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ABSTRACT

To identify chemical genetic interactions underlying the mechanism of action of histone deacetylase inhibitors (HDACi) a yeast deletion library
was screened for hypersensitive deletion mutants that confer increased sensitivity to the HDACi, CG-1521. The screen demonstrated that loss of
GCNS5 or deletion of components of the Gen5 histone acetyltransferase (HAT) complex, SAGA, sensitizes yeast to CG-1521-induced cell death.
Expression profiling after CG-1521 treatment reveals increased expression of genes involved in metabolism and oxidative stress response, and
oxidative stress response mutants are hypersensitive to CG-1521 treatment. Accumulation of reactive oxygen species and increased cell death
are enhanced in the gcn5A deletion mutant, and are abrogated by anti-oxidants, indicating a central role of oxidative stress in CG-1521-
induced cell death. In human cell lines, siRNA mediated knockdown of GCN5 or PCAF, or chemical inhibition of GCN5 enzymatic activity,
increases the sensitivity to CG-1521 and SAHA. These data suggest that the combination of HDAC and GCN5/PCAF inhibitors can be used for

cancer treatment. J. Cell. Biochem. 116: 1982-1992, 2015.
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Histone deacetylase inhibitors (HDACi) are promising ther-
apeutic agents for treatment of cancer. A variety of natural
and synthetic HDACI, including Trichostatin A (TSA), suberoylani-
lide hydroxamic acid (SAHA), and CG-1521 (7-phenyl-2,4,6- hepta-
trienoic hydroxamic acid) have been reported to induce apoptosis,
cell cycle arrest and anti-tumor immunity and to inhibit angio-
genesis in various cancer models [Chatterjee et al., 2013; West and
Johnstone, 2014]. Both SAHA (vorinostat) and Romidepsin (Istodex),
a cyclic tetrapeptide, have been approved by the FDA for the
treatment of cutaneous T-cell lymphoma [Mann et al., 2007;
VanderMolen et al., 2011]. While monotherapies with HDACi in solid
tumors generally lack significant therapeutic efficacy, combination
therapies have better clinical outcomes [Qiu et al., 2013; Slingerland
et al., 2014], highlighting the need to develop potent combination
treatments.

Characterization of the negative chemical-genetic interactions
with CG-1521 in Saccharomyces cerevisiae has demonstrated that
deletion of GCN5 and other components of the GCN5 histone
acetyltransferase (HAT) complex confers hypersensitivity to CG-1521

[Gaupel et al., 2014]. GCN5 is the catalytic subunit of the yeast HAT
complexes ADA, SAGA and SLIK [Grant et al., 1997; Eberharter et al.,
1999]. The human homologues, GCN5 and its paralogue PCAF (p300/
CBP associated factor), are the HAT components of the human ATAC
and SAGA complexes. HATs have also emerged as potential targets for
the treatment of cancer [Dekker and Haisma 2009] and inhibitors have
been developed for p300/CBP, PCAF, and GCN5, including natural
products such as curcumin and garcinol as well as synthetic small
molecule compounds such as isothiazolones and a-methylene-y-
butyrolactones [Dekker and Haisma 2009].

The current manuscript describes the use of yeast mutant screens
to identify novel molecular targets of HDAC], and the validation of
these targets in human cancer cell lines, exemplified by HT-29
colorectal cells. The data demonstrate HDACi induce oxidative stress
response in both yeast and mammalian cell culture models through a
process modulated by GCN5. Coordinated inhibition of HDACs and
HATSs enhances ROS- mediated cell death in mammalian cancer cells,
indicating that combination treatment may provide a new therapy
for a number of cancers.
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YEAST STRAINS AND CELL LINES

The gcn5 deletion strain from the S. cerevisiae library (Open
Biosystems, Thermo Scientific, Hudson, NH), established by the
Yeast Deletion Consortium, on the BY4741 background (Genotype:
MATa his3A1 leu2A0 met15A0 ura3A0) and the parental strain,
transformed with pYE13G (American Type Culture Collection),
conferring G418 resistance, was used in YPD growth media
containing G418, as previously described [Begley et al., 2004].
HT-29 colorectal adenocarcinoma cells were grown in RPMI-1640
(Gibco, Grand Island, NY) containing 10% fetal bovine serum. Cells
were passaged every 3-4 days.

SPOT AGAR ASSAYS

To assess the sensitivity of yeast deletion mutants to hydrogen
peroxide, wild-type and gcn5A yeast strains were spotted on agar
plates containing 3mM H,0, (Sigma-Aldrich, St. Louis, MO).
Different cell concentrations were spotted using 1:20 serial dilution
and the plates were incubated for 60 h and then imaged. Sensitivity
was scored by comparison to the untreated cells, essentially as
described previously [Gaupel et al., 2014].

