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Background: The role of the lysine acetyltransferase GCN5 in cancer development remains largely unknown.
Results: GCN5 expression correlates with lung cancer tumor size, directly enhances the expression of E2F1, cyclin E1, and cyclin

D1, and potentiates lung cancer growth.

Conclusion: GCN5 potentiates lung cancer growth in an E2F1-dependent manner.
Significance: GCNG5 is critical for lung cancer growth and represents a potential target for the treatment of lung cancer.

The lysine acetyltransferases play crucial but complex roles in
cancer development. GCN5 is a lysine acetyltransferase that
generally regulates gene expression, but its role in cancer devel-
opment remains largely unknown. In this study, we report that
GCNG5 is highly expressed in non-small cell lung cancer tissues
and that its expression correlates with tumor size. We found
that the expression of GCN5 promotes cell growth and the G,/S
phase transition in multiple lung cancer cell lines. Further study
revealed that GCN5 regulates the expression of E2F1, cyclin D1,
and cyclin E1. Our reporter assays indicated that the expression
of GCN5 enhances the activities of the E2F1, cyclin DI, and
cyclin E1 promoters. ChIP experiments suggested that GCN5
binds directly to these promoters and increases the extent of
histone acetylation within these regions. Mechanistic studies
suggested that GCN5 interacts with E2F1 and is recruited by
E2F1 to the E2F1, cyclin D1, and cyclin E1 promoters. The func-
tion of GCN5 in lung cancer cells is abrogated by the knockdown
of E2F1. Finally, we confirmed that GCN5 regulates the expres-
sion of E2F1, cyclin D1, and cyclin E1 and potentiates lung can-
cer cell growth in a mouse tumor model. Taken together, our
results demonstrate that GCN5 specifically potentiates lung
cancer growth by directly promoting the expression of E2FI,
cyclin DI, and cyclin E1 in an E2F1-dependent manner. Our
study identifies a specific and novel function of GCN5 in lung
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cancer development and suggests that the GCN5-E2F1 interac-
tion represents a potential target for lung cancer treatment.

Histone acetylation plays a central role in establishing an
active chromatin environment for transcriptional regulation.
The balance between histone acetylation and deacetylation is
maintained in cells by histone lysine acetyltransferases (KATs)?
and histone deacetylases (HDACs) (1, 2). Hypoacetylation of a
specific set of genes results from an imbalance between KATs
and HDACs and is associated with the transformed state of
cancer cells (3—6). HDAC inhibitors, which can suppress
HDAC enzymatic activity and reactivate epigenetically silenced
antitumor genes, represent useful tools for cancer prevention
and therapy (7). Currently, clinical trials employing HDAC
inhibitors have been hampered by their lack of specificity. Most
HDAC inhibitors target a panel of HDAC superfamily mem-
bers, and individual HDAC members regulate diverse cellular
pathways (7, 8). Therefore, the inhibition of HDAC enzymatic
activity using HDAC inhibitors often results in unintentional
gene activation and the development of drug resistance (9, 10).
Together with HDACs, KATSs balance the control of histone
acetylation, increasing histone acetylation in a more specific
manner than that elicited by HDAC inhibitors (11, 12). Hence,
the function of KATSs in cancer warrants investigation.

Previous studies have shown that KATs play crucial and
complicated roles in cancer development (5, 13, 14). The KAT
p300 has been recognized as a potential anti-cancer drug target
because the p300 gene is mutated in most colon cancer cell lines
exhibiting microsatellite instability and in some primary
tumors (15, 16). Other studies have indicated that p300 activity
is important for tumor growth and that the down-regulation or
inhibition of this activity abrogates the growth of tumor cells.

3 The abbreviations used are: KAT, lysine acetyltransferase; TF, transcription
factor; Pl, propidium iodide; NSCLC, non-small cell lung cancer; qPCR,
quantitative PCR.
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Aggressive cases of prostate cancers have been found to exhibit
overexpression of the KAT Tip60, the extent of which corre-
lates with disease progression (17, 18). In contrast, another
report has suggested that Tip60 is required for the expression of
the tumor metastasis suppressor KAIl in prostate cancer cell
lines, suggesting that Tip60 is a tumor suppressor (19). PCAF is
a KAT that is essential for central nervous system tumors (20).
GCNG5, the first identified transcription-related KAT, is a cru-
cial catalytic component of a transcriptional regulatory com-
plex. GCNG5 exhibits a broad range of functions with regard to
cell proliferation, differentiation, cell cycle, and DNA damage
repair (11, 12, 21). There are only two reports that have previ-
ously investigated the potential involvement of GCN5 in cancer
development (22, 23). Whether GCNS5 is directly and specifi-
cally involved in cancer growth is unknown.

