Universiteit

4 Leiden
The Netherlands

The effects of breast cancer therapy on estrogen receptor signaling

throughout the body
Droog, M.

Citation
Droog, M. (2017, June 8). The effects of breast cancer therapy on estrogen receptor signaling
throughout the body. Retrieved from https://hdl.handle.net/1887/49509

Version: Not Applicable (or Unknown)

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/49509

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/49509

Cover Page

The handle http://hdl.handle.net/1887/49509 holds various files of this Leiden University
dissertation

Author: Droog, Marjolein

Title: The effects of breast cancer therapy on estrogen receptor signaling throughout the
body

Issue Date: 2017-06-08


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/49509

Phosphorylation of Activating
Transcription Factor-2 (ATF-2)
within the Activation Domain
iIs a Key Determinant of
Sensitivity to Tamoxifen in
Breast Cancer

Bharath Rudraraju, Marjolein Droog*, Tarek M. A. Abdel-Fatah?,
Wilbert Zwart, Athina Giannoudis, Mohammed I. Malki, David
Moore, Hetal Patel, Jacqui Shaw, Ian O. Ellis, Steve Chan, Greg
N. Brooke, Ekaterina Nevedomskaya, Christiana Lo Nigro, Jason
Carroll, R. Charles Coombes, Charlotte Bevan, Simak Ali, Carlo
Palmieri

* equal contribution

Breast Cancer Res Treat 147 (2014) 295-309



Chapter 4

Abstract

Activating transcription factor-2 (ATF-2) has been implicated as a
tumour suppressor in breast cancer (BC). c-JUN N-terminal kinase
(JNK) and p38 MAPK phosphorylate ATF-2 within the activation
domain (AD), which is required for its transcriptional activity. To
date, the role of ATF-2 in determining response to endocrine therapy
has not been explored. Effects of ATF-2 loss in the oestrogen recep-
tor (ER)-positive luminal BC cell line MCF-7 were explored, as well
as its role in response to tamoxifen treatment. Genome-wide chro-
matin binding patterns of ATF-2 when phosphorylated within the
AD in MCF-7 cells were determined using ChIP-seq. The expression
of ATF-2 and phosphorylated ATF-2 (pATF-2-Thr71) was determined
in a series of 1,650 BC patients and correlated with clinico-patho-
logical features and clinical outcome. Loss of ATF-2 diminished
the growth-inhibitory effects of tamoxifen, while tamoxifen treat-
ment induced ATF-2 phosphorylation within the AD, to regulate the
expression of a set of 227 genes for proximal phospho-ATF-2 binding,
involved in cell development, assembly and survival. Low expres-
sion of both ATF-2 and pATF-2-Thr71 was significantly associated
with aggressive pathological features. Furthermore, pATF-2 was
associated with both p-p38 and pJNK1/2 (< 0.0001). While expres-
sion of ATF-2 is not associated with outcome, pATF-2 is associated
with longer disease-free (p = 0.002) and BC-specific survival in
patients exposed to tamoxifen (p = 0.01). Furthermore, multivariate
analysis confirmed pATF-2-Thr71 as an independent prognostic
factor. ATF-2 is important for modulating the effect of tamoxifen
and phosphorylation of ATF-2 within the AD at Thr71 predicts for
improved outcome for ER-positive BC receiving tamoxifen.

Abbreviations

AD, activation domain; AR, androgen receptor; ATM, ataxia telangiectasia mutated;
ATF-2, activating transcription factor-2 ; BC, breast cancer; BCSS, breast cancer-
specific survival; CK, cytokeratin; CRE, ATF/cAMP-response elements ; DFS,
Disease-free survival; EMT, epithelial-mesenchymal transition; ER, oestrogen
receptor; HR, hazard ratio; IDC-NST, invasive ductal no special type; IHC,
immunohistochemistry; JNK,c-JUN N-terminal kinase; MEFs, mouse embryonic
fibroblasts; NFY, nuclear transcription factor Y; NR1I2, nuclear receptor subfamily 1,
group 1, member 2; NR4A1, nuclear receptor subfamily 4, group A, member 1; pATF-
2-Thr71, phosphorylated ATF-2 ; PKC, protein kinase C; PLAG1, pleiomorphic adenoma
gene 1; PR, progesterone receptor; SMA, smooth muscle actin; SRB, sulphorhodamine
B.
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Phosphorylation of Activating Transcription Factor-2

Introduction

Expression of oestrogen receptor alpha (herein called ERa) predicts for
response to endocrine therapy', and adjuvant endocrine therapy improves
survival in ERa-positive breast cancer?. However, resistance, de novo or
acquired, limits the use of endocrine therapy?®. Understanding the underly-
ing molecular mechanisms that mediate resistance is required to improve
management of endocrine resistant breast cancer, and to facilitate the
development of novel therapeutic strategies®*.

Activating transcription factor-2 (ATF-2) is a member of the ATF and
CREB group of bZIP transcription factors®. ATF-2 regulates gene tran-
scription by forming homodimers but also functions as heterodimers with
other ATF family members® and AP-1 family members’. These homo- and
hetero-dimers bind to ATF/cAMP-response elements (CRE)®° where they
dictate transcriptional control, chromatin remodelling and the response to
DNA damage!®!2. Phosphorylation events at two threonine residues, Thr69
and Thr71, within the activation domain (AD) of ATF-2 are required to
stimulate its transcriptional activity'®!*. c-JUN N-terminal kinase (JNK)
and p38 MAPK phosphorylate both Thr69 and Thr711!¢, while mitogens
such as EGF via ERK1/2 induce phosphorylation of Thr71 alone!”. The role
of Ser90, also located within the AD, is unclear'®!°. Several other ATF-2
phosphorylation sites have been identified, including Serl121, Ser340 and
Ser367, which are phosphorylated by protein kinase C (PKC)2%2!, while
ataxia telangiectasia mutated (ATM) phosphorylates Ser490 and Ser49822.

The potential importance of ATF-2 phosphorylation in breast cancer
has been shown by p38-mediated phosphorylation increasing ATF-2
binding to the CRE in the cyclin D1 promoter following growth factor treat-
ment?3, as well as activation of the AP-1 site of MMP-2 with induction of
invasive and migration phenotypes?*. It has also been reported that estra-
diol and its metabolites 16-hydroxyestrone enhanced the DNA-binding
activity of ATF-2 to the cyclin D1 CRE/ATF site, while 2-methoxyestra-
diol blocked this process?®. Furthermore, JNK-dependent phosphorylation
of ATF-2 promotes resistance to DNA damaging agents in the context of
a HER2-overexpressing breast cancer cell line?°, with subsequent chroma-
tin immunoprecipitation (ChIP) of ATF-2 revealing the largest functional
group of genes activated by JNK are those involved in DNA repair?’.

ATF-2 has been reported to have tumour suppressor properties in
breast cancer with heterozygous ATF-2 knockout (atf2 +/-) mice predis-
posed to developing mammary tumours?®. Furthermore, ATF-2 is required
for the induction of FOXP3 and FOXP3-mediated apoptosis in the context
of murine mammary cancer?. In human breast cancer, ATF-2 mRNA
levels were lower as compared to the normal mammary gland?®. While
a study of ATF-2 expression in 134 human breast cancers gave varying
results depending on the reagents and methodology used®°. High ATF-2
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protein expression measured by immunoblotting and immunohistochem-
istry (IHC) was associated with a shorter overall survival. However, high
phosphorylation of ATF-2 at Thr69 and Thr71(pATF-2-Thr69/pThr71) as
measured by immunoblotting correlated with a well-differentiated pheno-
type, but not with prognosis, while increased levels of pThr69-ATF-2 by
immunohistochemistry were associated with prolonged survival®°.

In the current study, we sought to investigate the role of ATF-2 and
phosphorylation within the AD in mediating the anti-tumour activity of
tamoxifen and its use as a marker for predicting response to endocrine
therapy.

