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Abstract: Lung cancer causes the highest mortality in cancer-related deaths. As these cancers often become resi-
stant to existing therapies, definition of novel molecular targets is needed. Epigenetic modifiers may provide such
targets. Recent reports suggest that the histone acetyltransferase (HAT) module within the transcriptional coactiva-
tor SAGA complex plays a role in cancer, creating a new link between epigenetic regulators and this disease. GCN5
serves as a coactivator for MYC target genes, and here we investigate links between GCN5 and ¢c-MYC in non-small
cell lung cancer (NSCLC). Our data indicate that both GCN5 and c-MYC proteins are upregulated in mouse and hu-
man NSCLC cells compared to normal lung epithelial cells. This trend is observable only at the protein level, indicat-
ing that this upregulation occurs post-transcriptionally. Human NSCLC tissue data provided by The Cancer Genome
Atlas (TCGA) indicates that GCN5 and c-MYC expression are positively associated with one another and with the ex-
pression of c-MYC target genes. Depletion of GCN5 in NSCLC cells reduces c-MYC expression, cell proliferation, and
increases the population of necrotic cells. Similarly, inhibition of the GCN5 catalytic site using a commercially avail-
able probe reduces c-MYC expression, cell proliferation, and increases the percentage of cells undergoing apopto-
sis. Our findings suggest that GCN5 might provide a novel target for inhibition of NSCLC growth and progression.
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Introduction

Approximately 85% of all lung cancer cases are
non-small cell lung cancers (NSCLCs), including
squamous cell carcinomas, adenocarcinomas
and less commonly large cell carcinomas [1].
Treatment for lung cancer, including surgery,
radiation therapy, chemotherapy and targeted
therapies, has improved survival, but novel tar-
gets for lung cancer are still needed since these
cancers often become resistant to therapies
[2]. Elucidation of epigenetic mechanisms that
play a role in lung cancer holds promise to
improve targeted therapy for this cancer as well
as other cancer types [3].

Spt-Ada-Genb-Acetyl transferase (SAGA) is a
multi-functional, multi-protein complex that po-
st-translationally modifies histones [4-6]. The
SAGA complex is composed of multiple func-
tional units including the histone acetyltrans-
ferase (HAT), deubiquitinase (DUB), SPT and

TAF modules [4-6]. These modules regulate his-
tone acetylation and deubiquitination, maintain
SAGA architecture, and facilitate interactions
with transcriptional machinery and transcrip-
tion factors [4-6]. In mammals, SAGA plays a
role in regulating transcriptional initiation and
elongation and also targets non-histone sub-
strates that serve in diverse biological roles
[4-7]. SAGA is important for normal embryonic
development in mice and plays important roles
in cell growth, signaling pathways, genome
integrity, metabolic control and stress respons-
es [4-6]. Many of these processes are hall-
marks of cancer, and dysregulation of these
activities may contribute to oncogenesis [8].

The SAGA histone acetylation module contains
GCN5 (also known as KAT2A) as the catalytic
subunit and ADA proteins that regulate HAT
activity [4-6]. PCAF (also known as KAT2B), a
homologous transcriptional co-activator to
GCNS5, is also incorporated in a SAGA-like com-
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plex [9]. In addition, GCN5 and PCAF are incor-
porated into ATAC complexes [10], as well as
smaller ADA complexes [11]. In all cases, com-
plexes contain either GCN5 or PCAF, never
both. Prior work indicates that GCN5 and PCAF
can compensate for one another in some bio-
logical settings, but these HATs also have dis-
tinct functions [12]. GCN5, the first identified
transcription-related HAT, acetylates lysine res-
idues in histone proteins to facilitate transcrip-
tion initiation and elongation [5]. GCN5-me-
diated acetylation occurs on multiple resides in
histone H3 including K9, K14, K18, K23, K27,
K36, and additional lysines in histones H2B
and H4 [13]. A variety of studies have shown
that both GCN5 expression and proper function
are essential for normal development [14-17].
Embryonic stem cells (ESCs) null for Gen5 show
cell-cycle arrest in the G2/M phase and pre-
mature loss of transcription factors essential
for ESC identity upon differentiation, indicating
that GCNS5 is required for maintaining both ES
cell self-renewal and differentiation [18]. Con-
ditional knock out (KO) of Gen5 in neural pro-
genitor cell populations reduces brain mass,
similar to phenotypes observed upon deletion
of c-Myc or N-myc, suggesting that GCN5 posi-
tively regulates the expression or the function
of MYC proteins [19]. Indeed, MYC mutant mice
exhibit global changes in gene expression link-
ed to altered expression of GCN5 [20].

Our previous work revealed that loci bound by
GCN5 in mouse ESCs are highly enriched for
¢-MYC and/or E2F1 consensus binding sites. In
addition, a large percentage of genes affected
by GCN5 loss are known to be regulated by
¢c-MYC and E2F1 [21]. Interestingly, c-MYC regu-
lates expression of GCN5 and several other
SAGA components [21]. GCN5 is one of the ear-
liest genes induced by c-MYC during reprogram-
ming of fibroblasts to induced pluripotent (iPS)
cells, and together c-MYC and GCN5 activate
genes required for alternative splicing events
necessary for reprogramming [21]. These find-
ings indicate that ¢c-MYC and GCN5 work to-
gether in a feed forward loop where ¢c-MYC
increases the expression of GCN5, which func-
tions as a coactivator of ¢c-MYC target genes
[241]. Since GCN5 is required for the functions
of ¢c-MYC in ESCs and as a Yamanaka factor
during somatic cell reprogramming [21], it may
also contribute to c-MYC functions in oncogen-
esis. ¢c-MYC is frequently amplified and aber-
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rantly expressed in human lung cancers, rais-
ing the question of whether GCN5 may contrib-
ute to the formation or progression of these
cancers [22].

Previous studies have interrogated the effect of
GCN5 knockdown in various cancer cells [23-
26]. These studies reveal that GCN5 serves as
an oncoprotein in various cancer types and that
its inhibition represses certain cancer pheno-
types [23-26]. Thus far, only a small number of
studies have probed GCN5 functions in lung
cancer. Inhibition of GCN5 was found to reduce
viability of lung cancer stem-like cells [27]. A
separate study revealed that repression of
GCN5 reduced NSCLC growth by suppressing
key oncoproteins such as E2F1, cyclin D1 and
cyclin E1 [23]. However, neither study analyzed
the relationship between GCN5 and ¢c-MYC.