The protective effect of antioxidants was tested in liquid culture
using 96-well plates. N-acetylcysteine (NAC, Sigma-Aldrich) was
dissolved in phosphate buffered saline (PBS) and the pH was adjusted
to pH 7.4. 195 pL YPD containing the indicated concentrations of
CG-1521 and N-acetylcysteine were inoculated with 5puL cell
suspension. After 20 h incubation, the cell suspension was diluted
1:2 and the ODgoo was measured. The ratio treated/untreated was
calculated.

ASSESSMENT OF SENSITIVITY OF MAMMALIAN CELLS

HT-29 cells were seeded at 2000 cells/well in 96-well plates and
treated after 48 h with the indicated concentrations of CG-1521
(Errant Gene Therapeutics, Chicago, IL) and SAHA (LC Laboratories,
Woburn, MA), the specific Gen5 inhibitor MB-3 (Sigma-Aldrich) or
vehicle control (DMSO) in the presence or absence of N-
acetylcysteine (Sigma-Aldrich). Cells were fixed in 3.7% form-
aldehyde for 20 min and washed PBS containing 0.9 mM CaCl, and
0.5mM MgCl,. Nuclei were stained with Hoechst 33258 and the
nuclei count was determined using the IN Cell Analyzer 2200 and IN
Cell Analyzer Workstation 3.7 (GE Healthcare Life Sciences,
Pittsburgh, PA). The data were normalized to control and are
presented as fraction of control.

SIRNA KNOCKDOWN

HT-29 cells were plated at 2,500 cells/well in 96-well plates and
transfected with siGENOME SMARTpool® siRNA for Gen5 and
PCAF or the siGENOME non-targeting pool #2 24h after plating
using DharmaFECT 1 transfection reagent (Thermo Fisher Scientific,
Pittsburgh, PA). Optimal knockdown was achieved with a final
concentration of 25 nM siRNA and 0.2 pL/well DharmaFECT 1. 48 h
following siRNA knockdown, the cells were treated with HDAC
inhibitors. Cell number was determined using the IN Cell Analyzer
2200 after treatment with CG-1521, SAHA or vehicle control for 72 h
as described above. Cell viability was also determined using

alamarBlue® (Molecular Probes, Thermo Fisher Scientific). The
data were normalized to the vehicle control (Ratio = treated/control)
and subsequently to the non-targeting control (Ratio target siRNA/
Ratio non-targeting siRNA). Experiments in 6-well plates to
determine knockdown efficiency by immunoblot or quantitative
Real-Time PCR were scaled up using 4 pL/well DharmaFECT 1. RNA
and protein were harvested 24h and 72h after transfection,
respectively.

QUANTITATIVE REAL-TIME PCR ANALYSIS
Exponentially growing cultures of BY4741 wild-type strain were
treated for 1h and 2 h with 50uM CG- 1521 or the vehicle control
DMSO0. RNA was extracted using the mRNeasy mini kit (Qiagen) after
enzymatic lysis of the yeast cell wall using zymolyase. 20 x 10° yeast
cells were resuspended in Buffer Y1 containing 0.1% (3-mercaptoe-
thanol and 25U zymolyase and incubated at 30°C for 20-30 min.
HT-29 cells were plated at 160,000 cells/well in 6-well plates. RNA
from HT-29 cells was harvested 24 h after knockdown. Cells were
lysed and RNA was extracted using the Qiagen mRNeasy mini kit.
The RNA concentration was measured using the NanoDrop (Thermo
Fisher Scientific). Reverse transcription reactions were performed
using Tagman Reverse Transcription Reagents (Applied Biosystems,
Life Technologies, Carlsbad, CA) to synthesize cDNA. qPCR primers
were designed using Primer-Blast (National Center for Biotechnol-
ogy Information) or Primer3 (Whitehead Institute for Biomedical
Research) [Rozen and Skaletsky 2000]. The primer sequences are
tabulated in Supplemental Table S1. qRT-PCR reactions were
prepared using SYBR Green PCR Master Mix (Applied Biosystems)
and analyzed on ABI 7900HT Fast Real-Time PCR System (Applied
Biosystems). Relative expression levels normalized to an endoge-
nous reference gene (actin (yeast) and 18S rRNA (HT-29 cells)) were
analyzed using 2742 method and log2 transformed [Livak and
Schmittgen 2001]. The data represent three independent biological
replicates (mean + SD, P < 0.05). Heatmaps were generated using
average-linkage hierarchical clustering (Cluster version 2.11) and
illustrated using Treeview version 1.60 (http://rana.lbl.gov/Eisen-
Software.htm) [Eisen et al., 1998].

