Endonuclease FEN1 coregulates ERa activity and provides a novel

drug interface in tamoxifen resistant breast cancer
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Abstract: Estrogen receptor o (ERa) is a key transcriptional regulator in the majority of
breast cancers. ERa-positive patients are frequently treated with tamoxifen, but resistance is
common. In this study, we refined a previously identified 111-gene outcome prediction-
classifier, revealing FEN1 as the strongest determining factor in ERa-positive patient
prognostication. FEN1 levels were predictive of outcome in tamoxifen-treated patients,
and FEN1played a causal role in ERa-driven cell growth. FEN1 impacted the transcriptional-
activity of ERa by facilitating coactivator recruitment to the ERa transcriptional
complex. FEN1 blockade induced proteasome-mediated degradation of activated ERa, resulting
in loss of ERa-driven gene expression and eradicated tumor cell proliferation. Finally, a high-
throughput 465,195 compound screen identified a novel FEN1 inhibitor, which effectively
blocked ERa-function and inhibited proliferation of tamoxifen-resistant cell lines as well as ex-
vivo cultured ERa-positive breast tumors. Collectively, these results provide therapeutic proof-

of-principle for FEN1 blockade in tamoxifen-resistant breast cancer.

Significance: Findings show that pharmacological inhibition of FEN1, which is predictive of
outcome in tamoxifen-treated patients, effectively blocks ERa function and inhibits proliferation

of tamoxifen-resistant tumor cells.



Introduction

Approximately 70% of all breast tumors are of the luminal subtype and their proliferation
often depends on the activity of estrogen receptor a (ERa). Following ERa activation by
estradiol (E2), a transcriptional complex is formed, initiated by Steroid Receptor Co-activator
(SRC) p160 recruitment, driving ERa-mediated transcription and cell proliferation programs (1).

Tamoxifen is often used in ERa—positive breast cancer patients, where it competitively
blocks E2-binding, preventing co-activator-binding pocket formation and inhibiting cell
proliferation (2). P160 member SRC3 (NCOAS, AIB1) is frequently amplified in breast tumors
and correlates with a poor outcome after tamoxifen treatment (3).

Previously, we assessed the genome-wide chromatin binding landscape of all three p160
coactivators in MCF-7 breast cancer cells (4). Preferentially-enriched chromatin binding sites for
each of the p160 family members were found, where genomic regions preferentially bound by
SRC3 were uncovered proximal to 111 E2-responsive genes. Based on these genes, we
developed a prognostic classifier for outcome after tamoxifen treatment. Which individual genes
in the original classifier are critically involved in the observed clinical outcome remains elusive.

Besides recruitment of classic coregulators such as p160 proteins, DNA-modulating and
DNA repair factors can also be recruited by ERa (5), as recently shown for APOBEC3B (6).
APOBEC3B induces C-to-U deamination at ERo binding regions, leading to uracil DNA
glycosylase (UNG) recruitment and ultimately to phosphorylation of H2AX at Serine 139
(yH2AX) (6). While in theory the resulting UNG-mediated region of DNA -that contains neither
a purine nor a pyrimidine (abasic site)- can be repaired by the Base Excision Repair (BER)

pathway (7), the exact interplay of BER proteins with ERa function remains unclear.



FENL1 is a member of the RAD2 nuclease family and cleaves overhanging flap structures
that arise during lagging-strand DNA synthesis (e.g. Okazaki fragments) (8) or long-patch BER,
yielding a single-stranded DNA nick which can be ligated by DNA-ligase 1 (LIG1) (7). FEN1
deficiency predisposes to tumor development and FEN1 is upregulated in numerous tumor types,
including breast cancer (9). Although endogenous ERoa/FEN1 interactions have not been
reported, incubation of immobilized FLAG-tagged ERa with MCF-7 nuclear extracts did
identify FEN1 as an ERa-associating protein (10). Even though endogenous FEN1 was described
as recruited to the TFF1 promoter and FEN1 knockdown resulted in reduced TFF1 mRNA
expression (10), it remains unknown whether FEN1 regulates estrogen responsiveness in a
genome wide manner or by which mechanism. Additionally, FEN1 levels correlate negatively
with overall survival in breast cancer patients (11), but whether ERa-status is the driving force
behind this clinical observation remains unclear.

Here, we demonstrate that FEN1 dictates the transcriptional activity of ERa by
facilitating the formation of a functional transcriptional complex. Perturbation of FEN1 function
results in deregulated ERa-responsive gene expression and reduced cell proliferation. FEN1
additionally regulates ERa’s activity by stabilizing chromatin interactions after activation. We
show that FENI1 is a predictive marker of tamoxifen response in ERa-positive breast cancer
patients, playing a key role in ERa-driven cell proliferation. A novel small molecule inhibitor of
FEN1 blocked proliferation of tamoxifen resistant cell lines as well as primary ERa-positive
tumor explants, yielding a novel therapeutic lead in the clinical management of tamoxifen
resistance. Cumulatively, we present a pioneering proof-of-concept that spans from gene
classifier and causal gene identification, to molecular mechanism, novel drug development and

validation in ERa-positive breast cancer.



Materials and Methods

Colony formation

For the colony formation assay 2500 cells/well were plated in 48-well format in appropriate
culture medium. After attachment of cells to the bottom of the well, the FEN1 inhibitor was
administered and when appropriate 100 nM 40H-tamoxifen was added. After 7 days cells were
fixed with 100% of methanol and cells were stained with 0.2% crystal violet. For quantification
the crystal violet was dissolved in 10% acetic acid and the optical density was measured at 560

nm.

Cell culture

MCF-7, T47D, MDA-MB-231, CAL120 cells were cultured in DMEM medium in the presence
of 10% FBS and antibiotics (penicillin, streptavidin). TAMR and MCF7-T cells were cultured in
phenol-red-free DMEM containing 5% charcoal-treated serum (CTS; HyClone), 2 mmol/L of L-
glutamine, antibiotics and 100 nM 40H-tamoxifen. BT20 cells were cultured in MEM in the
presence of 10% FBS and antibiotics. For hormone deficient conditions, cells were deprived of
hormone for 72 hours, by culturing in phenol-red-free DMEM containing 5% charcoal-treated
serum, antibiotics and supplemented with L-glutamine, prior to hormone treatment. Hormone
treatments consisted of solvent Dimethylsulfoxide (DMSQO), 10 nM of estradiol, 100 nM of
40H-tamoxifen or 100 nM of fulvestrant. All cell lines were tested for mycoplasma every 3
months and were genotyped for authenticity by Applied Biosystems®. MCF-7, T47D and MDA-
MB-231 were purchased from ATCC. CAL120 and BT20 cells were kindly provided by R.L.
Beijersbergen. MCF7-T and TAMR (tamoxifen resistant MCF-7 derivatives (45,46) were kindly

provided by Kenneth P. Nephew and R.I Nicholson.



