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1. INTRODUCTION

Small molecules inhibitory for AR expression are in urgent need due to their potential application
in treating advanced, castration-resistant prostate cancer. The overall objective of this
Exploration-Hypothesis Development project is to develop a reliable, knock-in AR reporter for
high-throughput screening of small-molecule AR inhibitors. We proposed to employ the
emerging genome-editing tool, the CRISPR-Cas9 system, to insert a bioluminescent reporter
(firefly luciferase, FLuc) to the 3’-end of the AR gene, allowing the reporter gene bicistronically
co-expressed with the endogenous AR gene under the control of the endogenous AR promoter
and enhancer. Such a knock-in reporter can faithfully reproduce chemical responses of the
endogenous AR gene, and thus is expected to be useful in search of small-molecule AR inhibitors
with high confidence.

2. KEYWORDS

AR

Castration resistance

Reporter

Genome editing

CRISPR-Cas9

Luciferase

Internal ribosomal entry site (IRES)
Bicistronic co-expression

Drug screening

Drug discovery

3. ACCOMPLISHMENTS
What were the major goals and objective of the project?

The main goal of this project is to develop recombinant cells carrying a luciferase reporter gene
in the native AR gene locus (knock-in reporter) for high-throughput screening to identify small
molecules inhibitory for AR expression. Toward this goal, a major task and 2 minor tasks were
proposed. The major task, which was in line with the main goal of this project and proposed to
be completed in the first 7 months, was to develop recombinant cells carrying the knock-in
reporter. We have successfully, fully accomplished this major task, and achieved the milestone,
i.e., obtained recombinant cells carrying the knock-in reporter. Due to unexpected low genome-
editing efficiency of prostate cancer cells, this major task was accomplished by the end of
November, 2015 (9 months), about 2 months later than planned. The two minor tasks include a
pilot screening using the recombinant cells and preliminary tests of anti-cancer effects of
selected screening hits. We have completed the pilot screening (~ 1,600 compounds) by the end
of January, 2016, and attempted to validate the screening hits in February. The anti-cancer
effects of validated hits have not been tested due to the lack of sufficient amounts of these
compounds. These compounds will need to be requested from NCI or purchased from
commercial sources.



What was accomplished under these goals?

Given that a knock-in reporter would faithfully reproduce chemical responses of an endogenous
gene, we proposed to employ the emerging CRISPR-Cas9 technology to insert a firefly
luciferase gene (FLuc) to a site immediate downstream of the AR stop codon. We proposed a
direct strategy (Strategy A) and an alternative 2-step strategy (Strategy B) to achieve this
genome-editing goal. Strategy A, which attempts to directly knock the IRES-FLuc DNA into the
AR locus in prostate cancer cells, was unsuccessful due to low transfection efficiency and the
lack of a resistant gene for selection of targeted editing events. We therefore turned to the
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Fig 1. Development of a knock-in AR reporter. (A) Schematic presentation of the indirect
strategy used for developing cells carrying a firefly luciferase in the native AR gene locus. sgAR,
single-guided RNA targeting AR; DSB, double-strand break; F, wildtype FRT site; F3, mutant FRT
site; RMCE, recombinase-mediated cassette exchange; IRES, internal ribosomal entry site. (B) The
left (LA) and right (RA) homology arms flanked the sgAR targeting site were PCR amplified and
cloned into a targeting vector carrying the tk-ble gene as indicated. (C) PCR identification of clones
carrying the knock-in tk-ble gene. The PCR primers (RA-F and RA-R) are indicated in A. The
targeted clone was expected to generate a 1.48 kb fragment. (D) PCR demonstration of replacement
of the tk-ble gene with the IRES-FLuc DNA. The PCR primers (RMCE-F and RMCE-R) are
indicated in A. Non-specific PCR amplification was noted in parental and the tk-ble knock-in clone.
(E) The identified AR-FLuc clones were lysed for firefly luciferase activity assays.
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alternative strategy (Fig 1A), in which a fused selection gene (tk-ble) was first knocked into the
AR locus, and then replaced with the IRES-FLuc DNA by recombinase-mediated cassette
exchange (RMCE). The tk-ble gene encodes Zeocin resistance (ble) for selecting knock-in events
while also conferring ganciclovir (GCV) resistance (tk) for negatively selecting RMCE events.
Accordingly, we constructed a vector expressing a single-guided RNA targeting a site ~ 90 bp
downstream of the AR stop codon (TGA) (see sgRNA sequence in Fig 1A), and a targeting
vector carrying the tk-ble gene flanked by ~ 1 kb of AR left and right homology arms (Fig 1B)
amplified from genomic DNA by PCR. After transfected these two vectors to castration-resistant
C4-2 and 22Rv1 cells, we selected the cells with Zeocin, obtained 20-30 resistant clones, and
screened knock-in events by PCR. One (out of 20) 22Rv1 clone and 6 (out of 26) C4-2 clones
were found to carry the knock-in DNA (Fig 1C). The knock-in efficiencies were not very high,
which explains why the direct knock-in strategy (Strategy A) was not successful.

Next, we generated a vector carrying IRES-FLuc flanked by a wildtype FRT site (F) and a
mutated FRT site (F3), and transfected it along with a Flp-expressing plasmid into C4-2 cells
carrying the knock-in tk-ble gene (clone #8). Flp mediated cassette exchange replaced the tk-ble
gene with IRES-FLuc, yielding GCV-resistant cells. Accordingly, we identified two clones (AR-
FLuc #21 and #32) carrying the IRES-FLuc gene in the desired AR locus as demonstrated by
PCR (Fig 1D). These two clones
expressed significant high levels
of firefly luciferase (Fig 1E),
indicating that they are suitable
for  screening  for  small
molecules inhibitory for AR
expression.

To demonstrate these knock-in
cells are useful in search of AR
transcriptional inhibitors, we
carried out a pilot screen using
the NCI Diversity-set library,
which contains 1,593
compounds with diverse

Relative Luminescence (log2)

structures. This screen was done | Fig 2. pilot screening using the knock-in AR reporter. C4-
using 96-well plates and the cells | 2 cells carrying FLuc in the AR locus (clone #21) were plated
were treated with 2.5 pM of | in 96-well plates at a density of 10°/well, and treated with 2.5
compounds for 16 h. While a | uM of compounds from the NCI Diversity-Set V library for
majority of compounds did not | 16 h. The cells were then lysed and subjected to firefly
significantly alter the luciferase luciferase activity assays using a plate luminometer. The
expression level, we found that 68 | luciferase activity in each well relative to the DMSO group

(4.3%) compounds decreased the was converted to log2 and plotted.
luciferase activity by more than 1 fold (Fig 2). This positive rate was rather high, and somehow
hindered our efforts in validating and identifying hits for further investigations. It is worth to
note that we and others recently published data suggesting that up to 45% of hits from a screen
might be false positives (Lang et al., Chem Biol 22: 957-964, 2015). Therefore, in order to
employ the knock-in AR reporter cells successfully developed in this project for high-throughput




drug screening, we will need to develop a secondary, orthogonal screening assay to exclude
those false-positive compounds (Lang et al., Chem Biol 22: 957-964, 2015). Such a orthogonal
assay can be readily developed through RMCE using the tk-ble knock-in cell line (Lang et al.,
Chem Biol 22: 957-964, 2015). While this goal is beyond the scope of this project, we are
currently working to develop the secondary screening assay in order to apply these AR-knock-in
reporters for high-throughput searches of small-molecule inhibitors.

What opportunities for training and professional development did the project provide?

Although this project is not for training purpose, the postdoctoral fellow, Ziyan Wang, had
learned the CRISPR-Cas9 technology and drug screening. This would help her career
development.

How were the results disseminated to communities of interest?

Nothing to Report.

What do you plan to do during the next reporting period to accomplish the goals?

Nothing to Report.

4.  IMPACT

What was the impact on the development of the principal discipline(s) of the project?

In this project, we have successfully developed a knock-in AR reporter system that can faithfully
reproduce chemical responses of the endogenous AR gene, and therefore can likely provide a
reliable, powerful, high-throughput screening platform for identifying small-molecule AR
inhibitors. The identified small molecules can serve as leads for further development of effective
therapeutic agents to combat castration resistant prostate cancer.

What was the impact on other disciplines?

Nothing to Report.

What was the impact on technology transfer?

Nothing to Report.

What was the impact on society beyond science and technology?

Nothing to Report.

5. CHANGES/PROBLEMS



Changes in approach and reasons for change

The cell line used for genome editing was changed from CWR-R1 to 2 other CRPC cell lines
(i.e.,, C4-2 and 22Rv1), because we noted that CWR-R1 cells were very heterogeneous in
morphology. We were afraid that the derived knock-in clone might not represent the parental cell
populations.

Actual or anticipated problems or delays and actions or plans to resolve them

The actual problem, which was anticipated in the proposal, was the low genome-editing
efficiency. Accordingly, we took the alterative Strategy B, which employed a selection gene to
enrich for recombinant events, to develop the knock-in cells. The latter strategy took additional
time, and thus delayed the project for about two months.

Changes that had a significant impact on expenditures
Nothing to Report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Nothing to Report.
6. PRODUCTS
The following publications were partly supported by this award:

1. Wang Z, Kim J, Teng Y, Ding H-F, Zhang J, Hai T, Cowell JK, Yan C. (2015) Loss of
ATF3 promotes hormone-induced prostate carcinogenesis and the emergence of
CK5'CK8" epithelial cells. Oncogene doi: 10.10380nc.2015.417 (Epub ahead of print)

2. Cui H, Li X, Han C, Wang Q-E, Wang H, Ding H-F, Zhang J, Yan C *. The stress
responsive gene ATF3 mediates dichotomous UV responses by regulating Tip60 and p53.
J Biol Chem 2016 March 18. Doi: 10.1074/jbc.M115.713099 (Epub ahead of print)

3. Zhao J, Li X, Guo M, Yu J *, Yan C * (2016) The common stress responsive
transcription factor ATF3 binds genomic sites enriched with p300 and H3K27ac for
transcriptional regulation. BMC Genomics 17: 335

This project also generated a knock-in AR reporter cell line. While screening and validation of
AR inhibitors are ongoing, the results will be published in a scientific journal soon. The knock-in
cell line will be freely distributed to other academic laboratories upon request. The project also
generated several intermediate vectors that are very useful in developing knock-in reporter
assays for other essential prostate-cancer-associated genes. We will also share these plasmids
upon request.



7.  PARTICIPANTS & COLLABORATING ORGANIZATIONS

What individuals have worked on the projects?

1) Name: Chunhong Yan, Ph.D.

Project Role: Pl

Nearest person month worked: 0.6

Contribution to Project: Overall administration and direction of the project.
2) Name: Ziyan Wang, Ph.D.
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Contribution to the Project:  Carried out the experiments and organized the data

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

Nothing to report.

What other organizations were involved as partners?
Nothing to report

8. SPECIAL REPORTING REQUIREMENTS: None
9.  Appendices

Copies of the 3 publications with titles listed above are attached.
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Loss of ATF3 promotes hormone-induced prostate
carcinogenesis and the emergence of CK5"CK8"

epithelial cells

Z Wang'?, J Kim3, Y Teng', H-F Ding'*, J Zhang®, T Hai®, JK Cowell' and C Yan'?’

Steroid sex hormones can induce prostate carcinogenesis, and are thought to contribute to the development of prostate
cancer during aging. However, the mechanism for hormone-induced prostate carcinogenesis remains elusive. Here, we report that
activating transcription factor 3 (ATF3)—a broad stress sensor—suppressed hormone-induced prostate carcinogenesis in mice.
Although implantation of testosterone and estradiol (T+E;,) pellets for 2 months in wild-type mice rarely induced prostatic
intraepithelial neoplasia (PIN) in dorsal prostates (one out of eight mice), the loss of ATF3 led to the appearance of not only PIN but
also invasive lesions in almost all examined animals. The enhanced carcinogenic effects of hormones on ATF3-deficient prostates
did not appear to be caused by a change in estrogen signaling, but were more likely a consequence of elevated androgen
signaling that stimulated differentiation of prostatic basal cells into transformation-preferable luminal cells. Indeed, we found that
hormone-induced lesions in ATF3-knockout mice often contained cells with both basal and luminal characteristics, such as p63*
cells (a basal-cell marker) showing luminal-like morphology, or cells double-stained with basal (CK5") and luminal (CK8*) markers.
Consistent with these findings, low ATF3 expression was found to be a poor prognostic marker for prostate cancer in a cohort of
245 patients. Our results thus support that ATF3 is a tumor suppressor in prostate cancer.

Oncogene advance online publication, 2 November 2015; doi:10.1038/onc.2015.417

INTRODUCTION

Characterized by its strong association with aging, prostate cancer
remains as one of the major health threats to men worldwide.
While genetic alterations that can cause transformation of
prostatic epithelia are inevitably accumulated during aging, aging
men also produce fewer androgens. As a result, the ratio of plasma
estrogens (for example, estradiol, E,) to androgens (for example,
testosterone) is increased with age.! Estrogens produced by
adipose tissue, adrenal glands and testicles, or converted from
testosterone in the prostate locally, can bind estrogen receptor a
(ERa) or B (ERP) to regulate prostatic branching, and appears to be
required for normal prostate development.? The increase in the
relative level of prostatic estrogens in aging men is therefore
thought to be one of the major contributors to the occurrence and
development of prostate cancer.? Indeed, not only epidemiolo-
gical studies have demonstrated that an elevated plasma estrogen
level correlates with a high risk of prostate cancer,® but estradiol in
combination with testosterone mimicking the hormone imbalance
in aging men has been shown to induce prostate carcinogenesis
in rodents*> Although the underlying mechanism remains
elusive, hormone-induced carcinogenesis in mouse prostates
appears to require both estrogen and androgen signaling,
as mice null for ERa are refractory to the carcinogenic effect’
while a treatment regimen devoid of testosterone rather induces
squamous metaplasia and keratinization of prostate epithelia
without neoplastic transformation.® Squamous metaplasia is

thought to be caused by extensive proliferation of basal epithelial
cells that is stimulated by paracrine signaling mediated by ERa
predominantly expressed in adult prostatic stroma.” On the other
hand, androgen signaling triggered by binding of testosterone to
the androgen receptor (AR) in the prostatic luminal epithelium or
stroma is indispensable for sustaining the prostate epithelium in a
differentiated and relatively growth-quiescent state® Elevated
androgen signaling, however, can also drive prostatic proliferation
and is responsible for the outgrowth and survival of prostate
cancer cells.”'® Indeed, targeting androgen signaling or AR is
one of the major strategies for treating prostate cancer. Not
surprisingly, the AR activity, presented as transactivation of
androgen-responsive genes, is regulated by a complex network
comprised of transcription co-factors that are often aberrantly
expressed in prostate cancer.'"'?

