 0.5% to 
avoid toxicity [31]. Doxorubicin, topoisomerase II inhibi-
tor, was dissolved in Milli-Q  H2O and stored at −20 °C. 
A stock solution of 1 mM was prepared from which fur-
ther dilutions were made in media.

Table 1  The PI3K and DNA-PK inhibition assay for test inhibitor 
LTUR6 performed by Reaction Biology Corporation USA

ND Not determined
All values are in μM. IC50 values for LY294002 and NU7026 were 
documented earlier [22, 29, 30]. IC50 values greater than 100  μM 
were considered to be inactive against the corresponding enzyme

µM PI3Kα PI3Kβ PI3Kγ PI3Kδ DNA-PK

LTUR6 >100 >100 >100 5.08 >100

N

O N

O

O

O

O

CH3

LY294002 0.50 0.93 ND 0.57 6.00
NU7026 13.00 ND ND ND 0.23
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Colony formation assay

Colony formation assay was performed on both cell lines 
HT-29 and HCT-116. Cells were seeded homogenously 
over the entire surface area at a density of 200 cells per well 
in a 6-well plate and left overnight to attach. The follow-
ing day, cells were treated with control, Doxorubicin, com-
pounds (LTUR6 and LY294002) alone or in combination 
with Doxorubicin at desired concentrations and cultured for 
2 days. Media was aspirated and cells were washed thor-
oughly with PBS to remove any excess media containing 
drug. Fresh culture media with no drug was added and 
replaced every 2 days. After 9 days, cells were washed 
again with PBS and fixed using methanol:acetic acid 3:1 
solution. After fixing, cells were stained using crystal violet 
for visualization. Colonies were counted using a Syngene 
automated colony counter. Colonies were defined as a clus-
ter of at least 50 cells.

Gamma H2AX assay for DNA damage

This assay was performed as described by MacPhail et al. 
[32].HT-29 and HCT-116 cells were plated in a six well 
plate at a seeding density of 1.5–2.0 × 105 cells/well and 
left overnight to adhere. The following day, the seeded 
wells were treated with control, Doxorubicin, compounds 
(LTUR6 and LY294002) alone or in combination with 
Doxorubicin at desired concentrations for 4 or 4 h treat-
ment with 24  h recovery. Cells were then fixed using 
70% ethanol. Before fixing, the media was collected and 
stored in an Eppendorf tube (to avoid the loss of any sus-
pended cells); attached cells were then washed with PBS 
to remove excess media. Cells were detached using 1 mL 
Trypsin-Versene and incubated at 37 °C for 1–2 min. This 
media was collected and added to the previously col-
lected media, and centrifuged at 200 g for 5 min at 6 °C. 
Following centrifugation, the supernatant was removed 
and 500 μL of 70% ethanol was added into the cell pellet 
and stored at 20 °C for 20 min. Pellets were washed twice 
in Tris buffered saline and once in TFX and allowed to 
rehydrate on ice for 10  min. The cell suspension was 
centrifuged at 200×g for 5 min at 4 °C, and resuspend in 
100  μL rabbit polyclonal anti-p-histone H2AX diluted 
at 1:500 in TFX. The cell suspension was incubated at 
room temperature for 2 h under constant agitation. After 
2 h, the cells were washed with TFX and resuspended in 
100  μL secondary antibody, goat anti-rabbit IgG Alexa 
fluor 488 fragments diluted at 1:200 in TFX and incu-
bated at room temperature for 1  h under agitation, pro-
tected from light. The cells were washed in TFX and 
resuspend in 300 μL of propidium iodide 5 μg/mL. Fluo-
rescence was read using a flow cytometry analysis on the 

Accuri C6 Flow cytometer (BD Biosciences, San Jose) 
and data analysed using CFlow software. Log fluores-
cence against cell count was plotted.

