AWARD NUMBER: W81XWH-19-1-0108

TITLE: Exploit dimethyl fumarate to uncover druggable vulnerabilities and prevent
recurrence of ER+ breast cancers.

PRINCIPAL INVESTIGATOR: Irida Kastrati, PhD

CONTRACTING ORGANIZATION: Loyola University Chicago

REPORT DATE: March 2020

TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



d
REPORT DOCUMENTATION PAGE OMB NG, 040185

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
March 2020 Annual 03/01/2019 - 02/29/2020
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Exploit dimethyl fumarate to uncover druggable vulnerabilities | W81XWH-19-1-0108

and prevent recurrence of ER+ breast cancers. 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Irida Kastrati, PhD

5e. TASK NUMBER

5f. WORK UNIT NUMBER
E-Mail: ikastrati@luc.edu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
Loyola University Chicago NUMBER

Dept. of Cancer Biology
2160 S 1st Ave,
Maywood, IL 60153

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland 21702-5012 11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The PI, Irida Kastrati, PhD, transferred from the University of Illinois at Chicago to a new
institution, Loyola University Chicago (LUC).

At LUC, the PI obtained a new IACUC approval and completed an HRPO review. An MTA was
submitted and is pending approval for transferring PDXs from our collaborator Dr. Carol
Sartorius at U.Colorado to our institution. Initiation of in vivo animal work is currently
halted due to COVID-19 measures in Illinois.

Dr. Kastrati hired a Research Technician, Alexandra Zigrossi, as personnel indicated in the
award.

Dr. Kastrati and her former research team submitted a manuscript that was accepted for
publication in the journal of Molecular Cancer Research which includes preliminary data from
this grant. Manuscript# MCR-19-1082-ETR, Title: The NFkB pathway promotes tamoxifen tolerance
and disease recurrence in estrogen receptor positive breast cancers. Authors: Irida Kastrati,
et al. Nothing else to report.

15. SUBJECT TERMS
Tamoxifen tolerance, recurrence, ER+ breast cancer,

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
B B B Unclassified code)
Unclassified Unclassified Unclassified




Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18

Table of Contents

_Page
18 o T U o1 o o N 3

T 3

Key Research Accomplishments.........cccooiiiiiiiiiiiccc e 3
Reportable OUtCOMEES.......ccciiiiii i s s s s s e eaes 4
CONCIUSION. ... 4
ReferenCes......cuiiiii 4

N o 7= 4 Lo [ o7 =Y 3 4



Introduction

Our main goal is to identify druggable pathways that govern tamoxifen tolerance which in turn can be used to
eradicate tamoxifen-tolerant cells and prevent deadly tumor recurrence from the outset. We recently published
our findings in the journal of Molecular Cancer Research. Some of the main findings are highlighted below.

Gene expression profiling and pathway analysis was performed in ER+ breast tumors of patients before and
after neo-adjuvant tamoxifen treatment and demonstrated activation of the NFkB pathway and an enrichment
of EMT/stemness features. Exposure of ER+ breast cancer cell lines to tamoxifen, in vitro and in vivo, gives
rise to a tamoxifen-tolerant population with similar NFkB activity and EMT/stemness characteristics. A small
molecule inhibitor, such as dimethyl fumarate, and CRISPR/Cas9 knock out were used to assess the role of
the nuclear factor kB (NFkB) pathway and demonstrated that survival of tamoxifen-tolerant cells requires NFkB
activity. Moreover, this pathway was essential for tumor recurrence following tamoxifen withdrawal. These
findings establish that elevated NFkB activity is observed in breast cancer cell lines under selective pressure
with tamoxifen in vitro and in vivo, as well as in patient tumors treated with neo-adjuvant tamoxifen therapy.
This pathway is essential for survival and regrowth of tamoxifen-tolerant cells, and, as such, NFkB inhibition

offers a promising approach to prevent recurrence of ER+ tumors following tamoxifen exposure.

Other research related accomplishments are listed below.

Body

None applicable.

Key Research Accomplishments

1. Publish a manuscript where the identification of a drug-tolerant population, in vitro, in xenograft tumors
and in patients for ER+ breast cancer is reported for the first time. Moreover, the pro-inflammatory
NFkB pathway is identified as a critical pathway to enable the survival of tamoxifen-tolerant cells, and it
may translate into therapeutic interventions to prevent resistance and relapse, which remain major

causes of breast cancer lethality. The full manuscript is attached in this report.

2. Establish a new research laboratory at Loyola University Chicago after PI transfer to this new institution
as of July 1, 2019. PI hired a Research Technician, Alexandra Zigrossi, as personnel indicated in the

award.
3. Pl obtained a new IACUC approval and completed an HRPO review.

4. Pl requested and obtained ER+ breast cancer cell lines from Dr. Rachel Schiff at Baylor.
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5. Pl requested PDXs from our collaborator Dr. Carol Sartorius at U.Colorado. An MTA was submitted and
is pending approval for transferring PDXs to our institution. Initiation of in vivo animal work (cell line

xenografts) is currently halted due to COVID-19 measures in lllinois.

Reportable Outcomes

1. PI's newly established laboratory at LUC is fully equipment and capable of conducting all proposed

work.

2. Newly published work highlights progress towards understanding and therapeutically targeting
endocrine drug tolerance in ER+ breast cancer disease.

Conclusion

Our progress is on track and follows the approved SOW.