Materials and Methods
Breast Cancer Cell Lines

MCF-7 cells were obtained from the Cancer Research UK Cell services
(Clare Hall Laboratories, South Mimms, Herts, UK) and maintained in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 %
foetal bovine serum, 5 mM L-glutamine and 1 % penicillin/streptomycin.

siRNA, Transfections, Nucleic Acid Isolation and RT-PCR
Analysis

Cells were transfected using Lipofectamine RNAiMAX, according to man-
ufacturer’s methods (Invitrogen, Paisley, UK). RNA and protein were
prepared 48 h following transfection. Cell number was determined using
the sulphorhodamine B (SRB) growth assay, as described previously °!,
and colony formation was assessed by plating the cells in soft agar for
21 days as described in supplementary methods. Plates were scanned,
and the colonies were counted using an Optronix Gel Count (Oxford
Optronix, UK).

ON-TARGET plus SMARTpool siRNA, Human ATF-2 (see below for
details) and ON-TARGET plus Non-targeting Control Pool Catalogue
number D-001810-10-20 (ABgene Ltd, Surrey, UK) were used for ATF-2
knockdown experiments. ON-TARGET plus SMARTpool, Human ATF-2,
Catalogue number, L-009871-00-0010, ORF (ABgene Ltd, Surrey, UK)
with following sequences were used:

(1) GAGAAGAGCAGCUAACGAA

(2) CAUGGUAGCGGAUUGGUUA
(3) GGAAGUACCAUUGGCACAA
(4) UGAGGAGCCUUCUGUUGUA
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RNA isolation, cDNA preparation and RT-PCR were performed as
described in supplementary information.

Re-expression of ATF-2 using plasmid pactl-ATF-2 (kind gift of T.
Maekawa, S Ishii, RIKEN, Japan) was performed using Fugene 6 at a 1:3
ratio (Roche, Diagnostics, Burgess Hill, UK) following manufacturer’s pro-
tocol. Briefly, after 48 h, siATF-2 cells were transfected using 1 ug of ATF-2
plasmid. One day after transfection, media was changed to vehicle only
and tamoxifen. SRB assay was performed as before.

Immunoblotting

After ATF-2 knockdown using siRNA, cell lysates were prepared in RIPA
buffer (Sigma-Aldrich Company Ltd, Gillingham, UK) with protease and
phosphatase inhibitors (Roche Diagnostics, Burgess Hill, UK). For exper-
iments in which 4-hydroxytamoxifen was added, cells were cultured in
DMEM lacking phenol red and containing 10 % charcoal stripped foetal
calf serum for 48 h prior to treatment, and lysates were prepared in RIPA
buffer, and immunoblotting was performed.

Following immunoblotting, membranes were probed with antibodies
overnight; after washing and incubation with secondary antibody, they
were developed with Supersignal West Pico Chemiluminescent Substrate
(VWR International Ltd, Lutterworth,UK). Images were captured on the
UVItec Cambridge Image Reader using the Alliance 2.7 software, and den-
sitometry was performed by the AIDA/2D v4.27 analysis software.

Antibodies were applied targeting ER (Vector Laboratories,
Peterborough, UK), JNK1/2, pJNK1/2 (phospho-Thr183/Tyrl85), ERK1/2,
PERK1/2 (phospho-Thr202/Tyr204) and pATF-2 (phospho-Thr69/71
and Thr71) (all from New England Bioloabs, Hertfordshire,UK). p38 and
p-p38 MAPK (phospho-Thr180/Tyrl82), ATF-2 and oa-tubulin were pur-
chased from Insight Biotechnology, Middlesex, UK, and Secondary
horseradish peroxidase—conjugated antibodies were from Dako UK Ltd,
Cambridgeshire, UK

Chromatin Immuno Precipitation and Solexa Sequencing
(ChIP-Seq)

Exponentially growing MCF-7 cells were treated with 100nM 4-OH
Tamoxifen for 1 hour, and cells were fixed, chromatin was isolated, and
CHIP was performed (see supplementary information).
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Motif Analysis, Heatmaps, Genomic Distributions of Binding
Events and in silico Survival Analyses

ChIP-seq data snapshots were generated using the integrative genome
viewer IGV 2.2 (www.broadinstitute.org/igv). Genomic analyses and Motif
enrichment analyses were performed using the Cistrome (cistrome.org),
applying the SeqPos motif tool*2. For analysis information, see supplemen-
tary information.

The prognostic potential of the genes with proximal ATF-2 binding
was assessed using two publicly available gene expression datasets with
GEO accession numbers GSE6532% and GSE2034%**. Genes with a pATF-
2-Thr71 binding site within a 20 kb window from their transcription start
site (TSS) were analysed. Hierarchical clustering of the gene expression
was performed using correlation as a distance measure and average
linkage. Groups of patients were defined based on the two biggest clusters
in the hierarchical clustering. The Cox proportional hazards model was
used to compute the hazard ratio (HR) in the analysis of time to relapse or
to distant metastasis. Survival curves were generated using the Kaplan—
Meier method, and a log-rank test was used to test for differences. All the
analyses were performed using R statistical software.

Paired Primary and Secondary Breast Cancers

Twenty primary breast carcinomas with a paired metastasis as well as
normal controls from reduction mammoplasty were acquired from the
pathology archives of S Croce General Hospital, Cuneo, Italy (See supple-
mentary information).

Nottingham Tenovus Primary Breast Cancer Series

Primary operable breast cancer cases (n = 1650) from the Nottingham
Tenovus Primary Breast Carcinoma Series were used®>*®, and were uti-
lised for immunohistochemistry (see supplementary information). Clinical
data were maintained on a prospective basis with a median follow-up of
126 months (range 4-247).

Immunohistochemistry

The tissue microarrays and full-face sections form the Nottingham
Tenovus Primary breast cancer series were immunohistochemically pro-
filed for ATF-2, pATF-2-Thr71 and other biological antibodies as previously
described?®”. ATF-2 rabbit polyclonal antibody was directed against amino
acids 1-96 (Santa Cruz, Heidelberg, Germany), and phospho-Thr71 ATF-2
polyclonal rabbit antibody (Cell signalling technology, Danvers, USA) was
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optimised to a working concentration, utilizing 4 pm full-face excisional
tissue sections.

Antigen retrieval was performed using citrate buffer (pH 6.0) and
microwave heating (20 min at 750 Watts). Subsequently, 4 pm TMA
sections were immuno-stained using the optimised staining protocol.
Detection was achieved using the Novalink Polymer Detection kit (Leica
Microsystems Inc., USA). Negative controls were performed by omission of
the primary antibody.

IHC revealed that ATF-2 and pATF-2-T71 had a nuclear location
(Supplementary Figure S6). Nuclear staining was scored based on the
H-score and Allred Quick score, and the median H-score was 123 for
ATF-2 (interquartile range, 0-270) and 92.5 for pATF-2 (interquartile
range, 0-272). For all subsequent analyses, ATF-2 expression was cat-
egorized as low/loss if the H-score < 123, while pATF-2-pT71 expression
was categorized as low/loss if the Quick score <6. Determination of the
optimal cut-offs was performed using histograms and confirmed using
X-tile bioinformatics software (Yale University, USA) where data were split
into training and validation sets. A total of 1,516 and 1,388 tumours were
suitable for analysis of both pATF-2-pT71 and ATF-2, respectively.

To validate the use of TMAs for immuno-phenotyping in the group
treated with primary surgery, full-face sections of 40 cases were stained,
and the protein expression levels of the different antibodies were com-
pared. The concordance between TMAs and full-face sections was
excellent (kappa = 0.8). Positive and negative (omission of the primary
antibody and IgG-matched serum) controls were included in each run.
The tumour cores were evaluated by three of coauthors (TMA-F, IOE and
DM) blinded to the clinico-pathological characteristics of patients in two
different settings. There was excellent intra- and inter-observer agreement
(k > 0.8; Cohen’s k and multi-rater k tests, respectively). The REMARK
criteria were followed.

Statistical Analysis

Disease-free survival (DFS) and breast cancer-specific survival (BCSS)
were calculated (see supplementary information). Data analysis was per-
formed using SPSS (SPSS, version 17 Chicago, IL). Where appropriate,
Pearson’s Chi-square, Fisher’s exact, Student’s t and ANOVAs one-way
tests were used. Cumulative survival probabilities were estimated using
the Kaplan-Meier method, and differences between survival rates were
tested for significance using the log-rank test. Multivariate analysis for
survival was performed using the Cox hazard model. The proportional
hazards assumption was tested using standard log-log plots. HR and
95 % confidence intervals (95 % CI) were estimated for each variable. All
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tests were two sided with a 95 % CI, and a p value < 0.05 was considered
significant. For multiple comparisons, a stringent p value at 0.01 was con-
sidered significant.