Here we examine links between GCN5 and
¢c-MYC in NSCLC cell lines and tissues, in order
to determine whether the GCN5 catalytic cen-
ter might provide a novel target for therapy
development.

Materials and methods
Cell culture

The murine (ED1, 344P, 344SQ, 393P, KC2 and
LKR13) lung cancer cell lines, the human
(H1355, A549, H520, H1299 and LUDLU1)
lung cancer cell lines and the immortalized
murine pulmonary epithelial cell line C10 were
cultured in RPMI-1640 medium (HyClone) sup-
plemented with 10% fetal bovine serum (FBS)
(HyClone) and 1% penicillin-streptomycin (Hy-
Clone). The immortalized human pulmonary
epithelial cell line BEAS2B was cultured in
LHC-9 medium (Gibco) supplemented with 1%
penicillin-streptomycin. The immortalized hu-
man pulmonary epithelial cell lines HBEC was
cultured in Keratinocyte Serum-Free Media
(KSFM, Gibco) supplemented with 1% penicil-
lin-streptomycin, Estrogen Growth Factor (EGF,
5 ng/uL, Invitrogen) and Bovine Pituitary Extr-
act (BPE, 50 ng/uL, Invitrogen). Immortalized
murine fibroblast cell lines (MCAFs and MLFs)
were cultured in Alpha-MEM medium (Corning)
supplemented with 20% FBS, 1% Sodium Py-
ruvate (Gibco), 1% L-glutamine (HyClone) and
1% penicillin-streptomycin. The immortalized
human fibroblast cell line (IMR9O0) was cultured
in DMEM (Corning) supplemented with 10%
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FBS, 1% L-glutamine and 1% penicillin-strepto-
mycin. 293T human embryonic kidney cells
were cultured in DMEM supplemented with
10% FBS and 1% penicillin-streptomycin. Cells
were cultured at 37°C in a humidified incubator
with 5% CO,. Cell lines were purchased and
authenticated by the American Type Culture
Collection (ATCC). The murine lung cancer cell
line ED1 was derived from lung cancers arising
from wild-type cyclin E engineered mice and
was previously authenticated [28]. The murine
lung cancer cell lines 344P, 344SQ, 393P, KC2
and LKR13 were derived from lung cancers
arising from mutations in Kras or both Kras and
p53 [29]. The immortalized murine fibroblast
cell lines were derived as previously described
[30, 31].

3-Methylcyclopentylidene-[4-(4’-chlorophenyl)
thiazol-2-yl] hydrazone (CPTH6) [32] was pur-
chased from Cayman Chemical, dissolved in
dimethyl sulfoxide (DMSO, Sigma-Aldrich) for a
final concentration of 10 mM (10 mmol/L) and
diluted to final concentrations in complete
medium similar to previous studies [27, 33].
Equal volumes of DMSO were used as vehicle
control (1% DMSO maximum). After 24 hours
from seeding, logarithmically growing cells were
treated with CPTH6 at concentrations ranging
from 40-100 pM for 24-96 hours.

Immunoblot analyses

Cells were washed with phosphate buffered
saline (PBS, Corning) and lysed with ice-cold
Pierce RIPA Lysis and Extraction Buffer (Thermo
Scientific) supplemented with Protease Inhibi-
tor Cocktail (Sigma-Aldrich) and PhosSTOP™
Phosphatase Inhibitor (Sigma-Aldrich). Total hi-
stone extracts from cells were isolated using
the Histone Purification Kit (Active Motif) acc-
ording to manufacturer’s protocol. Proteins we-
re resolved on SDS-PAGE before transfer to
nitrocellulose membranes (Bio-Rad). Membr-
anes were blocked in 5% nonfat milk (Equate
Dry Milk, Wal-Mart) dissolved in Tris-buffered
saline with 0.1% Tween 20 (TBS-T) for at least
1 hour before overnight incubation at 4°C wi-
th primary antibody diluted in 5% nonfat milk or
5% bovine serum albumin (New England Bio-
labs). This was followed by a series of washes
with TBS-T and an incubation (1 hour) with sec-
ondary antibody diluted in 5% nonfat milk at
room temperature. After additional washes
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with TBS-T, antibody binding was visualized by
ECL™ Prime Western Blotting System (GE Heal-
thcare) or by an Odyssey Blot Imager (LI-COR
Biosciences) and quantified by ImageJ software
(version 1.51m9, imagej.nih.gov/ij). Antibodies
used for immunoblot analyses were: anti-AD-
A2B (Abcam, #57953), anti-B-Actin (Santa Cr-
uz, #sc47778), anti-c-Myc (Cell Signaling Te-
chnology, #5605 and #9402), anti-GCN5 (Cell
Signaling Technology, #3305), anti-H3 (Abcam,
#1791), anti-H3-K9Ac (Abcam, #32129), and
anti-PCAF (Cell Signaling Technology, #3378).
Secondary HRP anti-mouse and anti-rabbit an-
tibodies and secondary Alexa Fluor Plus anti-
mouse (#A32729) and anti-rabbit (#A32735)
antibodies were purchased from Invitrogen (Th-
ermo Scientific). Immunoblots were stripped
using Restore PLUS Western Blot Stripping
Buffer (Thermo Scientific). Protein expression
levels were quantified by ImageJ software (ver-
sion 1.52k, imagej.nih.gov/ij).

Proliferation and apoptosis assays

Cell proliferation was measured using the
CellTiter-Glo Assay kit (Promega) according to
manufacturer’s protocol. Apoptotic and necrot-
ic cells were measured using FITC Annexin V
Apoptosis Detection Kit with Propidium lodide
(PI, BioLegend) according to manufacturer’s
protocol.

Quantitative real-time PCR assays

Quantitative real-time PCR (gRT-PCR) assay
primers are listed in Table 1. Total RNA was iso-
lated using the RNeasy minikit (Qiagen). RNA
was converted to ¢cDNA prior to qPCR using
SYBR green PCR master mix (Roche).