References

None applicable.
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Abstract

The purpose of this study was to identify critical pathways promoting survival of
tamoxifen-tolerant, estrogen receptor a positive (ER+) breast cancer cells, which contribute to
therapy resistance and disease recurrence. Gene expression profiling and pathway analysis was
performed in ER+ breast tumors of patients before and after neo-adjuvant tamoxifen treatment and
demonstrated activation of the NFkB pathway and an enrichment of EMT/stemness features.
Exposure of ER+ breast cancer cell lines to tamoxifen, in vitro and in vivo, gives rise to a
tamoxifen-tolerant population with similar NFxB activity and EMT/stemness characteristics.
Small molecule inhibitors and CRISPR/Cas9 knock out were used to assess the role of the nuclear
factor kB (NFkB) pathway and demonstrated that survival of tamoxifen-tolerant cells requires
NF«B activity. Moreover, this pathway was essential for tumor recurrence following tamoxifen
withdrawal. These findings establish that elevated NF«kB activity is observed in breast cancer cell
lines under selective pressure with tamoxifen in vitro and in vivo, as well as in patient tumors
treated with neo-adjuvant tamoxifen therapy. This pathway is essential for survival and regrowth
of tamoxifen-tolerant cells, and, as such, NFkB inhibition offers a promising approach to prevent

recurrence of ER+ tumors following tamoxifen exposure.



Statement of Significance

Understanding initial changes that enable survival of tamoxifen-tolerant cells, as mediated
by NFxB pathway, may translate into therapeutic interventions to prevent resistance and relapse,

which remain major causes of breast cancer lethality.



Introduction

Over 70% of breast tumors express estrogen receptor o. (ER) and are typically treated with
endocrine therapies, such as tamoxifen or aromatase inhibitors. Despite the relative success of
endocrine agents, resistance to treatment is common, resulting in metastatic relapse for which there
is no cure. In fact, over 50% of recurrences and 2 out of every 3 deaths from ER+ breast cancer
will occur after completing 5 years of adjuvant endocrine therapy (1, 2). One hypothesis to explain
these late recurrences in ER+ disease, is that a small population of tumor cells “persist” in the
presence of tamoxifen, for years to even decades, and eventually grow out as a recurrent tumor.
These recurrent tumors are frequently therapy resistant, metastatic and lethal. Thus, one way to
prevent lethal recurrence is to eradicate the population of persister cells. However, little is known
about the nature of these cells in ER+ breast cancers or how they eventually contribute to tamoxifen
resistance and disease recurrence.

The notion of a drug-tolerant persister cell population was first introduced in lung cancers
treated with EGFR inhibitors (3) and subsequently described in other cancers (Reviewed in (4)).
A drug-tolerant phenotype was shown to be transiently acquired via an altered chromatin state to
protect the population from eradication by targeted therapeutics. Tolerant cells can display
considerable plasticity with the ability to revert back to drug sensitivity once the drug is removed
or to develop complete drug resistance (Reviewed in (5)). However, in breast cancer and
particularly in ER+ breast cancer, the concept of drug tolerance is less well developed. For ER-
negative breast cancers, some examples of treatment-induced drug tolerance have been reported.
These include HER2-amplified breast cancer cells treated with lapatinib, which acquire
dependency on the lipid hydroperoxidase GPX4 (6). In triple negative breast cancer, residual tumor

cells remaining after treatment with doxorubicin and cyclophosphamide chemotherapies adopt a



reversible drug-tolerant state that does not involve clonal selection, and pharmacologic inhibition
of oxidative phosphorylation delayed residual tumor regrowth (7).

In ER+ breast cancers, traditional approaches to model therapy failure have largely focused
on prolonged exposure of ER+ breast cancer cells to tamoxifen or estrogen deprivation. This
approach is necessary to reach a stable resistant phenotype but may fail to elucidate early cellular
adaptations that occur under therapeutic selection and that can contribute to the eventual
development of resistance. While it is known that diverse mechanisms that give rise to endocrine
therapy resistance, including perturbations to ER signaling complex (8, 9), crosstalk between ER
and growth factor receptor signaling (10), and/or mutations in ESR1 gene (11, 12), it is not clear
how these various mechanisms arise. Importantly, it was shown in lung cancer that multiple clones,
each with different resistance mechanisms, can arise from a drug-tolerant/persister population,
suggesting that drug-tolerant tumor cells are not limited in their evolution; rather, they may serve
as a latent reservoir of cells capable of giving rise to multiple resistance mechanisms (13). Whether
this occurs in ER+ breast cancer is unknown. Thus, the purpose of this study was to examine early
changes in ER+ breast cancer cells and tumors under the selection pressure of tamoxifen and
identify mechanisms that may contribute to their therapy tolerance. Clearly, eradication of a
tamoxifen-tolerant tumor cell population would represent a highly promising new therapeutic
strategy in the treatment of ER+ breast cancer.

In this report, we demonstrate that tamoxifen-tolerant persister cells can be identified in
ER+ breast cancer cell lines, xenograft tumors, and samples from breast cancer patients. In each
of the studied settings, activation of the pro-inflammatory NF«xB pathway and a gain of epithelial-
to mesenchymal (EMT)/stem-like features are observed. The NFxB pathway is required for

survival and regrowth of tamoxifen-tolerant cells, as well as tumor recurrence. Our findings



provide compelling evidence that pharmacological targeting of the NFxB pathway can be

exploited to eradicate tamoxifen-tolerant cells to prevent disease recurrence.