Previously, we identified ATF3 (activating transcription factor 3),
a member of the ATF/CREB family member, as a major AR
repressor in the prostatic epithelium and prostate cancer cells.'®
ATF3 binds AR at its DNA-binding domain, thereby preventing
AR from binding to androgen-responsive genes.'® ATF3 can also
bind the AR C-terminal ligand-binding domain, disrupting the AR
intramolecular interaction required for its transcriptional activity.'
Best known for its rapid induction by broad cellular stresses
including DNA damage, oxidative stress and oncogenic stimuli,'*
ATF3 engages in a number of cellular signal pathways, such as
those mediated by p53, TGF-B and Toll-like receptor 4, through

'GRU Cancer Center, Georgia Regents University, Augusta, GA, USA; *Center for Cell Biology and Cancer Research, Albany Medical College, Albany, NY, USA; *Department of
Statistics, Sungkyunkwan University, Seoul, South Korea; “Department of Pathology, Medical College of Georgia, Georgia Regents University, Augusta, GA, USA; *Department of
Radiation Oncology, School of Medicine, Case Western Reserve University, Cleveland, OH, USA; ®Department of Biological Chemistry and Pharmacology, Ohio State University,
Columbus, OH, USA and "Department of Biochemistry and Molecular Biology, Medical College of Georgia, Georgia Regents University, Augusta, GA, USA. Correspondence:
Dr C Yan, GRU Cancer Center, Georgia Regents University, 1410 Laney Walker Boulevard, CN2134, Augusta, GA 30912, USA.
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Received 27 May 2015; revised 28 September 2015; accepted 5 October 2015
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interacting with other proteins or binding to the consensus
ATF/CREB cis-regulatory element.”>”"” While it is generally
believed that ATF3 is important for triggering appropriate cellular
responses to immune and oncogenic stimulation,'®' aberrant
ATF3 expression is frequently associated with human diseases
such as prostate cancer.?® Indeed, unbiased cancer profiling
analyses have revealed that ATF3 expression is often down-
regulated in prostate cancer, particularly in advanced diseases.?'
Using a genetically engineered mouse model, we recently
demonstrated that ATF3 suppresses the development of prostate
cancer caused by Pten loss*'—one of the most frequent genetic
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alterations occurring in human prostate cancer. We also showed
that ATF3 deficiency leads to increased Akt signaling in both
transformed mouse prostatic epithelia and human prostate cancer
cells.? These results in combination with the earlier findings that
ATF3 is an AR repressor and can activate the tumor suppressor
p53'3"° strongly argue for a notion that ATF3 has an important
role in the suppression of prostate cancer.?> However, ATF3 has
also been shown to be oncogenic in other cellular contexts, such
as in breast cancer.”

Given that hormone signaling may function as an oncogenic
stimulus to promote prostate cancer development, we sought to
test whether ATF3 deficiency in mice also contributes to prostate
carcinogenesis induced by steroid sex hormones. Our results
indicate that loss of ATF3 in mice accelerated hormone-induced
prostate carcinogenesis, an effect which was likely achieved
through promoting differentiation of basal epithelial cells into
luminal cells. The latter cell t%/pe appears to be favored as the cell
of origin for prostate cancer.”* We therefore provide an additional
line of genetic evidence supporting that ATF3 is a tumor
suppressor for prostate cancer.

RESULTS
Low ATF3 expression is a poor prognosis marker for prostate cancer

Previous studies found that ATF3 expression is frequently down-
regulated in prostate cancer.?'?>?® To further explore the role of
ATF3 in prostate cancer, we examined ATF3 expression in 419
prostate cancer samples and 52 normal tissues using the RNA-seq
data deposited in the Cancer Genome Atlas (TCGA) database.
Consistent with previous reports, we found that the ATF3
expression level was significantly lower in prostate tumors than
that in normal tissues (P=0.0004) (Figure 1a). Further comparison
of ATF3 expression between prostate tumors and their corre-
sponding adjacent normal tissues also showed decreased ATF3
expression in tumors (P=0.005, n=52) (Figure 1b). We also carried
out immunohistochemical staining on 14 prostate cancer samples
and their corresponding normal prostate tissues. We found that
the ATF3 staining intensity was significantly lower in 9 out of 14
prostate tumor samples (64.2%) as compared with their normal
prostatic epithelia (Figure 1c). In contrast, elevated ATF3 staining
was found in only one of these tumors. Intriguingly, when the
survival data for prostate cancer patients registered in the TCGA
database were analyzed, we found that low ATF3 expression was
significantly associated with a poor relapse-free survival in
patients (P=0.006) (Figure 1d). Our results thus support the role
of ATF3 that has in the suppression of prostate cancer.

ATF3 is hormone-inducible and expressed in both basal and
luminal cells

As hormone signaling can promote prostate carcinogenesis,'? we
asked whether ATF3 also suppresses prostate carcinogenesis

<

Figure 1. ATF3 expression is downregulated in human prostate
cancer. (@) ATF3 expression data measured by RNA-seq were
retrieved from TCGA, and used for comparison between prostate
cancer samples and normal tissues. The data are presented as box
and whiskers (10-90 percentile). The P-value was calculated
by Student’s t-test. (b) ATF3 expression was compared between
prostate cancer samples and their paired normal tissues. The P-value
was calculated by paired Student’s t-test. (c) Representative
immunohistochemistry (IHC) results of ATF3 expression in human
prostate tumors and their paired normal tissue. Tissue array slides
from Super Bio Chips and US Biomax were stained for ATF3
expression by IHC. The arrow indicates normal prostate epithelial
cells with higher nuclear staining. (d) The Kaplan-Meier survival
curves for patients with high or low ATF3 expression shows low
ATF3 expression is a poor prognosis marker for prostate cancer.

© 2015 Macmillan Publishers Limited



induced by steroid sex hormones. To explore this possibility,
we first tested whether ATF3 expression is induced by hormone
stimulation. We, respectively, treated PC3 cells that carry
functional ERa and LNCaP cells known to express AR?’ with
estradiol (E;) and a synthetic androgen R1881 for western blotting.
While these hormones induced expression of ER/AR target genes
progesterone receptor (PR) and NKX3.1 as expected, we found
that E; and R1881 rapidly induced an increase in the ATF3 protein
level (Figures 2a and b). The hormones also rapidly increased the
ATF3 mRNA levels (Figure 2c), suggesting that they likely induced
ATF3 expression at the transcription level. As ER and AR regulate
prostatic basal and luminal epithelial cells, respectively, we
examined ATF3 expression in these two distinct cell types by
immunohistochemistry. In support of the possibility that ATF3 may
regulate hormone-induced events, ATF3 was expressed in both
basal (red arrows) and luminal cells (black arrows) of human
(Figure 2d) and mouse prostates (Figure 2e). Of note, p63 staining
was used to label basal cells in the mouse tissue (Figure 2e).

ATF3 deficiency does not affect hormone-induced squamous
metaplasia in APs

We next determined the contribution of ATF3 to hormone-
induced prostate carcinogenesis by subcutaneously implanting
pellets embedded with 25 mg of testosterone (T) and 2.5 mg of E,,
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or placebo, into ATF3 wild-type (WT) or knockout (KO) mice
(C57BL/6). These pellets allow for continuous release of the
hormones for 2 months until we subjected mouse prostates to
histopathological examinations. Treating mice with T+E, at these
doses were expected to reproduce circulating plasma hormone
levels similar to those found in aging men.> While we did not
notice apparent alteration in the growth and behavior of mice, the
hormone treatments induced squamous metaplasia in mouse
anterior prostates (APs) evidenced by epithelial keratinization and
dramatic expansion of enlarged, flat epithelial cells in these glands
(Figure 3a). These highly proliferative (PCNA-positive) cells were
often positive for p63 staining (p63*) (Figure 3a), indicating their
basal-cell origin. These results were different from those in an
early report that T+E, embedded in Silastic tubing induced
prostatic intraepithelial neoplasia in mouse APs. This discrepancy
might be due to different hormone release kinetics. The pellets
used in our study might release E, more efficiently and thus
predominantly stimulate estrogen signaling in APs—the glands
most sensitive to estrogens. Indeed, squamous metaplasia, known
as a major estrogenic effect in rodents,® was only seen in APs in
our experiments. Moreover, expression of PR, a well-characterized
ER target gene, was strongly induced by the hormone treatments
(Figure 3a). Importantly, loss of ATF3 did not appear to alter the
estrogenic effects, as the hormones induced squamous metaplasia

PC3/E, LNCaP/R1881
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ATF3 is hormone-inducible and expressed in both prostate basal and luminal cells. (@) PC3 cells were treated with 10 nm of E, for

western blotting assays. (b) LNCaP cells were treated with 1 nm of R1881 for western blotting analysis. (c) PC3 and LNCaP cells were treated
with E2 and R1881, respectively, and then subjected to gRT-PCR to measure the ATF3 mRNA level. (d) Normal human prostate samples were
stained for ATF3 expression by immunohistochemistry (IHC). Red and black arrows indicate basal and luminal cells, respectively. (e) Adjacent
serial sections of mouse APs were stained for ATF3 and p63 expression by IHC. Red arrows indicate two representative basal cells positive for

both ATF3 and p63 staining.
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in ATF3-deficient APs to the same extent as the WT glands
(Figure 3a). Consistent with these results, ATF3 deficiency did not
change the number of p63-positive or PCNA-positive cells
(Figures 3b and c). These results indicate that ATF3 had a
negligible effect on estrogen signaling. Indeed, knockout of ATF3
expression by a single-guided RNA in PC3 cells*' only marginally
altered PR expression induced by E, (Figure 3d).

Loss of ATF3 promotes hormone-induced carcinogenesis in dorsal
prostates (DPs)

As ATF3 can repress androgen signaling in the prostatic
epithelium,”® we next asked a question as to whether the loss of
ATF3 leads to different hormone responses in less-estrogenic glands
like DPs. Although we did not find obvious abnormality in ventral
and lateral prostates (Table 1), the hormone treatments appeared to
induce prostatic intraepithelial neoplasia lesions in DPs of one WT
mice, but hyperplasia, in other WT mice (Figures 4a and b),
suggesting a minor carcinogenic effect of the hormones on DPs.
Intriguingly, ATF3 deficiency appeared to promote this carcinogenic
effect, as 11 out of 12 KO mice developed prostatic intraepithelial
neoplasia lesions in their DPs (Figures 4a and b). Moreover, staining
for a-smooth muscle actin expression in these ATF3-deficient DPs
revealed that a number of lesions (6-30%) were surrounded by
disintegrated smooth muscle layers that were invaded by
transformed epithelial cells (Figures 4a and c), indicating their
invasiveness. In contrast, only one of the WT mice appeared to have
invasive lesions (Figure 4b). These results thus demonstrate that
ATF3 deficiency promoted prostate carcinogenesis induced by T+E,.
Of note, DPs of placebo-treated KO mice were hyperplastic
(Figures 4a and b), a finding reminiscent of our previous results.'®

ATF3 deficiency promotes epithelial cell proliferation in DPs

To explore the underlying mechanism for carcinogenesis
promoted by loss of ATF3, we determined the proliferation rate
of prostatic epithelial cells by PCNA staining. Without the
hormone treatments, ATF3-deficient DPs had a higher proliferation
rate than WT glands (Figures 5a and b), consistent with the results
that the KO glands were hyperplastic (Figure 4b). As expected,
while the hormone treatments significantly increased the
proliferation rate, loss of ATF3 further enhanced prostatic epithelial
proliferation induced by the hormones (Figures 5a and b). As
hormone-induced PR expression (as a marker for ER signaling) was
not significantly different between WT and KO glands (Figures 5a
and ¢), the increased proliferation in KO cells was more likely
caused by the increased sensitivity to androgen stimulation.
Indeed, we have previously demonstrated that the loss of ATF3
can promote androgen signaling in the prostatic epithelium.'?

Hormone-induced KO tumors contain cells with a basal-cell origin
Prostate cancer can be originated from either basal cells or luminal
cells.?® Whereas luminal cells are more susceptible to transforma-
tion, prostate tumorigenesis originated from basal cells has a long
latency and appears to require basal-to-luminal differentiation.?**°
To better understand the mechanism underlying the promotion of

Table 1. Mouse phenotypes induced by the hormones

ATF3 WT ATF3 KO

AP Squamous metaplasia

DP 1/8 PIN/invasive carcinoma
7/8 hyperplasia

VP/LP Normal

Squamous metaplasia

11/12 PIN/invasive carcinoma
1/12 hyperplasia

Normal

Abbreviations: AP, anterior prostate; DP, dorsal prostate; KO, knockout; PIN,
prostatic intraepithelial neoplasia; WT, wild type.
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hormonal carcinogenesis by ATF3, we stained DPs with antibodies
to AR and p63 to label luminal and basal cells, respectively.
Whereas AR positivity was mainly found in columinal luminal cells
in the placebo group as expected, most cells in the hormone-
induced prostate lesions were also AR-positive but negative for
p63 staining (Figure 6a). On the contrary, p63 staining was mainly
found in basal cells (Figure 6a). As a consequence of growth
stimulation by E,, the number of p63-positive (p63*) basal cells in
both WT and KO glands was increased by the hormone treatments
(Figure 6b). Although there was no difference in the total number
of p63* cells, we found, to our surprise, that the prostate lesions in
KO mice were comprised of many p63* cells with a luminal-like
morphology, that is, large oval-shaped nuclei aligned vertically to
the basement membrane (Figure 6a, red arrows). These luminal-
like p63™ cells were often dislodged and moved away from the
basement membrane (Figure 6a). Given that basal cells can be
differentiated into luminal cells under certain conditions such as
AR expression,>'3? these luminal-like p63* cells were likely derived
from basal-to-luminal differentiation. Although we occasionally
found these intermediate cells in the hormone-treated WT glands,
the number of glands containing such cells was significantly
smaller than that of the KO glands (Figure 6¢). As luminal cells
appear to be the favorable cell of origin for prostate cancer,®*
these results suggest that basal-to-luminal differentiation
promoted by ATF3 deficiency would generate luminal cells that
are more transformation-competent,® thereby facilitating pros-
tate carcinogenesis induced by hormones.

