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Abstract

Background: The E2F members have been divided into transcription activators (E2F1-E2F3) and repressors (E2F4-E2F8). E2F8
with E2F7 has been known to play an important physiologic role in embryonic development and cell cycle regulation by
repressing E2F1. However, the function of E2F8 in cancer cells is unknown.

Methods: E2F8 expression was assessed by immunoblotting or immunofluorescence staining in human lung cancer (LC)
cells and tissues from LC patients (n = 45). Cell proliferation, colony formation, and invasion analysis were performed to

evaluate the role of E2F8 in LC. Microarray analysis was used to determine the target genes of E2F8. The regulation of E2F8
on the expression of ubiquitin-like PHD and RING domain-containing 1 (UHRF1), one of E2F8 target genes, was determined
using chromatin immunoprecipitation and promoter activity assays. Human LC xenograft models were used to determine

the effects of inhibiting E2F8 by siRNAs (n = 7 per group) or antisense morpholino (n = 8 per group) on tumor growth.
Survival was analyzed using the Kaplan-Meier method and group differences by the Student’s t test. All statistical tests

were two-sided.

Results: LC tumors overexpressed E2F8 compared with normal lung tissues. Depletion of E2F8 inhibited cell proliferation
and tumor growth. E2F8 knockdown statistically significantly reduced the expression of UHRF1 (~60%-70%, P < .001), and
the direct binding of E2F8 on the promoter of UHRF1 was identified. Kaplan-Meier analysis with a public database showed
prognostic significance of aberrant E2F8 expression in LC (HR = 1.91 95% CI = 1.21 to 3.01 in chemo-naive patients, P = .0047).

Conclusions: We demonstrated that E2F8 is overexpressed in LC and is required for the growth of LC cells. These findings

implicate E2F8 as a novel therapeutic target for LC treatment.

Lung cancer (LC) is the most frequent cause of cancer deaths
worldwide with limited treatments for patients. Targeted inhibi-
tors against receptor tyrosine kinases (RTKs) or epidermal
growth factor receptor (EGFR) have shown some efficacy but a
majority of patients develop therapeutic resistance (1-3). Even
though LC development is largely associated with mutations in
oncogenic Kras or in the tumor suppressor p53 (4), there are no
clinically effective drugs for these patients.

Naphthol AS-TR phosphate (NASTRp) is an analog of
Naphthol AS-E phosphate (NASEp), which has been identified as
an inhibitor of cCAMP response element-binding protein (CREB)
transcriptional activity (5). We showed that NASEp inhibited
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IL-1f-induced CXC chemokine gene expression and angio-
genic activity in LC cells (6). Recently, we have focused on the
discovery and development of a subset of NASEp analogs, and
NASTRp has emerged as a potential drug both in vitro and in
vivo in LC (unpublished data). NASTRp is expected to have a
variety of effects on LC cells, as CREB regulates numerous genes
critical for cancer cell growth (7-10). Here, we performed micro-
array analysis to better understand the biological mechanisms.
In addition to the well described molecules in the CREB-related
pathway, E2F8, one of the E2F transcription factor members, was
surprisingly found to be one of the top downregulated genes by
NASTRp.

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com.
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Figure 1. Effects of NASTRp on the E2F-related pathways. A) Chemical structures of NASTRp and NASEp. B) Heatmap of the genes regulated by NASTRp treatment at
10 uM for 24 hours in each indicated lung cancer cell line. Red: upregulated genes, green: downregulated genes. Fold change > 2, P < .05. C) Whole network representing
transcription factors and their targets affected by NASTRp. The center of the node for transcription factors (squares) and the whole node for target genes (circles) reflect
the fold change in expression from the microarray analysis. Red: upregulated genes, green: downregulated genes, cyan border: negative enrichment in the transcription
factor targets, yellow (SNACANNNYSYAGA_UNKNOWN, ZHX2, ATF6, ATF3, and JUN): positive enrichment. FC = fold change. D) Effect of NASTRp-mediated expression
changes in each E2F family member in five lung cancer cell lines. Y-axis = ratio of expression values (Log 2) of NASTRp-treated vs vehicle-treated cells. X-axis = the
individual genes in each cell line. E-F) Expression of E2F1, E2F2, and E2F8 by NASTRp treatment in (E) a dose-dependent (0, 5, 10, or 20 uM; 48 hours) and (F) a time-
dependent manner (0, 4, 8, or 24 hours; 20 uM) in H441 and H520 cells. LC = lung cancer.



S.A.Parketal. | 3of16

E2F fami 3 A549

D ly E H441
|—]
=

g 7]

c

o

4]

2

«

()]

<

£

i)

B

o~

(=2

_Iu L ] L ] | 1 1L ] 1 ] 1 ] L ] 1 1

34 | I LI

E2F1 = E2F2 E2F3 = = E2F4 = E2F5 = E2F6 = E2FT = E2F8

E  NASTRp (uM)
0 5 10 20

NASTRp (uM)
0 5 1020

E2F1
E2F2

E2F8
Actin

H441 H520

Figure 1. Continued

The E2F family members have been divided into transcrip-
tion activators (E2F1-E2F3) and repressors (E2F4-E2F8) (11-19).
Ectopic expression of E2F8 causes downregulation of E2F-target
genes and cell-cycle arrest in fibroblasts (20,21). The synergistic
function of E2F8 with E2F7 is essential for embryonic develop-
ment (22), embryonic placental development (23), and embry-
onic angiogenesis (24) in mice. However, there are very few
studies of the function of E2F8 in cancer. Here, we report a novel
role of E2F8 in cancer, which provides a new therapeutic target
for LC treatment.