Notably, the functional contribution of HDACs to transcrip-
tion requires their association with transcription factor (TF)-
containing complexes. For example, HDAC2 participates in
several TF complexes, including the Sin3, NuRD, CoREST, and
NcoR-SMRT complexes (24), which are required for transcrip-
tional suppression. HDACs associate with sequence-specific
DNA-binding proteins or with transcription factors to regulate
the transcription of specific sets of genes (24). The study of
HDAC inhibitors has suggested that, in terms of anticancer
therapy, disrupting the interaction of HDAC/TF represents a
more optimal approach than the chemical inhibition of their
enzymatic activities. Similarly, the KATs also exert their func-
tion and specificity through their interaction with TFs. Identi-
fying a cancer type-specific KAT and its cognate specificity-
determining transcription factor is important for the cancer
treatment.

Lung cancer is one of the major causes of mortality world-
wide (25). The identification of biomarkers and the dissection
of the mechanisms underlying the development of lung cancer
are urgently needed for the development of therapeutic strate-
gies (26, 27). In an analysis of human non-small cell lung cancer
(NSCLC) tissue arrays, we found that GCNG5 is highly expressed
in lung cancer tissues, and its levels significantly correlate with
tumor size. We further investigated the role of GCN5 in lung
cancer growth and found that GCN5 potentiates lung cancer
cell growth in an E2F1-dependent manner.

EXPERIMENTAL PROCEDURES

Tissue Microarray and Evaluation of Immunostaining—
Lung cancer tissue arrays were purchased from the National
Engineering Center for BioChips in Shanghai, China. The
expression of GCN5 or E2F1 in the tissues was evaluated by
immunohistochemical staining with either a GCN5-specific or
E2F1-specific antibody. The staining was scored according to
the staining intensity and the percentage of cells stained. The
final staining scores were calculated as the product of staining
intensity multiplied by the percentage of stained cells.

Cell Culture—The A549, H460, and H358 human lung can-
cer cell lines were purchased from the Cell Bank at the Shanghai
Institutes for Biological Sciences of the Chinese Academy of
Sciences and were maintained as instructed by the provider.
Human embryonic kidney (HEK) 293T cells were purchased
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from the American Type Culture Collection (ATCC). All of the
cells were maintained at 37 °C with 5% CO,.

Plasmids, Transfections, and Virus Production—For the
overexpression of the GCN5 and E2F1, we used the lentiviral
vector FUGW, in which the GFP-coding region was replaced
with the GCN5 or E2F1 coding sequences. The lentiviral vector
pLKO.1 was used for gene knockdown. The following two
siRNAs were selected for human GCN5: sense 5'-GCUCUAC-
ACAACCCUCAAATT-3" and antisense 5'-UUUGAGGGUU-
GUGUAGAGCTT-3'; sense 5'-GCAUGCCUAAGGAGUAU-
AUTT-3" and antisense 5'-AUAUACUCCUUAGGCAUG-
CTT-3'. The following two siRNAs were selected for human
E2F1: sense 5'-GCGCAUCUAUGACAUCACCTT-3" and
antisense 5'-GGUGAUGUCAUAGAUGCGCTT-3’; sense 5'-
CCUCUUCGACUGUGACUUUTT-3" and antisense 5'-AAA-
GUCACAGUCGAAGAGGTT-3. DNA oligonucleotides for
these siRNAs were synthesized, annealed, and cloned into
pLKO.1 according to the protocol recommended by Addgene.
HEK293T cells were transfected with the ExcellGene transfec-
tion reagent. Lentiviruses were generated from the HEK293T
cells as described previously (28), and lung cancer cells were
infected with the virus in the presence of 8 ug/ml Polybrene.