Materials and Methods

Reagents — 4-hydroxy-tamoxifen (4OHT) and dimethyl fumarate (DMF) were purchased from
Sigma. IKK7 was purchased from Selleck Chemicals. TNFa was purchased from R&D Systems.
The antibodies for ERa (8644), p52 (37359), c-Rel (4727), RelB (4922), and TBP (8515) were
purchased from Cell Signaling. The antibodies for p65 (sc-372) and p50 (sc-8414) were purchased

from Santa Cruz. The antibody for B-actin (A5441) was purchased from Sigma.

Gene Expression Analysis in Patient Tumor Samples — Tumor gene expression data was
obtained from breast cancer patients (details in Supplementary Table 1) enrolled in a pre-operative
window trial (ClinicalTrials.gov Identifier: NCT00738777), in which patients received an oral
loading dose of 40 mg of tamoxifen twice daily for the first seven days, followed by a daily dose
of 20 mg until surgery. All patients signed an informed consent form. A core needle biopsy of the
tumor was taken prior to treatment (n=62) and post-treatment tumor material (n=40) was obtained
during surgery 20.7 (£9.6) days later. Paired material was available for 27/74 patients. RNA was
isolated and hybridized to a custom full genome array by Agendia as previously described (14).
Feature Extraction software v11.5.1.1 was used to quantify fluorescent intensities and those were
normalized using DataPrint software v1.15. Missing values were imputed with knn=10, data was
batch corrected for date of RNA extraction using ComBat from the R package sva, and the median
value was used in case multiple probes mapped to a single gene. Differential analysis between pre-

and post-tamoxifen samples was performed with Limma v.3.37.3. Expression changes were



considered significant if FC<-1 or FC>1 and adj.P.Val < 0.005 (Supplementary Table 2). Results
were interpreted with GSEA software with MsigDBv7.0 Hallmark gene sets on default settings
(15) (Supplementary Table 3). GSEA enrichment plots were generated with a custom r script by

Dr. Thomas Kuilman (https://github.com/PeeperLab/Rtoolbox/blob/master/R/ReplotGSEA.R).

Cell Lines, Culture Conditions and Drug Treatments — The human ER+ breast cancer cell lines
MCF-7, T47D, ZR75-1, and BT474, were obtained from Dr. Debra Tonetti (University of Illinois
at Chicago) and authenticated. HCC1428 cells were purchased from ATCC. These cells were
routinely maintained in RPMI 1640 media (Invitrogen Life Technologies) with phenol red
supplemented with 10% FBS, 1% non-essential amino acids, 2 mmol/L L-glutamine, 1%
antibiotics penicillin-streptomycin, and 6 ng/mL insulin. NFkB-RE-GFP cells were obtained from
Dr. Elaine T. Alarid (University of Wisconsin-Madison). These cells were generated from MCF-
7 cells stably transfected with 3X-kB reporter, which has three enhancer elements (lgxk, IkBa and
the palindromic consensus sequence) upstream of the thymidine kinase promoter driving green

fluorescent protein (GFP) expression, as described in (16) .

Clonogenic Assay — Cells were seeded at clonogenic density of 1,000 cells per well in 6-well
plates in phenol red-proficient media with 10% complete FBS. After overnight attachment, cells
were treated as indicated. Media was changed and fresh treatment added every 3-4 days for 2
weeks. After 2 weeks, colonies were stained with 1% crystal violet in methanol and water (1:4)
and imaged using ImageJ software. Colony area was quantified automatically using the
ColonyArea ImageJ plugin (17). Alternatively, plates were scanned with Celigo Imaging

Cytometer (Nexcelom Bioscience). Confluence ratio is calculated in brightfield using the


https://github.com/PeeperLab/Rtoolbox/blob/master/R/ReplotGSEA.R

confluence application. For GFP+ cell, GFP expression is measured in green fluorescence using

the confluence application.

RT-Quantitative PCR (QPCR) — Total RNA was isolated using Trizol and RT-QPCR performed
as previously described (18). Fold change was calculated using the AACt method with 36B4
serving as the internal control. All QPCR primers used were validated and previously reported

(18).

FACS Analysis — Clonogenic cells were trypsinized, washed and re-suspended in Hank’s
Balanced Salt Solution buffer + 2% FBS. Flow cytometry of live cells was performed to quantify
GFP+ cells using a Fortessa instrument (BD Biosciences). Sorting of live cells to isolate the GFP+

population was run using a MoFlo cell sorter (Beckman Coulter).

Western Blot — Whole cell extracts were prepared using the M-PER reagent (Thermo Scientific).
Nuclear lysates were collected using NE-PER kit (Thermo Scientific). Proteins were separated by
SDS-PAGE (Bio-Rad Laboratories), transferred to nitrocellulose membranes (Thermo Scientific),
blocked for 1 hour in buffer containing 5% nonfat dry milk (Lab Scientific) or 5% bovine serum
albumin, and incubated with the appropriate primary antibody overnight. The next day, secondary
antibody was applied and the signal visualized on a Molecular Imager ChemidocXRS (Bio-Rad
Laboratories) using the Pierce Supersignal West Pico chemiluminescent substrate (Thermo

Scientific). Images were obtained using Quantity One software (Bio-Rad Laboratories).



Aldefluor Assay — ALDH1 activity assay (Stem Cell Technologies) and FACS analysis were

conducted according to manufacturer’s instructions.

Mammosphere (MS) assay — Breast cancer cells were seeded at single cell density on low
attachment plates in media described by Dontu et al. (19), supplemented with 1% methyl cellulose
to prevent cellular aggregation. After 7 days, the number of MS >75um in diameter was determined

using a Celigo imaging cytometer, and MS forming efficiency (MFE) was calculated.