Methods

Cell Culture

Human LC cell lines (A549, H441, H1792, H1975, H520, H1703, and
H2170) were obtained from the American Type Culture Collection
(ATCC). Normal human lung tracheobronchial epithelial (NHTBE)
cells were obtained from the Lonza Walkersville, Inc. The 1198
human bronchial epithelial cell line was obtained from Dr.
R. Lotan (The University of Texas M. D. Anderson Cancer Center,
Houston, TX) and Dr. A. Klein-Szanto (Fox Chase Cancer Center,
Philadelphia, PA). Human lung fibroblasts cell lines (MRC5, BJ1,
and WI38) were obtained from the ATCC. Further details are
available in the Supplementary Materials (available online).

Microarray Analysis

RNA was isolated using RNeasy Mini Kit (Qiagen) according
to the manufacturer’s protocol. Gene expression analysis was
performed on Affymetrix Human Gene 1.0 ST Genome arrays
at the Yale University Keck Biotechnology Resource Laboratory.
Expression values were normalized using GenePattern (http://
www.broadinstitute.org/cancer/software/genepattern).  Gene
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set enrichment analysis (GSEA; http://www.broad.mit.edu/gsea)
was used to identify gene clusters. DAVID (http://david.abcc.
nciferf.gov) functional annotation tool was used to identify gene
ontology (GO) terms.

In Vivo Studies

All procedures were approved by the Institutional Animal Care
and Use Committee at Yale University and conformed to the
legal mandates and federal guidelines for the care and main-
tenance of laboratory animals. Female J:NU nude mice were
obtained from Jackson Laboratory and used when six to seven
weeks old. H520 cells were pretreated with 40nM of control
siRNA, E2F8 siRNA-1, or E2F8 siRNA-2 for 24 hours, followed by
transplantation (2 x 10° cells/flank, xenograft n = 7 per group)
into the flank of mice. For A549-luc xenografts, A549 cells were
transfected with pGL4.51 luciferase plasmid (Promega, E132A)
using Lipofectamine 2000 and selected by culturing in the pres-
ence of 600 ng/mL Geneticin (Invitrogen, 10131-035). Then, the
mice received subcutaneous injections of cells (2 x 10° cells/
flank) and were injected intraperitoneally with mo-control or
mo-E2F8 (10mg/kg) (vivo morpholino, Gene Tools, LLC) every
other day, five times, once the size of the xenograft (n = 8 per
group) reached approximately 5 x 5mm (length x width). All
xenografts were transplanted in both the right and left dor-
sal flanks of mice. Tumor growth was monitored via biolumi-
nescence imaging (IVIS spectrum, XENOGEN). Mice were killed
at the end of the study by being placed in a carbon dioxide
chamber.

Other Methods

Colony formation, transwell migration, comet, TUNEL,
and Luciferase reporter assays, immunostaining, flow
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Figure 2. The role of E2F1 or E2F2 in lung cancer (LC) cell growth. A) The mRNA levels of E2F1, E2F2, and E2F8 in multiple LC cell lines compared with normal human
lung tracheobronchial epithelial (NHTBE) cells. Expression was quantitated by quantitative polymerase chain reaction (QPCR). Mean + SD of three independent experi-
ments. B) Protein levels of E2F1, E2F2, and E2F8 in LC cell lines compared with NHTBE cells. C) Effect of E2F1 or E2F2 knockdown on LC cell growth. The cells transiently
transfected with indicated siRNA (40nM each) were stained with trypan blue, and the number of viable cells was counted at the indicated days. All values in the graphs
represent mean + SD of three independent experiments. Two-sided t test. *P < .001. D) Effect of E2F1 or E2F2 knockdown on colony formation. Two days after knockdown
of each gene (40nM each), the cells were seeded again in six wells with low density (2 x 10% well) and incubated for seven to 14 days. Mean + SD in three independent
experiments. Two-sided t test. *P < .001. E) Effect of E2F1 or E2F2 knockdown on cell invasion. Three days after knockdown of each gene (40nM each), the cells were
transferred into transwell inserts containing matrigel-coated membranes and assessed 24 hours after incubation. Mean + SD in three independent experiments. Two-
sided t test. *P < .001.
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cytometry, Metacore analysis, ChIP immunoprecipitation Statistical Methods
and sequencing, western blotting, quantitative real-time
polymerase chain reaction (PCR), overexpression analy-
ses, cell proliferation, and gene knockdown analyses are
described in detail in the Supplementary Materials (avail-
able online).