Cell cycle analysis

Cell cycle progression was analysed to determine 
involvement of checkpoint activation or cell cycle arrest. 
HCT116 and HT29 cells were plated in a six well plate 
a seeding density of 2 × 105cells per well and treated 
with desired concentrations of test inhibitors (LTUR6 
and LY294002) for 24 h. Following this, media from the 
cell culture was aspirated and retained and the cells were 
detached using 1 mL trypsin incubated at 37 °C for 1 to 
2 min. The trypsin with detached cells was then added to 
the previously collected media, and centrifuged at 200×g 
for 5 min at 6 °C. Following centrifugation, the superna-
tant was removed and 500 μL of 70% ethanol was added 
and stored at 20 °C for 20 min. The cell suspension was 
centrifuged again for pellet formation at 200×g for 5 min 
at 4 °C. The supernatant was removed carefully without 
disturbing the pellet. The cells were washed with PBS 
and resuspended in staining reagent (mixture of 25  μg/
mL of propidium iodide and 100 μg/mL RNaseA in PBS) 
and incubated at 37 °C for 30 min. Cells were then stored 
on ice and analysed using flow cytometry (Accuri C6 
Flow cytometer, BD Biosciences, San Jose). A total of 
10,000 events were recorded for each sample.

Apostat assay

This assay was used to measure activation of caspases 
using FITC-conjugated, pan-caspase inhibitor (ApoStat; 
R&D Systems, Minneapolis, MN). The assay was per-
formed according to the manufacturer’s instructions. Cells 
were plated at a seeding density of  106 cells per well of a 
24 well plate. They were treated with control, Doxorubicin, 
compounds alone (LTUR6 and LY294002) or in combina-
tion with Doxorubicin at desired concentrations for 4  h. 
Following this the media was aspirated and replaced with 
fresh media containing inhibitors alone in combination 
treated wells and DMSO in Doxorubicin treated wells and 
incubated for 24 h. Cells were then stained during the last 
30 min of the apoptosis induction period. For this, 10 mL 
of ApoStat per 1 mL culture volume was added and incu-
bated at 37 °C. After the staining period, cells were har-
vested into 5  mL tubes, centrifuged at 500×g for 5  min 
and washed once with 4  mL of PBS to remove unbound 
reagent. Cells were resuspended in 500 µL of PBS for flow 
cytometric analysis. Results are presented as % of cells 
containing active caspases.
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Western blotting

For preparation of lysates, cells were exposed to control, 
Doxorubicin, compounds alone or combination of com-
pound and Doxorubicin, for 30 min. Cells were harvested, 
and washed twice with ice-cold PBS containing 1  mM 
PMSF (phenylmethylsulphonyl fluoride) and resuspended 
in 100  μL of ice cold lysis buffer (50  mM Tris-HCl pH 
7.5, 150 mM NaCl, 1% Nonidet P-40, 1× protease inhibi-
tor cocktail (Roche), 1 mM PMSF and 10 μg/mL aprotinin, 
in distilled water). Samples were centrifuged (14,000 rpm, 
25 min at 4 °C) and the supernatants were transferred into 
pre-chilled eppendorf tubes after 20  min incubation on 
ice and were placed on ice pending analysis. The protein 
concentration of each sample was determined using the 
Bio-Rad DC protein assay kit (Bio-Rad) according to the 
manufacturer’s instructions. Typically 50  μg of protein 
per sample was denatured via addition of 1× SDS load-
ing buffer (abcam, ab119196) in the presence of 100 mM 
DTT (abcam) and heated for 10 min at 75 °C. Samples were 
loaded onto 4 or 10% gels (abcam) based on the molecu-
lar weight of the protein of interest. Samples were run in 
the presence of SDS running buffer (abcam, ab119195), 
typically at 100  V for approximately 90  min to separate 
proteins. Low molecular weight proteins were separated 
using 10% gels and high molecular weight proteins sepa-
rated using 4% gels. Samples were run until the dye front 
reached the bottom of the gel. After running, the gels were 
removed from casing and used for Western transfer.

Western transfer for proteins was carried out using a 
Mini trans-Blot apparatus from Bio-Rad. Gels were equili-
brated for 10 min in 1× transfer buffer (48 mM Tris-HCl 
(pH 7.5), 38.5  mM glycine, 0.037% SDS and 20% (v/v) 
methanol). Polyvinylidene fluoride (PVDF) membranes 
were activated in 100% methanol and equilibrated in 1× 
transfer buffer for 10  min. Whatman filter paper (two for 
each gel) was soaked in 1× transfer buffer along with trans-
fer sponges. The transfer cassette was assembled according 
to manufactures instruction. The tank was filled with trans-
fer buffer and transfer of protein was done by applying an 
electric current (50 V, 250 mA) for 3 h in a 4 °C cold room. 
Following transfer, the PVDF was carefully removed and 
probed with antibodies by blocking the PVDF membranes 
in 10% (w/v) bovine serum albumin in TBS-T (Tris-buff-
ered saline containing 0.1% (v/v) Tween-20) for 2 h. The 
membranes were then washed three times; 5 min per wash, 
in TBS. Membranes were exposed to primary antibodies 
at the appropriate dilution (1/5000) overnight at 4 °C. The 
primary antibody was removed by washing three times, 
5 min per wash in TBS-T. Membranes were then exposed 
to secondary antibodies (abcam ab97200, HRP conju-
gated goat anti-rabbit IgG, 1 in 10,000 dilution in TBS-T) 
for 2 h at room temperature. The secondary antibody was 