Cell Proliferation Assays, Cell Cycle Analysis, and Annexin
V-PI Staining—Cell proliferation and apoptosis were evaluated
using the Cell Counting Kit-8 (CCK8, DOJINDO, Japan) and
the annexin V-PI staining kit (Roche Applied Science) accord-
ing to the manufacturer’s protocols. Cellular proliferation was
measured at 12, 24, 48, and 72 h post-seeding.

Western Blotting, Immunoprecipitation, Immunofluores-
cence Staining, and ChIP Assays—Western blotting, immuno-
precipitation, and immunofluorescence were performed as
described previously (29, 30). The following antibodies were
used: GCN5, sc-36532, and sc-20698; cyclin D1 (M-20), sc-718;
cyclin E (M-20), sc-481; PCAF (E-8), sc-13124; E2F1, sc-251;
p-Rb, BS4164; Rb, BS1310; GAPDH (0411), sc-47724; p53
(BP53.122), sc-73566; c-Myc (A-14), sc-789; Bcl-2, CST 2876;
Bax, CST 2772; p27 (N-20), sc-527; p21, Abcam ab7960; acetyl
histone H3 (Millipore 17—615); acetyl histone H4 (Millipore
17-630). ChIP assays were performed with EZ ChIP kit (Milli-
pore). Ten million cells were used per immunoprecipitation
reaction. Immunoprecipitated DNA and whole cell-extracted
DNA were used as templates for RT-qPCR with primers that
targeted the flanking sequences of the E2F1-binding site in the
promoters of cyclin D1, cyclin E1, and E2F1.

Tumor Xenografts in Nude Mice—Our animal experiments
were approved by the Institutional Animal Care and Use Com-
mittee of Tongji University and were in compliance with all
regulatory guidelines. Five-week-old nude mice were pur-
chased from the National Resource Center for Rodent Labora-
tory Animals of China. Six mice were injected subcutaneously
with 5.0 X 10° of GCN5-overexpressing (FUW-GCNG5) or vec-
tor control (FUW) cells. The tumors were monitored, and the
volumes were calculated at 3-day intervals.

RESULTS

GCNS5 Expression Correlates Significantly with the Size of
Lung Tumors—To examine the physiological relevance of
GCNS5 in human lung cancer development, we analyzed the
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TABLE 1

Clinical and pathological characteristics of patients with lung cancer
(n=175)

Characteristics n GCNS5 score p value

Sex
Male 41 9.323 p=0.7761
Female 34 9.102

Age (years)
<60 29 (37-59) 9.617 p =0.8578
=60 46 (60—84) 9.168

Tumor size
<3cm 19 7.710 p = 0.0024
=3 cm 56 9.791

T stage
1-2 49 9.041 p =0.2423
3-4 26 10.13

Lymph node metastasis
Negative 35 8.414 p =0.0167
Positive 40 10.06

TNM stage
1 11 9.250 p = 0.0333
1I 37 8.513
111 27 10.18

GCN5 protein levels and its distribution in an NSCLC tissue
array by immunohistochemical staining using a GCN5-specific
antibody. The array included the cancer tissue samples and cor-
responding adjacent normal tissue samples from 75 lung cancer
patients. The patients consisted of 41 males and 34 females,
with a median age of 61 years (range, 37— 84 years). Among the
patients, 24 (32%) died of tumor-related causes, and 51 (68%)
were still alive as of the last follow-up (Table 1). The GCN5
levels in the tissue array specimens were assessed by measure-
ment of the staining density scores. We found that in the cancer
tissues, 42 cases exhibited strong immunopositivity (56%) (Fig.
1A), 30 cases exhibited moderate-to-strong immunopositivity
(40%) (Fig. 1B), and three cases exhibited weak immunopositiv-
ity (4%) (Fig. 1C). Statistical analysis revealed that nuclear, cyto-
plasmic (Fig. 1D), and total levels (Fig. 1E) of GCN5 were sig-
nificantly increased in the cancer tissues compared with the
normal tissues. Remarkably, the GCN5 expression levels were
significantly correlated with tumor size (Fig. 1F) (p = 0.0024),
progressively advanced regional lymph node metastasis (p =
0.016), and TNM stage III (Table 1). Our lung cancer tissue
array analysis revealed that GCN5 is overexpressed in NSCLC,
and its expression is tightly linked to tumor proliferation and
development.

