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Abstract

Hypoxia enhances immortality and metastatic properties of solid tumors. Deregulation of histone
acetylation has been associated with several metastatic cancers but its effect on hypoxic responses
of cancer cells is not known. This study aimed at understanding the effectiveness of the
hydrazinocurcumin, CTK7A, an inhibitor of p300 lysine/histone acetyltransferase (KAT/HAT)
activity, in inducing apoptosis of gastric cancer cells (GCCs) exposed to cobalt chloride (CoCl»), a
hypoxia-mimetic chemical, or 1% O,. Here, we show that CTK7A-induced hydrogen peroxide
(H205) generation in CoCl,-exposed and invasive gastric cancer cells (GCCs) leads to p38
MAPK-mediated Noxa expression and thereafter, mitochondrial apoptotic events. Noxa induction
in normal immortalized gastric epithelial cells after CTK7A and hypoxia-exposure is remarkably
less in comparison to similarly-treated GCCs. Moreover, hypoxia-exposed GCCs, which have
acquired invasive properties, become apoptotic after CTK7A treatment to a significantly higher
extent than normoxic cells. Thus, we show the potential of CTK7A in sensitizing hypoxic and
metastatic GCCs to apoptosis induction.
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1. Introduction

Solid tumors are different from normal tissues in terms of their oxygen supply and
consumption. The core of solid tumors become hypoxic due to inefficient blood supply
(Karakashev and Reginato, 2015; Rankin and Giaccia, 2008). Hypoxia provides the ideal
microenvironment for promoting metastasis (Sullivan and Graham, 2007). Naturally, like
other solid tumors, gastric cancer malignancy and treatment resistance are largely, if not
solely, determined by hypoxia (Vaupel and Mayer, 2007). Thus, selective therapeutic
targeting of hypoxic metastatic gastric cancer cells is a challenging area of research.

Hypoxic cells undergo several hypoxia-adaptations. The master regulatory protein expressed
in hypoxic cells is hypoxia-inducible factorl (Hifl). Hifl is a heterodimeric protein having
two subunits, a and . While Hifla gets degraded in normoxia and hypoxia stabilizes it,
Hif1p is constitutively expressed and its stability is not regulated by cellular oxygenation
status (Huang et al., 1998). Hifla dimerizes with Hif1p and transcriptionally activates a
number of hypoxia-responsive genes by binding to the hypoxia-responsive elements (HRES)
(Rohwer et al., 2009). p300 acts as a transcriptional coactivator of Hifl. p300 has an
intrinsic histone or lysine (K) acetyltransferase (HAT or KAT) activity and functions as a
protein scaffold (Chan and La Thangue, 2001; Santer et al., 2011). Autoacetylation induces
acetyltransferase activity of p300. Both enhanced and suppressed (HAT) activity in tumor
cells can lead to cell cycle arrest and apoptosis (Clarke et al., 1999; Kawamura et al., 2004).
It is evident from the literature that the relation of HAT activity with cancer is tissue and
context-dependent. Dysregulation of histone acetylation and deacetylation have been
associated with gastric cancer progression and invasiveness (Yang et al., 2014). Studies have
found expression of Hifla in gastric cancer and have associated Hifla with aggressive
metastasis and treatment resistance (Liu et al., 2008; Rohwer and Cramer, 2010; Urano et
al., 2006). Induction of apoptotic cell death in invasive cancer cells is a highly desired goal
to achieve for cancer therapists. Cellular apoptosis is orchestrated by two separate signaling
pathways- the mitochondria-mediated intrinsic pathway and the death receptor-mediated
extrinsic pathway (Cotter, 2009). Chemo and radiotherapy induce the former pathway by
involving the Bcl2 family proteins. A Bcl2 homology 3 (BH3)-only tumor suppressor
protein Noxa is transcriptionally induced by Hifl and induces mitochondria mediated
intrinsic apoptotic pathway (Gomez-Bougie et al., 2011).

In this study, we investigated the role of p300 HAT activity on Noxa-mediated apoptosis in
CoCl,-treated and 1% O,-exposed GCCs. We showed that downregulation of HAT activity
significantly induced reactive oxygen species (ROS) generation as well as Noxa-mediated
apoptosis selectively in hypoxic GCCs but not in non-hypoxic GCCs. In addition, the
expression of metastatic markers in CoCl,-treated GCCs was also downregulated after
suppression of HAT activity by the hydrazinocurcumin, CTK7A. Thus, this study revealed a
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previously undescribed mechanism for how CTK7A can induce apoptosis in hypoxia-
exposed invasive GCCs and further enriched our understanding of its antitumor effects.

2. Methods

2.1. Cell lines

GCCs AGS, MKN 45, KATO |11 were cultured and maintained as previously described
(Bhattacharyya et al., 2009). Immortalized human GCC cell HFE145 and pDsRed?2
(Clontech, CA, USA)-expressing AGS stable cells were maintained in 10% heat-inactivated
FBS-supplemented RPMI 1640. Most of the studies were performed using non-metastatic
AGS cells so that metastasis induction could be clearly identified. HFE145 cells were used
to study properties of non-malignant human gastric epithelial cells. A/fZa knockdown cells
were prepared as described previously (Rath et al., 2015).