Results

Role of ATF-2 in determining the Inhibitory Effects of
Tamoxifen in MCF-7 Breast Cancer Cells

To determine whether ATF-2 is important for breast cancer cell growth
and response to tamoxifen, ATF-2 levels were reduced in MCF-7 cells
using siRNA. Knockdown of ATF-2 was confirmed by immunoblotting
(p = 0.00052, Figure 1A and supplementary Figure S1A). Loss of ATF-2
did not have a significant effect on cell proliferation, as assessed through
cell counting (Figure 1B) and cell cycle distribution analyses by FACS
(Figure 1C). However, the loss of ATF-2 significantly attenuated the
growth-inhibitory effects of tamoxifen at concentrations as low as 10 nM,
whereas re-constitution of ATF-2 reverted the silencing effect similar to
the siControl (Figure 1D).

To determine the potential effect of ATF-2 loss on the effects of tamox-
ifen on anchorage-independent growth of MCF-7 cells, soft agar colony
formation assays were performed (Figure 1E). In comparison with the
control, the number of colonies produced by siATF-2 cells was significantly
increased by 39 % (p = 0.0004), whereas the number of colonies produced
by siControl was at same level as reagent control cells (p = 0.36). This
result confirmed our SRB assay and indicated that ATF-2 is key to the
effects of tamoxifen in the context of this ER-positive endocrine sensitive
cell line.

Effect of Tamoxifen Treatment on Phosphorylation within
Activation Domain of ATF-2

Since ATF-2 is required for the growth-inhibitory effects of tamoxifen,
and its loss is associated with increased anchorage-independent growth
following tamoxifen treatment, the potential influence of tamoxifen
on ATF-2 protein levels and phosphorylation status at Thr69/71 was
assessed. Total protein levels of ATF-2 were not affected by tamoxifen
treatment (Figure 2A, B and S1 B, C), but tamoxifen did enhance ATF-2
phosphorylation in a concentration-dependent manner (Figure 2A and S1
B). Interestingly, tamoxifen induced ATF-2 phosphorylation as early as
5-10 min and was maximal at 45-60 min (Figure 2B and S1 C). Therefore,
1 hour of treatment was used in subsequent experiments.
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Figure 1. Knockdown of ATF-2 and effects on growth of MCF-7, sensitivity to tamoxifen
and modulation of ATF-2 phosphorylation at pATF-2-Thr69/71 by tamoxifen A,B,C.
MCF-7 cells seeded in 96-well plate (B), 60 mm dish (A,C) were treated with either
Lipofectamine (Reagent) or transfected with either control or ATF-2 siRNA.

A) Knockdown of ATF-2 was confirmed by immunoblotting for ATF-2 after 72 h of siRNA
transfection. oTubulin was used as loading control, and blots are representative of
three independent experiments.

B) For growth assay, basal media were changed on day 3 and stained with SRB on day
3 and 5. Absorbance was calculated relative to reagent control. Error bars represent
the standard error of the mean determined from 3 independent experiments.

C) after 48 h of transfection, cells were fixed and then stained with propidium iodide
for flow cytometric analysis. The percentage of cells in the sub-G1 (apoptosis), G1,
S-phase and G2/M, as determined from 3 independent experiments, is shown. Error
bars represent the standard errors of the mean (SEM).

D) dose response curve for tamoxifen in MCF-7 after transfection with control

siRNA or siRNA for ATF-2. Media were changed with Vehicle or Tamoxifen on day 3,
and absorbance for SRB was taken on day 5. Results are representative of three
independent experiments. Difference between the curves was assessed by two-way
ANOVA and p > 0.05.

E) The growth of siRNA cells was assessed by soft agar assays after 21 days of
tamoxifen treatment using Oxford Optronix Gel Count. Results were obtained from
three separate assays (mean £ SE). Statistical analyses were conducted by Student’s
t-test; ***p < 0.05, vs reagent control.
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The tamoxifen concentration-dependent increase in ATF-2 phos-
phorylation was also seen using an antibody that selectively detects
phosphorylated Thr71 (supplementary Figure S2). Given that ATF-2 is
phosphorylated by p38, ERK1/2 and JNK1/2, we sought to document
the effects of tamoxifen on these upstream kinases. Tamoxifen treatment
increased phosphorylation levels of p38, JNK1/2 and ERK1/2, while the
total protein levels remained unaltered (supplementary Figure S3).

Genomic Locations of pATF-2 in MCF-7 Cells, Proximal Genes
and Corresponding Cellular Pathways

Due to the apparent role of ATF-2 in endocrine response, we next aimed to
identify which genes could potentially be direct targets of phosphorylated
ATF-2. Therefore, we analysed the genome-wide chromatin binding pat-
terns of pATF-2 in MCF-7 cells using ChIP-seq. Proliferating MCF-7 cells
were treated with 100nM tamoxifen for 1 h to induce ATF-2 phosphoryla-
tion. For immunoprecipitation, antibodies for ATF-2 and pATF-2 (Thr71)
were applied, and only peaks were considered that were shared by both
antibodies to minimize noise.

Both ATF-2 and pATF-2 gave distinct peaks as exemplified at the
NR_047479 promoter (Figure 3A). ChIP-qPCR was performed to validate a
number of the binding sites detected by ChIP-seq. (Supplementary Figure
S4). Between ATF-2 and pATF-2, 1038 chromatin binding regions were
found to be shared, where the strong chromatin binding sites for ATF-2
also provided the most intense pATF-2 signal, as shown in a heatmap
visualization where the peaks were ranked according to raw signal inten-
sity (Figure 3B).

Motif analyses indicated ATF-2 binding motifs to be enriched, as
expected (Figure 3C). In addition, binding motifs for nuclear transcription
factor Y (NFY), nuclear receptor subfamily 1, group 1, member 2 (NR1I2),
nuclear receptor subfamily 4, group A, member 1 (NR4A1l) and pleiomor-
phic adenoma gene 1 (PLAG1) were among the top enriched motifs.

PATF-2 was strongly promoter enriched, and gene-proximal binding
was mainly found within the first 5 kb from the transcription start site
with a strong bias of upstream binding from the transcription start site
(Figure 3D). Ingenuity pathway analysis of the 227 genes with proximal
PATF-2 binding (Supplementary Table S1) illustrated pathways enriched
for cellular assembly and signalling (pathway 1, 3, 7), development and
cancer (pathway 2, 4, 5, 8, 9, 10) as well as cell death and survival (pathway
0) (Figure 3E).

Utilising the entire geneset with proximal pATF-2 binding, we exam-
ined their potential association with distant metastasis-free survival in a

136



Phosphorylation of Activating Transcription Factor-2

A ¥ 3
FSIs

KN
X
Tamoxifen(1hr) PP SR

P-ATF-2 e

-

ATF-2 S E---

CTubulin | ———

B
Tamoxifen(0.1pM) 0 5 10 15 20 30 45 60 90 120 (mins)

P-ATE-2 & --., l.‘“.--‘d

ATF-2 Ll 1 T 2§ F 5 B

OTUDULITL | ——————————————

Figure 2. Modulation of ATF-2 phosphorylation at pATF-2-Thr69/71 by tamoxifen A-B.
Exponentially growing MCF-7 cells in their basal media were treated with increasing
concentrations of tamoxifen for 1 h (A) or with ethanol (vehicle) or 0.1 uM tamoxifen
for indicated times (B). Cells were harvested for immunoblotting and probed with
indicated antibodies. Tubulin was used as loading control. Results are representative of
three independent experiments.

publically available cohort of 249 breast cancer patients who received adju-
vant tamoxifen treatment®?. Patients were classified using unsupervised
hierarchical clustering, which revealed two distinct clusters of patients
(Figure 4A). Distant metastasis-free survival is significantly different
between these two groups of patients (HR = 3.05, CI 1.86-5, p = 3e-6;
Figure 4B). In contrast, no association to survival was found in a cohort of
209 ER-positive breast cancer patients who did not receive any adjuvant
endocrine treatment® (HR = 0.92, CI 0.59-1.44, p = 0.712; Figure 3C-D).