Statistical analyses of microarray data were computed with
R (http://www.R-project.org) in combination with PostgreSQL
database (http://www.postgresql.org) for data storage and
retrieval. NASTRp-derived top differentially expressed
genes were selected with a fold change of at least 2 and a P
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Figure 3. Effects of E2F8 knockdown on the survival of lung cancer (LC) cells. A) Effect of E2F8 knockdown on cell growth. LC cell lines (A549, H441, H1975, H2170,
H1703, and H520) transiently transfected with control siRNA, or E2F8 siRNA (40nM each) were stained with trypan blue, and the number of viable cells was counted
at the indicated days. All values in the graphs represent mean + SD of three independent experiments. Two-sided t test. *P < .001. B) Effect of E2F8 knockdown on
colony formation. Two days after knockdown of E2F8, the cells were seeded again in 6-wells with low density (2 x 10% well) and incubated for seven to 14 days.
Mean = SD in three independent experiments. Two-sided t test. *P < .001. Inset: The representative images of colonogenic assay are from the A549 cells transfected
with control siRNA or E2F8 siRNA (40nM each). C) Effect of E2F8 knockdown on cell invasion. Three days after knockdown of E2F8, the cells were transferred
into transwell inserts containing matrigel-coated membranes and assessed 24 hours after incubation. Mean + SD in three independent experiments. Two-sided
t test. *P < .001. Inset: The representative images of transwell invasion assay are from the A549 cells transfected with control siRNA or E2F8 siRNA (40nM each).
D-E) Effect of E2F8 knockdown on the cell growth in normal human lung tracheobronchial epithelial (NHTBE) cells. D) Relative mRNA level of E2F8 after NHTBE
cells were transfected with control siRNA or E2F8 siRNA (50nM each) (left) and its effect on cell viability after 72 hours incubation (right). All values in the graphs
represent mean + SD of three independent experiments. Two-sided t test. *P < .001. E) The level of protein expression of E2F8 after NHTBE cells were transfected
with lentiviral sShRNAs (left; short exposure/long exposure) and its effect on cell proliferation at each day after 24 hours of seeding (right). All values in the graphs
represent mean = SD of three independent experiments. Two-sided t test. NS = non-significance. F) Effect of E2F8 knockdown on cell cycle progression. A549 cells
were transfected with control siRNA or E2F8 siRNA (20 nM) for 48 hours. The cells were stained with propidium iodide and analyzed by flow cytometry. Percentage
of cells in each phase of the cell cycle represent the corresponding histograms. G) Effect of E2F8 knockdown on the phosphorylation of H2AX (Ser139) in NHTBE and
LC cells. The cells were transfected with control siRNA or E2F8 siRNA (10 or 40nM) for 48 hours and subjected to western blot analysis. H) Effect of E2F8 depletion
on the cell death as assessed by flow cytometry. Representative dot plot of Annexin V (x-axis) vs propidium iodide (y-axis) analyses of A549-shctrl (top) and A549-
shE2F8 (bottom) cells. I) Effect of E2F8 knockdown on the cell death in terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Indicated cells
were transfected with control siRNA or E2F8 siRNA (40nM) for 72 hours, and then the assay was performed. Representative images of three different experiments
are shown. Scale bar = 100 um. J) Effects of E2F8 knockdown on caspase 3/7 activity and (K) expression of cleaved PARP or cleaved caspase-3. Indicated cells were
transfected with control siRNA or E2F8 siRNA (40nM each) for 48 hours and then subjected to each assay. Two-sided t test. *P < .001. NHTBE = normal human lung
tracheobronchial epithelial.
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Figure 3. Continued

value of .05 or better as calculated with a two-sided Mann-
Whitney/Wilcoxon test. E2F8 siRNA-derived top differen-
tially expressed genes were selected with a fold change
of at least 1.75. Survival was analyzed using the Kaplan-
Meier method and compared by the log-rank test. The Cox
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proportional hazards assumption was examined by includ-
ing time dependent covariables in the model (http://kmplot.
com/analysis). Group differences were analyzed by the
Student’s t test and expressed as mean + SD. All statistical
tests were two-sided.
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Results

E2F Pathway Regulation by NASTRp, an Analog of
NASEp, Inhibitor of CREB-CBP Interaction

Previously, we found that NASTRp inhibited cell growth and lung
tumor development of LC cells in vitro and in vivo (unpublished
data). To evaluate the global effects of NASTRp (Figure 1A), we
performed a microarray analysis on five LC cell lines including
three lung adenocarcinoma (LUAD; A549, H1975, and H441) and
two squamous cell carcinoma (LUSC; H1703 and H520). The over-
all pattern of genes affected by NASTRp is shown in a heat map
(Figure 1B) and the list of genes (indicated by the asterisk in the
heatmap) is given in Supplementary Table 1 (available online).
From DAVID analysis, cell cycle- and cell proliferation-related
genes were downregulated while cell death and cell cycle arrest-
related genes were upregulated (Supplementary Table 2, avail-
able online).

Using GSEA, we found that E2F transcription factor gene sets
were mainly affected by NASTRp (Supplementary Table 3, avail-
able online). E2F transcription factors and their pathways were
highly enriched in the overall transcription factor network per-
turbed by NASTRp (Figure 1C; Supplementary Figure 1, available
online). From the microarray data, mRNA levels of E2F1, E2F2,

S.A.Parketal. | 7of16

and E2F8 were markedly downregulated by NASTRp in all cell
lines we tested (Figure 1D). Also, protein levels of E2F1, E2F2, and
E2F8 were downregulated by NASTRp in a dose (Figure 1E) or
time (Figure 1F)-dependent manner.

Expression of E2F Family Members in LC Cells

There is evidence that activators E2Fs, E2F1, and E2F2 are overex-
pressed in LC (25-27). However, the expression of E2F8, a repres-
sor E2F, in LC has not been previously examined. We found that
E2F family members E2F1, E2F2, and E2F8 were overexpressed in
LC cells compared with normal human lung tracheobronchial
epithelial cells (Figure 2A and 2B).