2.2. Chemicals and reagents

Cobalt chloride hexahydrate (CoCl,-6H20) (Sigma-Aldrich, MO, USA) or 1% O, was used
to induce hypoxia in AGS cells as per standard methods (Rath et al., 2016; Wu and Yotnda,
2011). CTK7A at 100 uM dose (Arif et al., 2010) either alone or in combination with CoCl,
(200 uM) was used for 24 h treatment. ERK1/2 inhibitor PD98059, p38 MAPK inhibitor
SB203580, and JNK inhibitor 11SP600125 (all from Calbiochem, CA, USA) were used at 25
UM dose for 1 h prior to CoCl, and CTK7A treatment. Superoxide dismutase (SOD) and
catalase (CAT) (both from Sigma Aldrich) were used at 200 units/ml and 350 units/ml dose,
respectively, for 4 h prior to treatment with CoCl, and CTK7A. 5-(and 6)-chloromethyl-2,7-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,-DCFDA, Invitrogen, CA, USA)
was used to detect intracellular ROS generation.

2.3. Whole cell, nuclear, cytosolic and mitochondrial lysate preparation

Whole cell lysates were prepared by standard protein isolation protocol. Nuclear and
cytoplasmic fractions were isolated using NE-PER Kit following manufacturer’s instruction
(Thermo Scientific, IL, USA). Mitochondrial lysates were prepared following a previously-
described protocol (Rath et al., 2015).

2.4. Western blots, antibodies and immunoprecipitation

Proteins were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) followed by western blotting. Membranes were probed with specific
antibodies for p300, acetylated lysine, Hifla, Noxa, Twistl (Abcam, MA, USA), caspase 3,
caspase 9, Cytochrome ¢, N cadherin, E cadherin, phospho p38 MAPK, phospho ERK and
phospho JNK (Cell Signaling Technology, MA, USA). GAPDH (Imgenex Corporation, CA,
USA) and Cox IV (Cell Signaling Technology, MA, USA) antibodies were used as loading
controls for the cytosolic fraction and mitochondrial fractions, respectively. Proteins were
detected by using Super Signal West Femto kit (Thermo scientific). Images were taken with
Chemidoc XRS (Bio-Rad Laboratories, CA, USA) equipped with Quantity One-4.6.9
software.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rath et al.

Page 4

2.5. Flow cytometry

Apoptosis was quantified by flow cytometry. AGS cells were treated with CoCl, (Sigma-
Aldrich) alone and/or CTK7A for 24 h or left untreated. Cell pellets were washed twice with
chilled PBS and stained with Annexin V PE/7-AAD (BD Biosciences, CA, USA) according
to manufacturer’s instruction. 1 x 10% cells were acquired per sample using FACSCalibur
Flow Cytometer (BD Biosciences). Results were analyzed by CellQuest Pro software (BD
Biosciences).

2.6. Confocal microscopy

pDsRed?2 (Clontech)-expressing AGS stable cells were used for confocal microscopy. These
cells were treated with CoCl, and/or CTK7A or left untreated for 24 h. Noxa translocation
to mitochondria and cytochrome c release from mitochondria were studied in the above
experimental condition. Cells were fixed with 4% paraformaldehyde at 37°C for 15 min
followed by incubation with DAPI (4”, 6-Diamidino-2-Phenylindole, Dilactate (Invitrogen)
for 20 min. Mitochondrial morphology was studied as described earlier (Rath et al., 2015).
Fragmentation of mitochondria, as assessed by roundness, circularity and length, was
measured by ImageJ software (NIH, MD, USA). Roundness [4 x (surface area)/(it x major
axis?)] and circularity [4m x (surface area/perimeter?)] together represented mitochondrial
sphericity (sphericity value 1 = perfect spheroid).

2.7. Transwell migration and invasion assay

Cell migration and invasion assays were performed using 8-um pore size Transwell Biocoat
control inserts (migration assay) or matrigel-coated inserts, as per manufacturer’s instruction
(Becton Dickinson, MA, USA). 5 x 10* AGS cells in serum free media were seeded on the
upper surface of 24 well transwell plate and 10% FBS-containing media was added to the
lower chamber. Cells were treated with CoCl, or 1% O, alone and/or CTK7A for 24 h or
left untreated. After completion of the incubation, upper surfaces of transwell were scraped
off and cells in the lower surface were fixed for 30 min with 4% paraformaldehyde, and
stained for 30 min with haematoxylin. Migrated and invaded cells were counted (from five
different fields) under an inverted microscope (Primo Vert, Carl Zeiss, Jena, Germany).

2.8. Wound healing assay

1 x 108 AGS cells were seeded in 35 mm plates and wound healing assays were performed
as described earlier were kept for 24 h to create a monolayer of cells. Multiple uniform
wounds of constant diameter were made on the monolayer culture. Detached cells were
washed followed by 24 h treatment of CoCl, and/or CTK7A or were left untreated. Imaging
was done by an inverted microscope equipped with camera (Primo Vert, Carl Zeiss).

2.9. Soft agar assay

AGS cells were harvested and 1 x 103 cells were mixed with 0.3% top agar and plated onto
0.6% bottom agar in 6 cm cell culture plates. Cells were treated with CoCl, (50 uM) and/or
CTKT7A (100 uM) for 24 h. These plates were fed twice weekly with the above treatment

condition and maintained for 3 weeks in a humidified incubator containing 5% CO». At the
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end of the incubation period, visible colonies on the top agar were directly counted and
colony sizes were compared between various treatment groups.