Loss of ATF3 promotes the emergence of CK5"CK8* epithelial cells

To confirm the existence of intermediate cells in the lesions of
KO mice, we double-stained DPs with antibodies to cytokeratin 5
(CK5) and cytokeratin 8 (CK8) to visualize basal and luminal cells
simultaneously. As expected, CK8-positive (CK8") luminal cells
rested on a layer of CK5-positive (CK5") basal cells and extruded
towards lumens in DPs of the placebo-treated mice (Figure 7a).
Whereas the hormones increased the numbers of CK5* and CK8*
cells as expected, we saw a few CK5 and CK8 double positive
(CK5"CK8") cells scattered in WT DPs. In striking contrast,
we found a significantly larger number of CK5"CK8" cells in DPs
of hormone-treated KO mice (Figure 7a). Localized on the top of a
layer of CK5* basal cells, these CK5*CK8" cells had cuboidal
shapes, aligned vertically to the basement membrane, and often
mingled with CK8" luminal cells (Figure 7a). Overall, more than
20% of epithelial cells in the ATF3-deficient DPs were CK5*CK8™,
comparing with 2% of CK5'CK8" cells in the WT glands
(Figure 7b). Moreover, a significantly higher number of ATF3-
deficient glands contained CK5"CK8" cells as compared with their
WT counterparts (Figure 7c). When CK5 staining was examined
alone, CK5* cells appeared to frequently form two or more layers
in the KO glands (Figure 7a). Indeed, we found that the number of
glands with multiple layers of CK5" cells was significantly
increased in the ATF3-deficient DPs (Figure 7d). These results
thus suggest that the loss of ATF3 could promote basal-to-luminal
transformation in mouse prostates. As a simple test of the possible
effect of ATF3 on prostate epithelial differentiation, we knocked
down ATF3 expression in RWPE-1 cells using an ATF3-specific
siRNA (siATF3, Figure 7f)'® and stained the cells for differentiation
markers. As RWPE-1 is a normal human prostate epithelial cell line
mainly harboring a basal-cell phenotype, fewer than 1% of cells
were positive for CK8 staining (Figures 7e and f). In line with
the notion that ATF3 deficiency could promote basal-to-luminal
differentiation, knockdown of ATF3 expression significantly
increased the number of CK8' cells by fivefold (Figures 7e
and f). Of note, most of these CK8" cells remained positive for CK5
staining. Therefore, ATF3 appears to induce human prostate basal
cells to differentiate into luminal cells.
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Figure 4. Loss of ATF3 promotes hormone-induced prostate carcinogenesis in DPs. (a) DP sections were subjected to hematoxylin and eosin
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of invasive glands in WT and KO mice (five mice for each genotype) as determined by a-SMA staining. *P < 0.05, Mann-Whitney test.

DISCUSSION

Decrease in androgen production and accumulation of genetic
alterations during aging are two major risk factors for prostate
cancer. Although it has been established that ATF3 has important
roles in provoking cellular responses to oxidative stresses that
can accumulate naturally and cause genetic alterations during
aging,**** we demonstrated in this report that loss of ATF3
promoted prostate carcinogenesis in mice under a condition
mimicking the estrogen/androgen imbalance in aging men.’
Our results thus argue for a notion that ATF3 dysfunction
contributes to the genesis and the development of prostate
cancer. Indeed, while it was frequently found that ATF3 expression
is downregulated in human prostate cancer,”’ decreased ATF3
expression appeared to be associated with poor survival of
prostate cancer patients (Figure 1d). This notion is in line with
previous findings that ATF3 is proapoptotic®>*° and can repress
androgen signaling required for the outgrowth and survival of
prostate cancer cells.'®> Moreover, we recently demonstrated that
ATF3 deficiency promotes prostate tumorigenesis induced by

Oncogene (2015) 1-10

genetic ablation of Pten in mice.>' Together, our studies provide
direct genetic evidence supporting the role of ATF3 in the
suppression of prostate cancer.

Hormone-induced prostate carcinogenesis in mice requires
both estrogen and androgen signaling.” While estrogens stimulate
proliferation of basal cells and are likely the driving force for
cellular transformation, the role of androgen signaling in prostate
carcinogenesis is unclear and thought to outcompete with
estrogens to preserve a glandular phenotype and prevent
prostatic atrophy.® Different from the previous report,> however,
the T+E, combination only induced squamous metaplasia in the
most estrogen-sensitive APs in our animal model (Figure 3).
These results indicate that the estrogenic effects appear to be
dominant in APs in our model. Although ATF3 expression could be
transiently induced by E, in prostatic epithelial cells (Figure 2a),
ATF3 did not appear to affect estrogen signaling, as loss of ATF3
neither caused phenotypic changes in APs nor altered PR
expression induced by the hormones (Figure 3). Accordingly, it
was more likely that the loss of ATF3 promoted hormonal

© 2015 Macmillan Publishers Limited
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ATF3 deficiency increases proliferation of prostatic epithelial cells in DP. (a) DP sections were stained for PCNA and PR expression.
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ns, not significant, Student’s t-test.

carcinogenesis through increasing androgen signaling. Although
our efforts in determining effects of ATF3 on androgen signaling
in our mouse model were hindered by the lack of commercial
antibodies suitable for detecting androgen-responsive genes by
immunohistochemistry, we have previously demonstrated that
the loss of ATF3 is sufficient to enhance androgen signaling in
mouse prostatic epithelia.'® Interestingly, ATF3 expression
could be induced by both androgen stimulation (Figure 2b)
and androgen deprivation."® Although these observations are
consistent with the notion that ATF3 is a broad stress sensor, it
would be interesting to further elucidate the mechanism(s)
underlying ATF3 induction by androgen alterations for a better
understanding of the regulation of androgen signaling by ATF3.

An important finding from this study is that loss of ATF3
induced the emergence of prostate epithelial cells expressing
both basal-cell and luminal-cell markers, suggesting that ATF3
deficiency might promote prostatic basal epithelial cells to
differentiate into luminal cells. Not only luminal-like p63* cells
were wide-spread in ATF3-KO prostate lesions, but we found a
significant increase in the number of CK5*CK8" cells that were
likely intermediate between basal and luminal cells. Although
both basal cells and luminal cells can be self-sustained and serve
as the cell of origin for prostate cancer?® basal cells are
often considered stem-like cells®’ and can be converted into
luminal cells likely through asymmetrical division.>” Indeed, the
intermediate cells found in the ATF3-deficient lesions were often
localized vertically to the basement membrane (Figures 6a
and 7a), suggesting that they might be generated from
asymmetrical division of stem-like basal cells. Although the
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definite origin of these intermediate cells would need to be
determined through cell lineage tracing using fluorescent
reporters, our results suggest that hormone-induced prostate
lesions had a basal-cell origin. This notion appears to contradict a
recent report, which concluded that luminal cells are favored as
the cell of origin for hormone-induced prostate cancer.*
However, the lineage-tracing approach used in this recent study
has a limitation in that only a portion of basal cells are
fluorescently labeled.?® Thus, the possibility that hormone-
induced prostate lesions were partially derived from a small
portion of unlabeled basal cells cannot be excluded. It is important
to note that prostate tumors derived from basal cells often have a
long latency,?® but appear to be more invasive likely owing to
alterations in the Spp1 and Smad4-mediated pathways that have
been shown to promote invasion and metastasis of prostate
cancer in a genetically engineered mouse model. 3% It is thus
likely that differentiation of basal cells into luminal cells (which are
more competent to transformation) is a contributing factor for
prostate tumorigenesis with a basal-cell origin.?*3° Interestingly,
whereas T+E, can induce prostatic intraepithelial neoplasia in the
WT prostate glands (albeit at a low frequency in our experiments,
also see reference Ricke et al.’), we found that prostate lesions
generated in the ATF3-deficient mice were invasive in almost all
animals examined (Figures 4a and b). This observation provides an
additional support to the notion that the loss of ATF3 promoted
basal-to-luminal differentiation leading to prostate lesions that
were originated, at least in part, from basal cells. As AR has
been shown to promote basal-to-luminal differentiation, it is
highly likely that the enhanced androgen signaling led to the
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graph. *P < 0.05; ***P < 0.001; Student’s t-test.

differentiation in the ATF3-deficient prostates. Interestingly, when
CK5*CK8" cells were examined in the prostate lesions generated
by genetic ablation of the tumor suppressor Pten, we only saw
very few double-stained cells, and ATF3 deficiency did not appear
to increase the number of intermediate cells in this mouse model
(data not shown). These observations were not unexpected, given
that it is known that AR signaling is impaired in Pten-deficient
prostates.***! These results thus provide an additional support to
the notion that enhanced androgen signaling due to loss of ATF3
likely lead to the basal-to-luminal differentiation found in the
hormone-induced prostate lesions. Accordingly, given that the
role of androgen signaling in hormone-induced prostate carcino-
genesis is unclear, it would be interesting to test whether
testosterone serves to induce basal-to-luminal differentiation
thereby facilitating cellular transformation stimulated by estradiol.

MATERIALS AND METHODS

Animals and hormone treatments

Animal experiments were carried out according to protocols approved by
the Institutional Committee of Animal Care and Use (ICACU) of the Albany
Medical College and the ICACU of Georgia Regents University. ATF3-KO
(ATF3™7) mice were described previously.'**? For prostate carcinogenesis, 8
to 12 mice (C57BL/6) were subcutaneously implanted with pellets embedded
with 25 mg of testosterone propionate (SA-211) and 2.5 mg of 3-estradiol 17-
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acetate (SE-271) (Innovative Research of America, Sarasota, FL, USA), or
placebo (SC-111), at the age of 8 weeks. Mice were killed 2 months later, and
subjected to histopathological examinations as described previously.'

Immunohistochemistry and immunofluorescence staining

These were carried out essentially as described previously.'® In brief, prostate
sections were treated with a hot citrate buffer, and subjected to
immunohistochemical staining using the ABC Elite Kit and the DAB Kit
(Vector laboratories, Burlingame, CA, USA) according to the manufacturers’
protocols. PCNA (sc-56, 1:1000), ATF3 (sc-188, 1:200), AR (sc-816, 1:200) and
p63 (sc-8430, 1:200) antibodies were purchased from Santa Cruz (Dallas,
TX, USA). a-Smooth muscle actin staining was performed using an alkaline
phosphatase-conjugated anti-a-smooth muscle actin antibody (Sigma,
St Louis, MO, USA; 1:600) and SIGMAFAST Fast Red TR/Naphthol AS-MX
tablets (F4523, Sigma-Aldrich, St Louis, MO, USA) according to the supplier’s
protocol. For CK5/CK8 double staining, prostate sections were incubated
with CK5 (PRB-160P, 1:500) and CK8 (MMS-162P, 1:500) antibodies
(Biolegend, San Diego, CA, USA), followed by incubation with Alexa Fluor
594-conjugated anti-rabbit 1gG (A-24923) and Alexa Fluor 488-conjugated
anti-mouse IgG (A-21131, ThermoFisher Scientific, Waltham, MA, USA).

Cell culture and generation of ATF3-KO PC3 cells

LNCaP and PC3 cells, originally from ATCC, were cultured in RPMI1640 medium
supplemented with 10% fetal bovine serum. For hormone treatments, cells
were first cultured in charcoal-stripped medium, followed by supplementing

© 2015 Macmillan Publishers Limited
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(green) antibodies, and observed under a confocal microscope. (b) CK5*CK8* cells in each DP (from three to four mice each group) were counted
and presented as percentages of total epithelial cells. (c) Percentage of glands containing CK5"CK8" cells for each group (three to four mice for
each group) is shown. (d) Glands with multiple CK5+ layers in random X 20 fields were counted and presented as percentages of total glands.
Only hormone-treated samples were scored in panel b and d. (e, f) RWPE-1 cells were transfected with siATF3 or a control siRNA (siLuc) for 3 days,
and then stained for CK5 and CK8 expression. CK8+ cells in 10 random microscopic fields (x20) were counted and the numbers were depicted in f.
The western blots under the graph show decreased ATF3 expression in siATF3-transfected cells. *P < 0.05; ***P < 0.001; Student’s t-test.

with 1 nM of R1881 (Perkin Elmer, Waltham, MA, USA) or 10 nM of E2 (Sigma).
To generate ATF3-KO PC3 cells using the CRISPR-Cas9 technology, oligo-
nucleotides containing a sequence for an ATF3-specific guided RNA (5-
AAAATGATGCTTCAACACCC-3') was inserted into pSpCas9(BB)-2A-Puro.*® PC3
cells were transfected with the resulted construct for 2 days, selected with
puromycin for 2 days, and then plated at a low density in 100-mm dishes.

© 2015 Macmillan Publishers Limited

Individual clones were then expanded, and subjected to western blotting for
screening for clones lacking ATF3 expression. RWPE-1 cells were purchased
from ATCC, and cultured in keratinocyte serum-free medium (Invitrogen,
Carlsbad, CA, USA). Cells (the third passage) in 24-well plates were transfected
with 50 pmol of siATF3 or siLuc'® for 3 days and then stained for CK5/CK8
expression.
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Western blotting assays

Western blotting assays were performed as described previously.”® In brief,
cells were lysed in RIPA buffer containing 50 mm Tris-HCl, pH 7.4, 1%
Nonidet P-40, 0.25% sodium deoxycholate, 150 mm NaCl, 1 mm EDTA, 1 mm
PMSF, and 1T mm NaF, 1 mm NasVO, and protease inhibitor cocktail (Roche,
Indianapolis, IN, USA), and then resolved in sodium dodecyl sulfate-
polyacrylamide electrophoresis for immunoblotting.

Data and statistical analysis

ATF3 expression data and clinical features of prostate cancer patients were
retrieved from the Cancer Genome Atlas (TCGA) database. To test for the
difference in ATF3 expression between normal and tumor samples,
Student’s t-test or paired t-test was used. In the survival analysis, all
percentiles between the lower and upper quartiles of ATF3 expression
were computed and the best performing threshold was used as a cutoff
point for high and low ATF3 expression. The Kaplan-Meier method and the
log-rank test were used to compare recurrence-free survival curves
between high and low ATF3 expression groups.
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ABSTRACT

The response to UV irradiation is important for
a cell to maintain its genetic integrity when
challenged by environmental genotoxicins. An
immediate early response to UV is the rapid
induction of activating transcription factor 3
(ATF3) expression. Although emerging evidence
has linked ATF3 to stress pathways regulated by
the tumor suppressor p53 and the histone
acetyltransferase Tip60, the role of ATF3 in the
UV response remains largely unclear. Here, we
report that ATF3 mediated dichotomous UV
responses. While UV enhanced the binding of
ATF3 to Tip60, knockdown of ATF3 expression
decreased the Tip60 stability thereby impairing
Tip60 induction by UV. In line with the role of
Tip60 in mediating UV-induced apoptosis, ATF3
promoted the death of p53-defective cells in
response to UV irradiation. However, ATF3 could
also activate p53, and promote p53-mediated DNA
repair  mainly  through altering  histone
modifications that could facilitate recruitment of
DNA repair proteins (such as DDB2) to damaged
DNA sites. As a result, ATF3 rather protected
p53-wildtype cells from UV-induced apoptosis.
Our results thus indicate that ATF3 regulates cell
fates upon UV irradiation in a p53-dependent
manner.