IMMUNOBLOT ANALYSIS

Cells were harvested 48-72 h after knockdown by washing with cold
PBS containing 0.9mM CaCl, and 0.5mM MgCl, and lysed in
Laemmli buffer supplemented with 5% (B-mercaptoethanol. Cell
lysates were incubated at 95°C for 5min and sonicated three times
for 10s. Total cell lysates were separated by SDS-PAGE and
transferred to PVDF membranes using wet transfer. Membranes were
immunoblotted with antibodies raised against GCN5 (rabbit mAb,
Cell Signaling Technology, Danvers, MA, C26A10, 1:1000), PCAF
(rabbit mAb, Cell Signaling Technology C14G9, 1:1000) and «-
tubulin (rat mAb, AbD Serotec, Bio-Rad, Raleigh, NC, clone YOL1/34
MCA78G, 1:15,000). Specific antibody binding was detected using
goat anti-rabbit IgG (Bio-Rad, Hercules, CA, cat# 170-6515, 1:5,000)
or goat anti-rat IgG (Santa Cruz Biotechnology, Dallas, TX, sc-2303,
1:10,000) secondary antibodies conjugated with horseradish
peroxidase using Amersham ECL Plus Western Blotting Reagent
(GE Healthcare Life Sciences) and scanned on the Storm-860 imager
(GE Healthcare). The band intensities were analyzed with ImageJ
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(National Institutes of Health) software and differences in protein
levels were normalized to the loading control (a-tubulin).

FLOW CYTOMETRY

Yeast cells, growing in log phase, were treated with 50 uM CG-1521,
3mM H,0, or vehicle control and aliquots were taken at the
indicated times. The cell suspension was pelleted, washed and
resuspended in phosphate buffered saline and incubated with 1.5 pM
propidium iodide (PI, Sigma-Aldrich) for 10 min, 4pM hydroethidine
(HE, Molecular Probes, Thermo Fisher Scientific) for 15 min at 30°C
or 10 M 2/,7-dichlorodihydrofluorescein diacetate (H2DCFDA,
Molecular Probes, Thermo Fisher Scientific) for 30 min at 30°C in the
dark. Cells were immediately transferred on ice and PI, ethidium or
DCFDA staining was quantitated by flow cytometry analysis using a
BD LSR2 flow cytometer (BD Biosciences, San Jose, CA).

HT-29 colorectal cancer cells were seeded in 6-well plates and
treated 48 h after plating or siRNA knockdown with CG-1521, SAHA
and MB-3 at the indicated concentrations, or vehicle control, for the
indicated times. Cells were washed with PBS containing 0.9 mM
CaCl, and 0.5mM MgCl,, incubated with 5uM DCFDA in PBS
containing Ca®" and Mg®" for 30 min, trypsinized and resuspended
in PBS for analysis. DCFDA intensity was measured using flow
cytometry.

For all flow cytometry experiments 10,000-20,000 events were
recorded. The data were analyzed using FloJo™ software (TreeStar,
Ashland, OR). The percentage of PI-, DCFDA- and HE- positive yeast
cells was determined. In HT-29 cells, the shift in fluorescence
intensity following DCFDA staining was determined as median
fluorescence intensity. The median fluorescence intensity following
treatment was normalized to that of the control and is shown as
fraction of control.

STATISTICAL ANALYSIS

For all experiments, three or more independent biological replicates
were performed. The results are presented as mean =+ SD. Results are
regarded significant if P<0.05 as established by ANOVA and
Tukey-Kramer post-test. The overlap of CG-1521- sensitive and
oxidative stress-sensitive strains was established using Venn
diagrams. Data on strains that show decreased resistance to either
oxidative stress, hydrogen peroxide or paraquat were downloaded
from the Saccharomyces Genome Database on 2013-5-13 and 2014-
2-13, respectively [Cherry et al., 2011]. Hyperoxia-sensitive strains
were obtained from Outten et al., 2005. The statistical significance
and representation factor was calculated using the following website
(http://nemates.org/MA [progs/overlap_stats.html).