Stable cell lines with repressed GCN5 expres-
sion

Five candidate TRC pLKO.1 lentiviral shRNAs
for murine and five TRC pLKO.1 lentiviral shR-
NAs for human repressing GCN5 or c-MYC were
purchased (Dharmacon) and two shRNAs with
the greatest knockdown efficiency as determ-
ined by immunoblots (> 50%) were chosen.
Lentiviral psPAX2 and pMD2-G plasmids were
used to generate lentiviral particles, as des-
cribed previously [14]. Lentiviral particles used
for individual GCN5 knockdown experiments in
murine and human cell lines were generated in
293T cells, as described previously [14].
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Table 1. Quantitative RT-PCR Primers. A list of target genes along with respective forward and reverse
primer sequences

Gene Forward Primer Reverse Primer

Mouse Genb 5’-CTTCTGTGCCGTCACCTCAA-3’ 5-TGGTACTCCTTTAGGTGGTTCATCA-3’
Mouse c-Myc 5’-AATCCTGTACCTCGTCCGATTCCA-3’ 5-TTTGCCTCTTCTCCACAGACACCA-3’
Mouse Pcaf 5’-GGAGAAACTCGGCGTGTACT-3’ 5’-CTGGAGGTCTCCTCTTGGTG-3’
Mouse Gapdh 5’-TCACCACCATGGAGAAGGC-3’ 5’-GCTAAGCAGTTGGTGGTGCA-3’
Human GCN5 5’-GTGCTGTCACCTCGAATGAG-3’ 5’-CGGCGTAGGTGAGGAAGTAG-3’
Human c-MYC 5-TTTCGGGTAGTGGAAAACCA-3’ 5’-CACCGAGTCGTAGTCGAGGT-3’
Human PCAF 5-GGCCAAGAAACTGGAGAAACT-3’ 5-GGTGAGGGGTTAGGGTTTTT-3’

Human GAPDH 5’-AGGTGAAGGTCGGAGTCAACG-3’ 5’-CGTTCTCAGCCTTGACGGTG-3’

DepMap

Genetic screens and gene dependencies for
human lung cancer cell lines were obtained
from public repositories of DepMap (https://
depmap.org/portal/). Dependency scores were
directly recorded from genome-wide-loss-of-
function RNAi (DEMETER2) [34] and CRISPR
(CERES) [35] screen datasets. Lung cancer cell
lines containing dependency scores of ~-0.3 or
lower were considered as dependent on GCN5
or ADA2B, respectively.

The cancer genome atlas (TCGA) and onco-
mine

Expression data (mRNA) for human NSCLC
(both lung adenocarcinomas and squamous
cell carcinomas) and adjacent normal lung tis-
sues were obtained from public repositories of
TCGA. High and low two-gene combination pre-
dictions were analyzed as previously reported
[36]. To compare expression levels, transcripts
per million (TPM) units were used, which was
found optimal for comparing expression data
from RNA sequencing [37].

To confirm these analyses, expression data
(mRNA) for human normal and non-small cell
lung cancer tissues (both lung adenocarcino-
mas and squamous cell carcinomas) were ana-
lyzed using the Oncomine database (www.
oncomine.org). Both normal lung and NSCLC
tissue mRNA expression data (average mRNA
Log2 median-centered intensity) was analyzed
from a previously published data set [38].

Statistics

Two-tailed Student’s t test was used to com-
pare differences between groups. Spearman
rank correlation measured the strength of
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association between two variables. One-way
ANOVA with Bonferroni correction was used for
multiple comparisons. The logrank test was
used to compare the survival distributions
shown in Kaplain-Meier plots. The IC, values
for CPTH6 treatment were calculated as previ-
ously described [39]. Data are presented as
mean with SD bars, unless otherwise stated.
Results of independent experiments were po-
oled to assess statistical significance. Stati-
stical significance was defined as P < 0.05.

Results

GCN5 and c-MYC are positively associated in
human NSCLC tissues

First, we conducted a comprehensive analysis
of GCN5 mRNA expression in human NSCLC tis-
sues, comparing GCN5 mRNA levels in adja-
cent normal and NSCLC tissues using publicly
available databases including The Cancer
Genome Atlas (TCGA) and Oncomine. These
analyses revealed that GCN5 mRNA expression
is upregulated in lung cancers (both adenocar-
cinomas and squamous cell carcinomas) ver-
sus normal tissues (Figures 1A, S1). These find-
ings are consistent with previous work that indi-
cated GCN5 protein levels are elevated in
NSCLC tissues [23]. Interestingly, PCAF mRNA
levels were significantly (P < 0.001) downregu-
lated in NSCLC compared to adjacent normal
tissue (Figure S2). In contrast to GCN5 mRNA
levels, both ADA2B, another SAGA HAT subunit
component important for GCN5/PCAF HAT
activity [40], and c-MYC mRNA levels showed
either no significant differences or inconsistent
trends when comparing expression in adeno-
carcinomas or squamous cell carcinomas to
adjacent normal lung tissues (Figures S3, S4).

Late stage lung cancers are associated with
reduced positive response to therapy and high-
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Figure 1. GCN5 mRNA levels are upregulated and associated with c-MYC and ¢c-MYC target genes in human NSCLC
tissues. Public repositories of TCGA were analyzed for (A) GCN5 mRNA levels in human adjacent normal lung (n =
59) and lung adenocarcinoma (n = 517) as well as adjacent normal lung (n = 51) and lung squamous cell carci-
noma (n = 501) tissues, (B) GCN5 mRNA levels in different stages (I-IV) of lung adenocarcinoma or lung squamous
cell carcinoma, (C) associations between GCN5 and c-MYC mRNA levels in human lung adenocarcinoma and lung
squamous cell carcinoma tissues, (D) significant associations between GCN5 and ¢c-MYC to known c-MYC target
genes, or (E) GCN5 and c-MYC mRNA levels in relation to NSCLC (both lung adenocarcinoma and lung squamous
cell carcinoma) patient survival. Data are represented by (A) box-and-whisker plots, (B) scatter plots, (C) a heat map
representing negative (green) versus positive (red) associations, (D) a Kaplan-Meier survival curve where: purple =
GCNS5 high, c-MYC low (P = ns), green = GCN5 low, c-MYC low (P = ns), red = GCN5 high, c-MYC high (P = ns), and
yellow = GCN5 low, ¢-MYC high (*P < 0.05). High versus low levels are relative to median expression. Symbols refer

to ***pP < 0.001.