removed by washing three times in TBS-T. After washing, 
the membranes were exposed to ChemiFast Chemilumi-
nescence substrate (Syngene, USA, CH-FAST/20). Images 
were captured using Syngene G-BOX (G: BOX-CHEMI-
XL1.4, USA). For quantifying the density of proteins, the 
integrated optical density (IOD) of each band was read at 
increasing exposures using a Bio-Rad Chemi Doc station. 
IOD values were corrected for background signal. Values 
were normalized to those of the controls and the protein 
expression levels were then quantified.

Results

Chemosensitization and toxicity profile of LTUR6 using 
clonogenic assay of HCT116 and HT29

After 7 days in the presence 0.1  μM LTUR6 or 1.0  μM 
LY294002 no inhibition of colony formation in HCT116 
(Fig.  1a) or HT29 (Fig.  1b) was seen. Doxorubicin alone 
was seen to significantly inhibit colony formation at 
2.5 µM (p < 0.05) which was further enhanced significantly 
(p < 0.05) in combination with LTUR6 or LY294002.

Induction of DSBs and their repair in HCT116 
and HT29 cells

After 4  h in culture media alone, analyses of DSBs in 
HCT116 showed basal levels, or minimal levels in the 
in  vitro culture environment (Fig.  2a). When cells were 
exposed to Doxorubicin, the levels of DSBs increased sig-
nificantly compared to control. When the HCT116 cells 
were exposed to either LTUR6 or LY294002 alone no 
significant differences were noted in the amount of DSB 
detected when compared to the control. When Doxoru-
bicin was combined with LTUR6, there was a significant 
(p < 0.05) increase in the number of DSB detected after 4 h 
when compared to Doxorubicin alone. LY294002, when 
combined with Doxorubicin, significantly increased DSB 
compared to Doxorubicin alone, but this was not as great 
an increase as that seen with the combination of Doxoru-
bicin and LTUR6. A similar trend was observed in HT29 
when exposed to Doxorubicin in combination with LTUR6 
(Fig. 2b).

Next HCT116 and HT29 cells were exposed to Dox-
orubicin with or without compounds for 4  h and were 
then allowed to recover in the presence of compounds 
for 24  h (Fig.  3a, b). A similar trend was observed, as 
that seen after 4 h. However, in Doxorubicin treated cells, 
the levels of DSB increased significantly (p < 0.05) com-
pared to control even after 24 h recovery though, by com-
parison with the 4  h treatment, this was not as great an 
increase over control. When Doxorubicin was combined 
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with LTUR6, there was a significant increase in the num-
ber of DSB detected even after the 24  h recovery time, 
when compared to Doxorubicin alone. LY294002, when 
combined with Doxorubicin, showed no significant effect 
over Doxorubicin alone.

Cell cycle analysis

When HCT116 cells were exposed to Doxorubicin, a sig-
nificant increase in cells in G2/M-phase was observed 
when compared to control, (p < 0.05) with a concurrent 

Fig. 1  Analysis of clonogenic 
assay. HCT116 cells (a) and 
HT29 (b) cells were cultured 
in the presence of media alone 
(control), Doxorubicin (Dox, 
2.5 μM), LTUR6 (0.1 μM), 
and LY294002 (1 μM) results 
shown after 7 days. Graph 
indicates average of three 
replicates. Error bars represent 
the Standard Error. Statistical 
significance was determined by 
one way ANOVA. *Indicates 
groups significantly different to 
Doxorubicin alone, (p < 0.05)
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decrease in G0/G1-phase (Fig. 4a, c). Doxorubicin induced 
G2/M cell cycle arrest was further enhanced in combina-
tion with LTUR6. Doxorubicin treatment in combination 
with LY294002 showed a similar though lesser build-up of 
cells in G2/M to the Doxorubicin and LTUR6 combination 
but also showed a build-up of cells in S phase which was 
significant compared to control, (p < 0.05).