CG-1521-INDUCED CELL DEATH IS CAUSED BY THE ACCUMULATION
OF REACTIVE OXYGEN SPECIES IN THE S. CEREVISIAE GCN5A
DELETION MUTANT

Chemical genetic profiling of CG-1521 has previously identified the
SAGA complex as an important negative regulator of the growth-
inhibitory effect of CG-1521 and deletion of its HAT component
Genb sensitizes yeast cells to CG-1521-induced cell death [Gaupel

et al., 2014]. Gene expression profiling after CG-1521 treatment in
yeast suggests that the HDACi induces oxidative stress, decreases
respiration and increases glucose scavenging and flow through the
pentose phosphate pathway (Fig. 1, panel A). Gene ontology analysis
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Fig. 1. HDAC inhibition and the oxidative stress response. Panel A: Heatmap
of differentially expressed genes after treatment with CG-1521 related to
metabolism and oxidative stress was generated using Cluster 2.11 and Treeview
1.60. Panel B: Venn diagram displaying the overlap of CG-1521-sensitive and
oxidative stress-sensitive deletion strains. The dataset of deletion mutants with
decreased resistance to oxidative stress was downloaded from the
Saccharomyces Genome Database on 2013-5-13 [Cherry et al., 2011]. Panel
C: Interaction network of the SAGA complex linked to the oxidative stress
response generated in cytoscape v 3.0.2 using the BioGRID interaction network
release 3.2.109. Edges represent different types of interactions (physical
interactions: forward slash: genetic interactions: dash) Green and Purple nodes
symbolize components of the SAGA complex or the oxidative stress response,
respectively.
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identifies an enrichment of GO0:0055114 Oxidation/Reduction
(P=2.1E-5, Benjamini P=9.3E-4, 18 genes) and G0:0006979
Response to oxidative stress (P=8.7E-3, Benjamini P=0.11, 6
genes). In addition, there is enrichment in GO:0006536, glutamate
metabolic processes (P = 2.5E-3, Benjamini P= 4.3E-2, 4 genes). The
expression of glutathione S-transferases with glutaredoxin and
glutathione peroxidase activity (Ecm4/Gto2 and Gtt1) [Garcera et al.,
2006] as well as the thioredoxin (Trx2) and peroxiredoxins (Tsa2 and
Dot5) increases after CG-1521 treatment. This suggests that CG-1521
represses respiration, potentially limiting the generation of oxidative
stress through the electron transport chain. Increased expression of
Glk1, Pgm2, and Zwf1 as well as a decrease in Pfk27 expression
indicate that glucose is shunted into the pentose phosphate pathway.
However, downregulation of purine metabolism (Kegg pathway
sce00230, Benjamini P = 1.4E-2, 8 genes), as well as upregulation of
genes downstream of glyceraldehyde-3-phosphate suggest that the
pentose- phosphate pathway is not used for the generation of
nucleotides, but rather to increase the NADPH level, which is needed
for reductive processes. The differential expression of several of
these genes has been confirmed by qRT-PCR analysis (Supplemental
Table S2).

Additionally, the yeast deletion mutants with roles in the
oxidative stress response (sod1A, sod2A, ccslAlys7A, gri5A,
apdlA, yaplA, and sublA) display sensitivity to CG-1521
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Fig. 2. Deletion of GCN5 in S. cerevisiae increases the susceptibility to
hydrogen peroxide-induced cell death. Panel A: Wild-type and gcn5A strain
were spotted on agar plates containing 3 mM hydrogen peroxide. Plates were
imaged after 60 h incubation. Representative images of three independent
biological replicates are shown. Panel B: Exponentially growing yeast cells were
treated with 3 mM hydrogen peroxide for 20 h. Propidium iodide uptake was
measured by flow cytometry as described in Methods. The data are presented as
mean =+ SD of three independent biological replicates and " P<0.05.

(Supplemental Table S3). Comparison of CG-1521-sensitive deletion
mutants and deletion mutants that display decreased resistance to
oxidative stress indicates an overlap of 89 strains (25% of strains
displaying increased sensitivity to oxidative stress are CG-1521-
sensitive, P < 1.41E-23, representation factor: 3.0) (Fig. 1, panel B).
Eighteen percent of deletion mutants that are sensitive to hydrogen
peroxide, are also sensitive to CG-1521 (Supplemental Figure 1
Panel A, P < 8.17E-8, representation factor: 2.1), while 45% of the
deletion mutants, that are sensitive to hyperoxia or the superoxide-
inducing agent paraquat, are sensitive to CG-1521 (Supplemental
Figure 1 Panel B (paraquat: p,3.54E-17, representation factor: 5.0;
hyperoxia: p,7.1E-20, representation factor: 5.4)). This indicates that
the effects of CG-1521 are more similar to these two stressors than to
hydrogen peroxide.

While deletion of GCN5 has not been shown to sensitize
S. cerevisiae to oxidative stress, studies in Schizosaccharomyces
pombe and chicken B cells show that Gen5, and in case of S. pombe
other SAGA components, are essential for survival to oxidative
stress caused by hydrogen peroxide [Kikuchi et al., 2011a]. The
cytoscape interaction network, assembled using BioGRID interaction
data, confirms a link between the SAGA complex and the oxidative
stress response in S. cerevisiae and demonstrates that Gen5 and other
SAGA complex components display physical and genetic inter-
actions with several genes involved in the oxidative stress response,
including Yapl, Tsal, Trx3, Sod1, Sod2, Ccsl, Gdh3, and Gsh1
(Fig. 1, Panel Q).