er mortality rates [41]. Since GCN5 mRNA lev-
els were upregulated in NSCLC tissues, we next
sought to determine whether GCN5 mRNA lev-
els were associated with stage in NSCLC, using
TCGA to compare expression of GCN5 in both
lung adenocarcinomas and squamous cell ca-
rcinomas categorized by stages I-IV. A slight,
but significant (P < 0.001), decrease in GCN5
MRNA levels was only observed in later stage
lung squamous cell carcinomas only, relative to
earlier stage tumors (Figure 1B). Variability in
GCNS5 expression levels between different NS-
CLC types and stages suggest that GCN5 ex-
pression is not associated specifically with
early or advance stages of NSCLC.

Next, GCN5 and c-MYC mRNA levels were
examined in individual adenocarcinomas and
squamous cell carcinomas data in TCGA to
determine if expression of these factors is
associated in these NSCLCs. GCN5 and ¢c-MYC
mRNA levels were found to be significantly (P <
0.001, r=0.150 for lung adenocarcinomas and
r = 0.295 for lung squamous cell carcinomas),
positively associated in human NSCLC tissues
(Figure 1C). In contrast, PCAF and c-MYC mRNA
levels were not found to be associated in the
same human NSCLC tissues (Figure S5). The
association between GCN5 and ¢c-MYC mRNA
levels in human NSCLC tissues suggests that
there may also be an association between
GCN5 and c-MYC target gene expression
levels.

Prior work has shown that direct target genes
of GCNb5 overlap with those of c-MYC in ES cells
[21]. We next asked whether GCN5 and ¢c-MYC
show similar associations with known c-MYC
target genes [42] in human NSCLC tissues.
TCGA was again interrogated, and expression
of some known c-MYC target genes was found
to be similarly associated to both GCN5 and
c-MYC expression (Figures 1D, S6). These tar-
get genes, with their respective Spearman Rho
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values and statistically significant p-values, are
also listed in Table S1. Most of these genes
have functions in cell growth, apoptosis, and
cell metabolism. The associations between
expression of GCN5 and ¢c-MYC, and between
expression of GCN5, ¢c-MYC, and known ¢c-MYC
target genes, suggest that GCN5 may serve as
an important cofactor for c-MYC in NSCLC, con-
sistent our prior work in ES cells and in iPS cells
[24].

Lastly, since amplification of c-MYC correlates
with poor prognosis in NSCLC [43], we sought
to determine the relationship between GCN5
and ¢c-MYC mRNA levels and NSCLC patient
survival over a two-hundred-month period. Ho-
wever, no significant differences in survival
were found among patients with high vs low
expression of GCN5 and c-MYC (Figure 1E).

GCN5 and ¢c-MYC protein expression levels are
up regulated in NSCLC cell lines

To complement our in-silico analyses, we next
determined whether GCN5 protein levels are
up regulated in lung cancer cell lines, and
whether GCN5 levels are elevated along with
¢c-MYC. Both GCN5 and c-MYC protein levels
were examined in murine (ED1, 344P, 344SQ,
393P, KC2, LKR13) and human (A549, H520,
H1299, H1355, LUDLU1) NSCLC lines comp-
ared to murine (C10, MCAFs, MLFs) and human
(HBEC, BEAS2B, IMR90) normal immortalized
controls. In murine and most human NSCLC
cell lines, both GCN5 and ¢c-MYC protein levels
were up regulated compared to normal controls
(Figure 2A, 2B). Such trends were more robust
in the murine cell lines. Protein expression of
ADA2B was also upregulated in murine NSCLC
cell lines compared to normal lines, but this
trend was not observed in human cell lines.
PCAF protein levels were found to be highly vari-
able in both murine and human NSCLC cells
(Figure S7A, S7B). Next, we sought to determine
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Figure 2. GCN5 and c-MYC proteins are upregulated and positively associated in NSCLC cell lines. Steady state
levels of GCN5, ¢c-MYC, and ADA2B proteins were analyzed in (A) murine and (B) human immortalized epithelial
and fibroblast lung controls and NSCLC cell lines. Immunoblotting was performed using anti-GCN5, anti-c-MYC, and
anti-ADA2B antibodies. B-Actin served as a loading control. GCN5 and c-MYC expression levels were normalized to
B-Actin expression and compared between immortalized lung controls and NSCLC cell lines. Steady state levels of
histone H3 K9 acetylation were detected by immunoblotting using anti-H3K9 acetylation and anti-H3 antibodies in
(C) murine and (D) human cell lines. Total H3 protein served as a loading control. Stable reduction of endogenous
¢c-MYC expression by independent shRNAs introduced into murine ED1 (E) and human H1355 (F) lung cancer cells
decreased endogenous GCN5 protein levels. Immunoblotting was performed using anti-GCN5 and anti-c-MYC anti-
bodies. B-Actin served as a loading control.

whether c-MYC affects GCN5 expression in cells. Since GCN5 protein levels were undetect-
NSCLC lines. Knockdown of c-MYC levels in able in normal fibroblast immortalized lung con-
ED1 and H1355 decreased GCN5 protein lev- trols, we focused our acetylation analyses on
els, consistent with previous findings that epithelial cells. Histone H3K9 acetylation was
c-MYC regulates GCN5 expression other cells upregulated in murine NSCLC lines compared
[21]. to normal control cells (Figure 2C), consistent

with increased GCN5 expression and HAT activ-
Histone H3K9 acetylation is largely dependent ity in these cell lines. Again, this trend was not
on GCN5 and PCAF expression in other cell apparent in human cell lines (Figure 2D). Such
types [13], so we compared levels of this modi- differences between mouse and human cell
fication in normal immortalized cells and NSCLC lines is not uncommon, since human cell lines
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harbor many different mutations that may
affect protein steady state levels [44].