Expression of ATF-2 mRNA in Primary and Secondary Breast
Cancer Samples

ATF-2 mRNA levels were determined in pooled normal breast tissue (n = 5)
and compared to primary breast cancer (n = 20) and metastatic breast
cancer samples (n = 20). As compared to normal breast tissue, ATF-2
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Figure 3. pATF-2-Thr71 genome-wide chromatin binding patterns indicate distinct
gene signature. A) genome browser snapshot illustrating chromatin binding sites for
ATF-2 and pATF-2 at the NR_047479 promoter. Tag count and genomic coordinates are
indicated. B) heatmap visualization of the ranked shared peaks of ATF-2 and pATF-2.
Arrowhead indicated top of the peak. Scale bar shows 5 kb. C) top enriched motifs for
the shared chromatin binding events of ATF-2 and pATF-2. p-values are indicated.

D) graph showing the distribution of pATF-2 peaks related to the most promixal gene.
E) ingenuity pathway analysis of the 227 genes with a proximal pATF-2 chromatin
binding event.

was significantly lower in primary breast cancers (p = <0.05). While the
secondary deposits like the primary deposits had significantly less ATF-2
than normal controls, there was no significant difference seen between
the primary and secondary breast cancer deposits with regard to ATF-2
expression (Supplementary Figure S5).

ATF-2 and pATF-2 Expression in Human Breast Cancer and
Correlation with Clinico-pathological Features and Outcome

To explore the expression and relevance of ATF-2 and pATF-2 in human
breast cancer, IHC was performed on a previously validated TMA of
1,650 breast cancers 3*3%, Correlations were made with DFS or BCSS, for
clinic-pathological parameters see supplementary Table S2. As is to be
expected from a transcriptional regulator, IHC revealed that ATF-2 and
pATF-2-Thr71 had a nuclear location (Supplementary Figure S6A and B).
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689/1388 (49.6 %) and 680/1516 (44.9 %) of breast cancers showed
low or no expression of ATF-2 and its phosphorylated active form pATF-2-
pThr71. Low expression of both ATF-2 and pATF-2-pThr71 was significantly
associated with aggressive and adverse pathological features including
high grade, glandular de-differentiation, high mitotic index, high pro-
liferation rate, high pleomorphism, and invasive ductal no special type
(IDC-NST) (p values < 0.0001; Table 1). Low expression of both ATF-2 and
its active form pATF-2-pT71 were also associated with negative expres-
sion of hormone receptors including ERa, progesterone receptor (PR) and
the androgen receptor (AR) (p values < 0.0001; Table 1), with both ATF-2
and pATF-2-pT71 being inversely related to the triple negative and bas-
al-like phenotypes (Table 1). In addition, low ATF-2 and pATF-2-pThr71
expression was significantly associated with low expression of DNA repair
proteins such as BRCA1, XRCC1, ATM and TOP2A (p < 0.0001), and other
tumour suppressor proteins such as p53, pl6 and FHIT (p < 0.0001),
reflecting a higher level of genomic instability.

Notably, low ATF-2/pATF-2-pThr71 expression was also significantly
associated with low expression of both cell cycle and apoptosis regula-
tory proteins such as p21, MDM4, p27, Bcl2 and Bax. Moreover, high
expression of epithelial-mesenchymal transition (EMT) proteins such
as vimentin, smooth muscle actin (SMA), p63, cytokeratin (CK) 5/6 and
p-cadherin was more common in samples with low expression of either
ATF-2 and/or pATF-2-pThr71 (Table 1). Furthermore, pATF-2-pThr71 was
significantly associated with both p-p38 and pJNK1/2, which are both
known to phosphorylate ATF-2 at Thr71.

Expression of ATF-2 was neither associated with DFS or BCSS in the
whole cohort (Supplementary Figure S7A) nor in the ER-positive cases
(Supplementary Figure S7B). Furthermore, no difference in outcome based
on ATF-2 expression was seen in patients treated with or without tamoxi-
fen (Supplementary Figure S7C-E). By contrast, high pATF-2-pThr71 was
associated with a significantly longer DFS and BCSS in the whole cohort
as well as in the ER-positive cases (Figure 5A, B). Moreover, high expres-
sion of pATF-2-pThr71 was associated with significantly longer DFS (HR:
0.66, 95 % CI: 0.51-0.86, p = 0.002) and BCSS (HR: 0.69, 95 % CI: 0.51-
0.92, p = 0.01) in patients exposed to tamoxifen (Figure SE). No difference
is DF'S or BCSS was observed in ERa-positive patients who did not receive
tamoxifen (Figure 5C, D).

A test for interaction confirms that pATF-2-pT71 is both a prognostic
and predictive factor for response to tamoxifen in ERa-positive/high risk
(NPI > 3.4) patients (supplementary Table S3). Furthermore, multivariate
analysis confirmed pATF-2-pThr71 as associated with decreased recur-
rence (HR = 0.78, CI 95 %: 0.61-0.98) and death (HR = 0.78, CI 95 %;
0.64-0.95) from breast cancer (Table 2).
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A tamoxifen cohort
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Figure 4. Genes with a proximal pATF-2 binding sites provide a signature for time to
distant metastasis. A/C. Heatmap, depicting genes with a proximal pATF-2 chromatin
binding site (rows) in a cohort of 249 breast cancer patients (columns) who received
adjuvant tamoxifen treatment (A) or did not receive any endocrine treatment (C).
Unsupervised hierarchical clustering identified two patient subgroups based on
differential gene expression. B/D. Kaplan—Meier survival curves, depicting distant
metastasis-free survival for the patients in A and C using the two different subgroups
of patients identified through differential expression of genes with proximal pATF-2

binding.
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Table 1. Clinico-pathological characteristics and tumour biomarkers and correlation
with ATF-2 and pATF-2-pThr71

ATF2 pATF2
Variables Low High p value Low High p value
(n=689) (n=699) (n = 680) (n = 836)
Pathological parameters
Tumour size 0.229 0.125
Tia+b (= <1.0) 63 (9) 69 (9.9) 63(9.3) 89 (10.7)
Tlc(>1.0-2.0) 348 (49.9) 364 (52.2) 322 (47.7) 434 (52.2)
T2 (> 2.0-5.0) 263 (37.7) 252 (36.2) 273 (40.4) 287 (34.5)
T3 (>5) 23 (3.3) 12 (1.7) 17 (2.5) 22 (2.6)
Lymph node stage 0.026 0.397
Negative 447 (64) 406 (58.1) 408 (60.4) 523 (62.7)
npoodsét;;’e a-3 200 (28.7) 218 (31.2) 201 (29.7) 244 (29.3)
nPo°d5étsi;’e >3 51(7.3) 75 (10.7) 67 (9.9) 67 (8.0)
Tumour grade <0.0001 <0.0001
Gl 117 (16.8) 122 (17.5) 101 (15.0) 152 (18.3)
G2 177 (25.4) 288 (41.3) 174 (25.8) 331 (39.8)
G3 403 (57.8) 287 (41.2) 400 (59.3) 349 (41.9)
Mitotic index <0.0001 <0.0001
n':'io(s'g;L 10) 217 (31.5) 285 (40.9) 192 (28.6) 351 (42.4)
r:'ifo(s’zsedlig_”;é) 107 (15.5) 150 (21.6) 112 (16.7) 264 (19.8)
n':"lfo(st‘e'gi 18) 365(53) 261 (37.5) 367 (54.7) 312 (37.7)
Pleomorphism <0.0001 <0.0001
P1 18 (2.6) 21 (3.0) 17 (2.5) 25 (3.0)
P2 234 (34.1) 312 (44.8) 210 (31.3) 375 (45.5)
P3 435 (63.3) 363 (52.2) 444 (66.2) 425 (51.5)
Tubule formation <0.0001 <0.0001
T1 38 (5.5) 36 (5.2) 25 (3.7) 55 (6.7)
T2 198 (28.7) 261 (37.5) 215 (32.0) 277 (33.5)
T3 453 (65.7) 399 (57.3) 431 (64.2) 495 (59.9)
Tumour type <0.0001 <0.0001
IDC-NST 376 (62.3) 339 (54.8) 372 (62.6) 395 (55.6)
a':'fsi‘é!?ry/ 22 (3.6) 5 (0.8) 22 (3.7) 7 (1.0)
cTa“rglun'g:na 103 (17.1) 143 (23.1) 99 (16.7) 161 (22.6)
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ATF2 PATF2
Variables Low High p value Low High p value
(n = 689) (n = 699) (n = 680) (n = 836)