To determine the relative importance of E2F family members
in LC cell survival, we examined the effect of E2F1 or E2F2 deple-
tion on the cell growth of LC cells. The knockdown of E2F1 led to
decreased cell numbers with time (number of cells [x10°], mean
+ SD; A549, control siRNA vs E2F1 siRNA: 2,075+138 vs 297 +63
at day 6 after transfection, respectively, two-sided t test, P <
.001) (Figure 2C), lower colony formation (relative colony forma-
tion, mean + SD; A549, control siRNA vs E2F1 siRNA: 1+0.076 vs
0.255+0.008, respectively, two-sided t test, *P < .001) (Figure 2D),
and invasive activity of the cells (relative invasion [%], mean + SD;

Normal lung tissue

>
?

10l L
1 2 3 4
Hou Lung: E2F8

Log2 median-centered intensity

H&E

E2F8

Adenocarcinoma

Squamous cell carcinoma

Figure 4. Effects of E2F8 overexpression on lung cancer (LC) prognosis. A) Association of E2F8 mRNA levels with lung tumor subtype. The identified and normalized
(by ONCOMINE; www. oncomine.org) data from Hou et al. (61) was used for the analysis of the E2F8 expression. Group 1: adjacent normal lung (n = 65), 2: large cell
lung carcinoma (n = 19), 3: lung adenocarcinoma (n = 45), 4: squamous cell lung carcinoma (n = 27). The 25th to 75th percentiles are indicated by a closed box, with the
median indicated by a line; different degrees of outliers are indicated by the whiskers and the points, as defined for standard boxplots. B) Representative immunostains
for E2F8 expression in normal and LC tissues. Samples from human LC tissue microarray containing normal, adenocarcinoma, and squamous cell carcinoma tissues
were examined by immunofluorescence staining with an anti-E2F8 antibody. Each hematoxylin and eosin image was provided by US Biomax Inc. Scale bar = 200 pm.
C) Kaplan-Meier analysis (http:/kmplot.com/analysis) of overall survival by low or high E2F8 (E2F8 probe set 219990_s_at) expression in 1197 LC patients with adju-
vant treatment. Overall survival analysis of the patients was performed by using Cox proportional hazard models and follow-up data for seven years after surgery. D)
Patients (n = 171) without adjuvant treatment were separated by high vs low E2F8 expression and analyzed for overall survival. E) Overall survival curves for the lung
adenocarcinoma patients (n = 414) and (F) squamous cell carcinoma patients (n = 109, GSE4573) with tumors expressing the high and low E2F8 level. All plots were
analyzed in combined 10 data sets (CARRAY: n = 462, GSE14814: n = 90, GSE19188: n = 156, GSE29013: n = 55, GSE31210: n = 246, GSE3141: n = 110, GSE37745: n = 196,
GSE4573: n = 130, GSE8894: n = 138, and TCGA: n = 133). H&E = hematoxylin and eosin; HR = hazard ratio; LC = lung cancer.
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Figure 4. Continued

A549, control siRNA vs E2F1 siRNA: 100+13.993 vs 14.677 +0.663,
respectively, two-sided t test, *P < .001) (Figure 2E). Although the
effect of E2F2 knockdown on cell proliferation looked rather
weak compared with the effect of E2F1 knockdown, it led to
reduced cell proliferation in most cell lines.

E2F8 and LC Cell Survival

We found that the expression of E2F8 is elevated in LC cells.
Surprisingly, knockdown of E2F8 resulted in a statistically sig-
nificant decrease in the viability of all LC cell lines we tested
(Figure 3A). Moreover, siE2F8 led to reduced colony formation
(Figure 3B; Supplementary Figure 5, A and B, available online)
and invasion abilities (Figure 3C) of the cells. To confirm whether
E2F8 affects cell proliferation, we stably overexpressed E2F8 in
transformed 1198 cells, one of the in vitro lung carcinogenesis
model (IVLCM) cell lines (28,29), and A549 cells. The cells stably
expressing E2F8 proliferated more rapidly than its control cells
(Supplementary Figure 6, A-D, available online). Importantly,
E2F8 knockdown had little effect on the viability of normal lung
epithelial cells (Figure 3, D and E). Also, E2F8 depletion caused
increased cell growth in normal lung fibroblasts (Supplementary
Figure 5C, available online), which supported previous reports
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that ectopic expression of E2F8 suppressed cell growth in nor-
mal fibroblasts (20,21). The validation of siRNAs was performed
by gPCR and western blot analysis (Supplementary Figure 2,
available online).