To determine whether GCN5 and c-MYC mRNA
levels were also upregulated in murine and
human NSCLC cell lines, we performed qRT-
PCR analyses on RNA extracted from murine
(ED1, 393P, KC2, LKR13) and human (H520,
H1299, H1355, A549, LUDLU1) NSCLC lines
and compared the results to those using RNA
extracted from murine (C10) and human (HBEC
and BEAS2B) normal immortalized lung cells
as controls. Again, we focused attention on
normal epithelial immortalized lung cells since
expression levels of GCN5 and ¢c-MYC were al-
most undetectable in normal fibroblast imm-
ortalized cells. No consistent differences in
either GCN5 or c-MYC mRNA expression in the
NSCLC lines relative to the normal controls
were observed (Figure S8A, S8B), although
decreased levels of Gen5 mRNA (P < 0.05) we-
re observed in two murine NSCLC lines (393P
and LKR13). We also analyzed expression of
PCAF in both murine and human NSCLC lines,
and again no clear, consistent trends were
observed amongst the cell lines examined

(Figure S9A, S9B).

After observing a positive association between
GCN5 and c-MYC expression in human NSCLC
tissues in TCGA, we next asked whether such
association between GCN5 and c-MYC RNA lev-
els also occurred in murine and human NSCLC
cell lines. In murine cells, Gen5 and c-Myc
MRNA levels appear similar to each other in
most lines, except for LKR13 (Figure S8C), and
Spearman rank correlation tests indicate that
Gen5 and c-Myc mRNA levels have a wealk,
positive association (r = 0.2, P = 0.80) in these
murine NSCLC and normal control cells. Similar
GCN5 and c-MYC mRNA levels were observed
in some of the human cell lines but were nota-
bly different in others (Figure S8D). Spearman
rank correlation tests indicate a moderate, neg-
ative association between the mRNA levels of
these genes (r =-0.67, P=0.17) in human cells.

Taken together, our analyses in murine and
human NSCLC cell lines indicate that expres-
sion of GCN5 and c¢c-MYC were coordinately
upregulated in NSCLC cells relative to normal
lung cells mainly at the protein level. The strong
associations between GCN5 and ¢c-MYC in no-
rmal lung and NSCLC cell lines indicates th-
at the upregulation of both proteins occurs
post-transcriptionally.

1837

NSCLC cell lines are dependent on GCN5 func-
tion

To explore whether viability of human lung can-
cer cell lines is dependent on GCN5 expres-
sion, two independent genome-wide loss-of-
function screens using either RNAi [34] or
CRISPR [35] were interrogated using the Dep-
Map database. We also examined dependency
data for ADA2B, another component of the HAT
module in SAGA, and for PCAF, a GCN5 homo-
log. Out of ~127 human lung cancer cell lines
analyzed in the RNAIi screen, 10 exhibited a
dependency of GCN5 (KAT2A) expression, as
indicated by a dependency score of ~ -0.3 or
lower [45], and the majority of these are NSCLC
cell lines (Figure 3A, 3B). Only 3 lung cancer
cell lines in the RNAI screen exhibited a depen-
dency of ADA2B (TADA2B) expression, as also
indicated by a dependency score of ~ -0.3 or
lower (Figure 3C). The small cell lung cancer
cell line DMS53 was the only line in the RNAI
screen that showed a dependency on PCAF
(KAT2B), with a dependency score of -0.35
(data not shown).

To gain further insights to SAGA HAT module
dependencies in human lung cancer cell lines,
we examined data from CRISPR genetic screens
for both GCN5 and ADA2B and found 42 lung
cancer cell lines out of the 70 lines used in the
screen exhibited dependency on one or both of
these factors (Figure 3D). The majority of these
lines were again NSCLC cells lines; 11 lines had
a dependency score for GCN5 of -0.3 or lower
(Figure 3E) and 33 had a dependency score for
ADA2B of -0.3 or lower (Figure 3F). Only 9 of
these cell lines exhibited dependency on both
GCN5 and ADA2B (Figure 3E, 3F, underlined
cell lines). Moreover, 12 lung cancer lines exhib-
ited a very high dependency on ADA2B, with a
score -0.5 or lower, which may reflect the fact
that ADA2B is required for both GCN5 and
PCAF containing SAGA complexes. However, no
lung cancer cell lines in the CRISPR screen
showed dependency on PCAF, suggesting that
GCNS5 is most crucial in these cells. Altogether,
these data suggest that SAGA HAT module
functions are required for proliferation or sur-
vival of multiple NSCLC cell lines.

Repression of GCN5 expression or activity af-
fects proliferation and reduces c-MYC protein
levels in NSCLC cell lines

We next determined how depletion of Gecnb
affects NSCLC cell proliferation and survival
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Figure 3. Human NSCLC cell lines are dependent on GCN5 and ADA2B functions. Genome-loss-of-function de-
pendency data of human lung cancer cell lines were analyzed using RNAi and CRISPR screen datasets. (A) The
breakdown of human lung cancer cell types dependent on GCN5 and ADA2B in the RNAi screen and (B) GCN5 or (C)
ADA2B dependent cell lines and dependency scores were analyzed. Cell lines with dependency scores of ~ -0.3 or
lower are represented. (D) The breakdown of human lung cancer cell types dependent on GCN5 and ADA2B in the
CRISPR screen and (E) GCN5 as well as (F) ADA2B dependent cell lines and dependency scores were analyzed. Cell
lines with dependency scores of ~ -0.3 or lower are represented. Lung cancer cell lines exhibiting a dependency for

both GCN5 and ADA2B are underlined.