2.10. Human gastric biopsy specimen collection and florescence microscopy

Biopsy samples from the antral gastric mucosa were collected from patients suffering from
metastatic gastric cancer and undergoing diagnostic esophagogastroduodenoscopy following
a National Institute of Science Education and Research (NISER) Review Board-approved
protocol. Written informed consent was obtained from all patients. Gastric biopsy samples
were embedded in optimal cutting temperature (OCT) compound (VWR International,
Lutterworth, UK). Cryosectioning was performed at 10 um (Leica, Wetzlar, Germany).
Sections were stained with Hifla, Twistl, E-cadherin and N-cadherin primary antibodies
followed by incubation with fluorescently labelled secondary antibodies (Alexa Fluor 488
anti-rabbit and anti mouse from Molecular Probes, Invitrogen, Paisley). The sections were
examined by a fluorescence microscope (Olympus, Tokyo, Japan).

2.11. Reactive oxygen species (ROS) measurement

ROS was measured by staining cells with a membrane-permeable dye, 5-(and 6)-
chloromethyl-2,7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,-DCFDA,;
Invitrogen). 0.166 x 108 AGS cells were grown on 9 mm coverslips in 24 well cell culture
plates. After treatment, cells were stained with 1 uM CM-H,-DCFDA and incubated for 10
min at 37°C in the dark. Cells were fixed with 4% paraformaldehyde for 10 min at room
temperature and viewed by fluorescence microscope (Olympus).

2.12. Statistics

Values are given as mean + SEM. Student’s #test was performed for comparison between
groups. Statistical significance was determined at £ < 0.05. 2-way ANOVA was performed
to compare various transfected groups. Bonferroni test was applied for post hoc analysis.
Colocalization analysis of confocal images was performed by ImageJ plugin Coloc 2.

3. Results

3.1. CoCl, and 1% O, treatment enhances expression of metastatic factors in AGS cells

Cobalt chloride (CoCly) mimics hypoxia, induces ROS generation and promotes
mitochondria-mediated apoptosis (Torii et al., 2011; Wang et al., 2000). CoCl; has the same
biochemical response as that of physiological hypoxia (Bae et al., 2012; Lee et al., 2001)
and induces Hifla expression in GCCs (Rath et al., 2016). In contrast, several reports have
also shown that CoCl,-induced Hifla inhibits apoptosis (Piret et al., 2005, 2002) and
enhances metastatic potential (Zhang et al., 2013). In order to study the expression of
metastatic factors in GCCs after treatment with 200 uM cobalt chloride hexahydrate
(CoCl,-6H,0) for various time periods, western blotting were performed. Although GAPDH
is a Hifl-target gene, we used GAPDH as a loading control since GAPDH was not found to
be regulated by hypoxia in the gastric cancer cell lines AGS (Xiao et al., 2012), MGS-803
and SGC-7901 (Luo et al., 2010) as well as in other hypoxic cancer cells studied in vitro
(Jung et al., 2014; Said et al., 2007, 2009). Western blot data (n = 3) showed that although
Hifla was significantly induced as early as 3 h of treatment and it was maintained up to 24
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h, Hifla-dependent metastasis-inducing transcription factor Twistl was noticeably enhanced
only at 12 and 24 h of CoCl, treatment (Fig. 1A). The mesenchymal marker N-cadherin was
highly upregulated at 24 h of CoCl, treatment. Therefore, we used 200 pM CoCl, and 100
UM CTKT7A [(Sodium 4-(3, 5-bis (4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl) benzoate],
a curcumin-derived water soluble HAT/KAT and p300 autoacetylation inhibitor treatment
for 24 h for the rest of our experiments. As AGS cells do not express the invasion-suppressor
epithelial marker E-cadherin (Oliveira et al., 2009), we did not observe the other component
of “cadherin switch” associated with metastasis, the E-cadherin degradation (Gheldof and
Berx, 2013) in CoCly-treated hypoxic AGS cells. p300, however, remained equally
expressed at all time points. We also performed immunofluorescence microscopy on human
metastatic gastric cancer biopsies and compared with matched controls from adjacent
noncancerous areas. Metastatic samples (h = 4), which showed substantial high expression
of Hifla, also had high Twistl and N-cadherin but showed much lower E-cadherin
expression compared to their matched controls (n = 4) (Fig. S1A).

In an attempt to understand the effect of HAT function inhibition on the expression of Hifla
and the above-mentioned metastasis markers, AGS cells were incubated for 24 h with 100
UM of CTKT7A in the presence or absence of 200 uM CoCl, or were left untreated. Western
blotting (n = 3) of whole cell lysates showed that CoCl,-mediated induced expression of
Hifla, Twistl and N-cadherin was substantially inhibited by CTK7A (Fig. 1B). We also
noticed that acetylated p300 (ac-p300) remained suppressed in CoCl, plus CTK7A-treated
cells as compared to the other three treatment groups. p300 expression was not altered by
CTKT7A treatment. Twistl and N-cadherin expression in CTK7A-treated and untreated
CoCl,-exposed AGS cells were further assessed by confocal microscopy (n = 3) (Fig. S1B).
Confocal images complemented our findings shown in Fig. 1B. As protein expression varies
from cell to cell, we tested Hifla, N-cadherin and Twistl expression in CoCl, and CTK7A-
treated MKN45 and Kato 111 cells. Data (n = 3) confirmed that as in AGS cells, CoCl,-
induced expression of Hifla,, N-cadherin and Twistl in MKN45 and Kato 111 cells was
significantly inhibited by CTK7A treatment (Figs. 1C and S2A). To study the effect of
CTKT7A in hypoxic environment, GCCs were exposed to normoxia (21% O,) and hypoxia
(1% O») for 24 h in the presence or absence of CTK7A. Whole cell lysates were
immunoblotted (n = 3) to detect the expression of EMT markers. CTK7A showed the same
effect on Hifla, N-cadherin and Twist1 expression in 1% O,—treated cells as it was found in
CoCl,-treated cells (Figs. 1D and S2B). Therefore, majority of our experiments were
performed using CoCl, unless we stated specifically about treating cells with 1% O,.