cIa”r‘::?rfg"ni;"b“'ar 51 (8.4) 76 (12.3) 52 (8.8) 87 (12.2)
Others 52 (8.6) 56 (9.0) 49 (8.2) 61 (8.6)
Lymphovascular 0.703 0.184
Invasion
Yes 465 (67.2) 473 (68.2) 447 (66.3) 573 (69.5)
No 227 (32.8) 221 (31.8) 227 (33.7) 251 (30.5)
Pc-JUN <0.0001 <0.0001
Negative 351 (55.4) 225 (35.6) 411 (66.9) 199 (26.5)
Positive 283 (44.6) 407 (64.4) 203 (33.1) 551 (73.5)
P-INK <0.0001 <0.0001
Negative 495 (76.9) 414 (992.6) 479 (84.2) 424 (58.9)
Positive 149 (23.1) 247 (37.4) 90 (15.8) 296 (41.1)
p-p38 <0.0001 <0.0001
Negative 484 (89.6) 449 (78.1) 498 (93.8) 470 (75.4)
Positive 56 (10.4) 126 (21.9) 33(6.2) 153 (24.6)
SRC3 <0.0001 <0.0001
Negative 418 (66.9) 282 (43.8) 153 (25.2) 52 (6.8)
Positive 207 (33.1) 362 (56.2) 453 (74.8) 713 (93.2)
S:;ttgfge” re- <0.0001 <0.0001
Negative 244 (35.6) 107 (15.6) 205 (30.8) 181 (22.0)
Positive 442 (64.4) 580 (84.4) 461 (69.2) 640 (78.0)
fgggstsgfm”e <0.0001 <0.0001
Negative 320 (49.0) 212 (32.7) 301 (47.6) 288 (37.0)
Positive 333 (51.0) 437 (67.3) 331 (52.4) 490 (63.0)
Androgen recep- <0.0001 <0.0001
tor
Negative 271 (49.1) 141 (25.0) 261 (47.5) 170 (26.5)
Positive 281 (50.9) 422 (75.0) 288 (52.5) 471 (73.5)
EGFR 0.006 0.533
Negative 422 (77.6) 473 (84.0) 429 (79.7) 522 (81.2)
Overexpression 122 (22.4) 90 (16.0) 109 (20.3) 121 (18.8)
HER2 0.977 0.786
Negative 616 (89.1) 613 (89.1) 591 (88.6) 732 (89.1)
Overexpression 75 (10.9) 75 (10.9) 76 (11.4) 90 (10.9)
HER3 0.812 0.656
Negative 286 (50.4) 276 (49.7) 271 (50.1) 326 (48.8)
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ATF2 pPATF2
Variables Low High p value Low High p value
(n=689) (n=699) (n = 680) (n=836)
Overexpression 281 (49.6) 279 (50.3) 270 (49.9) 342 (51.2)
HER4 0.018 0.365
Negative 221 (39.3) 259 (46.3) 224 (41.3) 299 (43.9)
Overexpression 342 (60.7) 301 (53.8) 318 (58.7) 382 (56.1)
P53 <0.0001 <0.0001
Negative 421 (74.5) 483 (84.7) 414 (74.5) 554 (83.8)
Positive 144 (25.5) 87 (15.3) 142 (25.5) 107 (16.2)
Ki67 0.006 0.003
Negative 192 (33.0) 239 (40.8) 178 (32.2) 288 (40.4)
Positive 390 (67.0) 347 (59.2) 375 (67.8) 424 (59.6)
BRCA1 <0.0001 <0.0001
Negative 129 (26.6) 59 (11.6) 115 (24.0) 87 (14.9)
Positive 356 (73.4) 451 (88.4) 365 (76) 495 (85.1)
CK18 <0.0001 0.002
Negative 86 (15.7) 26 (4.6) 73 (13.4) 50 (7.8)
Positive 461 (84.3) 536 (95.4) 471 (86.6) 590 (92.2)
CK5/6 <0.0001 0.103
Negative 463 (78.5) 532 (88.7) 480 (81.8) 580 (85.2)
Positive 127 (21.5) 68 (11.3) 107 (18.2) 101 (14.8)
CK14 0.315 0.239
Negative 506 (86.6) 527 (88.6) 505 (86.8) 603 (88.9)
Positive 78 (13.4) 68 (11.4) 77 (13.2) 75 (11.1)
E-cadherin 0.186 0.259
Negative 41 (7.1) 31 (5.3) 40 (7.0) 37 (5.5)
Positive 534 (92.9) 558 (94.7) 529 (93) 638 (94.5)
;L‘ZLeo?fF?:tive <0.0001 <0.0001
No 491 (72.5) 628 (91.8) 508 (77.1) 698 (85.5)
Yes 186 (27.5) 56 (8.2) 151 (22.9) 118 (14.5)
tBy"";:' like pheno- <0.0001 <0.0001
No 537 (81.2) 644 (95.3) 548 (84.4) 725 (91.3)
Yes 124 (18.8) 32 (4.7) 101 (15.6) 69 (8.7)
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Discussion

In the present study, we have investigated the potential role of ATF-2 and
its phosphorylation within the AD in mediating the actions of tamoxifen
in the luminal breast cancer cell line MCF-7, including determining the
genomic locations of ATF-2 when phosphorylated by tamoxifen within the
AD. Furthermore, the expression of ATF-2 in healthy breast tissue and
paired primary and secondary human breast cancer samples, as well in
a large, well-characterised human breast cancer series were defined, and
its influence on outcome was both with and without adjuvant tamoxifen
treatment. We found that ATF-2 expression is decreased in primary breast
tumours as compared to healthy tissue, in line with a previous report?®
supporting the view that ATF-2 is a tumour suppressor in breast cancer.

We have, for the first time, shown that the expression of ATF-2 in
paired primary and secondary breast cancer is similar, suggesting that
alterations in ATF-2 levels are not involved in the metastatic process. This
however, does not exclude the possibility that post-translational modifi-
cation or mutations of ATF-2 may be important in metastasis formation.
Interestingly, in vitro data in breast cancer would suggest the involvement
of ATF-2 in the promotion of tumourigenesis?®2*. This apparent dual func-
tion of ATF-2 is also observed in skin tumourigenesis where ATF-2 has
both oncogenic and tumour-suppressive activities3®39,

Proliferation of MCF-7 cells was not influenced by the loss of ATF-2,
and no effects were seen on the cell cycle. These data are in keeping obser-
vations of mouse embryonic fibroblasts (MEFs) where no effect of ATF-2
knockout was seen, either on growth or the cell cycle?®. However, the loss
of ATF-2 leads to a loss in the growth-inhibitory effects of tamoxifen, indi-
cating that ATF-2 is the key to the effects of tamoxifen in the context
of this ER-positive endocrine sensitive cell line. ATF-2 is known to be
critical in stress-induced apoptosis, as well as in hypoxia- and anisomy-
cin-induced apoptosis, with MEFs that lack ATF-2 being resistant to such
treatment!®28.

Utilising the large and well-characterised Nottingham Tenovus
Primary breast cancer, we have shown that ATF-2 and its phosphory-
lation within the AD (pATF-2-Tyr71) are significantly associated with a
luminal A phenotype, while its absence is strongly associated with a basal
phenotype. In a significantly smaller series of 133 breast cancers, pATF-2
(Thr69/71), detected by Western blotting, was associated with ER positiv-
ity and low grade tumours, while positivity (Thr69) by IHC was associated
with low clinical stage®*. However, the correlations seen with Western blot-
ting were not seen by IHC and vice versa®. Furthermore, in this previous
report, high expression of ATF-2 by Western blotting was associated with
a significantly shorter overall survival, while phosphorylation of ATF-2-
Thr69 by IHC was associated with a better overall survival®’; however, no
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Figure 5. Kaplan-Meier survival curve pATF-2-Thr71 Kaplan-Meier survival curve
showing percentage disease-free survival (DFS) and breast cancer-specific survival
(BCCS) with and without tamoxifen of patients with pATF-2-overexpressing tumours
compared with all other patients:

A) entire Nottingham cohort.

B) ERa-positive Cohort.