using two independent shRNAs to repress
GCNb5 expression. Representative results from
Genb depletion in murine ED1 cells and human
H1355 cells are shown (Figure 4A), but similar
results were also seen in other cell lines includ-
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ing 393P, LKR13, H520, and A549 (data not
shown). Proliferation assays were performed in
ED1 and H1355 over a four-day period. Similar
to prior reports [23], we found that depletion of
GCN?5 significantly (P < 0.01) reduced prolifera-
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Figure 4. Reduction of GCN5 protein represses cell proliferation, increases the percentage of necrotic cells, and
decreases ¢c-MYC protein expression. A. Proliferation of murine ED1 and human H1355 NSCLC cell lines with stable
knockdown of GCN5 by two independent shRNAs was monitored over 4 days. Proliferation rate was normalized to
day 1. Representative immunoblots confirming GCN5 knockdown are shown in panel 3C. B. Apoptosis assays were
performed in the murine ED1 NSCLC cell line with stable knockdown of GCN5 by shRNAs 3 days after seeding cells.
Percentage of live, apoptotic and necrotic cells are shown. C. Stable reduction of endogenous GCN5 expression
by two independent shRNAs introduced into murine and human lung cancer cells decreased endogenous c-MYC
protein. Immunoblotting was performed using anti-GCN5 and anti-c-MYC antibodies. B-Actin served as a loading
control. Symbols refer to *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

tion of both murine and human NSCLC cell lines cancer cell lines, thereby increasing c-MYC pro-
(Figure 4A) but does not affect the percentage tein stability [48, 51, 52]. Lastly, loss of GCN5
of cells undergoing apoptosis (Figure 4B). reduces levels of ¢c-MYC in mouse embryonic
Interestingly, our data indicate that repression stem cells [49]. Consistent with these reports,
of GCN5 significantly (P < 0.05) increased the we found that loss of GCN5 decreased c-MYC
population of necrotic cells. Repression of GC- protein levels in NSCLC cell lines (Figure 4C).
N5 also inhibited cell proliferation and increa-
sed the percentage of necrotic cells in normal To determine if the observed effects of GenS
control cells (Figure S10A, S10C). These data depletion on cell proliferation is linked to loss of
suggest that that GCN5 is critical for the growth HAT activity, we treated NSCLC cells with the
and survival of both normal lung and NSCLC GCN5/PCAF HAT domain inhibitor CPTH6 [27,
cell lines. 33]. The murine ED1 cells and human H1355
cells were each treated with varying doses of
Regulatory relationships between GCN5 and CPTH6 (40-100 uM) found to be effective in
¢c-MYC have been observed in multiple different prior studies [27], or with vehicle control (DM-
model systems [21, 46-50]. In 293T cells, MYC S0). Cell proliferation assays were performed
directly interacts with GCN5 and the SAGA com- after four days of treatment. Repression of
plex [47]. GCN5 also acetylates ¢c-MYC in lung GCN5 by CPTH6 treatment significantly (P <
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Figure 5. Inhibition of GCN5 activity by CPTH6 represses cell proliferation, increases apoptosis, and decreases
¢c-MYC protein expression. A. Proliferation of murine ED1 and human H1355 NSCLC cell lines at multiple doses
(40-100 mM) of CPTH6 treatment was normalized to proliferation of vehicle (DMSO) treated cells after 4 days. B.
Apoptosis assays were performed using 100 mM of CPTH6 or vehicle control and analyzed after 3 days of treat-
ment. Percentage of live, apoptotic and necrotic cells are shown. C. Immunoblotting was performed to analyze
H3K9 acetylation levels in murine ED1 NSCLC cell line treated with 200 mM of CPTH6 for 1 day. H3 protein served
as a loading control. D. Immunoblotting was performed to analyze c-MYC protein levels in murine ED1 and human
H1355 NSCLC cell lines treated with 200 mM of CPTH6 for 4 days. Total H3 protein served as a loading control.
Symbols refer to **P < 0.01, ***P < 0.001, and ****P < 0.0001.

0.01) reduced cell proliferation of both ED1
(ICy, = 38.54) and H1355 (IC, = 29.67) NSCLC
cell lines (Figure 5A). Reduction in cell prolifera-
tion was also observed in normal control (C10,
IC,, = 13.33) cells treated with CPTHG6 (Eigure
S11A). We tested effects of multiple concentra-
tions of CPTH6 at multiple time points, and
found that the effect of CPTHG on cell prolifera-
tion was most robust after four-days of treat-
ment (Figure S11B). Inhibition of GCN5 HAT
activity by CPTH6 treatment significantly (P <
0.001) increased the percentage of NSCLC
cells (Figure 5B) and normal control cells
(Figure S11C) undergoing apoptosis. To confirm
inhibition of GCN5 HAT activity by CPTH6 in
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these cells, we isolated histones from NSCLC
cells treated with vehicle control (DMSO) or
CPTH6 and analyzed H3K9 acetylation levels
via immunoblot. As expected, CPTH6 treatment
led to decreased H3K9 acetylation levels
(Figure 5C). We also found that CPTH6 treat-
ment caused reduction in ¢c-MYC protein levels
as early as 1-day after treatment and becoming
most pronounced 4-days after treatment
(Figure 5D).

Overall, our data are consistent with prior work
[27] with the addition that total c-MYC protein
levels are reduced in NSCLC cell lines when
GCN5 protein levels are repressed or GCN5

Am J Cancer Res 2019;9(8):1830-1845



Loss of GCN5 represses ¢-MYC in NSCLC

activity is inhibited. This further supports litera-
ture indicating GCN5 stabilizes c-MYC [48] and
that GCN5 and c-MYC work together in a feed-
forward system [21]. Our study is the first to
form a link between ¢c-MYC and cancer pheno-
types in non-small cell lung cancers with
reduced GCN5 levels.

Discussion

¢c-MYC over expression promotes tumor growth,
proliferation, and altered metabolism and pro-
tein synthesis in many different cancers includ-
ing breast, lymphoma and lung [53]. However,
¢c-MYC is challenging to directly target since, as
a transcription factor, it lacks druggable enzy-
matic domains [54]. New targeted approaches
focusing on ¢c-MYC cofactors show potential for
successful strategies [53, 54]. Our prior work
and the work of others have revealed a positive
relationship between GCN5 and c-MYC [21,
47-49], suggesting that GCN5 might be a targe-
table cofactor for c-MYC in cancer therapy. Our
current study further contributes to this body of
literature by linking GCN5, the HAT enzyme of
the SAGA complex, to c-MYC in NSCLC cell lines
and tissues.