3.2. CTK7A decreases migration and invasion properties in CoCl, as well as 1% O,-treated

GCCs

Hypoxia plays a positive role in gastric cancer invasion and migration (Xing et al., 2011,
Zhong et al., 1999). In order to assess the effect of HAT inhibition on migrating ability of
hypoxic GCCs, we performed transwell migration assay and wound healing assay. Cells
were seeded in inserts for transwell migration assay and were treated with CTK7A and
CoCl, or 1% O, for 24 h. Migrated cells were stained with hematoxylin and studied under a
microscope. A significant reduction in hypoxia-induced migration was observed upon
CTKT7A treatment (Fig. 2A and B) (n = 4, *P< 0.05). For further validation of our data,
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wound healing assay was performed. Confluent layers of AGS cells were wounded and
exposed to CTK7A and CoCl,. After 24 h, we found that control and only CTK7A-treated
cells were comparable to CoCl, and CTK7A-treated cells with respect to their poor wound-
healing ability but CoCl,-treated cells had significantly high (n = 4, *P < 0.05) wound-
healing ability than other groups (Fig. S3A). Invasiveness of GCCs was measured by
matrigel invasion assay which showed significant (n = 4, *P< 0.05) reduction of invasive
property in hypoxia plus CTK7A-treated GCCs as compared to only hypoxia exposed cells
(Fig. 2C and D). The change in clonogenic potential of CoCl,-treated AGS cells after
CTKT7A treatment was examined by soft agar assay (h = 3). We found that the number of
foci was significantly (*~< 0.05, **P< 0.01, ***P< 0.001) increased by CoCl, exposure as
compared to control cells, CTK7A plus CoCl,-exposed cells showed significantly less foci
formation than only CoCl,-treated cells (Fig. S3B).

3.3. Inhibition of HAT activity induces Noxa in hypoxic GCCs in a Hifla-independent

manner

Hifla depletion in gastric cancer cell line induces apoptosis under hypoxia (Tanaka et al.,
2015). Noxa is a mediator of apoptosis in hypoxic cells and is induced by Hifla (Kim et al.,
2004). In an attempt to assess Noxa expression pattern in hypoxic cells, AGS cells were
treated with 200 uM CoCls, for 3 h, 12 h and 24 h. Western blot data (n = 3) revealed a time-
dependent enhancement in Noxa expression in CoCl,-treated cells (*£ < 0.05) (Fig. 3 A).
We next assessed Noxa expression in control and CoCly-treated AGS cells with or without
CTKT7A treatment by performing western blotting (n = 3) of whole cell lysates. Although
CTK7A and CoCl, independently induced Noxa expression, CTK7A treatment resulted in a
far higher (*P< 0.05) Noxa expression in CoCl,-treated cells than in untreated cells (Fig.
3B). Treatment of normal immortalized HFE145 cells with CTK7A showed a much lower
magnitude of Noxa induction in CTK7A plus CoCl,-treated cells than their AGS
counterparts (Fig. 3C). MKN45 and KATO Il1 cells, two other GCCs with metastatic
properties, were also tested for their Noxa expression pattern. Noxa expression in these cells
showed the same trend as in AGS cells (n = 3, *~< 0.05) (Fig. 3D). In order to assess Noxa
expression by hypoxia and CTK7A, AGS cells were exposed to normoxia and hypoxia (1%
O») in the presence or absence of CTK7A. Noxa expression was significantly high in
CTK7A and 1% O, co-treated cells as compared to only 1% Oo-treated cells (Fig. 3E). Noxa
expression is known to be induced by the transcription factor Hifl. Our data always showed
significantly high Hifla expression in only CoCls, (or 1% O,)-exposed GCCs as compared
to CoCls (or 1% O,) and CTK7A-treated cells (Fig. 1B, C, E and F). Noxa expression was
always high in CoCl, (or 1% O5) and CTK7A-treated GCCs as compared to only CoCl; (or
1% O,)-treated hypoxic GCCs (Fig. 3C-F). To find out the role of Hifla on Noxa
expression in the presence of CTK7A, AGS cells were stably transfected with Hifla shRNA
(Rath et al., 2015). The knockdown of Hifla significantly suppressed CoCly,-mediated
Hifla protein expression than empty vector and scrambled shRNA-expressing cells but did
not change the pattern of CTK7A-induced Noxa expression in CoCl,-treated AGS cells.
These data confirmed that Noxa regulation in hypoxic CTK7A-treated GCCs was not
dependent on Hifla (Fig. 3F).
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3.4. CTK7A induces mitochondrial translocation of Noxa and intrinsic apoptosis events in
hypoxic GCCs