To determine if GCN5 deletion in S. cerevisiae sensitizes the cells
to hydrogen peroxide, the growth of the wild-type and the gcn5A
strain on agar plates containing 3 mM hydrogen peroxide was
assessed. Deletion of GCN5 only minimally increases the sensitivity
of the deletion mutant compared to the wild-type (Fig. 2, Panel A).
However, exposure to hydrogen peroxide in liquid culture results in
increased cell death as measured by propidium iodide uptake using
flow cytometry: 27% of the wild-type cells are propidium iodide
positive, compared to 56% of gcn5A cells, indicating that GCN5
deletion confers sensitivity to hydrogen peroxide, at least in liquid
culture (Fig. 2, Panel B).

Treatment of the wild-type and the gcn5A deletion mutant with
50 wM CG-1521 leads to an increase in the number of cells showing
an accumulation of superoxide after 1 h (7.9%) in the gcn5 A deletion
mutant, which further increases to 24% after 3 h. The increase in the
percentage of hydroethidine (HE) positive cells in the wild-type
strain is delayed and does not reach significance until 3h (5.5%)
(Fig. 3, Panel A). The gcnb A strain is significantly more sensitive to
CG-1521, displaying a greater percentage of DCFDA-positive cells
(27%) compared to the wild-type strain (3%) (Fig. 3, Panel B). The
growth-inhibitory effects of CG-1521 are abrogated with the
antioxidant N-acetylcysteine (NAC) (Fig. 3, Panel C). Treatment
with CG-1521 results in a reduction of cell number of the gcn5A
deletion mutant, but not the wild-type after 20 h. Co-treatment with
20mM or 40mM NAC rescues the gcn5A mutant cells from the
effects of CG-1521 in a dose-dependent manner (by 2 and 3.7 fold,
respectively). At higher concentrations of CG-1521, the wild-type
cells are also susceptible to the drug and this effect on the wild-type
cells is also rescued by NAC (Fig. 3, Panel C). These results indicate
that CG-1521-induced cell death in yeast is mediated in part by
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Fig. 3.

Enhanced oxidative stress induction after CG-1521 treatment in the gen5A deletion mutant. Panels A: Exponentially growing wild-type and gcn5A cells were treated

with 50 uM CG- 1521, stained with hydroethidine after 1 h to 3 h as described in Methods, The data are shown as mean +SD,n = 3; " P<0.05. " denotes significance compared
to the wild-type control,  denotes significance compared to the gcn5A control and * denotes significance of the CG-1521 treated wild-type compared to the CG-1521- treated
gcn5A strain. Panel B: Exponentially growing wild-type and gen5A cells were treated with 50,M CG-1521, stained with DCFDA after 20 h and analyzed with flow cytometry, as
described in Methods. The data are shown as mean + SD n = 3;* P< 0.05. denotes significance between CG-1521 treated and control strains. Panel C: YPD containing 25 pM (+)
or 50 uM CG-1521 (++) and 20 mM (+) or 40 mM (++) NAC were inoculated with 5 L cell suspension. After 20 h incubation, the cell suspension was diluted and the ODgoo
was measured. The data were normalized to the control and presented as fraction of control. The data are shown as mean = SD of three independent biological replicates and

P < 0.05.

oxidative stress through interaction with the Gen5 catalytic subunit
of yeast HATSs.

INHIBITION OR LOSS OF GCN5/PCAF INCREASES THE SENSITIVITY OF
COLORECTAL CANCER CELLS TO CG-1521

To determine whether CG-1521 or SAHA can be used in
combination with the GCN5 -specific inhibitor, MB-3, as a novel
therapeutic option, the effects of CG-1521 or SAHA in combination
with MB-3 were tested in HT-29 colorectal cancer cells. These cells
have previously been shown to induce apoptosis through induction
of oxidative stress in response to SAHA [Portanova et al., 2008]. The
ECso at 48 h for CG-1521 and SAHA is approximately 10 uM and
1.75 uM, respectively (Fig. 4, Panels A and B). Combination
treatment of CG-1521 (6 wM) or SAHA (1 pM) and MB-3 (50 M)
results in a significant decrease in cell number over the course of
24h to 72h, compared to either GCN5 inhibition or HDAC