In human NSCLC tissues, GCN5 mRNA levels
are upregulated, however, in murine and human
NSCLC cell lines, the association between
GCN5 and c¢c-MYC are mainly observed at the
protein level. Upregulation of GCN5 mRNA in
tissues and not NSCLC cell lines indicates that
the heterogeneous nature (both cell type and
mutation status) of NSCLC tissues plays a role.
Additional work is needed to determine wheth-
er the c-MYC target genes associated with
GCN5 in NSCLC tissues are also direct targets
of GCN5 in these tissues and NSCLC cell lines.
Our work indicates that NSCLC cell lines are
dependent on GCN5 and ADA2B functions and
that depletion of GCN5 in both murine and
human NSCLC lines decreases cell prolifera-
tion with no effect on the percentage of cells
undergoing apoptosis. However, we did find
that there was a much higher proportion of
necrotic cells in the GCNb5 repressed cell lines,
which is most likely a long-term consequence
of the G1/S phase arrest [23]. Functional stud-
ies also conducted using normal immortalized
lung epithelial controls revealed a similar effect
with GCN5 knockdown. Since GCN5 is a cofac-
tor of c-MYC with functions in normal cells, it is
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not surprising that knockdown of GCN5 alters
phenotypes in normal lung cells as well. Lastly,
recent work has revealed that GCN5 promotes
E2F1, cyclin D1, and cyclin E1 expression in
NSCLC cell lines [23]. Our work extends this by
showing that loss of GCN5 expression levels or
activity decreases the total levels of c-MYC
protein.

Other co-factors besides GCN5 interact with
¢c-MYC and serve as co-activators for c-MYC tar-
get genes. The TIP60 HAT complex associates
with c-MYC, recruits c-MYC to chromatin and is
recruited to MYC-target genes where it contrib-
utes to histone acetylation [55]. Interestingly,
TIP60 exhibits tumor suppressive functions in
NSCLCs by inhibiting cell viability and invasion
and down-regulating AKT signaling [56]. An
association between TIP60 and c-MYC in NS-
CLC has not yet been investigated. The co-acti-
vators CBP and p300 interact directly with
¢-MYC and stimulate its function [57]. Acety-
lation by CBP/p300 alters c-MYC stability and
modulates transcription by influencing interac-
tions with other factors [57]. Knockdown of
CBP in NSCLC cells inhibits cell growth, increas-
es apoptosis, and inactivates MAPK signaling
[58]. However, the effect of CBP knockdown on
¢c-MYC in these NSCLC cell lines has not been
explored.

There are currently several HAT inhibitors such
as natural product derivatives, small mole-
cules, protein-protein interaction inhibitors,
and bi-substrate inhibitors [59]. These HAT
inhibitors hold therapeutic potential for diseas-
es including inflammatory and neurological dis-
orders [59]. Inhibitors against HATs implicated
in promoting tumorigenesis hold therapeutic
value for cancer therapy. However, the biologi-
cal properties of HAT inhibitors and their thera-
peutic effects are still unclear. Current HAT
inhibitors show low potency, instability, and a
lack of specificity [59]. Other proteins associat-
ed with and regulating the function of HATs may
also affect the potency of HAT inhibitors [59]. In
addition to a HAT domain, GCN5 also contains
a bromodomain that facilitates cooperative
and cross-tail acetylation of nucleosomes [60].
Additional studies are needed to determine
whether the HAT domain, bromodomain [61], or
both are critical for GCN5 functions in oncogen-
esis. By understanding which domains are
most critical for GCN5 oncogenic functions,
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inhibitors can be generated against these
GCN5 domains for therapeutic purposes. The
interplay between GCN5 and PCAF in these
cancers is also critical to understand whether
PCAF compensates for GCN5 when inhibited.

The work presented in this study provides
insight into how the GCN5 and ¢-MYC relation-
ship previously identified in mouse ESCs
extends to human cancers. This study also pro-
vides evidence for generating additional, selec-
tive GCN5 inhibitors that may be used for lung
cancer therapy in the clinic. The KRAS onco-
gene is frequently mutated and serves as a
driver of NSCLCs [1]. Multiple studies suggest
that KRAS and ¢c-MYC cooperate in oncogenici-
ty and that inhibition of ¢c-MYC eradicates
KRAS-driven lung cancers [62, 63]. The rela-
tionship between GCN5 and ¢c-MYC may have
greater relevance in cancers more dependent
on ¢-MYC amplifications and overexpression.
MYC family amplifications are a frequent onco-
genic event in small cell lung cancer (SCLCs)
and B-cell lymphoma [64, 65]. Future, more
comprehensive studies should be extended to
cancers dependent on c-MYC to identify wheth-
er GCN5 inhibition reverses oncogenic pheno-
types observed in these cancers.
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Figure S1. GCN5 mRNA levels are upregulated in human NSCLC tissues. GCN5 mRNA expression data from Onco-
mine [38] was compared between human adjacent normal lung (n = 65), lung adenocarcinoma (n = 45) and lung
squamous cell carcinoma (n = 27) tissues, as depicted by a box-and-whisker plot. Symbols refer to ***P < 0.001.
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Figure S2. PCAF mRNA levels are not upregulated in human NSCLC tissues. Public repositories of TCGA were ana-
lyzed for PCAF mRNA levels in human adjacent normal lung (n = 59) and lung adenocarcinoma (n = 517) as well as
adjacent normal lung (n = 51) and lung squamous cell carcinoma (n = 501) tissues. Symbols refer to ***P < 0.001.