GCNS5 Promotes Lung Cancer Cell Growth by Facilitating the
G,/S Transition of the Cell Cycle—The increased expression of
GCNS5 in the NSCLC tissues suggests a role for GCN5 in the
regulation of lung cancer cell growth. To address whether
GCN5 affects NSCLC cell growth, we were able to stably knock
down GCN5 (shGCN5) as well as to overexpress GCN5 (FUW-
GCNB5) in the A549 lung cancer cell line. shRNA oligonucleo-
tides for targeting two different published regions of GCN5
were cloned into the lentiviral vector pLKO.1. The shRNA
exhibiting the highest knockdown efficiency was used in the
remainder of this study. GCN5 was efficiently knocked down
(shCTRL versus shGCN5) or overexpressed (FUW versus
FUW-GCNS5) in A549 cells (Fig. 2A4). We observed apparent
changes in growth rate when we passaged these stable cell lines.
The GCN5-knockdown cell line exhibited the most significant
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growth impairment (Fig. 2B, upper row), and the GCN5-over-
expressing cell line grew significantly faster than the control cell
line (Fig. 2B, lower row). We further quantified the cell growth
rate of these cell lines using a CCK8 assay and confirmed that
the overexpression of GCN5 promotes cell growth, whereas its
knockdown inhibits the cell growth (Fig. 2C, upper panel).
Importantly, the knockdown or overexpression of GCN5 in the
other two lung cancer cell lines H460 and H358 (Fig. 2C, lower
panel and data not shown) resulted in similar phenotypes.

To determine how the growth of A549 cell lines is regulated
by GCN5, we analyzed their cell cycle dynamics by PI staining
and fluorescence-activated cell sorting (FACS). We found that
compared with the control cell line (shCTRL), the G, popula-
tion was significantly increased in the GCN5-knockdown cell
line (shGCNG5), with a corresponding decrease in S and G,/M
phases of more than 10% (Fig. 2D). Consistently, in the GCN5-
overexpressing cell line (FUW-GCN5), the S phase population
was significantly increased compared with the control cell line
(FUW), with a corresponding decrease in the G; population of
~13% (Fig. 2E). The data suggest that GCNG5 is required for the
G,-to-S phase transition, and its overexpression promotes the
growth of A549 cells by facilitating the G, /S phase transition of
the cell cycle. In contrast to the significant changes in cell cycle
dynamics caused by the overexpression or knockdown of
GCNS5, we observed no significant effect on apoptosis, as indi-
cated by annexin V and PI co-staining (Fig. 2F). Neither the
overexpression nor the knockdown of GCN5 induced other
types of cell death, as measured by trypan blue staining (supple-
mental Fig. S1). Importantly, the knockdown of PCAF, a KAT
with 73% homology to GCN5, in A549 cells does not signifi-
cantly affect cell proliferation (supplemental Fig. S2).

GCNS5 Promotes the Expression of Cyclin D1, Cyclin EI, and
E2F]1—Because the knockdown or overexpression of GCN5
significantly altered cell cycle phase distribution, we further
measured the protein levels of the cell cycle and apoptotic reg-
ulators (Fig. 3, A and B) to determine the potential targets that
are attributable to the altered cell cycle dynamics. The knock-
down or overexpression of GCNS5 elicited pleiotropic effects on
a variety of genes (Fig. 3A) and marginal effect on E2F2, p53,
c-myc, BCL2, BAX, and p27 (Fig. 3B). Particularly, we noticed
consistent changes in cyclin D1, cyclin E1, E2F1, and CDK2 in
GCN5 knockdown and overexpressing cells. These targets were
down-regulated upon GCN5 knockdown and up-regulated
upon GCN5 overexpression.

We further measured the mRNA levels of E2F1, cyclin D1,
cyclin E1 (Fig. 3C), Bax, Bcl2, Bcl-xl, and Bak (Fig. 3D) in these
cell lines using real time quantitative-PCR (RT-qPCR). The
mRNA measurements were consistent with the protein level
measurements. cyclin D1, cyclin E1, and E2F1 were regulated by
GCNS5, whereas the apoptosis-related genes were not. The
mRNA measurements not only confirmed the protein level
measurements but also suggested that GCN5 transcriptionally
regulates key cell cycle-related genes.