When HT29 cells were exposed to Doxorubicin, the 
results indicate a significant (p < 0.05) increase in cells in 
S-phase as compared to control, with a concurrent decrease 
in G2/M-phase (Fig. 4b, d). In combination with test com-
pounds LTUR6 and LY294002, a shift in the cell cycle pro-
file was observed indicating increased cells in G2/M par-
alleled with a decrease in S and G0/G1-phase. This effect 
was again stronger with LTUR6 than with LY294002.

Apoptosis induced in cells undergoing cell cycle arrest

Apoptosis was measured by apostat assay following 4 h 
Doxorubicin exposure in HCT116 (Fig.  5a) and HT29 

(Fig.  5b) cells. It was noted that a significant (p < 0.05) 
level of apoptosis was observed in Doxorubicin treated 
cells which was further enhanced in combination with 
0.1  μM LTUR6. This increase in apoptosis was very 
evident in the case of LTUR6 (p < 0.05) compared to 
LY294002 as shown by Apostat assay.

Phosphorylation status of AKT and DNA‑PK 
during chemosensitization with LTUR6 
and Doxorubicin

The results of Western blotting in HCT116 and HT29 
confirmed that LTUR6 in combination with Doxoru-
bicin inhibited AKT phosphorylation at Ser473 and 
Thr308. LY294002 failed to inhibit AKT phosphorylation 
(Fig. 6a, b). However, the results of Western blotting in 
HCT116 and HT29 confirmed that LTUR6 in combina-
tion with Doxorubicin failed to inhibit DNA-PK phos-
phorylation at Ser2056 and Thr2609 (Fig. 7a, b).

Fig. 2  Representative histograms and bar graphs data depicting 
DSBs induced in a HCT116 cells and b HT29 at 4  h. Cells were 
exposed to 0.1  μM LTUR6 or 1  μM LY294002 alone or in combi-

nation with 5  μM Doxorubicin. A shift towards the right indicates 
increase in fluorescence which corresponds to an increase in γ-H2AX
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Discussion

In this study we effectively demonstrated the effect of 
a novel benzoxazine, LTUR6, to sensitize human colon 
cancer cell lines to the effects of Doxorubicin. LTUR6, a 
PI3Kδ specific inhibitor exhibited no toxicity of its own. 
A previous study conducted on Ewing’s sarcoma cell line, 
TC-71, reported that the combined treatment with the 
broad specificity PI3K inhibitor LY294002 (10  μM) and 
Doxorubicin (3–30  μg/mL) significantly enhanced cell 
growth inhibition as determined by clonogenic assay [33]. 
Another study done on SK-OV-3 (ovarian carcinoma), 
MDA-MB-468 (breast carcinoma), and A549 (lung car-
cinoma) cell lines demonstrated enhancement of Doxoru-
bicin-induced growth inhibition by LY294002 at 10  μM 
[34]. LTUR6 at a concentration of 0.1 μM showed greater 
potency compared to LY294002, sensitizing both cell lines 
to Doxorubicin.

Following DNA damage, the H2AX protein at the site 
of damage is phosphorylated by kinases including ATM 
and is then referred to as γ-H2AX. Following DNA repair, 
γ-H2AX gets dephosphorylated by a phosphatase, PP2A, 
responsible for the regulation of γ-H2AX levels in human 
cells and consequently detection of γ-H2AX can be used 

in the assessment of DNA repair kinetics [35]. DNA DSBs 
induced by Doxorubicin were markedly increased in the 
presence of LTUR6 in both cell lines after 4  h exposure. 
DNA-PK, ATM and ATR contribute to the activation of 
H2AX depending on a number of factors such as the cell 
cycle stage, the type of DNA DSB and the relative expres-
sion levels of individual PIKKs, a process which is not 
yet fully understood [36–38]. Therefore, a known specific 
inhibitor of PI3K (LY294002) was included in the assays 
to analyse the relative roles of this protein in the repair 
of DSBs. A study done on SV40-transformed human 
fibroblasts derived from skin biopsies showed a syner-
gistic effect between Doxorubicin and 10  μM LY294002 
in inducing DSBs in DNA repair deficient cell lines [39]. 
This finding is consistent with our data where both Doxo-
rubicin-treated cell lines accumulated slightly higher levels 
of DSBs in the presence of LTUR6 and LY294002 at much 
lower concentrations.