The DNA damage response is essential for the
maintenance of genetic integrity in the face of

1

intrinsic and environmental genotoxins. In
addition to y-irradiation (IR) that often induces
DNA double-strand breaks (DSB), UV irradiation
represents another major genotoxic challenge that
can cause bulky chemical modifications of single
DNA strands such as cyclobutane pyrimidine
dimers (CPDs) and (6-4)-phophoproducts and
cross-link DNA(1). Mammalian cells mobilize a
mechanism referred to as nucleotide excision
repair (NER) whereby a repair complex composed
of up to 30 proteins is assembled at damaged sites,
unwind, and excise DNA adducts from damaged
strands (1). UV-induced DNA damage also
provokes cellular signaling mediated by the sensor
kinase ATR/ATM and notably the tumor
suppressor p53, leading to rapid induction of cell
cycle arrest to allow repair of damaged DNA, or
apoptosis for the removal of irreparable cells (1).
Intriguingly, while p53 induced by UV
transactivates genes that can drive cell cycle arrest
(e.g., p21) or apoptosis (e.g., Bax), it can also
directly engage in NER by inducing expression of
genes (i.e., DDB2 and XPC) responsible for
sensing and binding DNA adducts to prime the
repair of cross-linked DNA (2,3). p53 can also
regulate the helicase activity of TFIIH (4), and
promote UV-induced histone H3 acetylation and
global chromatin relaxation required for the access
of damaged sites to NER proteins (5), thereby
promoting UV damage repair independent of its
transcriptional activity (6). Contrary to the general
view that p53 is pro-apoptotic, p53 is often pro-

Copyright 2016 by The American Society for Biochemistry and Molecular Biology, Inc.
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survival in the UV response. Indeed, it has been
shown that p53 protect cells from UV-induced
apoptosis (7,8), and that p53 induced by a small
molecule Nutlin-3a can effectively block apoptosis
induced by UV irradiation via a mechanism
involving p21-mediated repression of BRCAL
expression (9).

The MYST histone acetyltransferase (HAT)
Tip60, or KATS, is another important regulator of
the cellular UV response. Although it can acetylate
both histones and non-histone proteins to regulate
gene expression, Tip60 is best known for its roles
in regulating the cellular response to DNA double-
strand breaks (10). Tip60 not only senses DSB, but
promotes damage repair through altering
chromatin structure, increasing deoxynucleoside
triphosphate pool (11), and acetylating ATM for
its activation (12). Tip60 can also selectively
promote expression of pro-apoptotic genes (e.g.,
PUMA) by acetylating p53 at lysine 120 in
response to genotoxic stresses including UV
(13,14). It thus comes as no surprise that Tip60
was shown to be indispensable for UV-induced
apoptosis  (9,15). However, recent evidence
indicates that Tip60-mediated apoptosis upon UV
irradiation does not require p53, but rather
involves in pro-survival signaling mediated by
JNK (9). Notably, although the Tip60 stability was
shown to be controlled by the E3 ubiquitin ligase
MDM2 (16), how Tip60 is regulated during the
UV response is poorly understood.

Previously, we reported that activating
transcription factor 3 (ATF3) is a major Tip60
regulator that can bind Tip60 and promote Tip60-
mediated activation of ATM signaling upon IR
(17). ATF3 achieves this function partly through
stabilizing Tip60 as a consequence of promoting
its  deubiquitination ~ mediated by  the
deubiquitinase USP7 (17). ATF3 is a member of
the ATF/CREB transcription factor family, and
can regulate gene expression through binding the
consensus ATF/CREB cis-regulatory element via
its basic-region leucine-zipper domain (bZip) (18).
ATF3 can also regulate cellular functions
independent of its transcriptional activity. ATF3,
for instance, can directly interact with key cancer-
associated proteins (e.g., p53, E6, androgen
receptor, and p63) and alter their interactions with
DNA or other proteins (19-22). Although
emerging evidence has linked ATF3 to several
important human diseases including cancer
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(23,24), the exact biological function of ATF3
remains largely unknown and sometimes
controversial (25). As ATF3 can be rapidly
induced by a wide range of cellular stresses
including DNA damage (26), it is often assumed
that ATF3 is required for a cell to maintain
homeostasis upon cellular stresses (18). Indeed,
our findings that ATF3 can activate p53 by
blocking MDM2-mediated ubiquitination while
regulating Tip60 and ATM activation (17,27)
argue for the notion that ATF3 contributes to the
maintenance of genetic stability in the face of
genotoxic challenges. As ATF3 is one of the few
genes immediately induced by UV in various cell
types (28,29), ATF3 might also regulate the
cellular response to UV-induced DNA damage.
However, while ATF3 was shown to mediate UV-
mediated cell death through transactivating Hif-2a
expression (30), an early study also suggests that
ATF3 induces p15™F expression required for
eliminating UV-induced DNA adducts and thus
protect cells from UV-induced damage (31). This
apparent paradox warrants further investigations
into the precise role that ATF3 plays in the UV
response.

Here, we provide evidence demonstrating that
ATF3 mediated dichotomous cellular response to
UV irradiation. While ATF3 was found to regulate
Tip60 and promote UV-induced death of p53-
defective cells, this stress responsive gene could
rather protect p53-wildtype cells from UV-induced
apoptosis by promoting p53-mediated DNA repair.
ATF3 thus determined cell fates upon UV
irradiation in a p53-dependent manner.

EXPERIMENTAL PROCEDURES

Cell culture - HCT116, U20S, DU145 and
PC3 cells are cultured in McCoy’s 5A (HCT116),
DMEM (U20S and DU145), and RPMI 1640
medium (PC3) supplemented with 10% FBS,
respectively, and routinely maintained in our
laboratory.  HCT116-F-Tip60  cells  were
genetically modified from HCT116 to express the
endogenous Tip60 protein fused with a 3xFLAG
tag (32). This modification allows to detect
endogenous Tip60 using the well-characterized
FLAG antibody. To generate ATF3-knockout
(ATF3™) cells, HCT116 cells were infected with
adenoassociated viruses carrying a vector targeting
the exon 2 of the ATF3 gene. After the removal of
the targeting vector, a 22-bp deletion was
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generated within the exon (the details were
described in a manuscript submitted elsewhere).

Knockdown by short-hairpin RNA (shRNA),
SiRNA, or single-guided RNA (sgRNA)- The pSIH-
H1 shRNA Cloning and Lentivector Expression
System (System Biosciences) were used to knock
down ATF3 and p53 expression in HCT116 and
U20S cells as descried previously (20). The
targeted sequences for ATF3 and p53 were 5’-
GCAAAGTGCCGAAACAAGA-3* and 5’-
GACTCCAGTGGTAATCTAC-3’, respectively.
The Tip60 siRNA was synthesized on the basis of
an earlier publication (13), and the targeted
sequence was 5’-ACGGAAGGTGGAGGTGGTT-
3’. To knock down ATF3 expression in PC3 and
DU145 cells, a sgRNA (5’-
AAAATGATGCTTCAACACCC-3’) targeting a
region immediate downstream of the ATF3 start
codon was co-expressed with hCas9. Clones with
sgRNA-guided ATF3 knockdown were isolated as
described previously (24).

Western blotting, GST —pulldown, and co-IP
assays- For Western blotting, cells irradiated with
UV were lysed in modified RIPA buffer
containing 50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium
deoxycholate, 1 mM EDTA and proteinase
inhibitor cocktails. Cytosolic, nucleoplamic, and
chromatin-bound proteins were separated from
UV-treated cells following a protocol described
recently (33). Briefly, cells were suspended in
low-salt buffer (10 mM HEPES, pH7.4, 25 mM
KCI, 10 mM NaCl, 1 mM MgClI2, 0.1 mM EDTA,
0.5% NP-40 and proteinase inhibitors) at 4°C for
10 min to release cytosolic proteins. After
centrifuge, pellets were suspended in high-salt
buffer (50 mM Tri-HCI, pH 8.0. 1 mM EDTA, 10
mM  MgCl2, 300 mM KCI and proteinae
inhibitors) and immediately centrifuged at 10,000
rpm for 5 min to extract nucleoplasmic proteins.
Pellets were further suspended in MNase buffer
(10 mM HEPES, pH7.9, 10 mM KCI, 1 mM
CaCl2, 1.5 mM MgCI2, 0.35 M sucrose, 10%
glycerol 0.1% Triton X-100 and 1 mM DTT)
containing MNase (New England BiolLabs) and
incubated at 37°C for 10 min before an equal
volume of solubilization buffer (MNase buffer
plus 2% NP40, 2% Triton X-100 and 600 mM
NaCl) was added to extract chromatin-bound
proteins (33). For GST-pulldown assays (27),
GST or GST fusion proteins (1 pg) immobilized
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on 25 pul of glutathione-agarose (Sigma) were
incubated with cell lysate containing equal
amounts of Tip60 or ATF3 (adjusted on the basis
of a pre-run Western blotting results) at
4°C overnight followed by extensive washes.
Bound proteins were eluted and detected by
Western blotting. For co-IP assay, cell lysates (1-2
mg) were incubated with 25 pl of Anti-FLAG M2
Affinity Gel (Sigma) at 4°C overnight. After
extensive washes, precipitated proteins were
detected by Western blotting. The antibodies were
purchased from Santa Cruz (ATF3 (#sc-188), p53
DO-1 (#sc-126)), Cell Signaling (PARP (#9542)
and cleaved caspase-3  (#9661)), Abcam
(DDB2(#ab51017)), and Sigma (FLAG (#F3165)
and pB-actin (#A5441)), respectively. The Tip60
antibody was a kind gift from Dr. Bruno Amati
(34).

Quantitative RT-PCR (qRT-PCR) -Total RNA
was extracted from cells using Trizol (Invitrogen),
reverse transcribed using the RevertAid cDNA
Synthesis Kit, and subjected to real-time PCR
assays using SYBR Green reagents (Qiagen)
essentially as previously described (35). The
sequences of the primers were: Tip60, 5’-
GGGGAGATAATCGAGGGCTG-3 and 5’-
TCCAGACGTTTGTTGAAGTCAAT-3’; pl15™F
5-ATGGTGCGGACTAAAGCAGAC-3’ and 5’-
CCTCGATGAAACTGATGTCGAAT; DDB2,
5’-CCTTCATCAAAGGGATTGGAGC-3* and
5-TTGAGGAGGCGTAAAACTGGT-3’; XPC,
5-TTGACCCGGCTGGTATTGTC-3" and 5’-
GTGCCCTTAGCAAAGGTTTCC-5’; p21, 5’-
CTGGAGACTCTCAGGGTCGAAA-3" and 5’-
GATTAGGGCTTCCTCTTGGAGAA-3’; and
GADPH, 5’-CAGCCTCAAGATCATCAGCA-3’
and 5’-TGTGGTCATGAGTCCTTCCA-3’.

Colony formation assays- For colony
formation assays, 200 cells plated in 6-well plates
were irradiated by UV, and surviving colonies
were stained with crystal violet 10 days later and
counted as previously described (27).

CPD Quantitation — The cellular CPD level
was measured using OxiSelect UV-induced DNA
Damage ELISA Kit (Cell Biolabs, #STA-322)
according to the manufacturer’s protocol. Briefly,
genomic DNA was prepared using Lysis buffer
(10 mM Tris-HCI, pH 7.5, 10 mM EDTA, 10 mM
NaCl, 0.5% SDS, 0.5 mg/ml proteinase K) at 50
°C overnight followed by phenol extraction (1:1)
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and ethanol precipitation. The DNA dissolved in
TE buffer was then treated with 0.2 mg/ml of
RNase A at 37°C for 2 h, and purified by phenol
extraction. 500 ng of DNA were then denatured
and absorbed into wells of DNA High-Binding
plate for ELISA using an anti-CPD antibody. To
ensure that equal amounts of DNA were used for
ELISA, 50 ng of DNA was also subjected to real-

time PCR using primers 5’-
CGCGAGGAGGAGCAACTG-3’ and 5’-
AGGAGCTCACATCCCCATTG-3’, which

amplified a 63-bp region in the human genome
(chr9:80911735-80912222, hg19).

Immunofluorescence  staining- This was
carried out as described previously (33).
Essentially, cells cultured on coverslips were
washed with PBS and UV irradiated at 40 J/m?
through a polycarbonate filter containing 5-um
pores (Millipore), and then double stained with a
mouse anti-DDB2 (1:50) (#ab51017, Abcam) and
a rabbit anti-CPD antibody. Fluorescence images
were obtained with a Nikon Fluoresence
Microscope E80i, and processed with the SPOT
software (Diagnostic Instruments).

Transfections and reporter assays-
Transfections  were  carried out  using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s  protocol. pCMV-Luc  was
constructed by inserting a CMV promoter to pGL3
(35), and irradiated with 500 J/m? of UV before
transfections. Cells in 24-well plates were co-
transfected with 100 ng of UV-damaged or intact
pCMV-Luc and 5 ng of pRL-CMV. 48 h later,
cells were lysed for dual luciferase activity assays
(Promega).

RESULTS

ATF3 stabilizes Tip60 in the UV response - We
previously reported that ATF3 can stabilize Tip60
and activate ATM in response to IR (17). Given
that ATF3 can be rapidly induced by UV (28,29),
we sought to determine whether ATF3 also
regulates Tip60 in the UV response. We thus
knocked down ATF3 expression by shRNA or
SgRNA in 3 genetically-diversified cancer cell
lines (U20S, PC3, and a genetically-modified
HCT116 cells), treated the cells with UV (20
J/m?), and measured the Tip60 expression level by
Western blotting. UV elevated the Tip60 protein
level in early time points (4 and 8 h), but the Tip60
expression level was decreased to the basal level
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24 h after UV (Fig 1A, 1B, and 1C). Importantly,
not only the basal Tip60 level but the UV-induced
increase of Tip60 expression was decreased in all
3 cell lines where ATF3 expression was knocked
down (Fig 1A, 1B, and 1C). We also measured the
Tip60 mRNA level by gRT-PCR. While UV rather
repressed Tip60 transcription at 4 and 8 h after
irradiation, ATF3 knockdown did not alter Tip60
transcription in both quiescent and UV-treated
cells (Fig 1D). These results suggest that UV
likely triggered an ATF3-dependent mechanism
that could increase the Tip60 protein stability as an
early response to UV. Indeed, we found that the
Tip60 stability was decreased in UV-treated,
ATF3-knockdown cells as measured by
cycloheximide chase experiments (Fig 1E). These
results indicate that ATF3 can stabilize Tip60 in
response to UV radiation.

Interestingly, while it has been shown that
ATF3 can stabilize Tip60 by binding the latter
protein and promoting its deubiquitination (17),
we found that UV could enhance the ATF3-Tip60
interaction. Thus, when cell lysates containing
similar amounts of Tip60 were incubated with
immobilized GST-ATF3, the amount of Tip60
down-pulled by GST-ATF3 from UV-treated
samples was much more than that from quiescent
cells (Fig 1F, lane 6 vs lane 5). This effect was
also apparent 8 h after UV, but appeared to be
diminished 24 h after the irradiation (Fig 1F). Co-
immunoprecipitation assays confirmed that more
ATF3 bound by Tip60 in UV-irradiated cells (Fig
1G, lane 2 vs lane 1). However, immobilized
GST-Tip60 failed to pull down more ATF3 from
lysates of UV-treated cells (data not shown),
suggesting that it was UV-induced modification(s)
of Tip60, but not that of ATF3, that led to the
increase in the ATF3-Tip60 binding affinity.