Immunofluorescence and Microscopy — Cells were seeded on non-coated glass coverslips and
treated according to the clonogenic assay protocol. After treatment, cells were fixed with 4%
paraformaldehyde for 15 minutes and permeabilized using 0.2% Triton X-100 for 20 minutes.
Cells were then blocked with 1x casein for 1 hour and incubated with the primary antibodies for 1
hour. After washing with TBS, coverslips were incubated with the secondary antibodies for 1 hour:
Alexa Fluor 594 (Thermo Scientific #A21207) and Alexa Fluor 488 (Thermo Scientific #A-
11001). Cells were then washed with TBS and mounted with ProLong Gold anti-fade reagent (Life
Technologies). Images were acquired at x63 magnification using a Leica DMi8 microscope

(Leica).

In vivo Studies — All mouse experiments were carried out at the University of Illinois at Chicago
animal facility, and conducted in accordance with institutional procedures and guidelines, and after
prior approval from the Institutional Animal Care and Use Committee. Female athymic nude mice
(nu/nu), aged 5 week-old, were purchased from Harlan. Five million MCF-7 cells were injected

orthotopically into the thoracic mammary glands and supplemented with estrogen pellets. Tumor
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formation was monitored by palpitation and once tumors were detected (~0.1 cm? in size), mice
were randomized into either vehicle control or treatment groups. To study NFkB pathway
activation, mice were treated with either vehicle control or tamoxifen (500 pg/animal s.c., in
peanut oil) for 5 days/week for 2 weeks (n=3 tumors per group). To study tumor recurrence, mice
were treated with vehicle, DMF (30mg/kg, oral gavage suspended, in 0.8% methyl cellulose),
tamoxifen (500 pg/animal s.c., in peanut oil), or the combination of DMF with tamoxifen daily 5
days/week for 4 weeks (n=10 tumors per group). Tumor sizes were measured daily with an

electronic caliper and tumor area was calculated as length/2 x width x 7.

Statistical Analysis — Data are presented as mean + SEM from at least three independent
determinations. Statistical analysis consisted of 1- or 2-way ANOVA followed by Tukey posttest,

or t-test, as appropriate.

Results

Early changes in pathway activation status in ER+ tumors from patients treated with neo-
adjuvant tamoxifen therapy

Data from a neo-adjuvant window trial allowed us to investigate early tamoxifen-induced
effects in ER+ breast tumors (Fig. 1A). Patients underwent a core needle biopsy of the tumor prior
to treatment and subsequently received tamoxifen until the date of routine surgery at an average
of 21 days later. Patient characteristics are described in Supplementary Table 1. Gene expression
was generated using tumor tissues isolated before and after treatment. GSEA analysis identified a
number of pathways regulated by tamoxifen treatment including tumor necrosis factor (TNF)

signaling via the pro-inflammatory NFxB pathway (Fig. 1B-D, Supplementary Table 3,
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Supplementary Fig. 1). Although the NF«xB pathway has previously been implicated in endocrine
resistance (20-22), these findings in patient tumors suggest that even short-term tamoxifen
treatment may enhance NF«B signaling in ER+ tumors. We examined whether this change may
be the result of altered immune cell infiltration into the tumors following TAM treatment.
However, no difference in the percentage of tumor infiltrating lymphocytes or immune markers
(CD4, CD8, and CD68) was observed pre- vs. post-TAM treatment (Supplementary Fig. 2),

suggesting altered NF«B signaling in the tumor cells.

Tamoxifen exposure results in NFkB activation in cell lines

To determine if changes observed in tumors from patients treated with tamoxifen can be
modeled in vitro, clonogenic assays were performed using ER+ breast cancer cell lines cultured in
growth media (phenol-red proficient + 10% FBS) in the presence or absence of 4-
hydroxytamoxifen (4OHT). As shown in Fig. 2A and Fig. 2B, 4OHT caused an overall suppression
of clonogenic growth, as expected. However, in each cell line tested, a number of tamoxifen-
tolerant clones were able to grow under the selective pressure of 4OHT. Multiple rounds of
clonogenic assays were performed and demonstrated that cells become increasingly more
refractory to 40HT exposure (Fig. 2C), suggesting that the tamoxifen-tolerant population may be
a precursor to the development of resistance.

The unsupervised discovery of NFxB as the top-enriched pathway in tumors from patients
treated with neo-adjuvant tamoxifen therapy (Fig. 1) motivated us to probe this pathway in
tamoxifen-tolerant cells. Indeed, several approaches revealed that the NF«xB pathway is activated
in tamoxifen-tolerant cells in vitro, similar to the activation observed in patient samples. RT-QPCR

analysis showed elevated NFkB-target gene (23-25) expression in both MCF-7 (Fig. 2D) and
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T47D cells (Supplementary Fig. 3A). In addition, a cell line stably expressing an NFkB-RE driven
GFP reporter demonstrated an increase in the percentage of GFP+ cells in response to 40HT,
implying enrichment of NFkB-active cells upon continuous 40HT exposure (Fig. 2E). Finally,
MCF-7 xenograft tumors in mice exposed to tamoxifen also demonstrated an increase in NF«B-
target gene expression (Fig. 2F). Together, these findings suggest that tamoxifen exposure gives
rise to a tamoxifen-tolerant population, and that increased NFkB signaling is an early event

occurring in these cells both in vitro and in vivo, as was observed in human tumors.