To test whether E2F8 plays a role in cell cycle progression in
LC cells, we performed flow cytometry using siRNA or lentiviral
shRNA.There was a substantial cell cycle arrest at the G1/S phase
by 48 hours after siE2F8 treatment (Figure 3F) more than by 24
hours treatment (Supplementary Figure 3A, available online). The
effect of E2F8 knockdown on cell cycle arrest was also confirmed
using cells stably transduced with E2F8 shRNA (Supplementary
Figure 3B, available online). Interestingly, E2F8 depletion induced
DNA damage as indicated by increased expression of p-H2AX
(Ser139), a marker for double-strand breaks, in LC cells but not in
normal NHTBE cells (Figure 3G; Supplementary Figure 4A, availa-
ble online). Furthermore, DNA breaks in response to siE2F8 were
confirmed by an alkaline comet assay (Supplementary Figure 4B,
available online). Increased cell death occurred in A549 cells
treated with shE2F8 relative to its control cells as assessed by
flow cytometry with Annexin V staining (Figure 3H). After siE2F8
transfection, there was a statistically significant increase in the
level of TUNEL staining (Figure 3I) and caspase-3/7 activity in LC
cells (relative fold increase, mean + SD; control siRNA vs E2F8
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Figure 5. Genes that are deregulated by E2F8 knockdown in lung cancer (LC) cells. A) Heatmap of genes deregulated in E2F8-depleted LC cells. Microarray analysis
was performed on three LC cell lines (H1975, H441, and H520) after the cells were transfected with control siRNA or E2F8 siRNA (40nM each) for 24 hour. Genes up or
downregulated more than 1.75-fold in two of three cell lines are shown. B) The four overlapping gene set enrichment analysis (GSEA) profiles (from top 20) are shown.
GSEA plots of each gene set are downregulated in the siE2F8 group compared with sicontrol group. FDR = false discovery rate; NES = normalized enrichment score. C)
Enriched gene ontology (GO) pathways generated by DAVID overrepresentation analysis in E2F8 knockdown group. Representative pathways were selected from the
top 30. P values are shown only for the top GO pathways. GO = gene ontology. D) LC cells were treated with control siRNA or E2F8 siRNA (40nM each) for 48 hours and
quantitative polymerase chain reaction (QPCR) analysis was performed to measure the mRNA level of the representative genes (E2F8, UHRF1, POM121, NDUFB11, HAX1,
EIF4EBP1, HIST2H2AB, and HIST1H2BM). All values in the graphs represent mean + SD of three independent experiments. Two-sided t test. P < .001. E-F) Identification
of E2F8-bound motif. E) Distribution of the 204 ChIP-seq peaks revealed by E2F8 were categorized based on their location as promoter, CpG-island, intron, long termi-
nal repeat (LTR), intergenic, 5’ untranslated region (SUTR), transcription terminal site (TTS), exon, short interspersed elements (SINE), and long interspersed elements
(LINE). F) Most highly represented motif found by HOMER software with its de Novo algorithm (*), and the top 10 results of HOMER search through a library of known
motifs. The identified motifs are sorted according to their P values. Letter size indicates frequency.
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Figure 5. Continued

siRNA: 1+0.035 vs 3.623+0.176 in H520, 1+0.119 vs 2.778+0.18
in H441, respectively, two-sided t test, *P < .001) (Figure 3J). We
observed an increase in cleaved PARP and cleaved caspase-3
expression in E2F8-depleted cells (Figure 3K). Taken together,
our data clearly indicate that E2F8, while not necessary for nor-
mal cells, is essential for the growth of LC cells.

E2F8 Expression in LC and as a Prognostic Factor

To determine the clinical relevance of E2F8 expression in human
LC, we used the Oncomine database. Compared with normal tis-
sues, our analysis revealed an elevated E2F8 expression in large
cell lung carcinoma (n = 19, fold change = 4.707, P < .001), LUAD
(n = 45, fold change = 3.659, P < .001), and LUSC (n = 27, fold
change = 2.48, P < .001) (Figure 4A). E2F8 expression was also
elevated in the early stages of LC (Supplementary Figure 7A,
available online). Using the cancer cell line encyclopedia (CCLE)
database (30), we found that E2F8 is expressed across a wide
spectrum of cancer cells (Supplementary Figure 7B, available
online). Immunofluorescence staining in human LC tissue
microarray revealed that E2F8 is highly overexpressed in LUAD
and LUSC tissues compared with normal lung tissues (Figure 4B).

Overexpression of E2F8 mRNA was associated with worse
overall survival of LC patients (E2F8 low vs high expression
patients: hazard ratio [HR] of survival = 1.29, 95% confidence
interval [CI] = 1.1 to 1.51, P = .0016) (Figure 4C). Interestingly, E2F8
mRNA levels were more strongly associated with worse overall
survival of LC patients who did not receive any adjuvant ther-
apy (E2F8 low vs high expression patients: HR of survival = 1.91,
95% CI = 1.21 to 3.01, P = .0047) (Figure 4D). Positive E2F8 expres-
sion was statistically significantly associated with shorter sur-
vival time of patients with LUAD (E2F8 low vs high expression
patients: HR of survival = 1.53, 95% CI = 1.13 to 2.07, P = .0056)
(Figure 4E) and LUSC (E2F8 low vs high expression patients: HR
of survival = 1.67, 95% CI = 0.99 to 2.82, P = .051) (Figure 4F) his-
tology types. Our results on clinical tumor samples demonstrate

that aberrant activation of E2F8 is associated with mortality of
LC patients.