Knockdown of ATF3 expression impairs UV-
mediated apoptosis in a Tip60-dependent manner -
As it has been shown that Tip60 can mediate
apoptosis in the UV response (9,15), we
determined whether the regulation of Tip60 by
ATF3 contributes to UV-mediated cell death.
Consistent with impaired Tip60 induction, UV-
induced cleavage of PARP and caspase 3 - two
well-established  apoptosis markers - was
significantly inhibited in ATF3-knockdown PC3
cells that are null for p53 (Fig 2A). Similar results
were also obtained with DU145 cells harboring a
p53 mutation (Fig 2B). Consistent with these
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results, ATF3 down-regulated PC3 cells were
resistant to UV-induced cell death as determined
by colony formation assays (Fig 2C). Interestingly,
while Tip60 siRNA (siTip60) impaired UV-
induced apoptosis as expected, ATF3 knockdown
was less effective in suppressing apoptosis in
siTip60-expressing cells (Fig 2D, lane 8 vs. lane
4). These results argue for a notion that ATF3
promoted UV-mediated apoptosis by regulating
Tip60.

Knockdown of ATF3 enhances UV-mediated
apoptosis in HCT116 and U20S cells - To our
surprise, however, UV induced more cell death in
ATF3-down-regulated U20S and HCT116 cells,
evidenced by higher levels of UV-induced cleaved
PAPR and caspase 3 in the shATF3-expressing
cells (Fig 3A and 3B). Consistent with these
observations, SshATF3-expressing U20S cells
were rather sensitive to UV-induced cell death
(Fig 3C). Importantly, while siTip60 remained its
capability to impair UV-mediated apoptosis in
HCT116 cells (Fig 3D, lane 4 vs lane 2), ShATF3
expression could efficiently enhance apoptosis in
Tip60-knockdown cells (Fig 3D, lane 8 vs. lane 4),
suggesting that these unexpected apoptosis-
promoting effects were likely independent of
Tip60.

ATF3-mediated suppression of UV-induced
apoptosis is dependent on p53- In addition to
Tip60, ATF3 can increase the p53 stability in
response to genotoxic stresses (27). Indeed, the
p53 level was significantly lower in shATF3-
expressing U20S cells upon UV treatments (Fig
3B). As HCT116 and U20S cells differ from PC3
and DU145 cells in that they carry wild-type p53,
we tested a possibility that the suppression of UV-
mediated death of HCT116 and U20S cells by
ATF3 was a consequence of ATF3-mediated p53
activation. Although counter-instinctual, both in-
vitro and in-vivo evidence has demonstrated that
p53 activation can protect cells from UV-mediated
apoptosis (7-9). Employing isogenic p53-wildtype
(Wt) and -null (p53") HCT116 cells, we
confirmed that p53 deficiency promoted apoptosis
induced by UV (Fig 4A, lanes 6-8 vs. lanes 2-4).
Similarly, knockdown of p53 expression by
shRNA in U20S cells also increased the amounts
of cleaved PARP and caspase 3 (Fig 4B, lane 4 vs.
lane 2). To test our hypothesis, we generated
isogenic HCT116 cells either null for ATF3
(ATF3") (manuscript submitted), or expressing
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ShATF3 in p53-null background (p53":shATF3),
and treated them along with wildtype (Wt) and
p53”" HCT116 cells with UV. Knockout of ATF3
impaired UV-mediated p53 activation in HCT116
cells as expected (Fig 4C, lanes 5-6 vs lanes 2-3).
Importantly, while UV-mediated apoptosis
appeared to be more profound in ATF3-deficient,
p53-wildtype cells (Fig 4C, lanes 5-6 vs lanes 2-
3), defective ATF3 expression concurrently
suppressed apoptosis induced by UV in p53-null
cells (Fig 4C, lanes 11-12 vs. lanes 8-9). Colony
formation assays confirmed that ATF3 defect
sensitized p53-wildtype cells to, but prevented
p53-deficient cells from, UV-mediated cell death
(Fig 4D and 4E). Similar effects were observed
when the isogenic cells were treated with higher
dosages of UV radiation (Fig 4F). These results
thus demonstrated that ATF3 can mediate
dichotomous UV responses in a p53-dependent
manner.

ATF3 promotes p53-mediated DNA repair -
p53-mediated protection of UV-induced cell death
is attributable to its ability to promote DNA
damage repair (Fig 5A) (6). To understand the
mechanism by which ATF3 protected p53-
wildtype cells from UV-mediated death, we tested
whether ATF3 promotes p53-mediated DNA
repair. As CPDs are major DNA adducts induced
by UV, we measured the CPD level in quiescent
and UV-treated U20S cells by ELISA. As
expected, UV induced an increase in the CPD
level, which was largely eliminated due to DNA
repair 4 and 24 h after irradiation in U20S cells
(Fig 5B). Intriguingly, significantly higher levels
of CPDs were detected in ATF3-knockdown cells
than in shLuc cells 4 and 24 h after UV irradiation
(Fig 5B). Of note, gPCR results confirmed that the
samples subjected to ELISA contained an equal
amount of DNA (Fig 5C). Moreover, it is unlikely
that the observed difference between shATF3 and
shLuc cells was due to off-target effects of
ShATF3, as we obtained similar results in U20S
cells engineered to knockout ATF3 expression by
the CRISPR/Cas9 system (U20S-KO) (Fig 5D).
Furthermore, ATF3-knockout HCT116 cells
(HCT116-KO) engineered with a different
genome-editing strategy, i.e., adenoassociated
virus-mediated homologous recombination
(manuscript submitted), also maintained higher
CPD levels after UV irradiation (Fig 5E). These
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results thus indicate that ATF3 could promote
DNA repair in response to UV irradiation.

To confirm that ATF3 is involved in repairing
UV-damaged DNA, we transfected cells with a
firefly luciferase reporter construct (pCMV-Luc)
pre-irradiated with 500 Jim? of UV, and measure
the luciferase activity two days after transfections.
As UV irradiation generates DNA adducts that can
prevent reporter expression, the relative luciferase
activity measured with lysates from transfected
cells represents the extent to which the DNA has
been repaired. Consistent with the CPD ELISA
results, the level of luciferase expressed from the
UV-damaged DNA was significantly lower in
ATF3-knockdown cells than in the control U20S
cells (Fig 5F). Such a decrease was not due to
direct repression of reporter expression by the
transcription factor ATF3, as the cells transfected
with an intact, undamaged construct expressed
luciferase at a same level (Fig 5F). We also carried
out similar experiments using HCT116 isogenic
cells (Fig 5G). While p53 deficiency resulted in
impaired DNA repair as expected, the ATF3-null
cells again repaired UV-damaged DNA less
efficiently (Fig 5G, ATF3” vs WT). Interestingly,
ATF3 deficiency did not lead to a further decrease
in the DNA repair efficiency in p53-null cells (Fig
5G, comparing ATF3";p53" with p53™). These
results are in line with a notion that ATF3 can
promote p53-mediated DNA repair in the UV
response.

ATF3 promotes p53-mediated H3 acetylation
for DNA repair - It was previously reported that
ATF3 can promote DNA repair by inducing
p15°4F expression upon UV irradiation (31).
However, p15™" expression was only marginally
induced by UV in both p53-wildtype and —null
HCT116 cells (Fig 7A). As p53 can transactivate
genes involved in NER (e.g., DDB2, XPC, and
p21) (Fig 6A), we determined effects of ATF3 on
p53 target gene expression for an understanding of
how ATF3 promoted p53-mediated DNA repair.
Although it was shown that expression of DDB2
and XPC is UV-inducible (2,3), we found that UV
only slightly and transiently induced DDB2 and
XPC expression in HCT116 cells (Fig 6B).
However, p21 expression was strongly induced by
UV (Fig 6C), indicating that UV-induced p53 was
functional in these cells. Consistent with decreased
p53 expression (Fig 6E, lanes 5-6 vs lanes 2-3),
ATF3 deficiency caused a slight, but significant
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decrease in DDB2 and XPC expression (Fig 7B),
and a more profound decrease in p21 expression
upon UV (Fig 7C). However, it was unlikely that
these transcriptional changes were the main
mechanism by which ATF3 promoted DNA
repair, as knockout of ATF3 expression did not
significantly alter the total DDB2 protein level
(Fig 6D) while UV rather caused p21 degradation
(Fig 6E). Indeed, it has been demonstrated that
p21 degradation is required for efficient DNA
repair in response to UV irradiation (36).

As p53 also contributes to DNA repair by
inducing H3 acetylation (H3ac) that can cause an
increase in the global DNA accessibility to NER
proteins (Fig 6A), we tested whether ATF3 affects
this transcription-independent event. As expected,
UV caused a dramatic increase in the global H3ac
level, which was largely impaired in p53-null cells
(Fig 6F, lanes 8-9 vs. lanes 2-3). Importantly,
ATF3 deficiency almost completely abolished
UV-induced H3 acetylation (Fig 7E, lanes 5-6 vs.
lanes 2-3). In line with the notion that these
chromatin changes could lead to impaired
recruitments of NER proteins to damaged DNA
sites, we found that UV-induced increase of DDB2
binding to the chromatin (Fig 6G, lane 6 vs. lane
3) (33) was largely abolished in ATF3-deficient
cells (Fig 6G, lane 12 vs. lane 9). Moreover, the
amount of DDB2 recruited to CPD foci caused by
UV microirradiation was largely decreased in a
majority of ATF3-deficient U20S cells and
HCT116 cells (Fig 6G), indicating that ATF3
deficiency indeed impaired the recruitment of
DDB2 to damaged DNA sites. Therefore, our
results strongly suggest that ATF3 can facilitate
p53-mediated DNA repair by promoting UV-
induced H3 acetylation and subsequent increase of
accessibility of damaged DNA to NER proteins.

DISCUSSION

The common stress-responsive transcription
factor ATF3 is one of the few immediate early
genes induced by UV (28,29), but its role in the
UV response remains largely unknown. Two
earlier studies report seemingly conflicting results,
i.e., ATF3 mediates UV-induced apoptosis while
promoting DNA repair upon UV irradiation in the
same cells (30,31). They also report that ATF3
achieves these different functions through
transactivating Hif-2a and pl15™" expression,
respectively (30,31). However, neither Hif-2a
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(data not shown) nor p15™F expression (Fig 6A)

was noticeably induced by UV in our experimental
settings. Rather, we found in this study that ATF3
mediated dichotomous UV responses in a manner
independent of its transcriptional activity, but
dependent on cellular contexts. In this regard,
ATF3 could bind and stabilize Tip60 to promote
cell death while promoting p53-mediated DNA
repair to evade apoptosis upon UV. As the latter
effect can outcompete Tip60-mediated apoptosis
(9), ATF3 protected p53-wildtype cells from UV-
induced death but promoted apoptosis in cells
defective in p53 after UV irradiation (Fig 7). It is
important to note that ATF3 mediated
dichotomous UV responses in isogenic cell lines
differing only in the p53/ATF3 status, and thus
these different responses were unlikely caused by
the difference in other genetic contexts.
Interestingly, the early report indicating that ATF3
is pro-apoptotic in the UV response employed
cells either carry a mutant p53 gene (i.e., HaCaT),
or express inactivated p53 protein (i.e., HelLa)
(30). Our results thus provide evidence arguing for
a notion that p53 functionality dictates the role of
ATF3 that plays in the UV response. As
therapeutic agents (e.g., cisplatin) often induce
ATF3 expression and cause DNA damage, our
findings also suggest that ATF3 might mediate
different cellular responses resulting in either
sensitization of, or resistance to, therapies in
cancer cells with different p53 mutation status.
Indeed, while ATF3 is often regarded as a pro-
apoptotic molecule (22), it was also shown to
suppress apoptosis induced by cisplatin in T98G
glioblastoma cells (37). Although the p53 status in
T98G cells remains controversial, our results
support targeting ATF3 as an effective strategy for
treating p53-mutated cancers (22).

Although Tip60 is required for UV-induced
apoptosis (9,15), how this HAT is regulated in the
UV response remains unclear. Previously, we
found that ATF3 is a major Tip60 regulator and
required for Tip60-mediated cellular response to
DSBs (17). Here, we show that ATF3 could also
bind and stabilize Tip60 in the UV response.
Interestingly, while IR does not affect the ATF3-
Tip60 interaction, UV enhanced the binding of
Tip60 to ATF3 (Fig 1F and 1G). Such an increase
in ATF3-Tip60 binding appeared to be important
for cells to sustain and increase the Tip60 protein
level in the early periods when UV-caused DNA
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damage dramatically inhibited Tip60 transcription
(Fig 1D). Indeed, we previously showed that the
binding of ATF3 to Tip60 can promote the
removal of ubiquitin chains by the deubiquitinase
USP7 thereby preventing Tip60 from proteosomal
degradation (17). As ATF3 can interact with
MDMZ2 (38) and the latter E3 ubiquitin ligase was
suggested to be involved in UV-induced Tip60
expression (16), there is also a possibility that
ATF3 stabilized Tip60 by regulating MDM2 in the
UV response. However, we did not find evidence
that MDM2 could mediate degradation of Tip60
(data not shown). On the other hand, our results
suggest that UV might cause posttranslational
modifications of Tip60 thereby altering its
conformation in a way in favor of its interaction
with ATF3. Although it remains elusive whether
UV can indeed induce Tip60 posttranslational
modifications, it was recently shown that IR can
induce Tip60 phosphorylation to promote its
binding to methylated histones (39).

The results that ATF3 knockdown promotes
UV-induced apoptosis in HCT116 and U20S cells
(Fig 4A and 4B) came initially as a surprise as
Tip60 expression was significantly suppressed in
these cells (Fig 1A and 1B). While our results
confirmed the previous observations that ATF3
can activate p53 in response to UV (Fig 4C and
6E)(27), it is counterintuitive that p53 - the
widely-regarded pro-apoptotic molecule - protects
cells from UV-induced apoptosis (7-9). However,
the roles of p53 in promoting NER for the repair
of UV-damaged DNA have been well established
(6). Although UV only slightly/modestly induced
DDB2 and XPC expression in our experiments , it
dramatically induced histone H3 acetylation to
promote access of damaged DNA sites to NER
proteins in a p53-dependent manner (5) (Fig 6F).
Accordingly, ATF3 appeared to promote DNA
repair mainly through regulating p53-mediated H3
acetylation. Indeed, ATF3 did not appear to
promote DNA repair in p53-null HCT116 cells
(Fig 5G), but could facilitate the recruitment of
DDB2 to CPD foci (Fig 6H). As p53 serves as a
chromatin accessibility factor by recruiting the
HAT p300 to the damaged sites (5), ATF3 might
regulate this p53-dependent function by promoting
the interaction between p53 and p300. In support
of this notion, we previously showed that p300
mediated acetylation of p53 was increased in
ATF3-expressing cells (27).
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FIGURE LEGENDS

Figure 1. ATF3 stabilizes Tip60 in the UV response. (A, B) HCT116-F-Tip60 (A) or U20S (B)
expressing shLuc or sShATF3 were treated with 20 J/m? of UV, and lysed at different time for Western
blotting. (C) PC3 cells and a sgATF3-targeted clone (sgATF3) were irradiated by 20 J/m? of UV for
Western blotting. (D) HCT116-F-Tip60 cells expressing shLuc or sShATF3 were treated with 20 J/m? of
UV for gRT-PCR assays. The data are presented as mean + SD (n=3). (E) 4 h after UV irradiation (20
J/m?), HCT116-F-Tip60 cells expressing shLuc or ShATF3 were treated with 100 pg/ml of cycloheximide
for indicated time, and lysed for Western blotting. The Tip60 protein was detected by the FLAG antibody.
The plot shown in right presents the results from densitometric quantitation of the Tip60 protein level
after normalized to the B-actin level. (F) GST or GST-ATF3 immobilized onto glutathione agarose was
incubated with lysates generated from UV/(20 J/m?)-treated HCT116-F-Tip60 cells and containing similar
amounts of Tip60 for GST-pulldown assays. Tip60 levels were detected using the FLAG antibody. PonS,
Ponceau S staining. (G) Lysates from HCT116-F-Tip60 cells treated with UV (20 J/m?) were incubated
with the FLAG antibody to immunoprecipitate Tip60 and associated proteins for Western blotting. The
Western blots are representative results of 3 independent experiments.