Since mitochondrial translocation of Noxa is required for its apoptotic activity (Lowman et
al., 2010; Rath et al., 2015), we examined mitochondrial Noxa status after CTK7A
treatment. Western blotting (n = 3) of mitochondrial and cytoplasmic fractions of AGS cells
showed significantly higher (* £ < 0.05) mitochondrial expression and localization of Noxa
in CTKT7A plus CoCl,-treated cells as compared to control, only CTK7A-treated or only
CoCl,-treated cells (Fig. 4A). Confocal microscopy (n = 4) of the same set of cells (Fig. 4B)
corroborated western blot results. As cytochrome ¢ (Cyt ¢) release is the hallmark of the
intrinsic apoptotic pathway, we examined mitochondrial Cyt ¢ status before and after
CTKT7A and CoCl, treatment. For this, AGS cells stably expressing pDsRed2 were treated
with CTK7A and CoCl; or left untreated. Results (n = 4) clearly indicated that
mitochondrial retention of Cyt ¢ was drastically reduced in CTK7A plus CoCly-treated cells
(indicating maximal Cyt crelease into the cytosol) while control cells, CTK7A-treated and
CoCl,-treated cells were able to retain mostly all their Cyt ¢ in the mitochondria (Fig. 4C).
Colocalization analysis of Noxa-pDSRed2 and Cyt ¢-pDSRed2 were performed and the data
(Figs. S4A and S4B, respectively) showed significantly high Noxa but significantly less Cyt
cin the CTK7A + CoCl,-treated mitochondria as compared to the other three treatment
groups (n =4, *P<0.05). These data clearly showed that CTK7A + CoCl, treated cells were
undergoing maximal apoptotic stress. During intrinsic apoptosis, mitochondria undergo
fragmentation (appears spheroidal/punctated) before releasing Cyt cinto the cytosol.
Confocal microscopy was performed to find out whether any mitochondrial stress was
induced by CTK7A treatment. pDsRed2 stably-expressing AGS cells were treated with
CTKT7A in the presence or absence of CoCl,. The tubular network of healthy mitochondria
observed in control and CoCl,-treated cells was found to be damaged in cells treated with
CTKT7A. However, mitochondria appeared significantly (n = 4, *P< 0.05, **P< 0.001)
smaller, disintegrated and had increased roundness and circularity in CTK7A plus CoCls-
treated cells when compared with other treatment groups (Fig. S5A and S5B).

Next, we sought to examine the expression of caspase 9, a key factor representing the
intrinsic apoptotic pathway and the down-stream effector caspase 3 in relation to Noxa
expression. Western blotting (n = 3) of total cell lysates showed that CoCl, or 1% O, plus
CTK7A-treated cells had maximal expression of cleaved caspase 9 and cleaved caspase 3
(17, 19 kDa) indicating that these cells were undergoing apoptotic cell death to the greatest
extent (Fig. 4D). Graphical representation of Noxa and cleaved caspase 3 (the catalytically
active 17 kDa form) identified significantly high expression of these two factors in CoCl, or
1% O, plus CTK7A-treated cells as compared to the other treatment groups (n = 3,*P<
0.05), The degree of apoptosis induction in CTK7A plus CoCl,-treated AGS cells was next
determined. To detect apoptotic cells, control, CoCl,-treated, CTK7A alone and CTK7A
plus CoCl,-treated AGS cells were stained with Annexin V-PE and necrotic population was
determined by 7-AAD staining (n = 4). Flow cytometric analysis of the lower-right quadrant
showed that CTK7A plus CoCly-treated cells underwent significantly higher cell death (*P<
0.05) compared to the control, CTK7A-treated and only CoCl,-treated cells (Fig. 4E). These
data altogether confirmed that CTK7A was a potent inducer of apoptosis selectively in
CoCl, and CTK7A-treated GCCs.
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3.5. CTK7A-mediated Noxa induction in CoCl,-treated GCCs is mediated by H,O

generation

Earlier reports correlated HAT activity with ROS generation (Kang et al., 2005). Curcumin,
at low concentration, was shown to exert anticancer activity in leukemia by decreasing ROS
generation whereas at high dose it killed cells through more ROS production (Chen et al.,
2005). As CTK7A was derived from curcumin, we sought to assess the effect of CTK7A on
ROS generation. To find out the involvement of superoxide (O,"") in Noxa induction, we
performed western blotting (n = 3) using AGS cell lysates prepared from control cells, only
CTKT7A-treated cells, CoClo-treated cells or CTK7A + CoCl,-treated cells in the presence or
absence of 200 units/ml superoxide-dismutase (SOD). (=)SOD group and (+)SOD group
showed no difference in Hifla and Noxa expression which indicated that neither CTK7A
nor CoCl, alone or in combination had any role on O,*~ generation (Fig. 5A). In contrast, a
4 h pre-treatment of cells with 350 units/ml of catalase, a H,O, scavenger, markedly
suppressed Noxa expression induced by CTK7A + CoCl, treatment (*P < 0.05) (Fig. 5B)
while catalase had no suppressive effect on Hifla expression (n = 3). Chloromethyl-
H,DCFDA (CM-H,DCFDA) was used at a dose of 1 uM for 10 min to visualize ROS
generation in GCCs after CTK7A and CoCls treatment. Fluorescence microscopy revealed
that although CTK7A or CoCl; slightly induced ROS generation compared to control (Fig.
5C), CTK7A + CoCl, treatment induced maximal ROS generation. Pretreatment with
catalase notably scavenged that effect. These results suggested that H,O5, but not O,"~, was
the main mediator in CTK7A-induced Noxa expression in CoCly-treated AGS cells.