C) ERa-positive patients NPI < 3.4 who did not receive tamoxifen.

D) ERa-positive patients NPI > 3.4 who did not receive tamoxifen.

E) ERa-positive patients NPI > 3.4 who received tamoxifen.

information was presented regarding the treatment of these cases and the
possible influence of ATF-2 or pATF-2 on treatment related outcome. The
data from our current study, of a well-defined larger series and using a
wider range of known prognostic markers, show that pATF-2 is associated
with positive prognostic factors, consistent with an initial smaller study,
albeit by a different methodology*°.
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We found no difference in outcome based on expression of ATF-2;
however, expression of pATF-2-Thr71 was significantly associated with
DFS and BCSS in the whole cohort as well as those patients who were
ER positive. Furthermore, multivariate analysis confirmed that pATF-2-
pThr71 was associated with both a decreased risk of recurrence and death
from breast cancer. With regard to treatment, improvement in DFS and
BCSS was only seen in those patients with pATF-2-pThr71 who received
tamoxifen, with a test for interaction confirming that pATF-2-pT71 is both
a prognostic and predictive factor for response to tamoxifen.

Our results raised the question: what are the molecular mechanisms
that underlie the role of ATF-2 in response to tamoxifen treatment? The
ChIP-seq for pATF-2-Tyr71 identified, aside from ATF-2 motif analyses,
enrichment for a number of other transcription factors that may play a
role. ATF-2 is known to affect transcription of target genes in trans through
its interaction with other transcription factors*®. Phosphorylated ATF-2 is
clearly enriched in promoter regions upstream of responsive genes, since
we generated a comprehensive list of 227 genes with such a proximal
PATF-2 binding site. These genes were enriched for functions associated
with oncogenic (cell proliferation and cell death) and metastatic (cell-to-
cell signalling, connective tissue disorders) processes. The enrichment for
pathways involved in development is consistent with the known role of
ATF-2 in neurological and skeletal development*. The currently known
transcriptional targets of ATF-2 by functional groups, specific stimuli and
cell types have recently been documented®-*?, and these are consistent
with the enriched pathways reported here.

Using the proximal pATF-2-binding sites unsupervised hierarchical
clustering was undertaken in two publically available cohorts of breast
cancer patients treated with and without endocrine therapy3:3* this
revealed that only in those patients who were treated with tamoxifen was
there a significant difference in outcome. While motif analyses of the prox-
imal binding sites indicated that in addition to the expected enrichment of
ATF, other enriched motifs included NFY, NR1I2 and NR4A1. These motifs
are of interest given that phosphorylated ATF-2 interacts with NFY, regu-
lating c-JUN expression in gonadotropes*®, while NR4A1 and ATF-2 have
been shown to have a synergistic effect on aldosterone synthase/CYP11B2
promoter activity**. Synergism and protein—protein interactions of NR4A1
and ATF/CREB members have also been described in the transcription
of the propiomelanocortin gene*>. While the CREB/ATF family CREB
has been shown to directly interact with NR1I2 leading to repression of
glucose-6-phosphatase®®.

The current study shows that tamoxifen treatment did not affect
overall levels of ATF-2; it caused a dose-dependent phosphorylation
of ATF-2 within the AD, at physiologically relevant concentrations.
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Table 2. Multivariate analysis using Cox regression analysis confirms that pATF-
2-Thr71 protein expression is independent prognostic factor for both Disease-Free
Survival (DFS) and Breast Cancer-Specific Survival (BCSS)

. BCSS at 10 years DFS at 10 years
Variable
HR (CI 95 %) P HR (CI 95 %) P

ATF2-T71(high expression)  0.77 (0.61-0.98) 0.034"" 0.78 (0.64-0.95) 0.013"
Tumour size 1.07 (0.95-1.19) 0.265 1.09 (1.00-1.18) 0.063
Grade*
G1 1.00 1.00

0.034"" 0.971
G2 1.32 (0.77-2.28) 1.03 (0.73-1.44)
G3 1.87 (1.06-3.30) 1.05 (0.72-1.53)
Lymph node stage
Negative 1.00 1.00

2.2 x 10713 3.5x107°15""

Positive (1-3 nodes) 1.62 (1.22-2.14) 1.34 (1.06-1.68)
Positive (>3 nodes) 3.85 (2.72-5.44) 3.56 (2.62-4.84)
Endocrine therapy (no) 1.14(0.89-1.47) 0.311 0.95 (0.77-1.18) 0.632
Chemotherapy (no) 1.26 (0.93-1.72) 0.141 1.30 (1.01-1.68) 0.042""
Bcl2 expression (positive) 0.46 (0.35-0.61) 2.1x1078" 0.54 (0.43-0.68) 7.2x10°8
Ki67 expression (high) 1.77 (1.16-2.51) 0.001" 1.30 (1.01-1.66) 0.042""
ER expression (negative) 1.95 (1.35-2.81) 3.9x10-%" 1.62(1.17-2.25) 0.004™
HER2 (overexpression) 1.41 (1.02-1.96) 0.039"" 1.21 (0.90-1.64) 0.206
PR expression (negative) 0.62 (0.45-0.86) 0.004™ 0.78 (0.60-1.02) 0.068

Phosphorylation of ATF-2 within the AD is required to de-repress ATF-2
and results in transcriptional activity!*; phosphorylation within the AD at
Thr69 and/or Thr71 being mediated by c-Jun N-terminal protein kinase
(JNK) and p38!*1518, Previously, tamoxifen has been shown to activate
p38% and JNK*® with attenuation of these pathways leading to a loss in
tamoxifen-induced apoptosis. Tamoxifen has also been shown to induce
the phosphorylation of ATF-2 at Tyr71 via p38%. In the current study,
we demonstrate that tamoxifen can lead to phosphorylation of p38, JNK
and MAPK simultaneously. Therefore, tamoxifen may be able to augment
ATF-2 phosphorylation within the AD via these kinases and so enhancing
its transcriptional activity. Alternatively, it may cause the phosphoryla-
tion of other AP-1 family members such as c-JUN, which in conjunction
with pATF-2 results in the transcriptional events leading to the outcomes
observed.

In light of the tamoxifen-induced phosphorylation of ATF-2 reported
here, and given that phosphorylation of ATF-2 within the AD is required
for transcriptional activation!*!®) this would indicate that transcriptional
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events induced by tamoxifen via pATF-2-Tyr71 are key to the observed
benefit in the clinical cohort of patients. The lack of benefit in those not
treated with tamoxifen suggests that the transcriptional events in the pres-
ence of basal pATF-2-Tyr71 alone are not sufficient. While the significant
association between the presence of both p-JNK and p-p38, and pATF-
2-Tyr71 in human breast cancers, and the poorer outcome observed in
patients with low pATF-2-Tyr71 who were given tamoxifen would support
the hypothesis that a functional JNK and/or p38 pathways are required
for tamoxifen-induced phosphorylation within the AD. Of note, inactivat-
ing mutations in the JNK signalling pathway are one of the most distinct
genomic features of luminal breast cancers®®, with activation of AKT via
activating PI3 kinase mutations providing a further route for this pathway
to be abrogated in luminal breast cancers®®. Therefore, dysfunctionality
within the JNK pathway may influence response to tamoxifen.

In summary, we provide evidence for a role of ATF-2 in determining
sensitivity to tamoxifen treatment in ER-positive breast cancer as demon-
strated by (1) loss of ATF-2 abrogating the growth-inhibitory effects of
tamoxifen, (2) treatment with tamoxifen resulting in phosphorylation
of ATF-2 in the known activation domain, (3) identification of p-ATF-2-
Tyr71 responsive genes and (4) improved disease-free and overall survival
in high risk ER-positive breast cancers treated with tamoxifen. Future
studies will be required to investigate whether pATF-2 measurement could
assist clinicians to predict which patients would benefit from tamoxifen
treatment. Furthermore, the potential importance of functionality within
the JNK pathway on phosphorylation of ATF-2 within the AD and its
potential influence on response to tamoxifen treatment require further
investigation.
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Supplementary Materials and Methods
Nucleic acid isolation

RNA was isolated using RNAeasy mini-kit as per manufacturer’s proto-
col (Qiagen, Venlo, The Netherlands), and for clinical samples total RNA
was extracted from 10 um sections of formalin-fixed paraffin-embedded
tissue following microdissection using the Recover All Total Nucleic Acid
Isolation kit (Ambion, Foster City, USA).