Gene Signatures in LC Cells Following E2F8
Knockdown

To gain insight into the role of E2F8 in LC cell growth, we exam-
ined genes perturbed by E2F8 knockdown. Genes with down-
or upregulation greater than 1.75-fold in at least two of three
cell lines are shown in Figure 5A, and the list of genes (indi-
cated by the asterisk) is in Supplementary Table 5 (available
online). Using GSEA, we examined gene sets altered by siE2F8
and the representative gene sets are shown in Figure 5B. DAVID
(Figure 5C). MetaCore analysis (Supplementary Table 6, available
online) revealed that knockdown of E2F8-deregulated gene sets
involved in regulation of transcription, cancer progression, chro-
matin organization, regulation of immune system, glutamate
receptor signaling, or cell surface receptor signaling. Among
the top-down or upregulated genes by siE2F8, we confirmed
the expression level of selected genes using qPCR (Figure 5D;
Supplementary Figure 9, available online). Next, we examined
whether there were overlaps between E2F1 targets and our
genes deregulated by E2F8 knockdown using version 3.0 of the
GSEA TFT targets. As shown in Supplementary Figure 10 and
Supplementary Table 7 (available online), the Venn diagrams
indicate that only a few genes overlap between E2F1 targets and
E2F8-associated genes, suggesting that E2F8 regulates its target
gene E2F1 independently, at least in LC cells.

In order to characterize genome-wide E2F8 binding sites in
the resting status, ChIP-sequencing was conducted using H441
cells, which contain high levels of endogenous E2F8. Two inde-
pendent ChIP experiments were performed and statistically
significant binding regions, which had at least 2-fold more nor-
malized DNA sequence tags than in input or IgG control were
identified (E2F8-1 vs IgG; n = 2328, E2F8-2 vs IgG; n = 1414, E2F8-1
vs input; n = 2120, and E2F8-2 vs input; n = 1285; n = number of
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Figure 6. Effects of E2F8 on the regulation of UHRF1 expression. A) The level of UHRF1 in lung cancer (LC) cells compared with normal human lung tracheobronchial
epithelial (NHTBE) cells. The protein expression of UHRF1 was performed by western blot analysis. B) Correlation of mRNA levels between E2F8 and UHRF1 in each
individual LC cell line. R = correlation coefficient. C) Effect of E2F8 knockdown on the expression of UHRF1. Each of the indicated cell lines was transfected with control
siRNA or E2F8 siRNA (40nM each) for 72 hours, followed by western blot analysis. D) Immunofluorescence staining of UHRF1 in A549 cells after 72 hours of transfection
with control siRNA or E2F8 siRNA (40nM each). Representative images are shown. Scale bar = 100 pm. Inset bar = 20 pm. E) Schematic diagram showing the positions
of putative E2F binding elements located in the gene promoter of human UHRF1 (http://www.genomatix.de), and the specific element corresponds to the region iden-
tified by ChIP sequencing. #0: the region for primers which covers the E2F8 binding element, #1: the region for primers which covers putative E2F binding elements.
Primer sequences are in Supplementary Table 4 (available online). F) Direct binding of E2F8 on the UHRF1 promoter. ChIP assay was done with chromatins prepared
from H441 cells. The binding of E2F8 to the UHRF1 promoter was detected by visualization of the polymerase chain reaction (PCR) product. The single bands detected in
input samples indicate the specificity of the PCR primers. G) Relative UHRF1 promoter activity with different UHRF1-luciferease constructs. 293T cells were transfected
with pGL3-UHRF1-luc (-1088), which includes all elements in Figure 6E, or pGL3-UHRF1-luc (-491), which lacks the region identified by ChIP sequencing, and cultured
for two days. Luciferase activity was measured and normalized by Renilla activity. pGL3-luciferase construct was used as a negative control. Two-sided t test. *P < .001.
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Figure 7. Effects of E2F8-deficient cells on the capability of tumor growth in vivo. A) Representative images of xenografts derived from control siRNA, E2F8 siRNA-1, or
E2F8 siRNA-2-treated H520 cells. After 24 hours of siRNA transfection (40nM each), the cells were inoculated subcutaneously into the right and left side dorsal flanks
of female nude mice (xenograft n = 7/group). B) Tumor volume and C) mass of xenografts derived from control or E2F8-knockdowned H520 cells were evaluated. Tumor
volume was measured with digital calipers and calculated by the formula 0.52 x length x width? and tumor mass was evaluated at four weeks after injection. Two-sided

t test. *P < .001.

binding sites). A set of 204 binding regions overlapped among
all four comparisons (Supplementary Table 8, available online).
Figure 5E shows the genome-wide distribution of 204 bind-
ing sites in relation to the transcriptional start site, indicating
that E2F8 mostly localizes to the promoter of the genes. Also,
Figure 5F shows DNA recognition sequences and statistical sig-
nificance for the most highly represented E2F8-binding motif
(*) and top-hit transcription factors. Taken together, these data
suggest that E2F8 binds to the promoter and regulates gene
transcription, acting as a novel transcription activator in LC.

UHRF1 as a Potential Target Gene of E2F8

From the microarray data, UHRF1 was one of the top downregu-
lated genes by siE2F8. Compared with other cyclins, the level
of UHRF1 was substantially decreased by E2F8 (Supplementary
Figure 8, available online). UHRF1 expression was increased in
LC cells (Figure 6A), resulting in a statistically significant correla-
tion between mRNA levels of E2F8 and UHRF1 (Figure 6B). E2F8
knockdown statistically significantly reduced the expression of
UHRF1 (~60%-70%, P < .001). Suppression of UHRF1 expression by
siE2F8 was confirmed using immunoblotting and immunofluo-
rescence staining (Figure 6, C and D).