RNA-seq

Cells transfected with siFEN1 or siControl were hormone deprived and treated for 6 hours with
E2 or vehicle. Four biological repliactes were used per condition. Read counts were mapped
using Salmon v0.14.1 and Differential expression (DE) was performed using DESeq2 with an
FDR (adjusted p-value) < 0.05. Median of ratios normalization was performed across all samples
and differentially expressed genes were identified between E2 vs Vehicle and SIFEN1 vs
siControl conditions. The overlap of these two sets was defined as the FEN1 and E2 responsive
genes. Gene Set Enrichment Analysis was performed with clusterProfiler, using all genes ranked

by (log2FoldChange * -log10pval).

Transient transfections of sSiRNA and plasmids

For knockdown experiments 25 nM of single or pooled duplexes of siRNA against FEN1
(Dharmacon MU-010344-01) or a non-targeting control pool (Dharmacon, D-001206-14-20)
were transfected with Dharmafect according to manufactures protocol. The expression plasmids
pShuttle-FEN1hWT (wild type FEN1) and pShuttle-FEN1DA (D181A point mutant) were
kindly provided by Sheila Stewart (Addgene plasmid #35027 and #35028) (12) and cells were
transfected with Polyethylenimine (PEI). When appropriate cells were hormone-deprived for 24
hours prior to siRNA transfection or overexpression and further hormone-deprived for 48-72

hours.

Chromatin Immunoprecipitation (ChlP) and Formaldehyde-assisted isolation of regulatory

elements (FAIRE)



ChlIP experiments were performed as described previously (4) with the following modifications.
Three to ten micrograms of antibody was prebound overnight to protein A Dynabeads magnetic
beads (Invitrogen). The magnetic bead-chromatin complexes were harvested and washed 10
times with RIPA buffer (50 mM HEPES [pH 7.6], 1 mM EDTA, 0.7% Na deoxycholate, 1% NP-
40, 0.5 M LICI). Antibodies used were anti-ERa (sc-543), anti-FOXAL (sc-6554), anti-BRG1
(sc-10768), anti-PARP1 (sc-1561) from Santa Cruz Biotechnologies and anti-RNA polymerase
Il (ab5408), anti-XRCC1 (ab9147) from Abcam. In figure 4, publically available ChIP-seq data
was used; ERa (13) and yH2AX (GSE57426) (6). Formaldehyde-assisted isolation of regulatory
elements (FAIRE) was performed as described previously (14). ChIP-seq and FAIRE-seq data

can be found on GEO: GSE95302

Solexa ChIP and FAIRE sequencing and enrichment analysis

ChIP DNA was amplified as described (15). Sequences were generated by the Illumina Hiseq
2000 genome analyser (using 51 or 65 bp reads), and aligned to the Human Reference Genome
(assembly hgl9, February 2009). Peak calling over input was performed using MACS peak
caller (16) version 1.3.7.1 and DFilter (17), only considering peaks shared by both peak callers.
For Figure 2B and Figure 4C all ERa binding regions after 45 minutes of estradiol as published
before (13) were used. Details on the number of reads obtained and the percentage of reads

aligned can be found below. ChlP-seq and FAIRE-seq data can be found on GEO: GSE95302



Sequencing snapshots and Heatmaps
ChlIP-seq data snapshots were generated using the Integrative Genome Viewer IGV 2.2
(www.broadinstitute.org/igv/). Heatmaps were generated using Segminer, with default settings

(18).

MRNA-gPCR expression and ChIP-gPCR

For mRNA expression; cells were treated with vehicle or 100 nM of FENL1 inhibitor after which
total RNA was collected by phenol-chloroform extraction. cDNA was made with a Superscript
II RT kit (Invitrogen) using manufacturer’s protocols after which qPCR was performed. TBP
and UBC were used as housekeeping genes. For ChIP: DNA-protein interactions were harvested
with ChIP and obtained DNA regions were used after immunoprecipitation. qPCR was
performed with SYBR Green (Applied Biosystems) on a Roche LightCycler® 480 Real-Time
PCR System using standard protocols. A negative region near the cyclin D1 (CCND1) promoter
was used as a negative control. When appropriate an additional negative control primer (Neg 2)

was taken along. Primers are described below.

Primers cDNA

Homo sapiens trefoil factor 1 (TFF1): FWD ATCGACGTCCCTCCAGAAGA, REV
TGGGACTAATCACCGTGCTG; X-box binding protein 1 (XBP1): FWD GGGAAGGGCATTTGAAGAAC,
REV ATGGATTCTGGCGGTATTGA; retinoic acid receptor alpha (RARA): FWD
GACCAGATCACCCTCCTCAA, REV GTCCGAGAAGGTCATGGTGT; TATA box binding protein (TBP):
FWD GTTCTGGGAAAATGGTGTGC, REV GCTGGAAAACCCAACTTCTG; ubiquitin C (UBC): FWD

ATTTGGGTCGCAGTTCTTG, REV TGCCTTGACATTCTCGATGGT.



Primers ChIP

cyclin D1 (CCND1) (Neg 1): FWD TGCCACACACCAGTGACTTT, REV ACAGCCAGAAGCTCCAAAAA,;
Homo sapiens trefoil factor 1 (TFF1): FWD TGGTCAAGCTACATGGAAGG, REV
CCATGGGAAAGAGGGACTTT,; growth regulation by estrogen in breast cancer 1 (GREB1): FWD
CACTTTGAGCAAAAGCCACA, REV GCTGCGGCAATCAGAAGTAT,; X-box binding protein 1 (XBP1)

FWD GGTCACAGGCTGCCAAGTAT, REV AGCCCCAGTTATGGCGTAAT,; retinoic acid receptor alpha
(RARA): FWD CTCAGGACAGGGCAAGAGTG, REV AAGCCACTCCAAGGTAGGTG; Negative control 2
(Neg 2): FWD TGGCCCTTGATACTGGAGTC, REV GACATCCAAGGCAAGATGGT; PDZ Domain

Containing 1 (PDZK1): FWD AGGCCCAGCAAAGACAAATG, REV AAACCACAGGCTGAGGACTG.