GCNS5 Directly Binds to and Increases the Histone H3 and H4
Acetylation of the Cyclin E1, Cyclin D1, and E2F1 Promoters—
We found that the expression levels of c¢yclin D1, cyclin E1, and
E2F] were markedly regulated by GCN5 at both the protein and
mRNA levels. We hypothesized that GCN5 might directly reg-
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FIGURE 1. Increased expression of GCN5 and its correlation with tumor size in human lung cancers. A-C, representative images of GCN5 expression in
lung cancer tissue samples (upper row) and corresponding adjacent normal tissue samples (lower row), showing high (A), medium (B), and low (C) levels of GCN5
expression in cancer tissues. D, plot representation of scores based on the nuclear and cytoplasmic expression of GCN5 in 75 lung cancer patients compared
with matched normal tissues, p < 0.001. E, total GCN5 score in adjacent normal and tumor tissues. F, GCN5 score correlates with tumor size. **, p < 0.01; ***,p <

0.0001. Error bars, S.D.

ulate the expression of these genes. To test this possibility, lucif-
erase reporters driven by the promoter regions from cyclin D1
(Addgene 32726), cyclin EI (Addgene 8458), or E2F1 (Addgene
20950) (31-33) were used to evaluate the effect of GCN5 on the
promoter activity of these genes. These promoter regions con-
tain E2F1-binding sites, and we observed that the overexpres-
sion of E2F1 significantly increased the activities of these
reporters, reflecting the robust E2F1 responsiveness of these
reporters. The overexpression of GCN5 enhanced the activity
of these reporters to similar levels as those induced by the over-
expression of E2F1 (Fig. 44). Chromatin immunoprecipitation
(ChIP) showed that the promoter regions of these genes were
significantly immunoprecipitated using the GCN5 antibody,
indicating that endogenous GCN5 binds directly to the cyclin
D1, cyclin E1, or E2F1 promoters (Fig. 4B). The control p53
promoter exhibited no enrichment of GCN5 (Fig. 4B, far right

AV N
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panel). Additional ChIP assays using the acetyl histone anti-
body revealed that the overexpression of GCN5 resulted in
increased histone H3 and H4 acetylation at the cyclin D1, cyclin
E1, and E2FI promoters (Fig. 4C). We verified the lysine acety-
lation levels of histone H3 and H4 in the four cell lines that we
created. Both histone H3 and H4 acetylation were increased
upon GCN5 overexpression and decreased upon GCN5 knock-
down (Fig. 4D). Taken together, these experiments demon-
strated that GCN5 binds directly to the cyclin D1, cyclin E1, and
E2F] promoters, increasing the histone acetylation at these
promoters.

E2F1 Is Required for the GCNS-mediated Regulation of Lung
Cancer Cell Growth and for the G /S Transition—Unlike a tran-
scription factor, the GCN5 protein does not contain a DNA-
binding domain. Rather than binding to DNA directly, GCN5 is
recruited by transcription factors to specific regions to regulate
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FIGURE 3. GCN5 increases both mRNA and protein levels of cyclin D1, cyclin E1,and E2F 1. A and B, Western blotting analysis of the protein levels of cell cycle
regulators in GCN5-knockdown A549 cells, or GCN5-overexpressing A549 cells and control cell lines. GAPDH was included to show that equivalent amounts of
protein were loaded in each lane. A, proteins that are regulated by GCN5. B, proteins that are not regulated by GCN5. C, RT-qPCR analysis of cyclin D1, cyclin E1,
and E2FT mRNA in the GCN5-knockdown cells, GCN5-overexpressing A549 cells, and control cell lines. D, RT-gPCR analysis of apoptosis genes in GCN5-

knockdown cells, GCN5-overexpressing cells, and control cell lines. ¥, p < 0.05; **, p < 0.01. Error bars, S.D.