Figure 2. ATF3 knockdown impairs UV-induced cell death by regulating Tip60. (A, B) PC3, DU145,
and corresponding sgATF3-targeted cells were treated with 20 J/m” of UV, and subjected to Western
blotting assays for detection of PARP and caspase-3 cleavage. FL, full-length; CL, cleaved. (C) PC3 and
PC3-sgATF3 cells were treated with 0, 5, 10, 20s and 30 J/m® of UV, and subjected to colony formation
assays. The data are presented as mean + SD (n=3). (D) PC3 and PC3-sgATF3 cells transfected with
Tip60 siRNA (siTip60) or control siRNA (siLuc) were irradiated by UV (20 J/m?), and subjected to
Western blotting for expression of cleaved PARP and caspase 3. The Western blots are representative
results of 2-3 independent experiments.

Figure 3. ATF3 knockdown promotes UV-mediated cell death in p53-wildtype cells. (A, B) p53-
wildtype HCT116-F-Tip60 (A) or U20S (B) cells expressing shLuc or shATF3 were treated with UV (20
J/im2) for Western blotting. (C) U20S cells expressing shLuc or shATF3 were treated with 0, 5, 10, 20,
and 30 J/m? of UV for colony formation assays. The data are presented as mean *+ SD (n=3). (D)
Indicated HCT116 cells transfected with siTip60 or siLuc were subjected to UV irradiation (20 J/m?) for
Western blotting. The Western blots are representative results of 2-3 independent experiments.

Figure 4. ATF3 mediates different UV responses depending on p53 expression. (A) HCT116 wild-
type (HCT116-Wt) and p53-null (p53™) cells were treated with UV (20 J/m?) for Western blotting. (B)
U20S cells infected with Lentiviruses expressing a p53-specific ShRNA (shp53) or a control shRNA
(shLuc) were treated with 20 J/m® of UV for Western blotting. (C) Indicated isogenic HCT116 cells were
treated with 20 J/m? of UV for Western blotting. (D, E) Indicated isogenic HCT116 cells were treated
with different doses of UV for colony formation assays. The data are presented as mean + SD (n=3). (F)
Indicated HCT116 cells were treated with different doses of UV, and lysed for Western blotting 24 h after
irradiation. The Western blots are representative results of 2 independent experiments.

Figure 5. Knockdown of ATF3 impairs DNA repair in response to UV. (A) Schematic representation
of the mechanisms by which p53 promotes nucleotide excision repair (NER) and protects cells from UV-
induced apoptosis. (B, C) U20S cells expressing shLuc or shATF3 were irradiated by 20 m/J* of UV, and
harvested immediately ( 0 h), 4 h, or 24 h later for genomic DNA preparation. The genomic DNASs were
subjected to ELISA for measuring CPD levels (B), or real-time PCR for measuring relative DNA
amounts (C). (D, E) Indicated cells were treated with 20 m/J* of UV for CPD ELISA assays as in (B). (F)
U20S-knockout (U20S-KO) and control (U20S-Wt) cells in 24-well plates were co-transfected with 5
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ng of pRL-CMV and 100 ng of UV-damaged or —undamaged (intact) pCMV-Luc plasmid for dual
luciferase assays. (G) Indicated isogenic HCT116 cells were transfected with UV-damaged or -
undamaged DNA as in (D), and subjected to dual luciferase assays. The data are presented as mean = SD
(n=3).

Figure 6. ATF3 knockdown impairs p53-mediated mechanisms required for DNA repair. (A)
Isogenic HCT116 cells were treated with 20 J/m? of UV for different time, and then subjected to qRT-
PCR for measuring the p15"*" mRNA level. (B, C) HCT116-wildtype (ATF3-wt) and —~ATF3 knockout
(ATF3-KO) cells treated with 20 J/m* of UV for qRT-PCR assays to measure DDB2, XPC, and p21
MRNA levels. The data are presented as mean + SD (n=3). (D, E) The wild-type and ATF3-knockout
cells were treated with 20 J/m? of UV, and subjected to Western blotting for DDB2, p53 and p21
expression as indicated. (F) Indicated isogenic HCT116 cells were treated with 20 J/m? of UV, and
subjected to Western blotting for measuring the H3ac level. (G) Cytoplasmic (S), nucleoplasmic (NP),
and chromatin (C) fractions were separated from indicated cells with or without UV irradiation, and
subjected to Western blotting to detect DDB2 subcellular distribution. The Western blots are
representative results of 3 independent experiments. (H) Indicated cells were subjected to UV
microirradiation ( 40 J/m® through polycarbonate filters, and then double stained by CPD and DDB2
antibodies. Arrows indicate representative cells where DDB2 recruitment to damaged DNA sites was
reduced. This experiment was repeated once.

Figure 7. A model whereby ATF3 mediates dichotomous UV response. In response to UV, ATF3 can
bind and stabilize Tip60 to promote cell death while promoting p53-mediated DNA repair to evade
apoptosis upon UV. The outcome depends on whether p53 is functional in the cells. ATF3 protects p53-
wildtype cells from UV-induced death but promotes apoptosis in cells defective in p53.
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The common stress responsive
transcription factor ATF3 binds genomic
sites enriched with p300 and H3K27ac for
transcriptional regulation
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Abstract

Background: Dysregulation of the common stress responsive transcription factor ATF3 has been causally linked to
many important human diseases such as cancer, atherosclerosis, infections, and hypospadias. Although it is believed
that the ATF3 transcription activity is central to its cellular functions, how ATF3 regulates gene expression remains

largely unknown. Here, we employed ATF3 wild-type and knockout isogenic cell lines to carry out the first
comprehensive analysis of global ATF3-binding profiles in the human genome under basal and stressed (DNA

damage) conditions.

Results: Although expressed at a low basal level, ATF3 was found to bind a large number of genomic sites that are
often associated with genes involved in cellular stress responses. Interestingly, ATF3 appears to bind a large portion
of genomic sites distal to transcription start sites and enriched with p300 and H3K27ac. Global gene expression
profiling analysis indicates that genes proximal to these genomic sites were often regulated by ATF3. While DNA
damage elicited by camptothecin dramatically altered the ATF3 binding profile, most of the genes regulated by
ATF3 upon DNA damage were pre-bound by ATF3 before the stress. Moreover, we demonstrated that ATF3 was
co-localized with the major stress responder p53 at genomic sites, thereby collaborating with p53 to regulate p53

target gene expression upon DNA damage.

Conclusions: These results suggest that ATF3 likely bookmarks genomic sites and interacts with other transcription

regulators to control gene expression.

Keywords: ATF3, ChIP-seq, Enhancer, p300, H3K27ac, p53

Background

The development of human diseases is often accompanied
by changes in the gene expression landscape. Regulated
mainly at the transcription level, gene expression is tightly
controlled by transcription factors (TF) that bind not only
promoters proximal to transcription start sites (TSS), but
also distal cis-regulatory elements (i.e., enhancers) that are
far removed from TSS [1, 2]. Genome-wide profiling stud-
ies using chromatin immunoprecipitation coupled with
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sequencing (ChIP-seq) have identified thousands of func-
tional/active enhancers that are either bound by the tran-
scriptional co-activator p300, or characterized by their
association with high levels of H3 K27 acetylation
(H3K27ac) [3-5]. These enhancers often carry binding sites
for more than one TF, which interact with the basal tran-
scription machinery associated with core promoters to
regulate gene transcription [2]. Very often, TFs also recruit
chromatin-modifying enzymes to convert the chromatin to
a state permissive for transcription. Pioneer transcription
factors (e.g., FoxAl, PU.1), for example, are often the first
to engage in a regulatory chromatin region upon stimula-
tion, and enhance transcription by remodeling the local
chromatin to make it competent for other TFs to bind [6].

© 2016 Zhao et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-016-2664-8&domain=pdf
mailto:jindan-yu@northwestern.edu
mailto:cyan@augusta.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Zhao et al. BMC Genomics (2016) 17:335

While global profiling of genomic sites competent for
TF binding is imperative for the understanding of TF
functions, such work has also become increasingly im-
portant for defining disease etiologies, as mutations in
cis-regulatory elements are frequently found to be asso-
ciated with human diseases (e.g., cancer) by whole-
genome sequencing studies [7].

Activating transcription factor 3 (ATF3) is a member of
the ATF/CREB family of transcription factors involving in
many important human diseases including cancer [8-11],
atherosclerosis [12], infections [13], cardiac hypertrophy
[14], and hypospadias [15]. The contributions of ATF3 to
these diseases are often owing to its rapid induction by a
wide-range of cellular stresses (e.g, DNA damage, oxida-
tive stress, and endoplasmic reticulum (ER) stress), leading
to activation of cellular signaling required for the mainten-
ance of cell homeostasis. Indeed, while it binds and acti-
vates the tumor suppressor p53 in response to oncogenic
challenges (e.g., DNA damage and Pten inactivation) [11,
16], ATE3 also engages in the immune response by inter-
acting with NF-«xB and repressing expression of proinflam-
matory cytokines induced by the toll-like receptor 4 [17].
Similarly, ATF3 induced by reactive oxygen species causes
high susceptibility to secondary infections by repressing
interleukin 6 (IL-6) expression during sepsis-associated im-
munosuppression [13]. Like other ATF/CREB transcription
factors, ATF3 regulates transcription by binding the canon-
ical ATF/CRE cis-regulatory element (5-TGACGTCA-3)
or the similar AP-1 site (5-TGA(C/G)TCA-3’) via its basic
region-leucine zipper domain (bZip) [18]. Although an
over-simplified model suggests that ATF3 homodimers and
heterodimers (with other bZip proteins) repress and induce
gene expression, respectively [19], the mechanism by which
ATF3 regulates transcription remains largely unknown.
Interestingly, although the structures of the bZip domains
are highly similar allowing the largely diversified ATEF/
CREB proteins to bind the same cis-regulatory elements,
the genes regulated by ATF3 are distinct from those con-
trolled by its family members. ATF3 and ATF6, for in-
stance, regulate expression of proapoptotic genes and genes
involved in protein folding and ER quality control upon ER
stress, respectively [20]. As recent evidence supports that
ATF3 engages in a complex protein-protein interaction net-
work involving many TFs and transcription co-regulators
[16, 21, 22], it is likely that the interactions with other nu-
clear proteins define the genomic sites where ATF3 binds
and the transcription programs that ATF3 regulates.
Characterization of genome-wide ATF3 binding sites would
thus lead to further elucidation of the ATF3 interaction net-
work and a better understanding of how ATF3 regulates
expression of disease-associated genes.

In this study, we present the first comprehensive ana-
lysis of ATF3 binding profiles in the human genome. We
show that ATF3 bound a large portion of active enhancers
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characterized by p300 binding and enriched with K27
acetylated histone H3 (H3K27ac) under the basal condi-
tion where ATF3 was expressed at a very low level. While
the expression of genes proximal to these enhancers
tended to be regulated by ATF3, ATF3 was co-localized
with p53 and regulated p53-target gene expression in re-
sponse to DNA damage. Our results thus suggest that
ATF3 likely bookmarks genes for transcriptional regula-
tion under basal and stressed conditions.

Results

Genome-wide mapping of ATF3 binding sites using
isogenic cell lines

To profile global ATF3-binding sites, we first employed
a genome-editing approach based on recombinant ade-
noassociated viruses (rAAV) to generate a cell line in
which ATF3 expression was knocked out. Towards this
end, we constructed an AAV targeting vector containing
left (LA) and right homology arms (RA) flanking the
exon 3 of the ATF3 gene, and introduced the vector into
HCT116 human colon cancer cells via rAAV infections
[23]. Homologous recombination between the homology
arms and the ATF3 fragments resulted in the insertion
of a selection gene (TK-neo) into an ATF3 allele. A small
deletion (22 bp) in the exon 3 was subsequently gener-
ated by Cre-mediated excision of the selection gene
(Fig. 1a). The same strategy was employed to target the
second ATF3 allele, generating a cell line (ATF3-KO) in
which ATF3 expression was disrupted. We confirmed
that ATF3 was not expressed and ATF3 expression was
not induced by camptothecin (CPT) - a DNA-damaging
agent - in the knockout cells (Fig. 1b).

We thus subjected the wild-type (ATF3-WT) cells and
the knockout cells to chromatin immunoprecipitation
using an ATF3 antibody. Precipitated DNAs were then la-
beled and subjected to next-generation sequencing and se-
quencing reads were mapped to human genome and
analyzed for enrichment. Although ATF3 was expressed at
a low level (Fig. 1b, lane 1), we identified 33,681 high-
confident ATF3-binding peaks in the sample derived from
ATF3-WT cells (Fig. 1c). Out of them, a majority of peaks
(32,058) were ATF3 specific, as they were not found in the
ATF3-KO cells (Fig. 1c and d). A few examples of ATF3
peaks were shown in Fig. le. Of note, like a majority of
identified sites, these ATF3 peaks were found only in the
ATF3-WT sample but not in the ATF3-KO sample
(Fig. le). Consistent with an early result that ATF3 re-
presses its own expression [24], we found that ATF3
strongly bound its own promoter (Fig. le). Using quantita-
tive PCR (qPCR) to examine samples from an independ-
ent ChIP experiment, we confirmed that ATF3 bound to
all of the tested genomic sites identified by ChIP-seq
(Fig. 1f). Again, ATF3 bound to its own promoter in the
ATF3-WT cells but not in the knockout cells (Fig. 1g).
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Fig. 1 ATF3 binding profiling using isogenic HCT116 cells. a rAAV-mediated genome editing was applied to generate ATF3-knocked out HCT116
cells. rAAV-mediated homologous recombination led to insertion of the AAV targeting vector into ATF3 exon 3. A deletion of 22 bp was generated in
one ATF3 allele after Cre-mediated excision of the Neo selection gene. LA and RA, left and right homology arms; ITR, inverted terminal repeat; KO,
knockout. b ATF3 expression was completely abolished in ATF3-KO cells. Indicated cells were treated with 1.5 uM of CPT and subjected to Western
blotting. ¢ Venn diagram showing ATF3-binding peaks in ATF3 wild-type (ATF3-WT) and knockout (ATF3-KO) cells. d Heatmap and intensity plots
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The strengths of ATF3 binding to these sites measured by
ChIP-qPCR were well correlated with the ChIP-seq scores
(R=0.6328), demonstrating high reproducibility and reli-
ability of our ChIP-seq data.