Co-Immunoprecipitation

Immunoprecipitations were performed as described previously (19). MCF-7 cells were lysed in
RIPA whole cell lysate buffer containing protease inhibitors. Lysates were pre-cleared by
incubating with pre-clearing beads (Immunocruz, Santacruz) at 4°C for 2 hours. 5ug of ERa
antibody (ER HC20) was incubated with agarose beads (Immunocruz, Santacruz) for 2 hours at
4°C. Agarose beads conjugated with ERa antibody were washed three times with ice-cold PBS
and re-suspended in PBS and transferred to the pre-cleared lysates for overnight incubation.
Following incubation, beads were washed six times in ice-cold PBS and re-suspended in 2X
sample buffer (Sigma, 0.125 M Tris-HCL at pH 6.8, 4% SDS, 20% Glycerol, 10% -
mercaptoethanol and 0.004% bromophenol blue) and heated at 95°C for 10 minutes, and then
analyzed by western blot. Antibodies used for IP; anti-ERa (sc-543) from Santacruz, and for
WB; anti-ERa (6F11) from Leica Biosystems, anti-AlB1 (BD bioscience, cat no; 611105) and

anti-Lamin A/C (sc-7292) and anti-FEN1 (sc-28355) from Santacruz.
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Western blot

Cells were lysed with 2x laemmli buffer (containing 1:500 Na3VvO4, 1:10 NaF, 1:13 B-
Glutamate, 1:100 Protease inhibitors, 1:100 Phosphatase inhibitors). Western blot samples
contained 10% DTT and 4% bromophenol blue and were incubated for 5 minutes at 95 °C.
Samples were run on 10% SDS-Page gel and transferred to nitrocellulose membranes. Used
primary antibodies: anti-p300 (sc-585), anti-FOXA1 (sc-6554), anti-ERa (sc-543) and anti-FEN1
(sc-13051) from Santa Cruz Biotechnologies, anti-RNA polymerase Il (ab5408) from Abcam
and 1:10.000 actin from Millipore (MAB1501R). Used secondary antibodies: 1:10.000 Licor

Odyssey IRDue. Membranes were scanned and analysed with Odyssey V3.0.

Patient cohorts

The discovery-cohort has previously been used and described (20). In short; ERa-positive
patients that received tamoxifen in the adjuvant setting, but did not receive adjuvant
chemotherapy, were selected from The Netherlands Cancer Institute—Antoni van Leeuwenhoek
Hospital (NKI-AVL). Distant metastases were regarded as failure to treatment and used as
events. RNA was hybridized on 44 K oligomicroarrays, as described previously (21). The
median IHC-score and mRNA expression value was chosen as the cutoff-point.

The validation-cohort has been described before (IKA trial, 1982-1994) (22). In short: ERa-
positive patients (no adjuvant chemotherapy) were randomized between 1 year tamoxifen versus
no adjuvant therapy. After 1 year a second randomization was performed; 2 additional years of
tamoxifen or to stop further treatment. Further patient characteristics and clinical outcome of the

original study group (1662 patients) have been described before (23). For 739 patients sufficient
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tumor material for IHC was available (23). The median IHC-score value was chosen as the

cutoff-point.

Immunohistochemistry
Tissue microarrays (TMAs) were constructed using formalin-fixed paraffin embedded (FFPE)
tumor blocks. A total of three (0.6 mm) cores per tumor were embedded in the TMA. TMAs
were stained for FEN1 and hematoxylin-eosin (HE) with the ULTRA BenchMark IHC/ISH
Staining Module of the NKI. Antibody used was anti-FEN1 (sc-13051) from Santa Cruz
Biotechnologies. The percentage of FEN1-positive invasive tumor cells were scored. One TMA
was scored independently in a blinded manner by a second observer to calculate inter-observer
variability («=0.708). The inter-observer variability was analyzed using the (weighted) Cohen’s
kappa coefficient.

For ex-vivo tumor cultures, tissue sections were incubated with a Ki67 primary antibody
(MIB1 1:400; DAKO M7240 Glostrup, Denmark) at 4C overnight followed by detection using a
biotinylated anti-mouse secondary antibody at 1:400 dilution (DAKO E0433, Glostrup,
Denmark) for 30 min followed by incubation with horseradish peroxidase-conjugated
streptavidin (DAKO P0397, Glostrup, Denmark). Visualization of immunostaining was

performed using 3,3-diaminobenzidine (Sigma D9015).

Statistics
PAM (24) was performed to determine the minimum number of genes required to attain accurate
separation of good and poor survival. Here, good and poor survival was defined based on

whether or not a distant metastasis occurred within five years. The number of genes was selected
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such that the area under the ROC curve (AUC) was optimized in a 10-fold cross validation.
Subsequently, Lasso-penalized logistic regression (25) was used to obtain a robust selection of
the best performing genes across two cohorts (26,27). To this end, 1,000 cross-validation
analyses were performed for each cohort to select gene subsets optimizing the AUC. Genes were
then ranked according to how many times they were part of the optimal gene set in either of the
two cohorts. Finally, the previously determined optimal number of genes were selected starting
from the highest ranked gene.

Pearson’s correlation coefficient was used to assess the correlation between relative
FEN1 mRNA levels and FEN1 IHC scores. Survival curves were constructed using the Kaplan-
Meier method and compared using log-rank test. Unadjusted and adjusted Cox proportional
hazard regression analyses were performed; for the discovery-cohort the covariates age (<60
versus >60), diameter of the tumor (<20 mm versus 20-50 mm versus >50 mm), tumor grade
(grade 1 versus grade 2 versus grade 3) and the number of affected lymph nodes (Negative
versus 1-3 versus >4); and for the validation-cohort the covariates age (< 65 versus > 65), grade
(grade 1-2 versus grade 3), tumor stage (T1-T2 versus T3-4), HER2 status (negative versus
positive), PgR status (negative versus positive). In the validation-cohort all analyses were
stratified for nodal status (negative versus positive) because lymph node positive patients, after
1989, skipped the first randomization and all received 1 year of tamoxifen. A p-value <0.05 was
considered as a significant result and FEN1 levels were used a binary factor to assess the
interaction with adjuvant treatment. A two-tailed Student’s t-test was performed when

appropriate.

Immunofluorescence
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Immunofluorescence analysis was performed as described previously (6). Briefly, hormone-
deprived MCF-7 cells were cultured on glass coverslips before the addition of 10 nM E2.
Additionally cells were pretreated with 100 nM of FEN1 inhibitor as appropriate. Cells were
fixed with 4% paraformaldehyde for 10 minutes and permeabilized with 0.2% Triton X-100.
Used primary antibody was yH2AX (05-636, Millipore) and for secondary Alexa fluor 488
(Invitrogen) was used. ToPro (Invitrogen) nuclear dye was used to visualize nuclei. Images were
acquired using a Carl Zeiss confocal microscope using LSM 510 image browser. Images were
analyzed using Fuji Image J (NIH, USA) and Cell Profiler (Broad Institute, USA) to quantify

number of foci per cell.