Tamoxifen-tolerant cells require NFkB signaling for their survival and regrowth

To understand the role of NF«B activation in tamoxifen-tolerant cells, we utilized several
NF«B pathway inhibitors — IKK7 (an IKKa/B kinase inhibitor (26)) and DMF (an inhibitor of p65
nuclear translocation and DNA binding (27)). Both inhibitors significantly reduced the outgrowth
of colonies, and in particular of tamoxifen-tolerant colonies (Fig. 3A). Similar results were
observed in T47D cells (Supplementary Fig. 3B). Given that NF«xB inhibitors block colony
outgrowth, we hypothesized that this inhibition would be most-relevant in preventing cell and
tumor regrowth following cessation of tamoxifen treatment. To test this, tamoxifen withdrawal
studies were conducted both in vitro and in vivo. The in vitro approach demonstrated that regrowth
of cells following withdrawal of tamoxifen was substantially attenuated by IKK7 and DMF (Fig.
3B). Similarly, MCF-7 xenograft tumor growth in vivo following tamoxifen withdrawal was
examined. Seven out of 10 xenograft tumors displayed regrowth within 30 days, whereas 0 out of
10 tumors recurred if DMF and tamoxifen were administered together (Fig. 3C). Importantly,
DMF monotherapy had no effect on tumor growth, suggesting that i) there is no indication of

NF«kB-dependence in growing tumors in the absence of tamoxifen, and ii) the presence of
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tamoxifen is necessary for the induction of NF«xB activity and dependence, thereby allowing for
the growth inhibition by DMF. These findings strongly suggest that the activation of NF«xB
following tamoxifen exposure is required for the survival of a cell population that is capable of

giving rise to a recurrent tumor.

NFkB family members p65 and p50 are required for tamoxifen-tolerant cell survival

We next investigated which NF«B transcription factor family members may be involved
in the survival of tamoxifen-tolerant cells. Western blot analysis revealed that nuclear p65 and p50
levels are increased after 2 weeks of exposure to 4OHT, whereas total levels were unchanged (Fig.
4A-4C). Similar results were observed in T47D cells (Supplementary Fig. 3C). This elevation in
nuclear p65 and p50 is accompanied by reduced protein expression of the NFxB signaling inhibitor
IxBa (Fig. 4B), which acts to sequester inactive p65 and p50 in the cytoplasm, suggesting a
mechanism by which this pathway is activated. To investigate possible causal involvement of p65
and p50, these genes were knocked out individually in MCF-7 cells using CRISPR-Cas9
(Supplementary Fig. 4). A significant reduction in the ability of tamoxifen-tolerant clones to
survive was observed (Fig. 4D). These findings suggest that p65 and p50 are critical drivers of

tamoxifen-tolerance in ER+ breast cancer cells.

NFkB-positive cell retain ER but are insensitive to tamoxifen

To understand how the NFxB pathway is activated upon tamoxifen exposure, we first asked
whether 40HT could directly affect the pathway. Short-term exposure of MCF-7 cells to 4OHT
suppressed ER-target genes, as expected, but did not directly stimulate endogenous NF«B-target

genes or exogenous NFkB-RE-GFP reporter activity (Supplementary Fig. 5), suggesting that the
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effect is not direct. Rather it appears that NF«xB-positive cells, based on elevated NFkB-RE-driven
GFP expression, grow at a similar rate in the presence or absence of 40OHT, whereas NF«kB-
negative cells are growth suppressed by 40HT (Fig. 5A). As a result, the NFxB-positive cell
population expands over time with 4OHT treatment (Fig. 5B). Are the tamoxifen-insensitive
NF«B-positive cells still ER+? To address this, we examined ER expression by QPCR (Fig. 5C),
and found comparable ER mRNA levels between the NF«B-positive and NF«xB-negative cell
populations. These results were confirmed on the protein level using immunofluorescence (IF) for
ER and GFP, showing that NFxB-positive cells readily express ER protein (Fig. 5D). Furthermore,
although NF«B-positive cells failed to respond to 40HT, they do proliferate upon estrogen (E2)
treatment, suggesting they retain functional ER signaling while being insensitive to tamoxifen

(Fig. 5E).

Tamoxifen-tolerant cells display EMT/stem-like features

To examine whether all NFxB-positive cells give rise to tamoxifen tolerance, we sorted
GFP-positive and —negative populations after two weeks of 4OHT treatment. We found that both
populations give rise to a similar number of tamoxifen-tolerant colonies (Fig. 6A), suggesting that
each population reverts back to the naive population’s response to 4OHT. Moreover, a similar
level of NF«kB activity was observed in the secondary clones, indicating that GFP-negative cells
give rise to GFP-positive cells, and vice versa, following a second round of selection
(Supplementary Fig. 6). This data suggests that cell plasticity may be an underlying feature of
tamoxifen-tolerance. Both EMT and stemness have overlapping de-differentiation features and
display significant plasticity (28-31). Given that EMT and stemness-associated genes were also

elevated in samples from patients treated with tamoxifen (Fig. 1B, 6B), we decided to investigate
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the EMT and stem-like properties of tamoxifen-tolerant cells. We confirmed that expression of
multiple factors associated with EMT and stemness were increased following 4OHT exposure
(Fig. 6C). This observation was confirmed in tamoxifen-tolerant T47D cells (Supplementary Fig.
3D). Moreover, ALDH1 activity, a marker of stemness in breast cancer (32), was elevated in
tamoxifen-tolerant tumor cells in an NFkB-dependent manner (Fig. 6D). In addition, NF«kB-
positive cells were more capable of forming mammospheres than NF«B-negative cells (Fig. 6E).
Together, these findings suggest that a distinct EMT/stem-like cell population expands in an
NF«B-dependent manner in response to tamoxifen exposure, and that the plasticity of this

population may contribute the development of tamoxifen resistance through various mechanisms.