We noticed that the UHRF1 promoter contained several puta-
tive E2F binding sites, including our ChIP sequencing-based E2F8
binding sites (Figure 6E). ChIP-PCR results involved primer set
(#0), which covers nucleotides from -1072 to -1060 correspond-
ing to the region identified by ChIP sequencing, and primer set
(#1), which covers putative E2F BS, showed a strong binding of
E2F8 on the UHRF1 promoter (Figure 6F). However, deletion of the
ChIP sequencing region (#0) shows that there is basically no effect
on the UHRF1 promoter activity and this data suggests that the
specific E2F8 binding site (#0) plays a critical role in the regula-
tion of UHRF1 expression (Figure 6G). Surprisingly, promoter
activity (Figure 6H) and the expression of UHRF1 (Figure 6I) were
both dominantly downregulated by siE2F8. Moreover, there was

no additive effect on the knockdown of UHRF1 expression in the
cells transfected with combined siRNAs of E2F1 and E2F8, sug-
gesting that E2F8 directly regulates UHRF1 independently of E2F1.

We also found that UHRF1 deletion caused suppressed col-
ony formation (Figure 6]) and increased expression of p-H2AX
and cleaved caspase-3 (Figure 6K), and these results support
the fact that UHRF1 contributes to the apoptotic effect of E2F8
knockdown.

E2F8 and Tumor Growth

Having established that E2F8 influences tumorigenicity in LC, we
addressed its role in tumor growth using subcutaneous injec-
tions of control or E2F8-depleted cells. As shown in Figure 7,
there was a statistically significant suppression in tumor
growth (tumor volume [mm?], mean + SD; control siRNA vs E2F8
SiRNA-1 vs E2F8 siRNA-2: 547.44+195.945 vs 23.036+39.346 vs
8.186+21.657 on day 28, respectively, two-sided t test. *P < .001)
(Figure 7, A and B) and mass (tumor mass [mg], mean + SD; con-
trol siRNA vs E2F8 siRNA-1 vs E2F8 siRNA-2: 273.529+15.873
vs 12.414+21.578 vs 9.429+24.946 on day 28, respectively, two-
sided t test. *P < .001) (Figure 7C) of the xenografts derived from
E2F8-depleted cells compared with control cells.

To further determine the role of E2F8 in tumor growth, we
developed a unique morpholino E2F8 (mo-E2F8) that blocks
expression of E2F8 in vivo (Figure 8A) (31). The treatment sup-
pressed the expression of E2F8 and UHRF1 (Figure 8B) decreasing
cell viability (cell viability [%], mean + SD; mo-control (10 uM) vs
mo-E2F8 (5 uM) vs mo-E2F8 (10 uM): 100+10.74 vs 49.20+3.1 vs
20. 73+0.73, respectively, two-sided t test. *P < .001) (Figure 8, C
and D). However, the same amount of mo-E2F8 had no effect on
the survival and growth of normal NHTBE cells (Figure 8, E and F).

Mice treated with mo-E2F8 showed statistically significantly
suppressed/delayed tumor growth compared with control-
treated mice (intensity of bioluminescence, mean + SD; mo-con-
trol vs mo-E2F8: 1.68e+06 vs 2.98e+05 photons/sec/cm? at day
28 after cell inoculation, respectively, two-sided t test. P < .001)

H-I) Relative UHRF1 promoter activity and expression affected by each indicated siRNA in LC cells. The cells were transfected with indicated siRNAs (40nM each) for 48
hours, followed by (H) luciferase reporter assay or (I) quantitative PCR (qPCR) analysis. All values in the graphs represent mean + SD of three independent experiments.
Two-sided t test. *P < .001. J) Effect of UHRF1 knockdown on colony formation. Each of the cells were seeded in 12 wells with low density (1 x 10°/ well) and incubated
for seven days. The cells were fixed with 10% formalin and stained with crystal violet (left) and the colonies extracted with 10% acetic acid and quantitated (right). K)
Each of the cells was subjected to western blot analysis to confirm the expression levels of UHRF1, p-H2AX, and cleaved caspase-3.
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the graphs represent mean + SD of three independent experiments. G) A549-luc cells were inoculated subcutaneously into the right and left side dorsal flanks of female
nude mice (xenograft n = 8/group). Once the size of the xenograft reached approximately 5 x 5mm (length x width), mice were intraperitoneally injected with mo-
control or mo-E2F8. Each morpholino was treated at day 7, 10, 12, 14, and day 17 after cell inoculation. Bioluminescence images of A549-luc xenografts were captured
atday 7, 14, 21, and day 28 after cell inoculation. H) Bioluminescent intensity of tumors and (I) volume of xenografts derived from mo-control or mo-E2F8-treated mice.
All values in the graphs represent mean + SD of three independent experiments. Two-sided t test. *P < .001. J) Effect of mo-E2F8 on the mRNA levels of E2F8, UHRF1, and
PCNA in vivo was analyzed by quantitative polymerase chain reaction (qQPCR) analysis. All values in the graphs represent mean + SD of three independent experiments.
Two-sided t test. *P < .001. K) Representative immunofluorescence images of E2F8, UHRF1, and PCNA in tumors derived from mo-control or mo-E2F8-treated mice. Scale
bar = 100 um. Inset bar = 20 um. NHTBE = normal human lung tracheobronchial epithelial.
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(Figure 8, G and H). Tumor volume further supported the sup-
pressed tumor burden because of E2F8 knockdown (tumor vol-
ume [mm?], mean + SD; mo-control vs mo-E2F8: 482.751 + 128.382
vs 175.357 £33.846 at day 28 after cell inoculation, respectively,
two-sided t test. *P < .001) (Figure 8I). Also, there was a decrease
in mRNA levels (E2F8, 45.2%, P = .002; UHRF1, 72%, P < .001;
PCNA, 86%, P < .001) (Figure 8]) and expression (Figure 8K) of
E2F8, UHRF1, and PCNA in tumors derived from mo-E2F8-treated
mice. These data clearly demonstrate that E2F8 is critical for the
progression of tumors in vivo.