RT-PCR analysis

cDNA was prepared using cDNA prep kit from Thermoscientific (Fermentas
Life Sciences, York, UK). Amplification and analysis were done according
to the manufacturer’s protocol in 96 well plates in an ABI PRISM 7000
Sequence Detection System (Applied Biosystems, Foster City, USA) and the
pre-cast “TagMan® Gene Expression Assays” (Applera, https://products.
appliedbiosystems.com) for ATF-2 (Hs00153179_m1) were used (Applied
Biosystems, Foster City, USA). Quantification of target transcripts was
performed in comparison to the reference transcript B2-microglobulin
(Hs99999907_m1), implementing the “delta-delta Ct method for compar-
ing relative expression results in real-time PCR.

Flow cytometry

Cells were trypsinised, centrifuged at 1100 rpm for 5 minutes and re-sus-
pended in 5 ml of ice-cold PBS, centrifuged as above, gently re-suspended
in 2 ml ice-cold 70% ethanol and incubated at 4°C for one hour. Cells were
washed twice with 5 ml of ice-cold PBS and re-suspended in 100 ul of
PBS containing 100pg/ml RNase (Sigma-Aldrich, UK) and 1ml of 50pg/
ml propidium iodide (Sigma-Aldrich, UK) in PBS. Following incubation
overnight in the dark at 4°C and filtering through 70pm muslin gauze into
FACS tubes (Becton-Dickinson, UK) to remove cell clumps, stained cells
were acquired using the RXP cytomics software on a Beckman Coulter
Elite ESP (Beckman Coulter, High Wycombe, United Kingdom) and data
were analysed using Flow Jo v7.2.5 (Tree Star Inc., San Calos, CA).

Anchorage-Independent Soft Agar Growth Assay

One percent of soft agar gel-I (SA-I) was made from 2% low melting tem-
perature agarose (LMA) mixed with equal amount of routine medium for
siRNA transfected cells while 1% of soft agar gel-II (SA-II) was made from
2% LMA mixed with equal amount of DMEM-PR and 5% DSS with 100nM
tamoxifen for siRNA transfected cells with antibiotic. SA-I and SA-II were
plated at 2ml per well in a 6-well plate and placed at 4°C to solidify the
basement gel layer. Untransfected, control and siRNA tranfected MCF-7

153



Chapter 4

were harvested separately, adjusted with SA-I or SA-II to 1x10* cells/ml,
plated on top of the pre-set basement gel layer and placed at 4°C for 10
minutes for solidification. Once set, the cells in plates were incubated at
37°C in a humidified atmosphere of 5% CO, for 21 days. All soft agar gels
were stained with 5% MTT for 4 hours. Plates were scanned and the col-
onies were counted using an Optronix Gel Count (Oxford Optronix, UK).

Chromatin Immunoprecipitation and Solexa sequencing
(ChIP-Seq)

Chromatin Immunoprecipitations (ChIP) where performed as described
previously'. For each Chromatin Immunoprecipitations, 10mg of antibody
and 100ml of Protein A magnetic beads was used (Invitrogen, Paisley,
UK). The antibodies used were raised against ATF-2, and phospho-ATF-2
(Thr71), as previously described.

ChIP DNA was amplified as described!. DNA was sequenced using the
[Ilumina Hiseq 2000 genome analyser (using 50 bp reads), and aligned to
the Human Reference Genome (assembly hgl9, February 2009). Enriched
regions of the genome were identified by comparing the ChIP samples to
an input sample using the Model-based Analysis of ChIP-Seq (MACS)
peak caller? version 1.3.7.1. Only peaks shared by both ATF-2 and phos-
pho-ATF-2 were considered. Details of the number of reads obtained and
the percentage of reads aligned, number of peaks called can be found in
supplementary Table S4.

Motif analysis, heatmaps and genomic distributions of binding
events

The genomic distributions of binding sites were analysed using the cis-reg-
ulatory element annotation system (CEAS)3. The genes closest to the
binding site on both strands were analysed. If the binding region is within
a gene, CEAS software indicates whether itis in a S'UTR, a 3'UTR, a coding
exon, or an intron. Promoter is defined as 3 kb upstream from RefSeq 5’
start. If a binding site is further away then 3kb from a transcription start
site, the peak is considered distal intergenic. For integration with gene
expression data, binding events were considered proximal when identified
in a gene body or within 20kb upstream of the transcription start site.
Proximal enriched genes were analysed using Ingenuity Pathway Analysis
software. Heatmaps were generated using Seqminer® and Java Treeview
(http://jtreeview.sourceforge.net), using default settings.
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ChIP-qPCR Primers

Primer

DNA region Primer sequences Position
set

(FW) CCCCTAAAAATAGCCCATGA
1 chr1:59,249,762-59,249,907 Jun Promoter
(RV) CATTACCTCATCCCGTGAGC

chr3:156,530,423-156,530,551 (FW) CCCTGCAGGAGTTTGGACTA | gene body

2 (RV) TTTCCCTTCCCTGTTGCTAA LINC00886
gene body
chr7:104,653,473-104,653,602 (FW) CCATCGTCACTTCTCCCTCT NR_024586
3 (RV) AATCAGCGCCTGATGTGTC / KMT2E
promoter
a chr21:43,099,206-43,099,308 (FW) CCCCCTTGCAATGTGACTTA "LINCO00111

(RV) CATTCTATTGGCCATCGTGA promoter
(FW) CAGGATATACACCCCCGTGA

chr1:17,079,211-17,079,290

Ctrl (-) (RV)

CAAAGTGCGTACACCTTGGTA

chr11:69573441-69573595 (FW) TGGCCCTTGATACTGGAGTC
(RV) GACATCCAAGGCAAGATGGT

Q)

(-) = Enrichment of primer sites are relative to this negative region (position where ATF2 does not
bind)

Clinical Breast Cancer Specimens
Paired Primary and Secondary Breast Cancers

All cases were histologically confirmed as breast carcinoma. Where nec-
essary, tumour was enriched by micro-dissection using sections stained
with haematoxylin and eosin to identify areas of normal tissue. As normal
tissue controls, RNA isolated from five pooled normal breasts obtained at
reduction mammoplasty were utilised.

Nottingham Tenovus Primary breast cancer Series:

The Nottingham Tenovus Primary Breast Carcinoma Series is a well-char-
acterised cohort comprised of women under the age of 71 years (median,
55 years), who were diagnosed between 1986 and 1999, with all patients
being treated in a uniform way in a single institution. Information is
available on the patients’ clinical and pathological data including histo-
logical tumour type, primary tumour size, lymph node status, histological
grade and data on other relevant biomarkers?.
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Patients within the good prognosis group Nottingham Prognostic
Index (NPI) <3.4 did not receive adjuvant therapy. Endocrine therapy was
prescribed to patients with ER positive tumors and NPI scores >3.4 (mod-
erate and poor prognostic groups). Pre-menopausal patients within the
moderate and poor prognosis groups were candidates for chemotherapy.
Conversely, ER positive postmenopausal patients with moderate or poor
NPI were offered hormonal therapy, while ER negative patients received
chemotherapy. Clinical data were maintained on a prospective basis with
a median follow-up of 126 months (4-247).

Statistical analysis

Survival data including survival time, disease-free survival (DFS), and
development of loco-regional and distant metastases (DM) were main-
tained on a prospective basis. DFS was defined as the number of months
from diagnosis to local recurrence, local lymph node (LN) relapse or DM
relapse. Breast cancer specific survival (BCSS) was defined as the number
of months from diagnosis to the occurrence of BC related-death. Local
recurrence survival (LRS) was defined as the number of months from diag-
nosis to the occurrence of local recurrence. DM-free survival was defined
as the number of months from diagnosis to the occurrence of DM relapse.
Survival was censored if the patient was still alive, lost to follow-up, or
died from other causes.
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Supplementary Figures and Tables
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Supplementary Figure S1. Densitometry analysis of silenced ATF-2 and effects on
growth of MCF-7, sensitivity to tamoxifen and modulation of ATF-2 phosphorylation at
pATF-2-Thr69/71 by tamoxifen

A) Corresponding densitometry analysis of Figure 1A: ATF-2 silencing versus control
silencing (p=0.00052, n=3)

B) Corresponding densitometry analysis of Figure 2A: 1h treatment with tamoxifen
leads to increased p-ATF-2 but no changes to total ATF-2.