3.6. CTK7A-induced H,0O, generation in CoCl,-treated GCCs causes p38 MAPK-mediated
Noxa upregulation

Our data established that CTK7A in CoCl, or 1% O,-exposed cells caused Noxa-mediated
cell death. It is known that ROS can mediate Noxa induction (Fischer et al., 2005) and
MAPK activation (Bae et al., 2006; Chung et al., 2013; Liang et al., 2014). In order to find
out the effect of H,O, on MAPK activation, we treated AGS cells with catalase prior to
treatment with CoCl, and CTK7A. Whole cell lysates were prepared and western blot data
(n = 3) revealed that CoCl, plus CTK7A-treatment induced maximal JNK, p38 MAPK as
well as ERK1/2 phosphorylation compared to control, CTK7A alone or CoCl,-alone (Fig.
6A). Catalase had no suppressive effect on ERK phosphorylation; JINK phosphorylation was
partially suppressed and p38 MAPK phosphorylation was noticeably decreased in CTK7A
plus CoCl,-treated cells as compared to other treatment groups. This data provided an
important direction that p38 MAPK and JNK were mediating Noxa induction in CTK7A and
CoCl,-cotreated cells. To find out the role of INK and p38 MAPK activation on CTK7A-
mediated Noxa induction in CoCl,-treated cells, AGS cells were pretreated with SP600125
and SB203580, respectively. Data (n = 3) revealed that INK inhibition had no effect on Noxa
(Fig. 6B) butp38 MAPK inhibition drastically reduced Noxa and the downstream effector
molecule, cleaved caspase 3 in CTK7A and CoCl,-treated cells. (Fig. 6C). Altogether, we
established that HAT inhibition in CoCly-treated cells induced Noxa expression which was
triggered by ROS-mediated p38 MAPK activation.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rath et al. Page 10

4. Discussion

Hypoxic regions remain scattered inside solid tumors as a resultant effect of heterogeneous
angiogenesis and poor blood supply to certain parts of the tumor. Cancer cells thrive and
progress towards malignancy in hypoxic environments (Vaupel, 2004). Hypoxic cancer cells
metastasize very aggressively and become treatment-resistant (Kitajima and Miyazaki, 2013;
Lin et al., 2008). The novelty of this work lies in the finding that CTK7A, a
hydrazinocurcumin compound, selectively kills hypoxia-exposed and CoCl,-treated GCCs
but spares non-hypoxic and CoCl,-untreated cells from apoptotic death to a significant
extent. Cancer cells generally are under oxidative stress and further increment in ROS by
therapeutic attempts make cancer cells susceptible to ROS-induced cell-damages. Gastric
cancer tissues express significant amount of ROS (Bhattacharyya et al., 2014) and therefore,
therapeutic interventions of gastric cancer also exploits the ROS-generating machinery
(Chen et al., 2008; Matsunaga et al., 2010). This study confirms that CTK7A treatment
produces substantially higher amount of ROS in hypoxic cells than in untreated GCCs. Our
finding is supported by few other reports which state induced ROS generation in hypoxic
cells (Clanton, 2007; Sabharwal and Schumacker, 2014). As CoCl, also induces ROS
generation (Guan et al., 2015) and acts as a chemical hypoxia-inducer (Rath et al., 2016), its
role in ROS generation in p300 HAT inhibitor treated cells might have a good therapeutic
advantage. Enhanced ROS in CoCl, plus CTK7A-treated cells induce p38 MAPK-mediated
Noxa expression. Noxa translocation to mitochondria significantly increases mitochondrial
apoptosis in CoCl, and CTK7A-cotreated cells. Further, we show that Noxa induction in
CoCl, and CTK7A-co-treated GCCs is dependent on ROS generation. Our analysis also
demonstrates that the fold change in Noxa enhancement in hypoxic CTK7A-treated GCCs
over the CTK7A-untreated hypoxic cells is much higher than the fold change noticed in their
counterparts in non-cancer GCCs. This study further confirms that Noxa induction after
CTKTYA treatment in hypoxic AGS cells is no longer dependent on Hifla. This enigma is
solved by the finding that Noxa is only slightly induced in CoCly-treated cells but the
upregulation of Noxa following CTK7A treatment in those cells is mostly induced by H,05.
This is in keeping with earlier studies which reported about enhanced apoptosis in ROS-
generating cells. Cisplatin-mediated ROS induction has been associated with JNK activation
and apoptosis of various types of cells including GCCs (Bae et al., 2006). Curcumin-
mediated ROS induction reportedly induced JNK signaling and caused apoptosis of human
GCCs (Liang et al., 2014). Similar reports exist for ROS-mediated p38 MAPK activation
(Chung et al., 2013). The importance of histone acetylation in cancer progression and
therapy has been well documented. Suppression of HAT activity of p300 by CTK7A was
earlier shown to substantially reduce the xenografted oral cancer progression in mice (Arif et
al., 2010). Thus, our finding of ROS and p38 MAPK-mediated enhancement of Noxa
expression mostly in HAT activity-suppressed CoCl,-treated cells adds a new layer of
complexity to the existing understanding on the altered nature of hypoxic cells and offers
hope that even hypoxic cells that show metastatic properties can be killed by CTK7A.
Although our study provides important information that ROS and p38 MAPK control
CTKT7A treatment-induced apoptosis of CoClo-treated cells, the complete signaling
mechanism of ROS upregulation by HAT inhibition remains elusive.
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Altogether, our study elaborates the mechanism of p300 hypoacetylation-mediated antitumor
activity in CoCl,-treated and hypoxic GCCs. The effectiveness of CTK7A in enhancing
Noxa-mediated apoptosis via ROS generation and p38 MAPK activation in hypoxic and
invasive GCCs supports the possibility that CTK7A may be further exploited for therapeutic
purposes. This has further implications since CTK7A shows the promise to avoid
widespread toxicity and serious side effects that are commonly associated with cancer
therapy. Future studies are required to confirm the effect of CTK7A on other types of cancer.
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Fig. 1.