Primary ex-vivo tumor cultures

Breast tumor samples and relevant clinical data were obtained from women undergoing surgery
at the Burnside Private Hospital, Adelaide, South Australia, with written informed consent. This
study was approved by the University of Adelaide Human Research Ethics Committee (approval
numbers: H-065-2005; H-169-2011). Following surgery, excised tissue samples were cultured ex
vivo as described previously previously (28,29). Briefly, tumor pieces were cultured on gelatin
sponges in full medium containing a vehicle, FEN1 inhibitor (200 nM) or, when enough material
was present, tamoxifen (2 uM). After 3 to 6 days, tissue was fixed in 4% formalin in phosphate-
buffered saline (PBS) at 4 °C overnight and subsequently processed into paraffin blocks. Slices
(2 um) were stained with haematoxylin and eosin or Ki67 and examined by a pathologist to
confirm the presence/proportion of tumor cells. Tumor slides were scored by a pathologist for

the percentage of Ki67 positive tumor cells.
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FENL1 inhibitor screen

The previously reported non-radioactive FEN1 activity assay (30) was combined with a
quantitative high throughput screen (QHTS) (31) and implemented on a fully integrated robotic
system (32), utilizing a large scale chemical library arrayed in qHTS-formatted 1536-well based
plates (33). A total of 465,195 compounds were tested. Automated large-scale curve fitting and
classification of curve types were determined (31). Using this classification, 3,543 compounds
were considered inconclusive or weak inhibitors due to either lower quality curves or moderate
inhibition. Another 1,123 compounds demonstrated a dose dependent increase of fluorescent
signal, but were regarded as likely inactive due to suspected auto-fluorescence, which was
observed in the initial background read. A total of 2,485 compounds were categorized as active
FEN1 inhibitors and as part of the NIH Molecular Libraries Program
(https://commonfund.nih.gov/molecularlibraries) profiled for their effect in over 150 biochemical
and cell-based assays. Furthermore, cheminformatics filters were applied to the chemical library
to annotate compounds for their reactivity (34). See also PubChem AID: 488816, 588795 and

720498.

Results
FENL1 levels correlate with breast cancer patient survival after tamoxifen treatment

In a previous report, we identified 111 genes that predict outcome in tamoxifen-treated
ERa-positive breast cancer patients (4). To reveal drivers causally involved in the observed
patient outcome, we refined the gene signature to identify a minimal set of genes without losing
predictive capacity (Figure 1A). Computationally minimizing the 111-gene classifier by

Prediction Analysis for Microarrays (PAM) (24) and Lasso-penalized logistic regression (25) in
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two independent cohorts of tamoxifen-treated patients (26,27) illustrated that the classifier could
be reduced to four genes before losing its stratification potential: FEN1, MCM2, STARD13 and
HBP1 (Figure 1A). Validation of the four genes in the METABRIC dataset (35) demonstrated
that only FEN1 was significant by multivariate analysis in ERa-positive, but not ERa-negative
cases (Sup Fig S1A), suggesting FENL1 is selectively associated with outcome in ERa-positive
breast cancer.

To assess the clinical impact of both FEN1 mRNA and protein levels as a single-gene
classifier on survival, we first used samples of ERa-positive cases that received adjuvant
tamoxifen  (Discovery-cohort)  (20), using  microarray-based  (“mRNA”) and
immunohistochemistry-based (“IHC”) FEN1 expression ranging from 0-100% positive tumor
cells (Figure 1B), which correlated with FEN1 mRNA levels (Pearson correlation
coefficient=0.58) (Figure 1C). For both mRNA and IHC, the median was used to stratify patients
into “Low” and “High” FEN1 groups (Figure 1D). FEN1 mRNA (HR: 2.46, p=0.006) (Figure
1E) (Sup table S1) and protein (HR: 2.05, p=0.041) (Figure 1F) (Sup table S1) expression were
associated with Distant Metastasis-Free Survival (DMFS), with high FEN1 levels correlating
with a poor survival.

To validate these findings in an independent cohort and to further investigate whether
FEN1 associates with disease progression (prognostic classifier) or whether its levels are
informative for treatment response (predictive classifier), we utilized tissue from a cohort where
patients were randomized between tamoxifen or no adjuvant endocrine therapy (Validation
cohort) (22). As this cohort contains a matched non-tamoxifen treated group, it can provide an
extra level of evidence with regards to predictive potential which is not available from other

tamoxifen cohorts that lack a non-endocrine treated control group (36).
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In this validation cohort, FEN1 was associated with Recurrence-Free Survival (RFS) in
ERo-positive patients (n=389) (HR=1.90, p=0.002) (Figure 1G), also after multivariate
correction for age, tumor grade, tumor stage, HER2, PgR and lymph node status (adjusted
HR=1.58, p=0.047) (Sup Table S1), which was successfully confirmed in the METABRIC
dataset (Sup Fig S1A,B). No association was found between FEN1 levels and RFS in ERa-
negative breast cancer patients (n=127) (HR=1.29, p=0.35) (Figure 1G and Sup Fig S1B). To
make sure this difference in significant association with RFS was not due to the difference in
patient numbers, we down sampled the ERa-positive patients group to n=127 (matching the
ERa-negative group) showing that FEN1 levels were still significantly associated with RFS (Log
Rank p=0.028; Cox regression HR=2.19, p=0.033) (Sup Fig S1C). Furthermore, high FEN1
significantly correlated with poor outcome in tamoxifen-treated patients (HR=2.05, p=0.003),
but not for patients not receiving endocrine therapy (HR=1.37, p=0.436) (Figure 1H) (Sup table
S1).

Next, we stratified patients according to FEN1 levels and categorized by tamoxifen
treatment (Figure 11). Patients with high FEN1 did not benefit from tamoxifen (HR=0.67,
p=0.217), while tamoxifen-treated patients with low FEN1 had a better survival as compared to
those who did not receive adjuvant tamoxifen (HR=0.35, p=0.007), also after multivariate
correction (high FEN1 adjusted HR=0.67, p=0.213; low FEN1 adjusted HR=0.39, p=0.015) (Sup
table S1). The predictive potential of FENL1 levels was further illustrated by the interaction test
between FEN1 levels and hormonal therapy status (HR=2.19, p<0.001; adjusted HR=1.86,
p<0.001)

As the standard regimens of hormonal treatment for ERa-positive breast cancer have

changed since the time of our validation cohort (e.g. 3 years of tamoxifen then versus 2-3 years
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of tamoxifen followed by 5 years of an aromatase inhibitor now), we tested how FENL1 levels
would perform in a cohort using more contemporary hormonal therapies (METABRIC). In
patients treated with hormonal therapy, high FEN1 was associated poor disease-specific survival
(HR=2.09, p<0.001), also after multivariate correction (adjusted HR=1.83, p<0.001) (Sup Figure
S1D). Additionally, we assessed whether the menopausal status of a patient would influence the
performance of FEN1 as predictive biomarker, as in the clinical setting tamoxifen is
predominately used in pre-menopausal women. Both in premenopausal (HR=5.29, p<0.001) and
postmenopausal patients (HR=1.79, p<0.001), FENL1 levels were significantly associated with
patient outcome, also after multivariate correction (premenopausal adjusted HR=5.57, p<0.001,;
postmenopausal adjusted HR=1.62, p<0.001) (Sup Figure S1E). Although significant in both
menopausal states, the predictive potential of FEN1 appeared stronger in the premenopausal
setting (HR5.57 vs HR=1.62).