C) Corresponding densitometry analysis of Figure 2B: Time course assay (0-2hs)
showing the effect of 0.1uM tamoxifen on p-ATF-2 and total ATF-2.
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Supplementary Figure S2. Modulation of ATF-2 phosphorylation by tamoxifen
Exponentially growing MCF-7 cells in their basal media were treated with either ethanol
(vehicle) or for 1hr with indicated concentration of tamoxifen. Cells were harvested

for immunoblotting and probed with indicated antibodies. Tubulin was used as loading
control. Results are representative of three independent experiments.
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Supplementary Figure S3. Tamoxifen stimulates downstream kinases

MCF-7 cells growing in basal media were treated with either vehicle or tamoxifen or
for 1hr.Cells were harvested for immunoblotting and probed with indicated total and
phospho-antibodies. Tubulin was used as loading control. Results are representative of
three independent experiments.
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Supplementary Figure S4. ChIP shows that ATF-2 binds the chromatin in the
presence of tamoxifen.
A) Genome-browser snapshot of total ATF-2 (black) and phosphorylated ATF-2 (red)
binding to chromatin in MCF7 in the presence of tamoxifen. Genomic locations are

depicted above and total reads are shown on the y-axe per region.
B) ChIP-gPCR of genomic regions corresponding to those shown in A. Enrichment is

relative to a negative region. A second negative control is shown by Ctrl (-). Error bars
represent technical triplicate.
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Supplementary Figure S5. ATF-2 expression and amplification in human breast
cancer gPCR analysis of ATF-2 expression in normal (n=5) and paired primary and
metastatic breast cancer samples (n=20). cDNA was prepared and expression of ATF-2
mRNA determined as described in Methods. Expression is shown as means + standard
deviation of primary and metastatic tumours compared to normal mammary tissues.

* p<0.05 (vs control).
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pATF2

Negativ Weakly Positive

Supplementary Figure S6. ATF-2 and pATF-2- Thr71 Immunohistochemistry

A) Photomicrographs of immunohistochemical staining in breast carcinoma showing
negative, weak and strongly positive nuclear ATF-2 protein expression. Original
magnification, x400.

B) Photomicrographs of immunohistochemical staining in breast carcinoma showing
negative, weak and strongly positive nuclear pATF-2. Original magnification, x400.
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Supplementary Figure S7. Kaplan-Meier survival curve ATF-2

Kaplan-Meier survival curve showing percentage disease free survival (DFS) and breast
cancer specific survival (BCSS) with and without tamoxifen of patients with ATF-2
overexpressing tumours compared with all other patients for:

A) Entire Nottingham cohort.

B) ERa positive Cohort.

C) ERa positive patients NPI <3.4 who did not receive tamoxifen.

D) ERa positive patients NPI >3.4 who did not receive tamoxifen.

E) ERa positive patients NPI >3.4 who received tamoxifen.
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Supplementary Table S1. Genes with proximal pATF-2 binding

#chrom gTSS gTTS gene
chril 107599266 107601907 PRMT6
chri 107682628 108024471 NTNG1
chrl 112318453 112531777 KCND3
chrl 114437676 114447741 AP4B1
chrl 114447914 114456707 DCLRE1B
chrl 114471995 114514693 HIPK1
chri 114935400 115053781 TRIM33
chrl 115110182 115124265 BCAS2
chrl 115127195 115212732 DENND2C
chrl 115215721 115238239 AMPD1
chrl 115247078 115259515 NRAS

chrl 115259537 115300624 CSDE1
chrl 115312106 115323308 SIKE1
chrl 120454177 120612276 NOTCH2
chrl 144480747 144521969 LOC728875
chrl 144951760 144995033 PDE4DIP
chrl 145096406 145116922 SEC22B
chrl 145209110 145285911 NOTCH2NL
chrl 145293370 145368682 NBPF10
chrl 145470507 145475647 ANKRD34A
chrl 145438461 145442626 TXNIP
chrl 145456235 145470387 POLR3GL
chrl 145477084 145499090 LIX1L
chrl 148577356 148596267 NBPF16
chrl 148558187 148596267 NBPF15
chril 150521897 150533410 ADAMTSL4
chri 150547036 150552136 MCL1

chrl 150524404 150524490 MIR4257
chri 150594603 150602098 ENSA

chrl 152004982 152009511 S100A11
chri 201979689 201986306 ELF3

chri 202163117 202288888 LGR6

chrl 228780656 228788159 DUSP5P
chril 31885962 31907524 SERINC2
chrl 566188 566265 MIR1977
chrl 59246463 59249785 JUN

chri 59250822 59365384 LOC100131060
chri 700244 714068 LOC100288069
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Supplementary Table S2: Clinico-pathological characteristics of Nottingham Tenovus
Primary breast cancer series.

Variable Pathological Parameters: N (%)
ATF-2 expression (n=1388) Low 689 (49.6)
High 699 (50.4)
pATF-2 expression (n=1516) Low 680 (44.9)
High 836 (55.1)
Tumour size (n=1625) T1 a+ b (=<1.0) 176 (10.8)
T1 ¢ (>1.0-2.0) 818 (50.3)
T2 (>2.0-5.0) 590 (36.3)
T3 (>5) 41 (2.5)
Lymph node stage ( n=1632) Negative 1014 (62.1)
Positive (1-3 nodes) 474 (29)
Positive (>3 nodes) 144 (8.8)
Tumour grade (n=1625) Low grade (G1) 284 (17.5)
Intermediate grade (G2) 544 933.5)
High grade (G3) 797 (49)
Lymphovascular invasion (n=1607) No 1100 (68.5)
Yes 507 (31.5)
Tumour type (n= 1390) IDC-NST 807 (58.1)
Medullary 32 (2.3)
Tubular 285 (20.5)
Lobular 147 (10.6)
Others 119 (8.6)
Mitotic index (n=1611) M1 (low; mitoses <10) 597 (37.1)
M2 (medium; mitoses 10-18) 291 (18.1)
M3 (high; mitoses >18) 723 944.9)
Bilateral phenotype (n=1398) Unilateral 1338 (95.7)
Bilateral 60 (4.3)
Oestrogen receptor (n=1596) Negative 417 (26.1)
Positive 1179 (73.9)
HER2 receptor (n=1592) Negative 1418 (89.1)
Overexpression 174 (10.9)
Triple negative phenotype (1580) No 1291 (81.7)
Yes 289 (18.3)
Basal like phenotype (n=1545) No 1363 (88.2)
Yes 182 (11.8)
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Supplementary Table S3: Interaction between tamoxifen and pATF-2- Thr71 in ER
positive/high risk (NPI>3.4) patients.

Breast cancer specific survival Disease Free Survival
Variables HR 95% CI P HR 95% CI P
Lower Upper Lower Upper

Univariate analysis(Crude)

pATF-2-T71 0.716 0.543 0.944 0.018 0.762 0.604 0.961 0.022
Tamoxifen 0.791 0.605 1.034 0.087 0.641 0.517 0.795 0.00005
pATF-2-T71*Tamoxifen (interaction)  0.80 0.668 0.95 0.011 0.786 0.678 0.910 0.001
Multivariate analysis (Adjusted)

pATF-2-T71 0.693 0.519 0.925 0.013 0.757 0.596 0.962 0.023
Tamoxifen 0.797 0.591 1.075 0.137 0.731 0.570 0.937 0.014
Interaction test

pATF-2-T71 0.723 0.535 0.978 0.035 0.776 0.605 0.996 0.047
Tamoxifen 0.784 0.580 1.095 0.113 0.726 0.566 0.932 0.012
pATF-2-T71*Tamoxifen (interaction)  0.727 0.398 1.328 0.300 0.835 0.507 1.375 0.439

Supplementary Table S4: Culture conditions and read count for ChIP-seq experiments.

ChIP condition cell line treatment read count mapped reads % mapped
ATF-2 MCF-7 1 hr 40H-tamoxifen 6575235 6395296 97
phospho-ATF-2 MCF-7 1 hr 40H-tamoxifen 13976182 13304380 95
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