gene transcription. Previous studies have found that E2F1 asso-
ciates with and recruits GCNG5 to sites of DNA damage (34). We
also noted that cyclin D1 and cyclin E1 are downstream targets
of E2F1 (35) and, furthermore, that GCNS5 is enriched at the
E2F1-binding site of the cyclin D1, cyclin E1, or E2F1 promoters
in our ChIP assays. We hypothesized that E2F1 might be the
transcription factor mediating the transcriptional function of
GCNG5 in lung cancer cell growth. To examine this hypothesis,
we first performed co-immunoprecipitation. We found that
endogenous GCN5 co-immunoprecipitated with E2F1 (Fig.
5A). Confocal microscopy analysis revealed that in A549 cells,
both GCN5 and E2F1 localize within the nucleus, and both
GCNS5 and E2F1 signals exhibited significant degrees of overlap

(Fig. 5B). The data suggest that GCN5 interacts with E2F1 in
cells. We also observed significant cytoplasmic GCN5, consis-
tent with the cytoplasmic GCN5 observed in patient cancer
tissue (Fig. 1).

To further evaluate the role of E2F1 in GCN5-mediated lung
cancer cell growth, we knocked down E2F1 in the GCN5-over-
expressing cell line (Fig. 5C). We found that the knockdown of
E2F1 abrogated the growth-promoting effects of GCNS5, as evi-
denced by the significant accumulation of the GCN5-overex-
pressing E2F1 shRNA (A-G-shE2F1)-treated A549 cells in G,
phase (Fig. 5D). The binding of GCNG5 to the cyclin D1, cyclin
E1, or E2F1 promoters in GCN5-overexpressing cells was sig-
nificantly reduced when E2F1 was knocked down (Fig. 5, E ver-

FIGURE 2. GCNS5 affects cell cycle progression and cell proliferation. A, Western blotting verification of the knockdown and overexpression of GCN5 in stable
A549 cell lines. GAPDH was used as a loading control. B, morphology of the stable cell lines at 48 h after plating the same number of cells in the plates. C,
proliferation of stable cell lines derived from A549 (upper panel) and H460 (lower panel) cells was examined using a CCK8 assay. D and E, representative profiles
of the cell cycle distribution of the A549 stable cell lines (left panels) and statistical analysis of three independent assays. F, apoptotic analysis of the A549 stable
cell lines by annexin V and PI staining followed by FACS; representative profiles of cell population distribution (left panels) and statistical analysis of three
independent assays. ¥, p < 0.05; **, p < 0.01. Error bars, S.D.
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were used to confirm the overexpression of GCN5 and E2F 1. B, GCN5 binding within the promoter region of cyclin E1, cyclin D1, and E2F1 in A549 cells. ChIP was
performed with control IgG and GCN5 antibodies. Shown are the results of three independent experiments. C, comparison of histone H3 and H4 acetylation of
the cyclin E1, cyclin D1, or E2F 1 promoters between control and GCN5-overexpressing cell lines. Shown are the results of three independent experiments. *, p <
0.05; **, p < 0.01. Error bars, S.D. D, acetylation levels of histones H3 and H4 (acH3 and acH4) in GCN5-overexpressing or knockdown cells were detected with
acetyl histone antibodies. Histone H3 and H4 levels (H3 and H4) were detected with histone antibodies.

sus F). The effect of GCN5 overexpression on cyclin D1, cyclin
E1, and E2F1 promoter-driven luciferase reporters was also
impaired by treatment with E2F1 siRNA. Collectively, our
results suggest that GCNG5 is recruited by E2F1 to the cyclin D1,
cyclin EI, and E2FI promoters to regulate lung cancer cell
growth in an E2F1-dependent manner.

Overexpression of GCN5 Accelerates Tumorigenesis in Vivo—
We examined whether GCN5 promotes tumor growth in vivo.