In summary, FEN1 levels are not indicative of outcome in ERa-negative breast cancers,
nor in ERa-positive disease in the absence of adjuvant endocrine therapy. Only in ERa-positive
patients who were treated with tamoxifen, FEN1 levels were associated with poor outcome,

rendering FEN1 a predictive marker for tamoxifen treatment response.

FENL1 is essential for ERa-chromatin interactions and transcriptional complex formation

FEN1 functions as a predictive marker for tamoxifen resistance in ERa—positive breast
cancer. To determine whether FENL1 directly affects ERa activity, we tested if FEN1 is recruited
to the ERa genomic complex. Based on co-immunoprecipitations in MCF-7 cells, endogenous
ERa and FENI interact in an estradiol-dependent fashion, which is comparable to the
recruitment of SRC3 and p300 to the ERa complex (Figure 2A). Strikingly, recruitment of SRC3

and p300 was greatly reduced upon FEN1 knockdown, implying a direct role for FEN1 in the
18



formation of the ERa transcriptional complex (Figure 2A). Additionally, knockdown of FEN1
(Sup Fig S2A; knockdown validation) abrogated ERa-chromatin interactions (Figure 2B,C and
Sup Table S2), which coincided with a loss of RNA Polymerase 11 at these sites (Sup Fig S2B).
Of note, both motif enrichment (Figure 2D) and genomic distribution (Figure 2E) of siFEN1
affected ERa-chromatin interactions, demonstrate that SiFEN1 results in the loss of ‘regular
canonical ERa sites’, and is unselective for specific motifs or genomic elements. In contrast to
ERa, FOXA1 chromatin binding (Figure 2B,C and Sup Fig S2B) and chromatin accessibility
(Figure 2F) was not decreased by siFEN1, implicating FEN1 as a regulator of ERa-chromatin

interactions downstream of FOXAL.

FEN1 impacts ERa-mediated transcription and cell proliferation

The above results demonstrate that FEN1 modulates ERa-chromatin interactions and
transcription complex formation. Next, we assessed what the effect of FEN1 is on ERa-mediated
transcription. RNA-seq demonstrated that upon E2 treatment 1298 genes were differentially
expressed in siControl cells (Figure 3A) while knockdown of FEN1 levels resulted in 218
differential expressed genes (Figure 3B). In this list of FEN1 responsive genes a significant
enrichment for E2-responsive genes was found (Fisher’s exact test; p-value=3.9e-25), with
around 24% (54 genes) overlapping with E2 responsive genes (Figure 3C). Gene set enrichment
analysis of the E2 and FEN1 responsive genes showed a significant enrichment for the Hallmark
Estrogen Response Late genes (Figure 3D; full list Sup Fig S3A).

As the Hallmark Estrogen Response Late genes were enriched in FEN1 and E2
repsonsive genes, we next assesed what the effect of this would be on ERa-mediated

proliferation. FEN1 knockdown in MCF-7 cells decreased ERa-mediated cell growth under
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DMSO and E2 conditions (Figure 3E; siRNA deconvolution in Sup Fig S3B), while FEN1
overexpression increased cell proliferation under these conditions (Figure 3F). The observed
decrease in cell proliferation after sSiFEN1 was validated in ERa-positive T47D cells (Sup Fig
S3C). Both in tamoxifen and fulvestrant (a selective estrogen receptor down-regulator) treated
cells, FEN1 knockdown didn’t result in substantial growth deffects (Fig 3E,F). Moreover,
neither FEN1 knockdown in ERa-negative MDA-MB-231 or CAL120 cells (Figure 3G),
affected cell proliferation, implicating that the observed effects are mediated through ERa and
not broadly related to the role of FEN1 in DNA replication (37). Cumulatively, we demonstrate

that FEN1 impacts ERa-mediated transcription and cell proliferation.

FENL1 inhibition perturbs ERa-activation and stability

Given FENI1’s key role in modulating ERa-activity, we hypothesized a FEN1 inhibitor
could have great therapeutic potential in treating ERa-positive breast cancer. Since FEN1
inhibitors have been developed before on a small scale (38,39) but were not effective in breast
cancer cell lines as single agent (40), other more-potent inhibitors could still be found. Therefore,
we performed a small-molecule compound screen of 465,195 compounds, tested at six different
concentrations, to identify novel inhibitors of FEN1’s flap-cleaving activity. A previously
reported non-radioactive FEN1 activity assay was used (30) in which a small DNA product
containing fluorophore donor 6-TAMRA (6-Carboxytetramethylrhodamine) is cleaved and
released by FEN1 from a DNA flap structure labeled with a fluorescent quencher (Black Hole
Quencher 2), resulting in measurable fluorescence (Figure 4A). A quantitative high throughput
robotics screen (31) was performed on 465,195 compounds (33), identifying 2,485 active FEN1

inhibitors (Figure 4B and Sup Fig S4A). As part of the NIH Molecular Libraries Program
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(https://commonfund.nih.gov/molecularlibraries), these compounds have been profiled for their
effect in >150 biochemical and cell-based assays including DNA-repair and related screens (e.g.
APE1, POLB, POLK, POLH, POLI, PCNA, DNA binding) (Sup Fig S4B and Sup Table S3).
Furthermore, cheminformatics filters have been applied to annotate compounds for their
reactivity (34). The selectivity profiling data and filters for reactive functional groups were used
to triage the 2,485 active FENL1 inhibitors, and a set of 22 inhibitors was selected for further
biological validation.

After testing the 22 hits on MCF-7 cell proliferation, we continued with the three most-
potent hits for further validation (Sup Fig S4C) and selected FENi#2 (MLS002701801) as most
potent and promising hit (Figure 4B and Sup Fig S4B,C) (Sup Table S3).