inhibition alone (Fig. 4, Panels C and D). After 72 h of treatment
both HDACi decrease the viable cell number compared to untreated
controls (CG-1521 to 74% and SAHA to 599%). Treatment with the
GCN5-specific inhibitor MB-3 also decreases the proportion of
viable cells to approximately 80% of control values after 72 h.
Combination treatment with either CG-1521 or SAHA, and MB-3
further decreased the viable cell number to approximately 45% of
the untreated controls, indicating that the combination of MB-3
with either HDACi has an additive effect. Similar results were
obtained in MCF-7 breast cancer cells (Supplemental Figure S2).
These results indicate that GCN5 inhibition sensitizes cancer cells to
HDACi. To determine if loss of GCN5 or the homologue PCAF
increases the susceptibility to CG-1521 treatment, expression of
GCN5 and PCAF was reduced by siRNA knockdown, which results
in a decrease of GCN5 and PCAF mRNA expression levels at 24 h
(Supplemental Figure S3) and reduces protein expression of GCN5
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Fig. 4. GCNS5 inhibition enhances the growth-inhibitory effect of CG-1521. Panels A and B: HT-29 cells were treated for 48 h with the indicated concentrations of CG-1521
(Panel A) or SAHA (Panel B), fixed, stained with Hoechst and the nuclei count was determined using the GE IN Cell Analyzer 2200. The data were normalized to the untreated
control and are presented as fraction of control (mean = SD of 3 independent biological replicates and " P< 0.05) as described in Methods. Panel C and D: HT-29 cells were treated
with 6 oM CG- 1521 (Panel C) or 1 M SAHA (Panel D), 50 uM MB-3 or a combination of HDACi and MB-3 for 24 h to 72 h, fixed, and nuclei were counted on the IN Cell
Analyzer 2200. The data were normalized to the control (and presented as fraction of control (mean 4 SD and ~ P< 0.05 compared to either agent alone) (n = 4 independent

biological replicates). Note the experiments were performed at the same time and the control and MB-3 treatment data are replicated in the left and right panels. Control: closed
circles; MB-3 alone closed squares; HDACi (CG-1521, panel C; or SAHA, panel D) filled triangles; combination of HDACi and MB-3 open inverted triangles.

and PCAF to approximately 50 and 20% after 72 h, respectively
(Fig. 5, Panel A). Similarly, combined knockdown of GCN5 and
PCAF decreases their protein expression to 50 and 20%, respectively
(Fig. 5, Panel A). Notably, GCN5 knockdown leads to elevated
expression of PCAF, as previously shown for chicken DT40 cells
[Kikuchi et al., 2005]. Decreased GCN5 and/or PCAF expression is
accompanied by reduced growth by approximately 50% compared
to the non-targeting control, as measured by nuclei count after
120 h (Supplemental Figure S4). Treatment of HT-29 cells, in which
GCN5 and/or PCAF have been knocked down, with CG-1521 for
72 h further decreases the number of adherent cells by 25 to 30%
compared to the non-targeting siRNA (Fig. 5, Panel B). SAHA also

significantly reduces growth in GCN5, PCAF and GCN5-+PCAF
siRNA transfected HT-29 cells (Fig. 5, Panel B). Measurement of cell
viability using alamarBlue® confirms these results (Supplemental
Figure S5), indicating that loss or inactivation of GCN5 and/or
PCAF increases the susceptibility to HDAC], exemplified by CG-
1521 and SAHA

GCNS5 INHIBITION LEADS TO AN ACCUMULATION OF

ROS IN HT-29 CELLS

The growth inhibition after CG-1521 treatment is accompanied by
increased oxidative stress as shown by DCFDA staining. HT-29 cells
were treated with 15 uM CG-1521 and 2.5 pM or 5 pM SAHA, and
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Fig. 5. GCN5 and PCAF knockdown sensitizes HT-29 cells to CG-1521. Panel A: HT-29 total protein was harvested 72 h after siRNA transfection and subjected to immunoblot
analysis. GCN5 or PCAF expression was normalized to tubulin and calculated relative to the non-targeting control as described in Methods. Panel B: HT-29 cells were treated 48 h
after transfection with 10 wuM CG-1521 or 1.75 M SAHA for 72 h. Cells were fixed and the cell number was determined using the IN Cell Analyzer 2200. To determine significant
changes, the cell number was normalized first to the vehicle control and then to the non-targeting (NT) control. The results are presented as mean = SD of 3-4 independent

biological replicates and " P<0.05.