Global ATF3-binding profile and motif analysis
The 32,058 ATF3-specific peaks were annotated to
10,262 unique genes. We analyzed the distribution of

these binding sites relative to TSS in the human genome.
Consistent with the ATF3’s role as a transcription factor,
about one fifth (19.4 %) of the ATF3 peaks were local-
ized in promoters, which was defined as regions that
were +2 kb surrounding TSS (Fig. 2a). Given that only a
small portion of DNA in the whole genome can be de-
fined as promoters, these results indicate that ATF3
were enriched in promoters. However, ATF3 also bound
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genomic regions far removed from TSS (Fig. 2a), sug-  signaling cascade, as well as pathways such as p53 signal-
gesting that ATF3 also likely regulates transcription via  ing pathway (Fig. 2b). Interestingly, “cellular response to
long-range interactions. Gene Ontology (GO) analysis of  stress” and “p53 signaling pathway” turned out to be
the top 600 annotated genes with high binding scores re-  the top GO terms for the ATF3-bound genes, consist-
vealed that ATF3 preferably bound to regulatory elements  ent with the well-established roles that ATF3 plays in
for genes involving in biological processes such as cellular  regulating cellular stress responses and the p53 path-
response to stress, cell cycle arrest and intracellular way [16, 18].
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We also searched the ATF3 binding sites for known
TF binding motifs using the Homer de novo motif dis-
covery software. A total of 140 motifs were identified
with a p value smaller than 0.01. With only one exception
(CEBP:AP1 motif), the top 12 identified motifs contained
either the canonical ATF/CRE sequence (ie., 5-
TGACGTCA-3’) or the AP-1 sequence (i.e., 5-TGASTCA-
3, S=C/G) (Fig. 2c). As C/EBP harbors a bZip domain that
can mediate dimerization with other bZip proteins includ-
ing ATF3 [25], it might be that ATF3 bound the CEBP:AP1
motif through dimerization with C/EBP. Overall, 81.7 % of
ATF3 binding sites contain an element predicted to be
bound by ATF3 - collectively referred to as the ATF3 motif
hereafter (Fig. 2d) - suggesting that ATF3 directly binds
genomic DNA in most cases. Interestingly, although more
ATF3 peaks contained the AP-1 motif (Fig. 2e), the bind-
ing affinity of ATF3 to the canonical ATF/CRE element
appeared to be higher than that for ATF3 binding to the
AP-1 element (Fig. 2e). In addition to these known ATF3
binding motifs, other top ATF3 binding motifs (ie.,
Enrichment > 2) include GATA3, CTCE, TEAD, and Spl,
which was presented in 7.7 %, 5.6 %, 14.8 %, and 6.5 % of
ATEF3 peaks, respectively (Fig. 2f). Although these ATF3-
binding peaks often contain a known ATF3 motif (Fig. 2g),
ATF3 might also bind these motifs through interacting
with corresponding TFs. Indeed, ATF3 has been shown to
interact with Sp1 [26].

ATF3 globally binds active enhancers enriched with p300

and H3K27ac

As ATF3 bound genomic sites far removed from TSS, we
sought to determine whether these sites are coincided with
active enhancers that are often marked by p300 binding
and flanked with high levels of H3K27ac [3-5]. Towards
this end, we acquired p300, H3K27ac, H3K4mel, and
H3K4me3a ChIP-seq data (HCT116 cells) from the Gene
Expression Omnibus (GEO) database GSE51176 and
GSE38447 [27, 28]. We first examined the ATF3 peaks in
the Genome Browser, and found that ATF3 bound to many
sites that were also bound by p300 and flanked by regions
with high levels of H3K27ac (Fig. 3a), suggesting that ATF3
bound to active enhancers. Indeed, unbiased statistics ana-
lysis revealed that up to 27.5 % of ATF3 peaks were over-
lapped with p300 peaks, and 37 % of p300 peaks were
bound by ATF3 (Fig. 3b). Intensity plots also show that
p300 was globally co-localized with ATF3 and that the
H3K27ac histone marker surrounded the ATF3/p300 peaks
as expected (Fig. 3c). We segregated the ATF3 peaks into
proximal sites (within 2 kb) and distal sites (>2 kb) based
on their distances to TSS, representing H3K4me3-enriched
promoters and H3K4mel-enriched enhancers, respectively
(Fig. 3d). The intensity plots revealed that it was the distal
sites, but not the proximal sites, that were coincided with
p300 binding events (Fig. 3d). Using qPCR, we validated
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that p300 bound to all of the tested ATF3 binding sites in
an independent ChIP experiment (Fig. 3e). Similarly, the
enrichment of H3K27ac in these ATF3 sites was also vali-
dated (Fig. 3f). Of note, as p300 is not the only enzyme that
can acetylate H3 at the K27 site, the H3K27ac level was not
strictly correlated with the p300 level in some genome sites.
Taken together, our results have revealed that a large por-
tion of ATF3 bound active enhancers.

ATF3-regulated gene expression correlates with ATF3
enhancer binding

An interesting question surfaced as to how ATF3 binding
to genomic sites regulates gene expression. To address this
question, we subjected the ATF3-wildtype and knockout
cells to cDNA microarray assays. Although ATF3 bound to
10,262 genes, only 1,087 unique genes, including several
known ATF3 targets (ie., ASNS) [29], were differentially
expressed between the WT and KO cells (FDR < 0.05,
Additional file 1: Figure S1A and S1B). Among these genes,
630 (60 %) were bound by ATF3 and thus more likely to be
directly regulated by ATF3 (Fig. 4a). Roughly equal num-
bers of genes was either activated or repressed by ATF3
(Fig. 4a), suggesting that ATF3 can function as both a tran-
scription repressor and a transcription activator. In line
with the reported tumor suppressor role in colon cancer
[30, 31], ATF3 appeared to induce expression of genes in-
volving in mitosis and stress responses while repressing
genes regulating vasculature development, migration, and
apoptosis (Additional file 1: Figure S1C). We validated 7
differentially-expressed genes by quantitative RT-PCR
(Fig. 4b) and their binding by ATF3 by independent ChIP-
qPCR assays (Fig. 4c and d). Interestingly, although ATF3
were often reported to regulate gene expression by binding
to a ATF3 motif localized in promoters, only 15 % (95/630)
of the ATF3-regulated genes identified herein were bound
by ATF3 exclusively at their promoters (proximal genomic
regions) (Fig. 4e). The rest of genes either were bound by
ATF3 exclusively at distal regions (57 %, or 361/630), or at
both promoters and distal regions (28 %, or 95/630)
(Fig. 4e). These results suggest that ATF3 could regulate
gene expression by binding to distal cis-regulatory ele-
ments localized in active enhancers. Indeed, except
MAL2, all other validated ATF3-target genes were
bound by ATF3 at distal regions overlapped with p300
peaks (Fig. 4f). Of the 535 genes containing distal
ATF3-binding sites, 354 (66.2 %) were associated with
active enhancers enriched with p300 and bound by
ATE3 (Fig. 4g). Interestingly, ATF3-repressed genes ap-
peared to be more likely to harbor distal ATF3 regula-
tory elements than ATF3-activated genes (Additional
file 1: Figure S1D), although the TF motifs contained in
the ATF3-binding sites in these two groups of genes
were similar (Additional file 1: Figure S1E).
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DNA damage alters the ATF3-binding landscape for gene
regulation

As a common stress sensor, ATF3 may regulate cellular
stress responses by altering the gene expression landscape.
To understand how cellular stresses alter genome-wide
ATF3 binding profile for transcriptional regulation, we
subjected HCT116 cells treated with CPT for ChIP-seq as-
says. As CPT could increase the ATF3 expression level
(Fig. 1b) [32], it was not surprising that the DNA-
damaging treatment increased the number of ATF3-
binding sites to 70,231 (Fig. 5a) — one fold more than that
under the basal condition. However, we found that a large
number of sites (7,172, 21.3 %) bound by ATF3 under the
basal condition were not detected after the CPT treatment

(Fig. 5a and b, “WT-only”). ATF3 bound these sites more
weakly than the remained sites (Fig. 5b, “WT-only” vs.
“Shared” peaks, p = 7.46e-05). Of the “shared” peaks, DNA
damage increased ATEF3 binding to 13,253 sites but
decreased its binding to the rest 13,256 sites (Additional
file 1: Figure S2A). Interestingly, while the CPT-increased
sites appeared to be bound by ATF3 more strongly than
the CPT-decreased sites under the basal condition
(Fig. 5c), the increased sites were also often bound by
p300, or enriched with H3K4mel, suggesting that DNA
damage promoted ATF3 to bind to active enhancers
(Fig. 5¢). In contrast, CPT tended to decrease ATF3 bind-
ing to those sites localized in promoters and thus often
flanked by a high level of H3K4me3 ([33] (Fig. 5c).
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Consistent with these observations, although DNA dam-
age did not significantly change the overall genome distri-
bution and motif composition of the ATF3 binding sites
(Additional file 1: Figure S2B and S2C), it promoted ATF3
to bind to the sites distal to TSS (Fig. 5d). Similarly, DNA
damage increased the number of sites bound by both
ATF3 and p300, and the number of these ATF3-bound ac-
tive enhancers was increased from 37 % under the basal
condition to 57.6 % upon stress (Fig. 5e). Interestingly, the
new sites bound by ATF3 after DNA damage (“CPT only”
in Fig. 5b) had weaker ATF3-binding affinities than the sites
bound by ATF3 under the basal condition (p =1.73e-07,
comparing “CPT only” vs “Shared” peaks in Fig. 5b), but
had stronger affinities than those lost peaks (p = 0.000345,
“CPT only” vs “WT only”, Fig. 5b). Our results thus suggest
that ATF3 not only increased its level, but also altered its
genome binding in response to DNA damage.

We next addressed the question as to what changes in
gene expression the altered ATF3-binding would cause
under the DNA damage condition. Treating HCT116

cells with CPT for 4 h resulted in an increase in expres-
sion of 733 genes and a decrease in expression of 1095
genes (fold > 1.5, p<0.05) (Fig. 5f). 1,300 (71.1 %) of
these altered genes were bound by ATF3 after DNA
damage (Fig. 5g), and thus were more likely regulated by
ATF3. Interestingly, 829 % of ATF3-bound, CPT-
regulated genes were also bound by ATF3 before the
cells were treated with CPT (Fig. 5g), suggesting that
ATF3 were pre-loaded on the genomic sites for gene
regulation under stressed conditions. However, stressed
ATF3 appeared to bind these sites more strongly than
the quiescent protein (Fig. 5h). Given that CPT equally
increased or decreased ATF3 binding on the “shared”
sites (see above), these results indicate that DNA dam-
age selectively promoted ATF3 to bind to genomic sites
associated with regulated genes.

To further determine the relationship between ATF3
binding and gene regulation under the stressed condi-
tion, we analyzed the gene expression data for ATF3
knockout cells, and generated a curated list of 93 genes
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Fig. 5 DNA damage alters the ATF3-binding landscape for transcriptional regulation. a Venn diagram showing overlap of ATF3-binding peaks
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that were judged, with high confidence, as ATF3- of these genes contained one or more active enhancers
regulated genes in response to DNA damage (Additional  that were bound by both p300 and ATF3 (Fig. 5i), consist-
file 1: Figure S2D), based on (1) that fold changes before  ent with our previous conclusion that ATF3 can bind to
and after the CPT treatment were significantly different  active enhancers to regulate gene expression.

(p<0.05, paired t-test) between ATF3-wildtype and

-knockout cells, (2) that the genes bound by ATF3 with a  ATF3 collaborates with p53 in regulating target gene
small binding score (<10) and thus more likely to be de-  expression

rived from experimental errors were excluded. Once  p53 is a master transcription factor that transactivates genes
again, while 82 (88.2 %) of these genes had already been  (e.g, CDKNIA and BBC3, best known as p21 and PUMA,
bound by ATF3 under the basal condition, CPT further in-  respectively) essential for driving cellular responses (e.g., cell
creased ATF3 binding to these regulated genes, regardless  cycle arrest and apoptosis) to DNA damage [34]. As ATF3
whether their expression was induced or repressed by can bind p53 [16] and we also found that ATF3-bound
CPT (Fig. 5i and j). Interestingly, about a half (43, or 46 %)  genes engage in the p53 signaling pathway (Fig. 2c), we
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sought to determine how ATF3 interacts with p53 at gen-
omic sites to regulate gene expression in response to CPT-
induced DNA damage. We first profiled global p53 binding
by subjecting CPT-treated HCT116 cells to ChIP-seq
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analysis. We identified 1,412 p53-binding peaks (Fig. 6a), a
number which was low but within the same range (from
743 to 4,785) as other reports [35-37]. These identified
binding sites included 3 previously-characterized p53-
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overlap between ATF3 peaks and p53 peaks under the DNA damage condition. b Genome browser views of p53 binding to several well-characterized
p53 target genes. ¢ Binding of p53 to indicated sites was validated by independent ChIP-qPCR assays. d Genome browser views of co-localization of
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binding sites in the CDKNIA enhancer and promoter re-
gions (site A, C and D, respectively) (Fig. 6b) [35], and sites
localized in the promoters of well-characterized p53 target
genes MDM?2, BBC3 and BAX (Fig. 6b). These p53-binding
sites were validated by independent ChIP-qPCR assays
(Fig. 6¢). Consistent with the notion that ATF3 is a p53
regulator [16], we found that ATF3 bound to 23.5 % (332)
of p53-binding sites (Fig. 6a), including the CDKN1A site A
(but not site C and D), and the sites associated with
GADD45A, MDM?2 and IGFL3 (Fig. 6d). Using re-ChIP as-
says, we confirmed that ATF3 was co-localized with p53 at
Site A, but not Site C, of CDKNIA, and other tested gen-
omic sites associated with GADD45A, MDM?2, IGFL3,
GSN, and BBC3 (Fig. 6e). Of these ATF3/p53 co-localized
sites, 61 only carried a p53 motif, 7 only carried an ATF3
motif, and 63 harbored both motifs (Fig. 6e; Additional file
2: Table S1). Given that ATF3 can directly bind p53 [16],
co-localization of ATF3 with p53 at genomic sites might be
owing to p53-mediated recruitment of ATF3 to sites con-
taining the p53 motif, and/or ATF3-mediated recruitment
of p53 to sites harboring the ATF3 motif. Indeed, we found
a strong correlation between the ATF3-binding score and
the p53 peak score at these genomic sites (r=0.8170,
Fig. 6g). Moreover, p53 depletion dramatically impaired
ATF3 binding to 5 out of 7 tested p53-motif-only sites
(Fig. 6h). Of note, although p53 was previously shown to be
required for ATF3 induction by DNA damage caused by y-
irradiation [38], we did not see decreased ATF3 expression
in p53-knockout cells under our experimental condition
(data not shown). The reason why p53 knockout did not
decrease ATF3 binding to the CDKNIA Site A and the
GDF15 p53-binding site that lacked the ATF3 motif was
unclear, but other TFs might recruit ATF3 to these sites.
Interestingly, p53 binding to the sites containing only the
ATF3 motif was significantly decreased by ATF3 knockout
as well (Fig. 6i), suggesting that ATF3 could also recruit
p53 to genomic sites that do not contain a p53 motif. Thus,
the ATF3-p53 interaction might expand the list of genes
that can be regulated by p53. Interestingly, 19.5 % (58/297)
of the ATF3/p53 co-localized sites, including the site associ-
ated with CDKNI1A, BBC3 and GDF15, were also enriched
with p300, suggesting that many of these sites were active
enhancers and thus the ATF3-p53 interaction on genomic
sites were likely functional. Indeed, we demonstrated that
knockout of ATF3 expression impaired CPT-induced
CDKNIA, BBC3, and GDFIS expression (Fig. 6j). There-
fore, our results indicate that ATF3 could interact with p53
at genomic sites thereby regulating gene expression in the
DNA damage response.