To understand whether the effect observed was on 
DNA damage induction alone or/and repair, we examined 
the DNA repair kinetics in HCT116 and HT-29 cell lines 
after a 24 h recovery period following an initial exposure to 
Doxorubicin with/without test compounds. As indicated by 
Figs. 3 and 4, both the cell lines could complete DSB repair 

Fig. 3  Representative histograms and bar graphs depicting DSBs 
induced in a HCT116 cells and b HT29 after 4 h Doxorubicin treat-
ment and 24 h recovery period. Cells were exposed to 0.1 μM LTUR6 

or 1 μM LY294002 alone or in combination with 5 μM Doxorubicin. 
A shift towards the right indicates increase in fluorescence which cor-
responds to an increase in γ-H2AX
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in the LY294002 treated groups by 24 h after DSB induc-
tion. However, LTUR6 significantly impeded the repair of 
DNA DSBs induced by Doxorubicin (Fig. 4b, d, p < 0.05). 
Even after 24 h, the level of DSBs in LTUR6 treated groups 
was significantly higher indicating incomplete DSB repair, 
(p < 0.05). These data suggest that LTUR6 might retard the 
repair mechanism of Doxorubicin-induced DNA damage.

Inducing DNA damage triggers DNA damage repair 
(DDR) which begins with cell cycle arrest to facilitate 
repair mechanisms. In HT-29 cells, exposure to Doxoru-
bicin alone caused a profound increase of cells in S-phase. 
This is consistent with the previous observation in colon 
cancer cells where p53-mutant SW620 cells showed a 
marked S/G2 accumulation in response to Doxorubicin 
[40]. Strikingly, concomitant treatment with Doxorubicin 

and LY294002 converted the S-phase arrest into G2/M 
arrest. This profound G2/M-block in response to combina-
tion treatment was in line with a study demonstrating co-
exposure with andrographolide and LY294002 enhanced 
G2/M arrest in human glioblastoma U251 and U87 cells 
[41]. Our compound LTUR6 also showed a similar though 
even more pronounced G2/M arrest to that of LY294002. In 
HCT-116 cells, we observed that incubation of these cells 
with Doxorubicin alone resulted in accumulation of cells in 
G2/M phase and a concurrent decrease in the fraction of 
cells in S and G0/G1 phases. The observed effect of Dox-
orubicin is in good agreement with a study conducted by 
Potter et al. reporting that Doxorubicin-induced DNA dam-
age was predominantly in the  G2 phase of the cell-cycle 
[42]. Interestingly, LY294002 demonstrated a shift in the 

Fig. 4  Representative graphs indicating the cell cycle profile of 
HCT116 (a, c) and HT-29 (b, d) cells after exposed to 0.1  μM 
LTUR6 and 1  μM LY294002 alone or in combination with 5  μM 

Doxorubicin after 24 h recovery period. Red bars show the percent-
age of cells in each phase of the cell cycle. (Color figure online)
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cell cycle arrest from G2/M-block to S-block in presence of 
Doxorubicin. This might possibly be due to the broad spec-
ificity of this compound against various PI3K enzymes. 
LTUR6 on the other hand inhibited the transition of cells 
from G2/M to G0/G1 phase. This finding is in line with a 
study documenting that silibinin, a derivative of milk this-
tle, induced  G2–M arrest in combination with Doxorubicin 
[43]. To recapitulate, Doxorubicin induced cell cycle arrest 

was markedly enhanced in the presence of LTUR6 and this 
was greater than that observed with LY294002. Hence, it 
can be concluded that increased DSBs in presence of this 
benzoxazine has instigated DDR by initiating cell cycle 
arrest which is evidenced by the results discussed above.