HXT inhibition downregulated CoCl, and 1% O,-induced expression of metastatic markers
in GCCs. (A) Expression of various metastatic factors was assessed at 3 h, 12 h, 24 h after
treatment with 200 pM of CoCl, by western blotting (n = 3). GAPDH was used as a loading
control. Graphical presentation of western blot data clearly showed significant induction of
Hifla from 3 h to 24 h of CoCl, treatment (mean + SEM, n = 3), *£< 0.05. (B) Western
blot analysis (n = 3) of whole cell lysates from AGS cells after treatment with 200 pM of
CoCl, and/or 100 uM of CTK7A for 24 h. Bar diagrams represent status of EMT markers
(mean £ SEM). */< 0.05 (C) Western blot analysis (n = 3) indicated downregulation of
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metastatic markers N-cadherin, Twist1, Hifla in metastatic gastric cancer cell lines KATO
I11 and MKN 45 after CoCl, and CTK7A treatment. (D) Western blot analysis (n = 3) of
whole cell lysates from AGS cells after a hypoxia (1% O,) exposure alone or with CTK7A.
GAPDH was used as a loading control.
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Fig. 2.
CTKT7A reduced metastatic properties in CoCly-exposed and 1% O,-treated GCCs. (A) AGS

cells were suspended in serum-free media and were seeded onto upper chambers of 24 well
inserts while lower chambers had 10% FBS-enriched media. After treatment, migrated cells
were stained with haematoxylin and counted using an inverted microscope. Scale = 50 pm.
Bars represent count of cells migrated from three independent experiments (n = 4, mean
SEM). *P< 0.05. (B) AGS cells were treated with 1% O, alone or in combination with
CTKT7A (100 puM) or left untreated for 24 h and migration ability of these cells was assessed
by counting the number of migrated cells (n = 4, mean £ SEM). *P< 0.05. Photographs
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were taken using an inverted microscope equipped with camera (Primo Vert Carl Zeiss,
Germany). Scale bar 200 um. (C) Invasiveness of GCCs was studied by using matrigel-
precoated Transwell after treatment with CoCl, (200 uM) alone or in combination with
CTKYA (100 pM) for 24 h. Number of invading cells were stained with haematoxylin and
counted (n = 4, mean £ SEM), *P< 0.05) by using an inverted microscope. (D) Invasiveness
of GCCs was studied by using matrigel-precoated Transwell after treatment with 1% O,
alone or in combination with CTK7A (100 uM) for 24 h. Invading cells were stained with
haematoxylin and counted (mean £ SEM, n = 4, *P< 0.05) by using an inverted microscope.
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Fig. 3.

Inhibition of HAT induces Noxa expression in hypoxia-treated GCCs. (A) A representative
western blot of whole cell lysates (n = 3) prepared from CoCly-treated (3 h, 12 h, 24 h with
200 puM of CoCl,) AGS cells showed time-dependent induced expression of Noxa. GAPDH
was used as a loading control. Graphical presentation of western blot data clearly indicated
increment in Noxa expression with time (mean £ SEM, n = 3), *~< 0.05. (B) Expression of
Noxa was analyzed by immunoblotting of cell lysates prepared from AGS cells treated with
CoCl;, (200 uM) and/or CTK7A (100 uM) for 24 h. GAPDH was used as a loading control.
Graphical presentation of western blot data confirmed significant increase in Noxa
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expression in CTK7A + CoCl,-treated groups as compared to other groups (mean £ SEM, n
= 3),*P< 0.05. (C) Immunoblot analysis of whole cell lysates prepared from immortalized
human GCC HFE145 treated with CoCl, (200 pM) alone or in combination with CTK7A
(100 pM) showed induced expression of Noxa in CTK7A + CoCl, combination treatment.
GAPDH was used as a loading control. Bars depict Noxa expression normalized to GAPDH
(mean £ SEM, n=3), *P<0.05. (D) Noxa expression in CoCl, (200 uM) and CTK7A (100
uM)-treated KATO 111 and MKN 45 cells. Analysis of data by Student’s #test clearly
showed a significant increase in Noxa expression in CTK7A + CoCl,-treated cells as
compared to other groups. Bars represent mean £ SEM, n= 3, *P< 0.05. (E) Immunoblot
analysis of whole cell lysates prepared from AGS cells treated with hypoxia (1% O,) alone
or in combination with CTK7A (100 uM) showed markedly induced expression of Noxa in
CTKT7A + hypoxia group. GAPDH was used as a loading control. (F) Immunoblot analysis
(n = 3) showed equal expression of Noxa in the empty vector, scrambled negative control
shRNA and Hifla-shRNA stably-expressing AGS cells treated with 200 pM of CoCl,
and/or CTK7A (100 pM) for 24 h. GAPDH was used as loading control. Data were further
analyzed by 2-way ANOVA with Bonferroni post hoc test. Error bars, mean +SEM. *P <
0.05.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rath et al.