14516 JOURNAL OF BIOLOGICAL CHEMISTRY

Two GCN5-overexpressing cell lines (FUW-GCN5) and two
control cell lines expressing an empty vector (FUW) were inde-
pendently generated. The overexpression of GCN5 was
assessed prior to injection into mice (Fig. 6A, upper panel).
Lentiviruses encoding firefly luciferase were also introduced
into these cell lines to allow for the in vivo imaging of tumor size
and tumor metastasis. The ectopic overexpression of GCN5
was detectable in the isolated tumors (Fig. 6A, lower panel). We
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FIGURE 5. E2F1 is required for GCN5 to promote the proliferation of A549 cells. A, GCN5 interacts with endogenous E2F1. Immunoprecipitation (/P) was
performed using control IgG or GCN5 antibody, followed by Western blot analysis for E2F1 and GCN5. B, intracellular localization of GCN5 and E2F1 in A549
cells. Immunostaining was performed using GCN5 and E2F1 antibodies. C, RT-gPCR and Western blotting analysis of E2F1 knockdown by shRNA in the
GCN5-overexpressing stable cell line. Error bars, S.D. (n = 3 biological replicates). **, p < 0.01.D, altered cell cycle distribution after E2F1 knockdown in A549
GCNS5-overexpressing cell lines. Eand F, comparison of GCN5-binding at cyclin E1, cyclin D1, and E2F T promoters in the GCN5-overexpressing cell line after E2F1
knockdown. G, effect of E2F1 knockdown on the GCN5-mediated regulation of cyclin E1, cyclin D1, and E2F1 promoter activity in 293T cells. The GCN5
overexpression plasmid was co-transfected with control (siCTRL) or E2F1 siRNA, and the luciferase reporter activity was assayed 48 h post-transfection. *, p <
0.05. Error bars, S.D.

found that the time of tumor onset (defined as the day whenthe  ated by GCN5-overexpressing cells was significantly faster than
tumors become palpable after injection) was reduced to 7 days  those initiated by the control cells (Fig. 6B). At 6 weeks after
when GCN5 was overexpressed. The growth of tumors initi- injection, the tumors were isolated and weighed. The GCN5-
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overexpressing cells produced significantly larger tumors than
the control cells (Fig. 6C). In vivo imaging also confirmed that
the GCN5-overexpressing cells produced larger tumors than
control cells (Fig. 6D). We further compared the protein levels
of c¢yclin D1, cyclin E1, and E2F] in the tumor tissues isolated
from GCN5-overexpressing and control groups by immuno-
staining (Fig. 6E). The protein levels of all three genes in the
tumors initiated by the GCN5-overexpressing cell line were
increased compared with those of the tumors derived from the
control cell line and correlated with the PCAN level, a growth
potential marker. Our animal experiment confirmed that
GCN5 potentiates lung cancer growth and promotes the
expression of cyclin D1, cyclin E1, and E2F1 in vivo.

DISCUSSION

Histone acetylation has significant effects on the prolifera-
tion and metastasis of lung cancer cells (36, 37), suggesting roles
for KATs and HDACs in this cancer (38, 39). The major obsta-
cle for the clinical application of HDAC inhibitors as a treat-
ment is their lack of specificity. To design more selective inhib-
itors, it is essential to identify specific isoforms of HDACs or
KATSs that are present in cancers (40). In this study, we found
that GCNS5 is highly expressed in lung cancer, and its expres-
sion levels are tightly linked to tumor size. Our in vitro assays
using lung cancer cell lines demonstrated that the overexpres-
sion of GCN5 promotes the growth of multiple lung cancer cell
lines and facilitates the G,/S transition, which could be the
major biological process underlying the increased cell growth.
More importantly, we found that the overexpression of GCN5
potentiates lung cancer growth in an in vivo mouse model.
Notably, GCN5 has a unique function in promoting the growth
of lung cancer cells but not their apoptosis or death, thereby
conferring a net growth advantage on the cancer cells. Another
KAT, PCAF, which is closely related to GCN5 and exhibits
~73% sequence homology to GCN5, has no effects on the
growth of lung cancer cells, demonstrating the specificity of
GCN5 for lung cancer growth. Our study reveals a unique and
specific tumorigenic function for GCN5 in lung cancer growth.
These findings provide evidence that GCNS5 has prognostic sig-
nificance and might represent a potential therapeutic target for
the control of lung cancer growth.