Discussion

This study provides novel mechanistic insights into tamoxifen-tolerance in ER+ breast
cancer. We identified a tolerant cell population, driven by the NFxB pathway, in all biological
systems studied (ER+ breast cancer cells, xenograft tumors, and patient samples). We also
identified a mechanism underlying the observed tolerance to tamoxifen — the expansion of an
NFkB-active, EMT/stem-like population of cells that express functional ER but are insensitive to
tamoxifen. Rather, these cells are reliant on NFxB transcription factors (p65 and p50) for survival
and growth. The expansion of a tamoxifen-tolerant population under the selective pressure of
tamoxifen is highly clinically relevant, as we have demonstrated that these cells become
increasingly more refractory to growth suppression by tamoxifen, and retain their regrowth
capability in vitro and in vivo to support tumor recurrence.

In other fields of oncology, drug-tolerant persister cells have been reported previously.

Some of the reported strategies that these cells utilize for survival include (as reviewed in (4)):
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negligible growth and low cell cycling, altered metabolism, epigenetic reprogramming, stem-like
properties, low immunogenicity, and modulation of their microenvironment. Here, we reveal a
novel feature of drug-tolerant persister cells in a breast cancer-specific context: the expansion of
an NFkB+ ER+ population with short-term selective pressure from tamoxifen treatment. The
elevated NF«B activity in these cells does not appear to be directly stimulated by tamoxifen, since
short term treatment with 4OHT does not up-regulate NFkB target genes, rather it appears that
tamoxifen allows a subpopulation of the tumor cells with NF«kB activity to expand. The reliance
on canonical NFkB signaling as an initial survival strategy employed by ER+ tamoxifen-tolerant
cells is in line with prior studies reporting that primary ER+ tumors with higher levels of
constitutive NFxB activation are more likely to acquire treatment resistance and metastasize, and
are associated with poor outcome (20-22). Also of interest is our finding that NFkB+, tamoxifen-
tolerant cells retain functional ER, which is stabilized in the nucleus upon tamoxifen treatment (in
line with previous reports (33)), but is insensitive to tamoxifen antagonism. Several potential
mechanisms could explain the lack of ER response to tamoxifen. For example, post-translational
modifications of ER, such as S305 phosphorylation or K303 acetylation, could explain the loss of
tamoxifen antagonism (34-36). Alternatively, these cells may gain a reliance on NF«B signaling,
thereby masking the growth inhibitory effect of tamoxifen.

Current thinking in the field of endocrine therapy resistance suggests that resistance may
occur de novo (i.e. prior to exposure) or can be acquired over the course of therapy, which typically
lasts for 5-10 years. In acquired resistance, it is thought that tamoxifen initially acts as an ER-
antagonist in breast cancer to switch off growth, but during the years of exposure, residual cancer
cells can mutate and adapt to grow in a tamoxifen environment (37). We propose two possible

scenarios by which can NFkB-driven, stem-like/plastic, tamoxifen-tolerant cell population could
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contribute to resistance. First, there may an intrinsic subpopulation of cells in some ER+ tumors
that have active NFxB, expand rapidly in response to tamoxifen treatment, and contribute to de
novo resistance. A similar selection mechanism was recently proposed for aromatase inhibitor
tolerance/resistance, where an enrichment of cells bearing ESR1 mutations could rapidly be
detected in tumors of women treated with aromatase inhibitors (38). Alternatively, tolerance may
be an early step in the development of acquired endocrine therapy resistance. The long-term
survival of an NFkB-driven, tamoxifen-tolerant cell population that no longer relies on ER for
growth and survival could allow for adaptation, the development of other resistance mechanisms,
and tumor recurrence.

Similar to other reports of a transient and reversible drug-tolerant state in other tumor types
(3), and consistent with its stem-like features, the tamoxifen-tolerant phenotype in breast cancer
displays significant cellular plasticity. Importantly, NFkB is driving this plastic stemness State as
indicated by ALDHZ1 activity and mammosphere forming capacity. This is consistent with other
reports of NFkB promoting stem-like phenotypes in breast cancer (39, 40), and cancer stem cells’
reliance on inflammatory cytokines and networks (41, 42). It is becoming clearer that cancer stem
cells display remarkable genetic and phenotypic heterogeneity, and a metastable EMT program
bestows this plasticity (43). In tamoxifen-tolerance, we identified an ER+ EMT/stem-like
population driven by the NFxB pathway that gives rise to tumor recurrence. It should be noted that
our findings appear to indicate a partial EMT since E-cadherin levels were not altered in
tamoxifen-tolerant cells (data not shown). This phenomenon has been referred to as “partial EMT’
where cells are characterized by a hybrid epithelial/mesenchymal state, where they maintain cell-
cell adhesion and expression of proteins such as E-cadherin, but also express several EMT

associated genes (44, 45). Additionally, recent clinical studies demonstrated partial EMT in
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carcinoma cells allows for a rapid and transient adaptation to cytotoxic or molecularly targeted
therapy (46).