Previously it was shown that ERa-cofactor APOBEC3B can induce C-to-U modifications
and UNG recruitment at ERa binding sites, resulting in the induction of abasic regions of DNA
which regulate ERa-mediated transcriptional activity (6). As abasic DNA can be repaired
through the Base Excision Repair (BER) pathway (7), we hypothesized FEN1 might be
functionally involved in a long-patch BER response following the formation of abasic sites,
thereby regulating ERa-activity. In agreement with a BER response near ERa-binding sites, we
observed BER-members XRCC1 and PARP1 (7), to bind these genomic regions (Figure 4C and
Sup Fig S4D), with PARP1 being previously described as co-regulator of ERa (41). The
APOBEC3B induced C-to-U modifications were shown to ultimately give rise to yH2AX
formation at ERa sites (6), as assessed by ChiP-seq (Figure 4D and Sup Fig S4E,F). This
yH2AX-induction was validated by immunofluorescence, where 15 minutes of E2 stimulation
induced yH2AX foci (Figure 4E,F). FEN1 inhibition through 100 nM FENi#2 blocked this E2-

induced yH2AX-formation (Figure 4E,F and Sup Fig S4G) and could not be explained by lower
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ERa-chromatin interactions at time points preceding DNA damage (10 minutes after E2
stimulation) (Figure 4G and Sup Fig S4H). Interestingly, when assessing ERa and PARPI
binding after 30 minutes of E2 stimulation, which is after the yH2AX induction found at 10’,
FEN1 inhibition did decrease ERa and PARP1 chromatin binding (Figure 4G and Sup Fig S4H),
which suggests that FEN1 perturbation effects on ERa binding only occur after the moment of
yH2AX-formation (10 min after E2 induction). In line with the known role of yH2AX in
promoting chromatin remodeling (42), FEN1 inhibition decreased both yH2AX formation and
recruitment of BRG1,; the catalytic subunit of the SWI/SNF chromatin remodeling complex (42)
(Figure 4G and Sup Fig S4H), which chromatin interactions overlapped ERa binding sites.
Altogether this indicates that FEN1 plays a functional role during the induction of yH2AX and
subsequent ERa and coregulator binding capacity.

An additional aspect of FEN1’s regulatory role in ERa-activity was found in the E2-
induced proteasomal degradation of ERa (43). Herein FENL inhibition enhanced E2-induced
ERa-degradation (Sup Fig S41) while pretreatment with proteasome inhibitor MG132 prevented
this FENi#2-induced reduction of ERa-chromatin interactions (Sup Fig S41). This together with
the observation that ERa-chromatin interactions were not affected by FEN1 inhibition until the
moment of yH2AX induction (Figure 4G and Sup Fig S4H), favors a model wherein FEN1
regulates ERa-chromatin binding by preventing E2-induced proteasomal degradation.

Cumulatively, we identify FENi#2 as a potent and specific FEN1 inhibitor, and
demonstrate that FEN1 regulates ERa-activity through the functional formation of yH2AX —and
subsequent BRG1 recruitment- and can regulate ERa-chromatin interactions by inhibiting
proteasome-mediated degradation. Additionally, we provide evidence that additional BER-

members (PARP1 and XRCC1) are also present at sites of ERa binding.

22



FEN1 inhibition as novel drug option in tamoxifen resistant breast cancer

Since tamoxifen-resistant cell lines (13) and tumors (44) still require ERa function, an
alternative mode of blocking ERa action through FEN1 inhibition would have strong clinical
potential.

To assess this, we investigated the effect of FENi#2 on ERa binding and induced gene
expression. First, the optimal time point of ERa-chromatin interactions after E2 treatment was
determined, with 30 minutes of E2 stimulation resulting in maximum detection of ERa-
chromatin interactions (Figure 5A). Overnight pretreatment with 100 nM FENIi#2 significantly
inhibited these E2-induced ERa-chromatin interactions and ERa-driven gene transcription
(Figure 5B), analogous to SiFEN1 (Figure 2). This inhibition of ERa-activity by FENi#2 showed
a notable overlap with siFENT1, both in reduced cell growth as in ERa-binding perturbation (Sup
Fig S5A,B). In the absence of E2, ERa protein levels were unaffected by FENi#2 (Sup Fig S5C),
indicating decreased ERa-chromatin interactions and gene transcription were not due to reduced
initial amounts of ERa protein.

Colony formation assays were performed for a panel of human breast cancer cell lines;
(@) MCF-7 and T47D (ERo+), (b) MCF7-T and TAMR (tamoxifen resistant MCF-7 derivatives
(45,46)) and (c) BT-20 and CAL-120 (ERa-). Cells were treated with increasing concentrations
of FENi#2 in the presence or absence of tamoxifen (Figure 5C,D), confirming tamoxifen
responsiveness of the sensitive cell lines (Figure 5C,D). Proliferation of MCF-7 and T47D cells
was inhibited in a dose-dependent manner with 1Csy values of 69 and 78 nM of the inhibitor,
respectively (Sup table S4). In contrast, sensitivity to FENi#2 for ERa-negative cell lines BT-20

and CAL120 was limited, with an 1Cs of 314 nM in BT20, while not reaching 50% inhibition in
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CAL120 cells. Interestingly, tamoxifen resistant MCF-7 derivatives showed enhanced sensitivity
to FENL1 inhibition in relation to the parental cells (ICso= 29 nM for both tamoxifen resistant cell
lines).

To validate the efficacy of FEN1 inhibition in ERa-positive breast cancer, we used ex
vivo primary ERa-positive tumor cultures (i.e. explants) (28,29) in the presence or absence of
compound FENi#2. Tumors were cut into small pieces and randomized between vehicle, FEN1
inhibitor or tamoxifen treatments and cultured for 3-6 days on gelatin sponges, allowing
sustained tissue architecture and viability (29). Explants were stained for cell proliferation
marker Ki67 and scored by a pathologist. Upon FEN1 inhibition, all four tumor explants
demonstrated reduced proliferation (Ki67) (Figure 5E,F). For 3 out of 4 explants, sufficient
material was available for a tamoxifen group, demonstrating comparable reductions in Ki67
signal (Sup Fig S5D).

Taken together, we show that pharmacological inhibition of FEN1 efficiently blocks
ERa-driven tumor cell proliferation, with enhanced potency in tamoxifen-resistant cells. As
FEN1 perturbation inhibits primary tumor tissue growth, we demonstrate therapeutic potential of

our FEN1 inhibitor in the treatment of ERa-positive cancer.

Discussion

Several multi-gene prognostic classifiers have been reported that stratify breast cancer
patients on outcome (47). Most of these classifiers lack biological insights regarding the drivers
of tumor progression. Here, we refined a 111-gene classifier to a single gene predictor of disease
outcome, revealing a drug target with clinical potential in the treatment of tamoxifen resistant

breast tumors. We identified FEN1 as a predictive marker for tamoxifen resistance in clinical
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specimens, with potential for outcome-prediction exclusive in ERo-positive breast cancers.
Before any clinical implication of FEN1 as a predictive marker however, the predictive versus
prognostic potential of FEN1 needs to be validated in an independent second randomized clinical
trial of tamoxifen versus placebo. Of note, previous work from Abdel-Fatah et al. describes
FENI1 protein levels to correlate with a poor outcome in ERa-positive as well as in ERa-negative
breast cancer patients (11). This discrepancy might be best explained by the use of different
antibodies used for IHC and the fact that Abdel-Fatah et al. also reported cytoplasmic staining
(11), which was absent in our stainings. Our observation that FEN1 has predictive potential in
ERa-positive cases is in line with our cell proliferation analyses, where perturbation of FEN1
was only effective in ERa-positive cell lines, while yielding no detectable effects in ERa-
negative cells.

