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Abstract

Interferon induced transmembrane protein 1 (IFITM1) belongs to a family of interferon stimulated
genes (ISGs) that is associated with tumor progression and DNA damage resistance, however, its
role in endocrine resistance is not known. Here, we correlate IFITM1 expression with clinical
stage and poor response to endocrine therapy in a tissue microarray consisting of 94 estrogen
receptor (ER)-positive breast tumors. IFITM1 overexpression is confirmed in the Al-resistant
MCF-7:5C cell line and not found in Al-sensitive MCF-7 cells. In this study, the orthotopic
(mammary fat pad) and mouse mammary intraductal (MIND) models of breast cancer are used to
assess tumor growth and invasion /n vivo. Lentivirus-mediated shRNA knockdown of IFITML1 in
Al-resistant MCF-7:5C cells diminished tumor growth and invasion and induced cell death,
whereas, overexpression of IFITM1 in wild-type MCF-7 cells promoted estrogen-independent
growth and enhanced their aggressive phenotype. Mechanistic studies indicated that loss of
IFITM1 in MCF-7:5C cells markedly increased p21 transcription, expression and nuclear
localization which was mediated by JAK/STAT activation. These findings suggest IFITM1
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overexpression contributes to breast cancer progression and that targeting IFITM1 may be
therapeutically beneficial to patients with endocrine-resistant disease.
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1 INTRODUCTION

Roughly 75% of breast cancers are estrogen receptor positive (ER+) and rely on estrogen
signaling to stimulate their growth and survival [46]. As such, many therapies for ER+ breast
cancer target the estrogen receptor, estrogen production or estrogen signaling (i.e. endocrine
therapy). The introduction of endocrine therapy has resulted in significant reductions in ER+
breast cancer-related mortality. One class of drugs, the aromatase inhibitors (Als), prevents
estrogen production from precursor hormones by targeting the aromatase enzyme [46, 47].
The Als used in the clinic include non-steroidal anastrozole and letrozole as well as steroidal
exemestane [47]. All three compounds deplete circulating estrogen, effectively starving the
breast cancer cells and stimulating cell cycle arrest and cell death, which results in tumor
shrinkage and prevention of metastasis [6, 15]. Unfortunately approximately 30% of women
receiving Al treatment eventually develop resistance and the tumors continue to grow and
metastasize despite the absence of estrogen [6, 15, 48, 67]. These Al-resistant tumors are
typically more aggressive and are less responsive to other types of endocrine therapy,
leaving radiation and chemotherapy as the main treatments available to these patients [67].
The mechanism by which Al resistance develops in breast cancer and the molecular factors
driving its aggressive phenotype are still not completely known.

We recently published that type 1 interferon (IFN) signaling is hyperactivated in Al-resistant
breast cancer cells and that the resistant cells and Al-resistant tumors constitutively
overexpress several IFNa-stimulated genes (ISGs) which promote an aggressive phenotype
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in these cells [14]. Notably, we have identified interferon induced transmembrane protein 1
(IFITM1) as a critical downstream target of the IFN signaling pathway and have found that
it is overexpressed in Al-resistant breast cancer cells and Al-resistant patient tumors [14,
53]. IFITM1 is a 17-kDa transmembrane protein coded on the short arm of chromosome 11
[66]. It belongs to a family of proteins known as interferon stimulated genes (1ISGs) that are
known to aid in resisting viral infection and to mediate cell survival and cell death decisions
[63, 66, 68, 70]. ISGs are induced by type 1 IFN signaling through the type 1 IFN(a/p)
receptor (IFNAR), which stimulates JAK/STAT activation and transcription [5, 23, 57]. We
have shown that IFITMZ1-expressing breast cancer cells produce type 1 IFNs and stimulate
IFITM1 production in an autocrine manner, but outside of DNA damage resistance, little is
understood about the mechanism by which IFITM1 influences the breast cancer cell
phenotype [14, 53].

Traditionally, the orthotopic model is used to evaluate tumor growth. The breast cancer cells
are injected directly into the mammary fat pad and allowed to grow over time, allowing for
assessment of proliferation, cell death, and/or metastasis. Breast cancer, however, originates
inside the mammary duct where the cells must invade out of the duct prior to establishing a
solid tumor. The mouse mammary intraductal (MIND) model has been developed to study
breast cancer cell invasion /7 vivo [4, 69]. In the MIND model, breast cancer cells are
injected into the mammary duct through the nipple, where they populate the duct and can
invade into the surrounding mammary gland. This model provides a tumor
microenvironment that permits the /n vivo study of previously difficult to grow ER+ breast
cancer cell lines and faithfully mirrors the behavior of primary breast cancer cells in patients
with regard to aggression and response to therapy [65].