One important implication of our findings is that targeting NFxB in addition to standard
ER-blocking endocrine drugs could be a beneficial therapeutic strategy to prevent the development
of resistance and eventual recurrence. Unfortunately, targeting NF«kB in the clinic has proved
challenging. While multiple NFxB inhibitors have been investigated, most have failed in the clinic
due to the innate immune system’s reliance on NF«B, as well as considerable toxic side effects
(47). This raises the issue of how to safely and effectively inhibit the NFkB pathway. One option
is to use DMF (Tecfidera®), an orally bioavailable drug approved by the FDA in 2013 to treat
multiple sclerosis. DMF is safe in humans and shows none of the immune-suppressive side effects
(48). Alternatively, a water soluble parthenolide analog has gained some attention as a safe and
effective NFkB inhibitor in other types of cancer, such as prostate, bladder and lung (49, 50) and
may be potentially useful in targeting tamoxifen-tolerant cells.

In summary, the findings reported here describe a novel tamoxifen-tolerant, ER+, NFkB-
dependent cell population with EMT/stem-like features that emerges in ER+ breast cancer cell
lines, xenograft tumors and patient tumors upon tamoxifen treatment. Targeting these cells using
NF«B inhibitors may address the urgent unmet need of how to prevent the development of

endocrine resistance and metastatic relapse in tamoxifen-treated breast cancer patients.
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Figure Legends

Figure 1. NFxB pathway is active in patients treated with neo-adjuvant tamoxifen therapy. A,
Setup of a neo-adjuvant trial in which patients with small ER+ breast tumors received tamoxifen
for several weeks. Pre-treatment biopsies were compared to surgical specimens taken several
weeks later. B, Top five enriched gene sets (FDR g-value < 0.05) following tamoxifen treatment
when comparing surgical specimens to pre-treatment biopsies. C, GSEA enrichment plot of the
“TNFa signaling via NFkB’ geneset. D, Heatmap of genes in the ‘TNFa signaling via NFkB’
geneset that were found to be significantly differentially expressed when comparing surgical

specimens to pre-treatment biopsies.

Figure 2. Tamoxifen-tolerant cell populations display elevated NF«kB activity in vitro and in vivo.
A-B, Clonogenic growth was conducted in ER+ breast cancer cell lines cultured in growth media
(GM) in the presence or absence of 1uM 4-hydroxytamoxifen (4OHT). Dissociated single cells
were seeded at clonogenic density and re-treated twice weekly for 2 weeks. Colonies were then
fixed and stained with crystal violet. Representative pictures of MCF-7 cells are shown (A).
Colony confluence (area covered by colonies) was quantified with Celigo imager (B). Data for
each cell line is normalized to the GM control, which was set to 100%. C, Clonogenic growth
following multiple rounds of 2-week treatments with 40HT as described in (A) were quantified in
MCF-7 cells. Data is normalized to GM control. *P<0.05. D, MCF-7 cells were seeded and treated
as in (A) for 2 weeks. NFkB-target genes are measured by RT-QPCR. E, MCF-7 cells stably
transfected with 3x kB-RE-GFP reporter are treated as in (A) with GM -/+ 1uM 40HT for 2 weeks.
The percentage of GFP+ cells was determined by FACS. F, NFkB-target genes were measured in
MCF-7 xenograft tumors. Mice were randomized into treatment groups of either vehicle control

or tamoxifen (500 pg/animal s.c. in peanut oil) and treated for 2 weeks. After treatments, tumors
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were excised and RNA isolated. pS2 was used as a control ER-target gene. *P<0.01, **P<0.005,

***pP<0.001.

Figure 3. NF«kB pathway is required for the survival and regrowth of tamoxifen-tolerant cells in
vitro and in vivo. A, NFxB pathway inhibitors (IKK7 and DMF) alone or in combination with
40HT were added to MCF-7 cells treated as described in Fig. 1A. Data was normalized to own
controls set to 100%. B, MCF-7 cells were treated with 4OHT,IKK7 (1uM), or DMF (20uM) alone
or in the combination for 2 weeks. After 2 weeks, all drugs were withdrawn and regrowth (%
confluence) was monitored by Celigo cell imager. C, MCF-7 xenograft tumor growth curves are
shown for mice treated with: vehicle (Veh), DMF, tamoxifen (Tam), and Tam+DMF for 4 weeks,
and then monitored for an additional 6 weeks after all therapies were withdrawn. Tumor recurrence
between Tam vs Tam+DMF is significantly different, p=0.0015 using a Fisher’s exact test
analysis. End point comparison of mean tumor area (length/2 x width x r) for Tam vs Tam+DMF

is indicated. ***P<0.001.

Figure 4. Nuclear p65 and p50 are required for the survival of tamoxifen-tolerant cells. A-C,
Western blot analysis of nuclear (A) or whole cell lysates (B) of MCF-7 cells treated as in Fig. 1A
are shown. TBP or 3-actin served as loading controls. Densitometry quantitation is shown (C). N-
Nuclear, T-total. D, Clonogenic assay was conducted in MCF-7 parental wild type (WT) or in p65

or p50 CRISPR/Cas9 knock out clones. *P<0.01, **P<0.005.