Accumulating evidence repositions DNA repair factors as coactivators of transcription,
amongst other in facilitating chromatin remodeling (5). Chromatin remodeling at ERa-binding
regions can be initiated by BRG1 (48), the recruitment of which is promoted by yH2AX (42).
Failure to induce yH2AX-signaling at ERa regions diminished BRG1 recruitment (6),
implicating ERa-induced yH2AX as facilitator of chromatin remodeling. We found FENL1 to be
critically involved in this process and can thereby regulate BRG1 recruitment, and ultimately
enable transcription. Interestingly enough, we observed that the decrease in ERa chromatin
binding by FEN1 inhibition only seem to occur after the moment of yH2AX-formation (Fig 4G).
Besides BRG1, we demonstrate that SRC3 and p300 recruitment to ERa-transcriptional complex
is also dependent on FEN1. Additionally, FEN1 inhibition enhanced EZ2-induced ERa-
degradation, mediated by proteasomal activity (43). Consequently, this favors a model wherein,

along with being crucial for cofactor recruitment (as exemplified by SRC3, p300 and BRG1),
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FEN1 can also alter ERa’s activity by regulating the stability of its chromatin binding after
activation by E2.

Transcription-coupled degradation of the ERa is well known for many years (43,49-51) ,
but still not fully understood. Interestingly, inhibiting FEN1 resulted in a ligand-driven loss of
ERa chromatin interactions, which associates with a loss of ERa protein levels, suggesting that
FENL1 inhibition could potentially uncouple transcriptional events from proteasome-mediated
degradation of the receptor. Further studies should be aimed to further elucidate this mechanism,
and determine how FENL1 is mechanistically involved in this.

Small molecule—-mediated inhibition of FEN1 functionally abrogated ERa-activity and
ultimately blocked human tumor explant proliferation. With an inhibitor effective in the nM-
range, we illustrate that FEN1 inhibition might yield a promising novel therapy for ERa-positive
breast cancer. While FENL1 inhibition has been described before, it has mainly been linked to
chemosensitization (52,53) or as a part of synthetic lethal interactions (38,54), but not as an
effective therapeutic strategy on its own (40). Although it is widely accepted that most small
molecule inhibitors aren’t truly specific for their targets, including most clinically-applied small
molecules (55), our FEN1 inhibitor was inactive in almost all of the 150 additional protein assays
we investigated (Sup Fig S4B and Sub Table S3). Even though the effect of SiFEN1 and the
inhibitor were very similar, there could still be some off-target effects making additional
chemical matter refinements required for further clinical development of FENL1 targeting in
breast cancer. Here we report the first effective single-agent application of FEN1 inhibition by
specifically targeting ERa-positive breast cancer. Most importantly, tamoxifen resistant cell lines

showed an increased sensitivity for FEN1 blockade; a feature that could possibly be exploited in
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the treatment of advanced breast cancer, thereby providing a novel targeted therapy in case of

tamoxifen resistance.
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Figure legends

Figure 1. FEN1 levels as predictive marker for tamoxifen response of breast cancer
patients.

(A)  Computational refinement of 111-gene classifier towards 4-gene classifier of
FEN1, MCM2, HBP1 and STARD13. PAM and Lasso-penalized logistic regression was
performed to determine the minimum number of genes without affecting performance. (Left)
Recurrence-Free Survival (RFS) of patients categorized according to 111-gene classifier. Cox
regression is shown. (Middle) Step-wise minimization of the 111-genes with corresponding
average area under the curve (AUC) in two cohorts. (Right) RFS of patients categorized
according to 4-gene classifier. Cox regression is shown. See also Sup Fig S1A

(B)  Three representative IHC tumor cores, staining negative (0%), intermediate (50%)

or entirely positive (100%) for FEN1. Scale bar is 100 pm.
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(C)  Scatterplot showing FEN1 mRNA levels (X-axis) related to FEN1 protein
expression (% tumor cells, Y-axis), from the same tumor samples. Dotted line indicates trend
line. Pearson correlation coefficient = 0.58.

(D)  Bar graph showing the individual IHC-scores for all tumor samples. Tumors were
stratified in “Low” (IHC-score < 36%) or “High” (IHC-score > 36%) FENL1.

(E) Distant Metastasis-Free Survival (DMFS) of tamoxifen-treated patients
categorized according to FEN1 mRNA levels. Log-rank and Cox regression is shown. See also
Sup table S1.

(F)  AsinE, but now patients were categorized according to FEN1 IHC-score.

(G) Randomized clinical trial: RFS of patients stratified by ERa-status and
categorized according to FEN1 IHC-score. Log-rank and Cox regression is shown. See also Sup
table S1 and Sup Fig S1B.

(H)  Asin G, but now patients were stratified for adjuvant therapy (none or tamoxifen)
and categorized according to FEN1 IHC-score. See also Sup table S1.

Q) As in G, but now patients were stratified for FEN1 IHC-score and categorized

according to adjuvant therapy (none or tamoxifen). See also Sup table S1.

Figure 2. FEN interacts with ERa and dictates ERa-chromatin interactions and complex
formation.

(A)  Co-immunoprecipitation  analyses demonstrate  E2-induced ERa/FENI
interactions. Protein levels were determined for ERa, FEN1, SRC3 and negative control Lamin
AJC. Cells were treated with (+) or without (-) E2 before immunoprecipitation of ERa or 1gG.

Shown is an example of two biological replicates.
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(B)  Genome browser snapshot at the XBP1 locus, illustrating FOXAL1 (green) and
ERa (red) binding events for siFENI and control. Genomic coordinates and tag count are
indicated. See also Sup Fig S2A,B,C.

(C)  (left) Heatmap visualizing binding events of FOXA1 (green) and ERa (red) at
ERa binding sites after FEN1 knockdown. All binding events are vertically aligned and centered
on the ERa peak, with a 10 kb window. Peaks were sorted on ERa intensity. See also Sup Fig
S2A,B,C. (right) Normalized tag counts of FOXAL and ERa p300 are plotted, showing average
signal intensity within a 10kb window.

(D)  ERo binding motif analysis. SeqPos was used to identify binding motifs at all
ERa binding sites (siControl) and motifs at sites no longer identified in SiFEN1.