production of ROS was measured by flow cytometry. Compared to
the control, oxidative stress levels are increased following CG-1521
treatment by 4.6 fold. A comparable concentration of SAHA (2.5 wM)
does not significantly increase oxidative stress, however 5 uM SAHA
does, albeit not to the same extent as CG-1521 (Fig. 6). To determine
whether the growth-inhibitory effect of CG-1521 is accompanied by
increased ROS generation in HT-29 cells with decreased activity or
expression of GCN5 or PCAF, as documented in yeast (Fig. 3), levels
of oxidative stress were measured after HDAC inhibition and siRNA
knockdown of GCN5 or PCAF or MB-3 treatment. GCN5 knockdown

and/or combined knockdown of GCN5 and PCAF significantly
increases ROS accumulation in HT-29 cells (Fig. 7, Panel A). Only
SAHA induces oxidative stress at low concentrations (Fig. 7, Panel
A), and the combination of either HDACi with knockdown of either
GCNS5, PCAF or the combination of GCN5 and PCAF does not result
in significant additional accumulation of ROS (Fig. 7, Panel B).
However, GCN5 inhibition by MB-3 results in a significant increase
in oxidative stress, and the combination of SAHA and MB-3 further
increases the levels of ROS. Treatment with N-acetylcysteine
completely abrogates the growth-inhibitory effect of MB-3 and
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Fig. 6.

HDAC inhibitors induce oxidative stress in HT-29 cells. Panel A: HT-29 cells were treated for 24 h with 15 M CG-1521 (red trace), 2.5 uM SAHA) (light blue trace),

5 M SAHA (dark blue trace) or vehicle control (black trace). The accumulation of reactive oxygen species was measured after DCFDA staining using flow cytometry as described
in Methods. Panel B: The median intensity ratio relative to the control was calculated using the data generated in Panel A.The data are presented as fold change (mean + SD of 3—-
5 independent biological replicates and ~ P< 0.05). 15 pM CG-1521 (+), 2.5 .M SAHA (+), 5 wM SAHA (++) or vehicle control ().

partially alleviates the effect of the combination treatment with
HDACI (Fig. 7, Panel C).

The data presented here demonstrate that inhibition of GCN5 or
PCAF, by siRNA knockdown or chemical inhibition of the enzymatic
activity of GCN5, enhances the growth inhibitory activity of
CG-1521 and SAHA in yeast, breast and colorectal cancer cells. In
yeast, GCN5 deletion or expression of a catalytic site mutant protein
enhances the ability of CG-1521 to induce cell cycle arrest and cell
death [Gaupel et al., 2014]. As shown here, this increase in cell death
is associated with pronounced ROS generation, including super-
oxide, in the gen5A deletion mutant compared to the wild type.
These effects of HDACi are blocked by NAC, indicating that
induction of cell death is mediated by oxidative stress. The
mechanism of ROS generation appears to be multifactorial. The
gene expression profiling described in this manuscript identifies
several ontologies related to oxidative stress including oxidation-
reduction (G0:0055114) and response to oxidative stress
(G0:0006979). Involvement of these ontologies and the induction
of thioredoxin- and peroxiredoxin-related genes as well as genes
associated with glutamate metabolic processes (G0:0006536),
further reinforces the notion that the effects of CG-1521 in yeast
are largely mediated by oxidative stress. Notably, deletion mutants
of genes upregulated following CG-1521 treatment (gdh3 A, ugal A,
and uga2 A) display increased sensitivity after exposure to oxidative
stress [Coleman et al., 2001; Lee et al., 2012] and it has been proposed
that Uga2 expression increases after H,0, exposure to elevate
NADPH pools [Coleman et al., 2001]. Several studies have also
reported a connection between HDAC inhibition and the thioredoxin

system. HDAC inhibition by SAHA leads to decreased thioredoxin
expression and/or activity and increased thioredoxin-binding
protein (TBP-2/TXNIP) expression in transformed cells [Lee et al.,
2010a]. In contrast, thioredoxin expression is increased in normal
cells, whereas ROS production only occurs in transformed cells
[Ungerstedt et al., 2005].

These studies shed light on the well-characterized resistance of
normal cells to HDACi relative to transformed cells. In addition to the
interaction between HDACi and the thioredoxin system, the class IIb
HDACs (HDAC6 and HDAC10) have also been linked to redox
regulation. HDAC6 has been shown to down regulate the activity of
PrxI and PrxIl, members of the peroxiredoxin family that mainly
function to reduce hydrogen peroxide (Parmigiani et al., 2008).
Knockdown of HDAC10 or treatment with SAHA has also been
shown to increase TXNIP expression in gastric cancer cell lines
[Butler et al., 2002; Lee et al., 2010b].

In S. cerevisiae, genes that are commonly upregulated following
environmental stresses are regulated by the SAGA complex
[Huisinga and Pugh 2004] and stress related genes, including
Tsa2, Cesl, Gpx2, Grx2, Trx2, and Srx1, are downregulated in a
SAGA component mutant background (tra1A)[Hoke et al., 2008]. In
this context deficient transcriptional activation of the oxidative
stress response may partially explain differences in oxidative stress
levels and cell death after CG-1521 treatment in the wild-type and
the gen5A deletion mutant. Post-transcriptional events may also
contribute to this effect since several studies in yeast have
demonstrated that Gen5 plays an important role in acetylating
non-histone proteins, such as the ribosomal protein transcription
factor Ifh1 [Downey et al., 2013] and the meiotic transcriptional
repressor Ume6 [Mallory et al., 2012].