Lung Adenocarcinoma Lung Squamous Cell Carcinoma

Adjacent Normal Tumor Adjacent Normal Tl;lmor

50

s’

20 e Prbe

N E
Figure S3. ADA1B mRNA levels are not upregulated in human NSCLC tissues. Public repositories of TCGA were

analyzed for ADA2B mRNA levels in human adjacent normal (n = 59) and lung adenocarcinoma (n = 517) as well as
adjacent normal lung (n = 51) and lung squamous cell carcinoma (n = 501) tissues. Symbols refer to ***P < 0.001.
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Figure S4. c-MYC mRNA levels are not upregulated in human NSCLC tissues. Pubic repositories of TCGA were ana-
lyzed for c-MYC mRNA levels in human adjacent normal lung (n = 59) and lung adenocarcinoma (n = 517) as well as
adjacent normal lung (n = 51) and lung squamous cell carcinoma (n = 501) tissues. Symbols refer to ***P < 0.001.
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Figure S5. PCAF mRNA levels are not associated with c-MYC in human NSCLC tissues. TCGA repositories were ana-
lyzed for associations between PCAF and c-MYC mRNA levels in human lung adenocarcinoma and squamous cell
carcinoma tissues. Symbols refer to *P < 0.05 and ***P < 0.001.
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Figure S6. Associations between c-MYC target genes and GCN5 or c-MYC mRNA levels in human NSCLC tissues.
Associations between GCN5 and ¢-MYC mRNA levels in human lung adenocarcinoma and lung squamous cell
carcinoma tissues are depicted using a heatmap representing negative (green) versus positive (red) associations.
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Table S1. Known ¢c-MYC target genes associated with both GCN5 and ¢c-MYC in human NSCLC tissues
from TCGA repositories

A. Lung Adenocarcinoma (n = 517)

c-MYC Target Gene 1 Spearman Rho Gene 2 Spearman Rho p-value
CAD GCN5 0.462 c-MYC 0.312 0
CCNE1 GCN5 0.254 c-MYC 0.176 4.6e-009
CDC25A GCN5 0.251 c-MYC 0.333 6.7e-009
CDK1 GCN5 0.103 c-MYC 0.244 0.02
CDKN2A GCN5 0.143 c-MYC 0.162 0.001
CEBPA GCN5 -0.0878 c-MYC -0.139 0.046
COL1A1 GCN5 0.0978 c-MYC 0.126 0.03
DHFR GCN5 0.104 c-MYC 0.160 0.02
SERPINE1 GCN5 -0.162 c-MYC 0.211 0.00021
TERT GCN5 0.414 c-MYC 0.0923 0
TK1 GCN5 0.247 c-MYC 0.234 1.1e-008
B. Lung Squamous Cell Carcinoma (n = 501)

c-MYC Target Gene 1 Spearman Rho Gene 2 Spearman Rho p-value
C6orf108 GCN5 0.363 c-MYC 0.128 0
CAD GCN5 0.401 c-MYC 0.299 0
CCNE1 GCN5 0.360 c-MYC 0.175 0
CDC25A GCN5 0.455 c-MYC 0.337 0
CDK1 GCN5 0.215 c-MYC 0.138 1.2e-006
COL1A2 GCN5 -0.276 c-MYC -0.107 3.5e-010
DDX18 GCN5 0.283 c-MYC 0.322 1.09e-010
EIF2A GCN5 0.171 c-MYC 0.182 0.00012
EIFAE GCN5 0.097 c-MYC 0.162 0.030
HLA-A GCN5 -0.255 c-MYC -0.217 6.61e-009
HLA-B GCN5 -0.310 c-MYC -0.204 1.20e-012
ITGAL GCN5 -0.153 c-MYC -0.181 0.000570
0oDC1 GCN5 0.218 c-MYC 0.268 8.63e-007
RCC1 GCN5 0.202 c-MYC 0.169 4.92e-006
TK1 GCN5 0.355 c-MYC 0.152 2.22e-016

Public repositories of TCGA were analyzed for significant associations between GCN5 and ¢-MYC to known c-MYC target genes
(Refer to Figure 1D).
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Figure S7. PCAF protein levels are not upregulated in NSCLC cell lines. Steady state levels of PCAF were analyzed in
(A) murine and (B) human immortalized epithelial and fibroblast lung controls and NSCLC cell lines. Immunoblotting
was performed using an anti-PCAF antibody. B-Actin served as a loading control in these studies.
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Figure S8. GCN5 and c-MYC mRNA levels are weakly associated. Expression of GCN5 and c-MYC mRNA was analyzed by qRT-PCR assays for (A) murine and (B)
human normal immortalized epithelial and NSCLC cell lines. GCN5 and c-MYC mRNA expression was quantified relative to GAPDH and normalized to immortalized
epithelial lung control C10 in murine cells and immortalized epithelial lung control HBEC in human cells. The association between GCN5 and c-MYC mRNA levels
were plotted and compared for (C) murine and (D) human lung cell lines.
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Figure S9. Lack of clear, consistent changes in PCAF mRNA levels when comparing normal lung and NSCLC cell
lines. Expression of PCAF mRNA was analyzed by qRT-PCR assays for (A) murine and (B) human normal immortal-
ized epithelial and NSCLC cell lines. PCAF mRNA expression was quantified relative to GAPDH and normalized to im-
mortalized epithelial lung control C10 in murine cells and immortalized epithelial lung control HBEC in human cells.
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Figure S10. Reduction of GCN5 represses cell proliferation and increases the population of necrotic cells in normal
immortalized epithelial cells. A. Confirmation of stable endogenous GCN5 knockdown by two independent shRNAs
introduced into C10 murine normal immortalized epithelial lung cells. Immunoblotting was performed using an anti-
GCN5 antibody. B-Actin served as a loading control. B. Proliferation of murine C10 cells with stable knockdown of
GCN5 by two independent shRNAs was monitored over 4 days. Proliferation rate was normalized to day 1. C. Apop-
tosis assays were performed in the C10 cell line with stable knockdown of GCN5 by shRNAs 3 days after seeding
cells. Percentage of live, apoptotic, and necrotic cells are shown. Symbols refer to *P < 0.05, ***P < 0.001, and
****p < 0.0001.
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Figure S11. Inhibition of GCN5 activity by CPTH6 treatment represses cell proliferation and increases apoptosis in
normal immortalized epithelial cells. A. Proliferation of C10 murine normal immortalized epithelial lung cells at mul-
tiple doses (40-100 mM) of CPTHG treatment was normalized to proliferation of vehicle (DMSO) treated cells after
4 days. B. Proliferation of C10 cells at 50 mM and 100 mM of CPTH6 treatment was normalized to proliferation of
vehicle control after 2, 3 or 4 days of treatment. C. Apoptosis assays were performed using 100 mM of CPTH6 or
vehicle control and analyzed after 1, 2, or 3 days of treatment. Percentage of live, apoptotic and necrotic cells are
shown. Symbols refer to *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.