Discussion

It is often shown that ATF3 binds the ATF/CRE cis-acting
element localized in gene promoters and regulate expres-
sion of genes associated with human diseases [12-14]. We
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carried out this study in light of the fact that a genome-
wide ATF3-binding profile in the human genome was
lacking. Employing engineered ATF3-knockout cells as
the specificity control, we identified 33,681 specific ATF3-
binding sites across the human genome under the basal
condition. Although this number was surprisingly large
given that the basal ATF3 expression level was low, it was
comparable to 22,521 sites identified in mouse dendritic
cells [39]. As 81.7 % of the ATF3-binding sites contained a
known ATF3 motif (Fig. 2e) [40], ATF3 might directly
bind a majority of these sites. It was thus likely that the
low level of constitutively-expressed ATF3 was sufficient
to bind most of available sites in the genome. Interestingly,
ATF4, a family member sharing the same binding motif
with ATF3, binds only 1,210 sites in the mouse genome
[39]. While this difference might be owing to different
DNA-binding affinity, interactions with other transcrip-
tion regulators could poise ATF3 for a higher level of gen-
ome binding. The latter possibility is supported by the fact
that ATF3 differs from ATF4 in its ability of interacting
with other proteins [25]. It is worth noting that the ATF3
genome-occupancy level is lower than that of pioneer fac-
tors, which often bind more than 50,000 genomic sites [39],
but significantly higher than that of most of gene-specific
TFs (eg, p53) that generally occupy a few thousands of
genomic sites (Fig. 6a). It is thus tempting to hypothesize
that ATF3 serves as a molecular beacon, or “primer factor”,
that binds genomic sites subsequent to binding of pioneer
factors, and directs other TFs or transcription co-regulators
to appropriate genomic sites upon stimulation [39]. This
hypothesis was partly supported by the findings that ATF3
directly interacts with many TFs (e.g., p53, p63, AR, Spl)
[16, 21, 26, 41] and histone modifying enzymes (e.g., Tip60
and HDAC) [17, 22]. Importantly, while the GO analysis re-
vealed that the ATF3-bound genes were associated with
cellular response to stress under the basal condition
(Fig. 2c), we found that the genes whose expression was
regulated by DNA damage were often pre-bound by ATF3
(Fig. 5g). Thus, like the transcription factor p63 [42], ATF3
might bookmark genes for transcriptional regulation. In
this regard, it is likely that ATF3 recruits diverse sets of TFs
to genomic sites pre-bound by ATF3 upon varying stimuli,
thereby regulating gene expression and mounting rapid, ap-
propriate responses to varying cellular stresses. However,
DNA damage-induced changes in ATF3 binding were more
dynamic than what the “primer-factor” hypothesis suggests
[39]. DNA damage not only increased the number of ATF3
binding sites by 1 fold, but abolished up to one-fifth of the
basal binding events (Fig. 5b). In addition, CPT increased
ATF3 binding to some genomic sites but decreased its
binding to almost equal numbers of other sites. While
stress-induced loss of genomic binding has also been re-
ported for other stress-inducible TFs (e.g, JunB) [39], the
decrease in ATF3 binding to a substantial number of
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genomic sites argues against the notion that the dynamic
changes in ATF3 binding was a mere consequence of ele-
vated ATF3 expression induced by DNA. As DNA damage
can alter chromatin structure [43—45], it might allow access
of some genomic sites to, while shielding other sites from,
ATF3. Interestingly, the CPT treatment appeared to pro-
mote ATF3 to bind to sites distal to TSS (Fig. 5d). While
the exact mechanism remains elusive, it might be that the
epigenetic environments where the distal sites reside are
favorable for TF binding. Indeed, these distal sites often co-
incide with p300/H3K27ac-enriched active enhancers
(Fig. 3d), which are known to have lower nucleosomal
density [5].

Like other TFs [36, 42], binding of ATF3 to the regula-
tory region of a gene did not always result in a change in
gene expression. Indeed, although ATF3 bound more
than 10,000 genes, a complete loss of ATF3 expression
only altered expression of a small number of genes
under both the quiescent and the stressed condition.
While RNA-based assays (e.g., microarray and RNA-seq)
may not serve as accurate measurements of transcrip-
tion activity [42], other TFs capable of binding the same
motifs (e.g., JunB) [39] might compensate for ATF3 loss.
Interestingly, the ATF3-binding sites often contained
motifs of other TFs in addition to the ATF3 motif
(Fig. 2), suggesting that ATF3 might act in concert with
other TFs to regulate gene expression. Our results also
indicate that ATF3 can activate or repress gene expres-
sion depending on gene context. While the location and
motif composition of the ATF3-binding site did not ap-
pear to determine whether ATF3 activates or represses
gene expression (Additional file 1: Figure S1D and S1E),
it is very likely that the epigenetic environment sur-
rounding the ATF3-binding sites determine the availabil-
ity of transcription co-activators (like Tip60), or
transcription co-repressors (e.g., HDAC), which conse-
quently transactivate or repress expression of ATF3-
bound genes. Thus, the early notion that ATF3 homodi-
mers and heterodimers respectively repress and activate
transcription appears oversimplified and misleading.

An important finding from this study is that ATF3 bound
to 37 % of genomic sites that were bound by p300 and
characterized by high levels of H3K27ac under the basal
condition (Fig. 3b). These genomic sites are defined as ac-
tive enhancers and have been shown to contain functional
regulatory elements that drive proximal gene expression
during embryonic development [3, 4]. Interestingly, DNA
damage increased the percentage of active enhancers bound
by ATF3 to 57.6 %. Moreover, although ATF3 binding alone
was not sufficient to regulate transcription, most of genes
regulated by ATF3 appeared localized proximal to ATF3-
bound active enhancers (Fig. 4). This strong correlation
between TF binding to active enhancers and the regulation
of gene expression was not without precedent. The
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transcription factor p63, for instance, was recently shown
to bind H3K27ac-enriched active enhancers, and the bind-
ing correlates with dynamic gene expression regulated by
p63 during epidermal differentiation [42]. As active en-
hancers often contain a cluster of motifs allowing for
binding by multiple TFs, it is likely that these TFs collab-
oratively interact with the basal transcription machinery
in core promoters to regulate gene expression. Therefore,
the observed correlation between enhancer binding and
transcriptional regulation is consistent with our notion
that ATF3 needs to cooperate with other TFs to regulate
gene expression.

The tumor suppressor p53 drives a transcription pro-
gram for eliciting diverse cellular responses to DNA
damage. Previously, we reported that ATF3 can activate
p53 by binding and directly blocking its ubiquitination
[16]. We also found that ATF3 can induce p53 activation
by promoting the activity of a histone acetyltransferase
Tip60 and the subsequent activation of ATM [22]. In
this study, we revealed an additional mechanism by
which ATF3 regulates p53, i.e., co-localization with p53
at genomic sites. Indeed, we found that ATF3 was co-
localized with p53 at more than 20 % of p53-binding
sites identified by ChIP-seq (Fig. 6a). As ATF3 can inter-
act with p53 [16], such co-localization might be a conse-
quence of p53-mediated ATF3 recruiting (Fig. 6h), or
vice versa (Fig. 6i). On the other hand, some co-
localized genomic sites contained both the p53 and the
ATF3 motif, and thus could be bound by p53 and ATF3
simultaneously. Regardless, close proximity between
ATF3 and p53 at genomic sites might directly alter p53
conformation thereby regulating the p53 transcriptional
activity (Fig. 6j). Our results are supported by a recent
report, which carried out ATF3 ChIP-chip assays and
shows binding of ATF3 to promoters of many known
p53 target genes [46]. However, Our study indicates that
a large number of co-localized sites were far beyond pro-
moter regions [47] and were also often bound by p300.
Therefore, the genomic co-localization of ATF3 and p53
serves as an additional mechanism for fine tuning p53
activity in the DNA damage response.

Conclusions

Our results indicate that ATF3 likely preoccupies gen-
omic sites regulatory for genes involved in the cellular
stress response, and thus bookmarks these sites for tran-
scriptional regulation under basal and stressed
conditions.

Methods

Cell culture and generation of ATF3-knockout cells
HCT116 wild-type and p53-knockout cells (obtained
from Bert Vogelstein) were cultured in McCoy’s 5A
medium supplemented with 10 % fetal bovine serum.
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H1299 cells and 293 T cells were cultured in RPMI 1640
and DMEM medium, respectively. We knocked out
ATEF3 expression in HCT116 cells using a rAAV-based
approach [23]. Briefly, left and right homology arms
flanking a small region (22 bp) in the exon 3 of ATF3
were amplified by PCR, and sequentially ligated into
PAAV-TK-Acceptor [23] via restriction enzyme diges-
tion. The resulted plasmid was then transfected into
AAV-293 cells for rAAV packaging using the AAV
Helper-free System (Agilent) following the manufac-
turer’s protocol. For viral infections, HCT116 cells in
60 mm dishes were incubated with 2 ml of viral super-
natant overnight, followed by re-suspension in medium
containing 500 pg/ml of G418 for selection. Genomic
DNAs were then prepared from resistant single clones
as describe previously [48], and used for PCR to identify
targeted clones. To remove the inserted selection gene,
targeted clones in 24-well plates were transfected with a
Cre-expression plasmid. Single clones regaining G418
sensitivity were accordingly identified, and subjected to
the 2nd round of genome editing to knock out the 2nd
ATFS3 allele as describe above. The sequences of primers
used in this report are available upon request.

Chromatin immunoprecipitation

Chormatin immunoprecipitation was performed essen-
tially as described previously [49]. Briefly, cells (2 x 10)
treated with or without 1.5 uM of CPT for 4 h were
cross-linked with 1 mM of di(N-succinimidyl) glutarate
(DSG) for 45 min, followed by 1 % formaldehyde for
10 min at room temperature. After treating with
0.125 M of glycine for 5 min, cells were resuspended in
10 ml of Solution I (10 mM Hepes-KOH, pH7.5, 10 mM
EDTA, 0.5 mM EGTA, and 0.75 % Triton X-100), and
incubated at 4 °C for 10 min. Cells were further incu-
bated with 10 ml of Solution II (10 mM Hepes-KOH,
pH7.5, 200 mM NaCl, 1 mM EDTA, and 0.5 mM
EGTA) at 4 °C for 10 min before lysed in cold FA lysis
buffer (50 mM Hepes-KOH, pH7.5, 140 mM NaCl,
1 mM EDTA, 1 % Triton X-100, 0.1 % sodium deoxy-
cholate, and proteinase inhibitors). Chromatin was
sheared by sonication using Bioruptor to an average
fragment size of 500 bp, and then incubated with 2 pg of
the antibody (ATF3, sc-188; p53, sc-126; p300, sc-585)
or normal IgG (rabbit, sc-3888; mouse, sc-2025) pur-
chased from Santa Cruz, at 4 °C overnight. Immuno-
complexes were precipitated with 30 pl of ssDNA-
protein A/G agarose (Millipore) at 4 °C for 2 h, and se-
quentially washed with Buffer I (50 mM Tris—HCI,
pHB8.0, 150 mM NacCl, 1 % SDS, 0.5 % sodium deoxycho-
late, 1 % NP 40, and 1 mM EDTA), Buffer II (buffer I
with 500 mM NaCl), Buffer III (50 mM Tris—HCI,
pH8.0, 250 mM LiCl, 0.5 % sodium deoxycholate, 1 %
NP 40, and 1 mM EDTA), and TE buffer (50 mM Tris—
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HCl, pH8.0, and 1 mM EDTA). Bound chromatin was
eluted with 0.3 ml of Elution buffer (50 mM Tris—HCI,
pH8.0, 1 % SDS, and 1 mM EDTA). After reversal of
crosslinking, RNase A and Proteinase K was added, and
DNA was purified by phenol extraction and ethanol pre-
cipitation. For re-ChIP assays, chromatin immunopreci-
pitated with the ATF3 antibody was eluted in 0.15 ml of
Elution buffer, and then diluted by 20 times with re-
ChIP buffer (20 mM Tris—HCI, pH8.0, 150 mM NaCl,
1 % Triton X-100, and 2 mM EDTA), followed by incu-
bation with the p53 antibody as described above.

ChIP-seq and data analysis

ChIP-seq libraries were prepared according to standard
protocols using Biosicentifics DNA  Sample Kit
(cat#514101) [50]. Libraries were sequenced using Illumina
Hi-Seq platforms. Sequence reads were aligned to the
Human Reference Genome (assembly hgl9) using
Burrows-Wheeler Alignment (BWA) Tool Version 0.6.1.
Peak identification, overlapping, subtraction and feature an-
notation of enriched regions were performed using Hyper-
geometric Optimization of Motif EnRichment suite
(HOMER). Heatmaps and intensity plots of peaks were
generated by Perl script, R and/or java Treeview. HOMER
was used to check motif enrichment.

Microarray data analysis

Total RNA was prepared using Agilent Total RNA Isola-
tion Mini Kit (cat# 5185-6000). Microarray expression
profiling was performed using HumanHT-12 v 4.0 Expres-
sion BeadChip (Illumina). Data were preprocessed and
normalized by GenomeStudio. Differentially expressed
genes were identified by Bioconductor limma package and
GenePattern. Heatmap view of differentially expressed
genes was created by Cluster and Java Treeview. GO term
enrichment was determined using DAVID.

Western blotting and quantitative PCR

Western blotting assays were performed as described
previously [16]. In brief, cells were lysed in RIPA buffer
containing 50 mM Tris—HCl, pH 7.4, 1 % Nonidet P-40,
0.25 % sodium deoxycholate, 150 mM NaCl, 1 mM
EDTA, 1 mM PMSE and 1 mM NaF, 1 mM NazVO,,
and protease inhibitor cocktail (Roche), and then
resolved in SDS-polyacrylamide electrophoresis for im-
munoblotting. Quantitative PCR assays were carried out
using SYBR Green as described elsewhere [49].

Availability of supporting data

The data sets supporting the results of this article are avail-
able in the GEO with the accession number GSE74363
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi’token=yfoz
ycagbfojfkz&acc=GSE74363).
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