Discussion

Our study reveals novel roles of E2F8 as a proto-oncogenic tran-
scription activator and as a novel prognostic biomarker in LC.
E2F8 has been shown to be a suppressive regulator of cell cycle
as a transcription repressor of the expression of E2F1 and E2F2
that regulate Rb-E2F-dependent cell cycle progression. In con-
trast, the current study shows that E2F8 supports proliferation
and survival of LC cells and is required for tumor development.
E2F8 is overexpressed in LC cells and lung tumors, and its over-
expression seems to be associated with a worse prognosis of
patients with adenocarcinoma and squamous cell carcinoma in
the lung.

Members of the E2F transcription factor family have been
shown to be deregulated in human cancers (12). Particularly,
E2F activators which include E2F1-E2F3 were upregulated in
several cancers (27,32-35). There is some evidence that E2F8, a
repressor member, might also be associated with human can-
cers. An increase in gene copy number of E2F8 was detected
in melanoma (36), and increased expression was reported
in ovarian cancer (33) and hepatocellular carcinoma (37).
Knockdown of E2F8 caused an almost complete blockade of
cell proliferation and induction of substantial apoptosis, while
it did not suppress the growth of normal bronchial epithelial
cells. These results indicate that while E2F8 does not serve a
role in normal cells, it plays an integral role as a tumor pro-
moter in cancer cells.

To better understand the direct role of E2F8 in carcino-
genesis, we profiled genes perturbed by knockdown of E2F8.
Among them, we directed our focus to UHRF1 because of its
dramatic downregulation by siE2F8. UHRF1 is overexpressed
in several cancers (38-41) and binds to hemi-methylated DNA
sequences in order to recruit the main DNA methyltransferase
gene, DNMT1, and then regulates chromatin structure and gene
expression (42-44). Recently, it was shown that its overexpres-
sion drives DNA hypomethylation in hepatocellular carcinoma
as an oncogene (45). UHRF1 has been described as a target gene
of E2F1 (46). However, our results showed that UHRF1 expression
was regulated by E2F8, not by other E2Fs.

Unlike a previous report that E2F7/8 function as transcrip-
tional repressors (47), our study clearly demonstrates that E2F8
is an activator of transcription of UHRF1. Although it remains
unclear how E2F8, which lacks a transactivation domain, reg-
ulates UHRF1 gene expression, there is increasing evidence
for a similar activator role for E2F7/8. E2F8 binds and acti-
vates the cyclin D1 promoter in a dominant-negative manner
through blocking of other E2Fs (37). E2F7/E2F8 was shown to
directly bind to and stimulate the VEGFA promoter by coop-
erating with HIF1 (24). Our ChIP-sequencing analysis revealed
that E2F8 strongly binds to the promoter of UHRF1, and the
identified sequence works to activate the promoter showing
the possibility that E2F8 binds and regulates its target genes
including UHRF1.

S.A.Parketal. | 15o0f 16

Targeting transcription factors is generally thought to be a
more difficult task than targeting kinases. Currently, there are
no clinically effective drugs or compounds that are specific for
blocking expression or activity of E2F8. Interestingly, we found
that NASTRp, a small molecule naphthol analog identified as an
inhibitor of CREB-CBP/p300 interaction, dramatically downregu-
lated E2F8 expression and it markedly suppressed the growth of
several LC cell lines (unpublished data). We are still investigat-
ing the mechanisms by which this class of compounds modu-
lates E2F8 expression and the anticancer effects on the growth
of cancer cells.

In the meantime, the tumorigenic role of E2F8 was verified
with two different methods using siRNAs or specific morpholino
antisense oligonucleotides (mo-E2F8) for targeted inhibition of
E2F8 expression in xenograft models. Antisense morpholinos were
broadly used to efficiently suppress expression of genes in cul-
tured cells (48-50), zebrafish (24,51-53), and mice (54-60). Recently,
morpholinos of E2F7 and E2F8 were used to examine the role of
those E2Fs in embryonic angiogenesis in mice (24). Our mo-E2F8
showed effective inhibition of tumor development and clearly
demonstrated E2F8 as a therapeutic target for LC treatment.

This study also had some limitations. Although the mice did
not show any obvious toxicity treated with mo-E2F8, detailed
pharmacokinetics and pharmacodynamics were not completed
in the current study. Thus, further studies should be conducted
to determine the complete and subtle toxicities of targeting
E2F8 as a treatment method for lung cancer.

The therapeutic potential of E2F8 inhibition is further facili-
tated by its impact on UHRF1 inhibition. The observations that
E2F8 expression plays a causal role in survival of LC patients and
E2F8 expression is already high at an early stage in patients sug-
gest that E2F8 could be useful as a prognostic biomarker in LC.
Further studies examining mechanisms up or downstream of
E2F8 in cancer will be essential for determining the therapeutic
applicability of E2F8 inhibitors. In conclusion, we propose that
E2F8 functions as a novel E2F activator in cancer, which will set
the foundation for E2F8 as a promising therapeutic target for
lung cancer.
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