Figure 5. Uninhibited outgrowth of NFxB+ cells underlies tamoxifen tolerance. A-B, MCF-7-xB-

RE-GFP reporter cells were treated in GM -/+ 1uM 40HT for 2 weeks. The outgrowth
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(confluence) of GFP+ cells (left panel) and GFP- (right panel) was monitored and quantified using
a Celigo imager. B, The ratio of GFP+/total cells was calculated over the treatment period. C, ER
expression was measured by RT-QPCR in sorted MCF-7-kB-RE-GFP reporter cells treated with
1uM 40HT for 2 weeks. D, Expression of ER (red) and GFP (green) was examined by
immunofluorescence. DAPI staining of nuclei is shown in blue. E, The GFP+ cell population of
MCEF-7-xB-RE-GFP reporter cell line was quantified in response to treatments with 1uM 40HT

and 10nM E2 for 2 weeks. NS, not significant, *P<0.01, **P<0.005, ***P<0.001.

Figure 6. Tamoxifen-tolerant cells have EMT/stemness features controlled by the NFkB pathway.
A, Sorted NFkB+ vs NFkB— tamoxifen-tolerant cells based on GFP expression were reseeded for
another round of clonogenic assay and quantified. NS, not significant. B, EMT pathway was
enriched in patients treated with neo-adjuvant tamoxifen therapy. C, Expression of EMT and
stemness factors were measured by RT-QPCR in MCF-7 clonogenic cells treated with GM -/+
1uM 40HT for 2 weeks. D, ALDH+ population measured by FACS in MCF-7 cells clonogenic
cells treated with 1uM 40HT for 2 weeks. Representative histograms for GM vs 40HT are shown
(right panel). Inhibitors, IKK7, 1uM, or DMF, 20puM, were added for the last week in culture. E,
Mammosphere (MS) formation was quantified in sorted NFkB+ vs NFkB— tamoxifen-tolerant
cells. MS > 75um in diameter were quantified and MS forming efficiency (MFE) was calculated.

*P<0.01, **P<0.005, ***P<0.001.
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Supplementary Figure 2
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Supplementary Figure 3
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WCE WCE
p65 K.O. Cells p50 K.O. Cells
— p65 p50
r— [3-actin B-actin

Clone 5
WT Control ' '
Clone 2 '

WT Control



Supplementary Figure 5
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Supplementary Figure 6
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Supplementary Methods.

Immune Cell Composition of Human Tumors — The percentage of tumor infiltrating lymphocytes
(TILs) was determined by pathologist from HE tumor sections according to the 2014 guidelines by the
International Working Group for TILs in breast cancer (1). Multiplex immune fluorescence was
performed on tumor material of a selection of patients (n=15), selected on the basis of having the largest
difference in TIL before and after Tamoxifen treatment. Staining and imaging was performed as

described before (2) and analyzed with Halo Highplex software.

Supplementary Figure Legends

Supplementary Figure 1. Tamoxifen treatment induces expression of NFkB-related genes. Boxplots
representing a selection of genes from the GSEA geneset “TNFa signaling via NFkB” that were found
significantly differentially expressed (FC<-1/FC>1 and adj.P.Val < 0.005) between tamoxifen treated and

pre-treatment patient material. All genes included have been reported to be targets of NFxB (3-10).

Supplementary Figure 2. Immune cell composition and numbers in the tumor microenvironment do not
change upon Tamoxifen treatment. A. The percentage of tumor infiltrating lymphocytes (TILs) as
determined by pathologist from HE tumor sections before (pre) (n=64) and after Tamoxifen treatment
(Tam) (n=39). A one-sided, two-sample T-test was used to test for significance. B. Multiplex
immunofluorescence was performed for immune markers CD4, CD8 and CD68 on paired tumor material
(n=13) from the same patient before (pre) and after Tamoxifen treatment (Tam). One-sided, paired T-tests

were used to test for significance.

Supplementary Figure 3. NFkB pathway and EMT/stemness factors in tamoxifen-tolerant persisters in

T47D cells. A, T47D cells were seeded in clonogenic density and treated in estrogenized growth media



(GM) -/+ 1uM 40HT for 2 weeks. NFkB-target genes were measured by RT-QPCR. B, DMF 20uM and
IKK7 1uM were added to T47D cells treated as described above. Colonies were fixed and stained with
crystal violet, and representative pictures are shown. C, Nuclear proteins were examined by Western
Blotting. TBP served as a loading control. D, Expression of stem and EMT factors was measured by RT-
QPCR in T47D clonogenic cells treated with GM-/+ 1uM 40HT for 2 weeks. *P<0.01, **P<0.005,

***p<0.001.

Supplementary Figure 4. Expression of p65 and p50 proteins in MCF-7 CRISPR/Cas9 knock out clones.

Western blot analysis for p65 and p50 was performed. B-actin served as a loading control.

Supplementary Figure 5. NFkB pathway is not directly activated by tamoxifen. A, MCF-7 cells were
treated with 1uM 40OHT for 24 hrs in clonogenic conditions and ER-target genes (PR, pS2, SDF-1) or
NF«B-target genes (ICAM1, TNF, CCL2, and PHLDA1) were measured by RT-QPCR. B, MCF-7-kB-RE-
GFP reporter cells were treated with 1uM 4OHT for 2, 4, 8, 24, and 48 hrs. TNFa (10 ng/ml) for 4 hrs was
used as a positive control. GFP (left panel) and ICAM1 (right panel) levels were measured by RT-QPCR.

*P<0.01, **P<0.005, ***P<0.001. NS, not significant.

Supplementary Figure 6. Sorted NFkB+ vs NF«B— or unsorted tamoxifen-tolerant cells based on GFP
expression were reseeded for another round of clonogenic assay and the %GFP+ population was quantified

in the second round. **P<0.005, ***P<0.001.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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