This study shows that chemical inhibition of GCN5 or knockdown
of GCN5 or PCAF expression sensitizes colorectal cancer cells to CG-

JOURNAL OF CELLULAR BIOCHEMISTRY

1989

HDAC INHIBITOR-INDUCED OXIDATIVE STRESS



A * B
5- X | 2.5+ 1.5+
44 * 2.04 I ° I I
s | 2 2 1.0-
£ o] £ 4.5 ©
] c 1. <
= < (&)
(&) (&)
T 24 < 1.0 T 054
[ 5] o
(18 [T
1+ 0.54
o 0.0- cG 10:1- + + +
SRNA NT  + - - - SiRNANT + + + At ot oot ot
GCN5 - 2 + CG-1521 - + =
PCAF - = + + SAHA - -+ siRNA  GCN5 PCAF GCN5+PCAF
C * *
1.5+ 1.5-
* *
g ns I-I g ns I-l
S10da [ I 5 1.04 |_ |
[$) [$)
s s
5 5
= 0.54 = 0.5
Qo Qo
£ £
[T w
0.04 0.0-
CG-1521 - + - + - + - + SAHA - + - + - + - +
MB-3 - -+ 4+ - -+ + MB-3 - -+ + - -+ +
Ctrl NAC Ctrl NAC

Fig. 7.

Inhibition of GCNS5 results in an accumulation of ROS intermediates, which is not further exacerbated by HDAC inhibition. Panels A and B: Accumulation of ROS was

analyzed after DCFDA staining using flow cytometry. 48 h after siRNA transfection, HT-29 cells were treated with CG-1521 (10,.M), SAHA (1.75 M) or vehicle control for 24 h.
Median intensity values were normalized to the non-targeting control (Panel A), or to the vehicle control and non-targeting siRNA control (Panel B) and are presented as fold
changes. Panel C: HT-29 cells were treated with 6 uM CG-1521 or 1 uM SAHA and 50 pM MB-3 with or without 7.5 mM N-acetylcysteine (NAC) for 48 h. Nuclei counts were
determined using the GE IN Cell Analyzer 2200. The data are normalized to the control and presented as fraction of control (mean + SD of 3-4 independent biological replicates

and * P<0.05).

1521 or SAHA. Loss of either GCN5 or PCAF confers sensitivity to
HDAC inhibition, highlighting the fact that these two HATs are not
redundant [Xu et al., 2000; Yamauchi et al., 2000; Kikuchi et al.,
2005].

In HT-29 colorectal cancer cells SAHA has been shown to induces
apoptosis through the generation of ROS, and the associated
dissipation of the mitochondrial membrane potential [Portanova
et al., 2008]. This study reinforces the correlation of the growth-
inhibitory effects with an induction of oxidative stress by both CG-
1521 and SAHA in HT-29 cells

HDAC and HAT inhibition appear to cooperate in the activation
of cell death pathways in mammalian cells. GCN5 has been
reported to be required for cell survival through activation of the
PI3K/Akt pathway in response to oxidative stress [Kikuchi et al.,
2011b] and PCAF has been shown to inhibit PTEN activity through
acetylation, increasing Akt activation and inhibiting G, cell cycle
arrest [Okumura et al., 2006]. In HT-29 cells, SAHA activates the
extrinsic apoptotic pathway through increased expression of the
TRAIL receptor DR5 and caspase-8 activation [Portanova et al.,
2008]. Taken together, these data suggest that HDAC and HAT

inhibition cooperate in the upregulation of several cell death
pathways. Notably, in HL-60 cells treatment with TSA coupled
with decreased expression of several HATs, including PCAF and
GCNS5, synergistically increases DR5 levels, promoting apoptosis
[Lu et al., 2009].

The human homologues of yeast Gen5, GCN5 and PCAF, are rarely
mutated in cancer suggesting that the downstream effects of CG-
1521 mediated through the SAGA complex are unlikely to be
disrupted in cancer, and therefore represent an accessible target for
many tumor types. These studies highlight the ability of GCN5/PCAF
inhibitors and HDAC inhibitors to synergistically reduce cell survival
through Akt inhibition and promote cell death through regulation of
ROS and death receptor levels, suggesting that simultaneous
targeting of HAT and HDAC activities will provide a versatile new
approach to cancer therapy.
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