Page 22
A ~ 2 P~ %

o PSS ,8' >
SEOTS EEESS 83
E Noxa 11 kDa Noxa11kDa 28

]
s 2
COX vV 17 kDaEGAPDH 37kDa 3 k-
Z79
Mitochondrial fraction Cytoplasmic fraction =
B CTK7A+
Control  CTK7A CoCl, CoCl, Control  CTK7A CoCl,

oDsRed2 O

NV 0“':1:. Cleaved caspase 31 @ Noxa

(&)
D oo =\° 17 kDa
~ * ~ -
gl\v'\v-\w éol\vl\vow 10, 6-
§&F LS § F& &
OO0 O O O OO R

e

Cleaved caspase 9
[ =]
H - ! Cleaved caspase 3
- 19 and 17 kDa
Noxa 11 kDa

Protein induction relative to GAP
o N B o

o
é o
s A
(&) O~
E 50 —— s
Untreated CTK7A CTK7A+CoCl, CoCl, 40
Q! e e e =
o ] 0.58% | < ] 4.15% | o ] 1.40% ®
ol § ® 2 g 30
g —91 —9 o1 o ‘o4 s 2 20
NG ° ° =~y o4 "z 2 10
N~ 5.92% o M i 5.41% | 3.98% o
"100 10! 102 103 10 \00 10" 102 10% 10? 94()0 10! 102 103 104 9100 10! 102 103 10 e 0 S * v
- > e N ,8' 8
Annexin V-PE FXe SV
[9) N O
g %go

Fig. 4.

C'IqKTA induced intrinsic apoptosis by mitochondrial translocation of Noxa in CoCl,-treated
GCCs. (A) Western blot (n = 3) showing status of Noxa in the mitochondria and cytosolic
fraction of AGS cells treated with CoCly, 200 UM, or in combination with CTK7A (100 uM)
for 24 h. COX IV and GAPDH were used as loading controls for the mitochondrial and
cytosolic fractions, respectively. Bars depict Noxa expression normalized to COX IV in the
mitochondrial fraction (mean + SEM, n = 3), *~< 0.05. (B) Confocal microscopy of AGS
cells (n = 3) treated with CoCl, (200 uM) and/or CTK7A (100 uM) for 24 h showed high
Noxa translocation to mitochondria in CTK7A + CoCl,-treated cells. Nuclei were stained
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with DAPI. Scale bar 10 um. (C) Confocal microscopic image showing cytochrome crelease
from mitochondria in the above mentioned experimental groups. DAPI staining was for
nucleus. Scale bar 10 um. (D) Immunoblotting (n = 3) of whole cell lysates prepared from
AGS cells after treatment with CoCl, (200 uM) or hypoxia (1% O5) alone or in combination
with CTK7A (100 uM) for 24 h indicated status of Noxa, cleaved caspase 3 and cleaved
caspase 9. Error bars, mean = SEM, n= 3,*P< 0.05. (E) AGS cells were treated with 200
UM CoCls alone or in combination with CTK7A (100 uM) or left untreated. Cells were
harvested and stained with Annexin V PE/7-AAD dyes. A representative dot plot (n = 4)
indicated striking increase in apoptosis in CTK7A + CoCl,-treated GCCs as compared to
other treatment groups.% cell death were compared between various treatment groups (mean
+ SEM, n = 4), *P<0.05.
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Fig. 5.

C$K7A—mediated increase in Noxa expression was regulated by ROS generation in CoCl,-
treated GCCs. (A) Immunoblot analysis (n = 3) of AGS cells after treatment with SOD for 4
h followed by treatment with CoCl, (200 pM) and/or CTK7A (100 uM) for detection of
Noxa and Hifla expression. GAPDH was used as a loading control. Bars depict Noxa
expression normalized to GAPDH (mean = SEM, n = 3), *P< 0.05. (B) Western blotting (n
= 3) of cell lysates after treatment with catalase (350 units/ml) for 4 h followed by above
mentioned combination of CTK7A and CoCl, for detection of Noxa and Hifla expression.
Graphical presentation of Noxa expression was shown by bar diagrams (mean = SEM, n =
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3), *P<0.05. (C) AGS cells were treated with CoCl, (200 uM) alone or in combination with
CTKT7A (100 uM) for 24 h with or without catalase pre-treatment (350 units/ml, 4 h). Cells
were then incubated with fluorescence probe CM-H,DCFDA at a final concentration of 1
uM for 10 min followed by fixation with paraformaldehyde at 37°C for 20 min. ROS
generation was measured under a fluorescence microscope (Olympus, Japan). Scale bar, 20
pum. Bars depict mean fluorescence intensity (mean + SEM, n = 3), *£< 0.05.
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Fig. 6.
CTKT7A induced p38 MAPK phosphorylation and Noxa upregulation via generation of H,0,

in CoCl,-treated GCCs. (A) Western blot analysis (n = 3) of whole cell lysates from AGS
cells pre-treated with catalase (350 units/ml) for 4 h followed by treatment with 200 uM of
CoCl; alone or in combination with CTK7A for 24 showed effect of ROS on Noxa, Hifla
and all MAPKSs. Bar diagrams represent status of p38 MAPK and JNK (mean + SEM, n = 3)
*P<0.05. (B) Western blotting (n = 3) showed the status of P-JNK and Noxa after pre-
treatment with 25 uM JNK inhibitor Il (SP600125) for 1 h followed by CoCl, (200 uM)
and/or CTK7A (100 pM) treatment for 24 h. GAPDH was used as a loading control. (C)
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Immunoblotting (n = 3) of AGS cell lysates showed the effect of p38 MAPK inhibition on
cleaved caspase 3 and Noxa after pre-treatment with 25 uM p38 MAPK inhibitor
(SB203580) for 1 h followed by CoCl, (200 pM) treatment and/or CTK7A (100 uM) for 24
h. Graphs depict expression pattern of Noxa and cleaved caspase 3 normalized to GAPDH
(mean £ SEM, n = 3), *P< 0.05.
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