(E)  Genomic distribution of the same set of ERa bindings sites decribed in D.

(F) As in C but now binding events of Formaldehyde-Assisted Isolation of
Regulatory Elements sequencing (FAIRE-seq) are visualized. Shown is an example of two

biological replicates.

Figure 3. FEN1 impacts ERa-mediated transcription and proliferation.

(A) Heatmap of the differentially expressed genes in E2 vs. vehicle treatment.
Depicted are four biological replicates of siControl (grey bar) and siFEN1 (blue bar) cells treated
with vehicle or E2.

(B) Asin A, but now the differentially expressed genes in siFEN1 vs. aiControl are
depicted.

(C)  AsinA, but now genes differentially expressed in both conditions are depicted.
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(D)  GSEA for Hallmark Estrogen Response Late genes. Shown is ranking metric
using the log2FC*-log10pval. See also Sup Fig S3A.

(E) Relative cell proliferation (Y-axis) over time (X-axis) of MCF-7 cells treated with
vehicle, E2, tamoxifen or fulvestrant. Cells were transfected with control siRNA (blue) or
SIFENL1 (red). Relative growth was normalized over the number of cells at timepoint zero. Shown
IS a representative experiment of three biological replicates. N=6 with mean + SD with Students
T-test at last time point. See also Sup Fig S3B,C.

(F) Relative cell proliferation of MCF-7 cells treated with vehicle, E2, tamoxifen or
Fulvestrant. Cells were transfected with exogenous FEN1 (green) or GFP control (blue. Cell
growth was normalized over GFP control after 150 hours of growth. Shown is a representative
experiment of three biological replicates. N=6 with mean + SD.

(G) AsinE, but now MDA-MB-231 and CAL120 ERa-negative cells were grown in
full medium. FEN1 and actin protein levels as assessed by western blot are depicted. Shown are

representative experiments of two biological replicates. N=6 with mean + SD.

Figure 4. FEN1 inhibitor screen and the role of FEN1 in ERa-activity.

(A)  Fluorescence based assay used to assess flap-cleaving by FEN1. A double-
stranded DNA flap substrate containing two tags, a fluorophore-donor (6-TAMRA) and a
fluorophore-quencher (BHQ?2), is exposed to FEN1 protein in the presence or absence of small-
molecule compounds. Upon flap-cleavage the DNA product containing the fluorophore is
released, resulting in measurable fluorescence signal.

(B)  Concentration response profile of the 2,485 compounds found active as FEN1

inhibitors, identifying MLS002701801 (FENi#2) (purple dot) as our top hit. For each compound
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the concentration (log) and the percentage of altered FEN1 enzyme activity is depicted. See also
Sup Table S3 and Sup Fig S4A,B,C.

(C)  Heatmap visualizing ranked binding events of ERa (red), PARP1 (dark cyan) and
XRCCI1 (purple) at ERa binding sites. Hormone-deprived cells where treated with E2 for 10
(ERa and XRCC1) or 30 minutes (PARP1). All binding events at ERa bound regions after 10
minutes of E2 were analyzed, vertically aligned and centered at the center of the peak, with a
10kb window. See also Sup Fig S4D.

(D)  As in C but now binding events of ERa (red) and YH2AX (blue) at ERa binding
sites, under vehicle or E2 conditions are visualized. Peaks were sorted on ERa intensity. See also
Sup Fig S4E,F.

(E) Induction of yH2AX-foci by E2 stimulation as visualized through
immunofluorescence. Hormone-deprived cells where treated with ethanol or E2 for 15 minutes,
with or without FEN1 inhibitor. Shown is a representative cell stained for yH2AX (green). To-
Pro-3-iodide was used to visualize the nucleus (blue). Scale bar indicates 2pm.

(F) The average number of yH2AX-foci per cell as quantified in 500 cells. Shown is a
representative experiment of two biological replicates. N=500 with mean £+ SD. See also Sup Fig
S4G.

(G) (Upper left) Heatmap visualizing ranked binding events of ERa (red) at ERa
sites. Hormone-deprived cells where pretreated with a vehicle or FEN1 inhibitor and
subsequently stimulated with E2 for 10 minutes. All binding events at ERa sites after 10 minutes
of E2 were analyzed, vertically aligned and centered at the center of the peak, with a 10kb
window. Normalized tag counts are plotted, showing average signal intensity. (Upper right) As

in Upper left but now ERa binding sites were analyzed for cells stimulated with E2 for 30
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minutes. (Bottom left) As in Upper left but now PARP1 binding sites were analyzed for cells
stimulated with E2 for 30 minutes. (Bottom right) As in Upper left but now BRGL1 binding sites

were analyzed for proliferating cells. See also Sup Fig S4H.

Figure 5. Small molecule-mediated inhibition of FEN1 blocks ERa action and prevents cell
proliferation.

(A)  ERoa ChIP-gPCR analyses of hormone-deprived cells treated for 90 minutes with
E2 using 5 minute intervals. Three positive regions for ERa-binding were assessed (TFF1,
GREBL1 and XBP1) and one known negative region (Neg control). Data are normalized over t=0.
N=4 with mean = SD.

(B)  (Left) ERo ChIP-gPCR analyses of hormone-deprived cells pretreated with
vehicle or FENL1 inhibitor prior to 30 minutes of E2 treatment. Signals are normalized over
control genomics regions. Shown is a representative experiment of two biological replicates.
N=4 with mean £ SD. (Right) Relative mRNA levels of RARA, XBP1 and TFF1 with or without
FEN1 inhibitor. TBP and UBC were used as control. Shown is a representative experiment of
two biological replicates. N=4 with mean £ SD.

(C)  Colony formation analyses for breast cancer cell lines; MCF-7 and T47D (ERat),
MCF7-T and TAMR (tamoxifen resistant MCF-7 derivatives) and BT-20 and CAL-120 (ERa-).
Cells were treated with increasing concentrations of FEN1 inhibitor in the presence or absence of
tamoxifen. Representative experiment is shown of at least 4 biological replicates.

(D) Relative quantified crystal violet staining (ODsgp) of colony formation assay
depicted in (C). Shown are mean values of at least 4 biological experiments where all ODsg data

were normalized to vehicle treated FBS. Error bars indicate SEM. See also Sup table S4.
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(E)  Exvivo primary human ERa-positive tumor cultures in the presence or absence of
200 nM FENZ1 inhibitor. Explants were fixed and stained for Ki67 and H&E. Shown are
representative tumor regions for two patients with digital zoom in the lower right corner.

(F) Indication of the percentage of Ki67 positive tumor cells in tumor explants
cultured in the presence or absence of FEN1 inhibitor. Paired Students T-test was used to assess

the difference between treatment groups. See also Sup Fig S5D.
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Figure 4
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Figure 5
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