In the cases described thus far, KATs do not function inde-
pendently but, rather, act as a component within multiprotein
complexes. Previous data have indicated that GCN5 facilitates
gene transcription by virtue of being a general acetyltransferase
component within the transcription complexes. The formation
of such complexes helps GCN5 to exert its catalytic activity
more effectively and/or specifically by providing a substrate-
recognition context. Consistent with this notion, we found that
GCN5 potentiates lung cancer cell growth in conjunction with
the transcription factor E2F1. Our co-immunoprecipitation

GCNS5 Potentiates Lung Cancer Growth via E2F1

and immunofluorescence assays confirmed that there is an
interaction between GCN5 and E2F1. The ChIP results demon-
strated that GCNG5 is recruited by E2F1 to E2F1-binding sites
within the promoter regions of E2F1 target genes. GCN5 cata-
lyzes the histone acetylation at these promoter regions, enhanc-
ing the transcription of these genes. Interestingly, our data sug-
gest that GCNG5 plays a profound role in the E2F1 pathway. It
not only participates in regulating the E2F1 downstream targets
cyclin EI and cyclin D1, but it is also required for the positive
feed-forward regulation of E2F1 expression. The transcription
factor E2F1 controls the transcription of cyclin E1 and cyclin D1
(41, 42) and mediates the regulation of G, /S progression during
tumor growth. E2F1 also mediates the DNA damage response
and promotes apoptosis, thereby functioning as a tumor sup-
pressor (43—45). This study reveals that E2F1 is required for the
growth of lung cancer. Our lung cancer tissue array analysis
using an E2F1-specific antibody revealed that E2F1 expression
is significantly increased in lung cancer than in normal tissues
(supplemental Fig. S3). There are reports on the interplay
between GCN5 and the transcription factors c-Myc and p53
(46). Our findings underscore that, in lung cancer cell growth
control, the function of GCN5 is predominantly determined by
the transcription factor E2F1 and that GCN5 is a critical KAT
that regulates the E2F1 pathway in lung cancer growth.

In contrast to the antitumor effect elicited by increasing
acetylation using HDAC inhibitors, in this study the increased
expression of the lysine acetyltransferase GCN5 promoted
tumor development, although the acetylation of both histone
and non-histone proteins might be involved. This finding sug-
gests that acetylation is bifunctional, either suppressing or pro-
moting tumors, depending on what genes are expressed and
what proteins are regulated. In terms of cancer treatment, both
the acetylation of histone and non-histone proteins should be
tightly regulated rather than globally increased. Our findings
provide new insights into the previously under-appreciated
roles of histone hyper-acetylation during cancer development.
Recently, small molecule KAT inhibitors have demonstrated
relevance in oncology (17, 47), thereby providing an additional
strategy for combating cancer through the manipulation of his-
tone acetylation. Given the diverse cellular roles of KATs and
their working mechanism within transcription factor-contain-
ing complexes, KAT inhibitors face the same challenge of a lack
of specificity that hampers their therapeutic application in can-
cer cases. To achieve more specific therapeutic effects, it is
essential to disrupt the tumorigenic interaction between the
transcription factor and the histone-modifying enzyme (either
HDAC or KAT). Tumor-promoting protein interactions, such
as the MDM2-p53, mediate cancer development, and small
molecules that inhibit such interactions represent attractive
candidates for the treatment of cancer (48 —50). Disrupting the

FIGURE 6. Overexpression of GCN5 accelerates tumorigenesis in vivo. A, upper panel, the overexpression of GCN5 in two stable cell lines was confirmed by
Western blotting prior to injection. Lower panel, sustained GCN5 expression in tumors isolated from mice at 6 weeks post-injection. Two tumors isolated from
mice injected with control (FUW) and GCN5-overexpressing cells (FUW-GCN5) were analyzed. B, tumor growth of control and GCN5-overexpressing cell lines
in mice. The tumor size was monitored every 3 days. Error bars, S.D. C, tumors derived from control and GCN5-overexpressing cell lines (upper panel) and
statistical analysis of tumor weight at 6 weeks post-injection (lower panel). D, in vivo imaging of tumors derived from the control and GCN5-overexpressing cell
lines. E, immunochemical staining for GCN5, cyclin D1, Cyclin E1, E2F1, and proliferating cell nuclear antigen (PCNA) in tumors derived from the control and

GCNS5-overexpressing cell lines. **, p < 0.01; ***, p < 0.001. Error bars, S.D.
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GCN5 and E2F1 interaction that we have discovered in lung
cancer provides a potential strategy for blocking lung cancer
growth.
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