Following failure of DSB repair and cell cycle arrest, 
cell killing by apoptosis in response to chemotherapeutic 
agents is considered to be a common pathway [44]. The 

Fig. 5  Representative histogram and bar graphs indicating the activa-
tion of caspases in HCT116 (a) and HT29 (b) after 4 h Doxorubicin 
treatment and 24  h recovery time. Cells were exposure to 0.1  μM 
LTUR6 or 1 μM LY294002 alone or in combination with 5 μM Dox-

orubicin. Marker indicates population of cells expressing activated 
caspases. The data obtained represent the average of three independ-
ent experiments
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apostat assay measures total activation of caspases, an 
essential event in apoptosis [45]. Doxorubicin alone caused 
an increase in apoptosis compared to control in both the 
cell lines tested. This apoptosis level was further enhanced 
significantly in the presence of LTUR6 in both the cell 
lines. Cells treated with LY294002 in combination with 
Doxorubicin showed no significant difference in apoptosis. 
This was in contrast to a study carried out on the human 
leukaemic cell line HL60, where a 30-fold higher concen-
tration of LY294002 (30  μM) in the presence of varying 
concentrations of Doxorubicin induced apoptosis [46]. The 
fact that LY294002 is considerably less potent in enhanc-
ing apoptosis after treatments known to induce DSB’s than 
LTUR6 could be due the selective inhibition of LTUR6 
against PI3Kδ. The relative expression of PI3K enzymes 
in these cell lines and the difference in the  IC50 values 
between LTUR6 and LY294002 may account for the vary-
ing degree of DSB repair inhibition and the varying degree 
of apoptosis observed. This remains to be investigated.

As AKT is a downstream target of both PI3K and DNA-
PK and is a key signalling molecule in pathways leading 
to apoptosis and cell cycle arrest, we assessed the phos-
phorylation status of AKT in both the cell lines follow-
ing exposure to LTUR6 in combination with Doxorubicin 
[47]. LTUR6 in combination with doxorubicin inhibited 

the phosphorylation of AKT at Thr308 and Ser473. The 
effect observed was similar in both HCT116 and HT29 cell 
lines. Doxorubicin alone induced AKT phosphorylation 
on both Thr308 and Ser473 which agreed with a previous 
study using similar concentration of Doxorubicin, 5  μM 
[48]. Interestingly, in combination with LY294002, the 
phosphorylation status of AKT appeared to be the same as 
in the Doxorubicin alone treated group. A previous study 
showed a dose and time dependent increase in the phospho-
rylation of AKT in the presence of Doxorubicin in several 
breast cancer cell lines. This effect was abolished when 
cells were concomitantly exposed to LY294002, though 
at a much higher concentration of 10  µM, indicating that 
the doxorubicin-induced phosphorylation and activation of 
AKT were mediated through a PI3-K dependent pathway 
[49]. As AKT has been shown to be an important down-
stream target of DNA-PK we have analysed the possibility 
DNA-PK inhibition that would subsequently inhibited the 
phosphorylation of AKT. However, LTUR6 failed to inhibit 
the phosphorylation of DNA-PK at Ser2056 and Thr2609 
residues in both cell lines.

The overall aim of this study was to identify the molecu-
lar pathways that were altered to enhance Doxorubicin-
mediated cytotoxicity in presence of the novel benzoxazine 
derivative, LTUR6. From the results it can be seen that 

Fig. 6  a Phosphorylation of 
AKT1 at Ser473 and Thr308 
in HCT116 cells was analysed 
by Western blotting. Cells were 
treated with DMSO (control), 
Doxorubicin (5 μM) alone or in 
combination with test com-
pounds (1 μM LY294002and 
0.1 μM LTUR6) for 4 h. 
Proteins levels quantified by 
measuring the pixel densities 
were plotted in the form of a 
bar diagram. b Phosphorylation 
of AKT1 at Ser473 and Thr308 
in HT29 cells was analysed by 
Western blotting. Cells were 
treated with DMSO (control), 
Doxorubicin (5 μM) alone 
or in combination with test 
compounds (1 μM LY294002 
and 0.1 μM LTUR6) for 4 h. 
Proteins levels quantified by 
measuring the pixel densities 
were plotted in the form of a bar 
diagram
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protein kinases such as AKT plays key role in response to 
DNA DSBs repair machinery, and their inhibition in pres-
ence of LTUR6 enhanced the sensitivity of Doxorubicin. 
Further investigation is required to determine the involve-
ment of a number of downstream targets of AKT including 
RSK1/2/3, mTOR, p38, PRAS40, HSP27, EGFR, FAK, 
STAT and GSK-α/β that regulate cell cycle arrest, DNA 
repair and apoptosis. As such, knowledge about the molec-
ular determinants of LTUR6-mediated chemosensitization 
will aid in developing more potent drugs that will limit 
concurrent damage to normal tissues and improve the qual-
ity of life of cancer patients.
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