In this study, we reveal that high IFITM1 expression correlates with higher clinical stage and
rate of recurrence for 94 ER+ breast cancer patients. /n vivo studies using the orthotopic and
MIND models of breast cancer reveal that IFITM1 overexpression enhances tumor
progression and invasion. Gain and loss of function studies demonstrate that IFITM1
contributes directly to cell survival, proliferation and invasion. We also report that loss of
IFITM1 markedly increases p21 expression and nuclear localization which promotes cell
death in Al-resistant cells. Our preclinical data suggests that targeting IFITM1 in Al-
resistant breast cancer may have therapeutic benefit in the clinic.

2 MATERIALS AND METHODS

2.1 Cell lines and culture conditions

The MCF-7 cell line [32, 58] was obtained from Dr. V. Craig Jordan (University of Texas
MD Anderson Cancer Center, Houston) and maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 2 mM glutamine, Antibiotic/Antimitotic mix,
MEM Non-Essential Amino Acids (Invitrogen, Waltham, MA), and bovine insulin at 6
ng/mL (Sigma Aldrich, St. Louis, MO). The long-term estrogen deprived human breast
cancer cell lines; MCF-7:5C and MCF-7:2A [41, 58] were cloned from parental MCF-7
cells following long term (> 12 months) culture in estrogen-free medium composed of
phenol red-free RPMI-1640, 10% fetal bovine serum treated three times with dextran-coated
charcoal (SFS), 2 mM glutamine, bovine insulin at 6 ng/mL, Antibiotic/Antimitotic mix, and
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MEM Non-Essential Amino Acids (Invitrogen). The MCF10A cell line was purchased from
the American Type Tissue Culture Collection. They are maintained in Dulbecco’s Modified
Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) in a 1:1 mixture and supplemented
with 5% horse serum, Antibiotic/Antimitotic mix (100 IU/mL penicillin, 100 ug/mL
streptomycin, 25 pg/mL of Fungizone® from Invitrogen, Grand Island, NY), 20ng/ml EGF
(Millipore), 0.5mg/ml hydrocortisone, 100ng/ml cholera toxin (Sigma Aldrich). All cell
lines were cultured at 37°C under 5% CO,.

2.2 Western blotting

Cells were seeded in 6-well plates, collected using a cell scraper and suspended in RIPA
buffer (Thermo Scientific, Pittsburgh, PA) supplemented with protease inhibitor cocktail and
phosphatase inhibitor (Sigma Aldrich). Cells were homogenized over ice by sonication.
After purification of the sample by centrifugation, protein concentration was determined by
protein assay (Bio-Rad, Hercules, CA). The proteins were separated by 4-12% SDS—
polyacrylamide gel electrophoresis (SDS—-PAGE) and electrically transferred to a
polyvinylidene difluoride membrane (Santa Cruz Biotechnology). After blocking the
membrane using 5% non-fat milk, target proteins were detected using anti-IFITM1, anti-
PARP, anti-ERa., anti-phospho-STAT1 (ser701), anti-STAT1, anti-p21, anti-p53 or anti-
laminin B (Santa Cruz Biotechnology) antibodies. Membranes were stripped and re-probed
for B-actin (Cell Signaling). The appropriate horseradish peroxidase (HRP)-conjugated
secondary antibody was applied and the positive bands were detected using Amersham ECL
Plus Western blotting detection reagents (GE Health care, Piscataway, NJ) and exposed to
autoradiography film (Midwest Scientific).

2.3 RNA Isolation and Real Time PCR

Cells were harvested by cell scraping in RLT lysis buffer and total RNA was isolated using
the Qiagen RNeasy kit (Venlo, Limburg). First strand cDNA synthesis was performed from
3 g total RNA using MulV Reverse Transcriptase (Applied Biosystems, Carlsbad, CA) on a
Bio Rad MyCycler™. RT-PCR was conducted using the ViiA™ 7 Real-Time PCR system
(Applied Biosystems) and SYBR Green Reagent (Life Technologies, Carlsbad, CA) with 25
pmol primers specific for human PLSCR1 (sense: 5'-CATTCACCGGGCTCTCTAC-3';
antisense: 5'-GGCAGCTGGGCA ATCTTGCA-3"), IFITM1 (sense: 5'-
GGATTTCGGCTTGTCCCGAG-3; antisense: 5'-CCATGTGGAAGGGAGGGCTC-3).
Relative mRNA expression level was determined as the ratio of the signal intensity to that of
PUML1 using the formula: 272CT. When cells were treated, fold change in ERa expression
was normalized to PUM1 and then compared to the untreated value for that cell line using
the formula: 27AACT,

2.4 Survival analysis

Survival data were obtained from the 2014 version of the Kaplan-Meier Plotter breast cancer
survival database (http://kmplot.com/analysis/index.php?p=service&cancer=breast).[26] The
131 patients with grade 1 ER+ disease as determined by gene expression data were included
in the analysis. Patients were stratified by the average of IFITM1 expression (probe sets
214022 s at and 201601 x_at) relative to median. The P-value was calculated using a log-
rank test.

Cancer Lett. Author manuscript; available in PMC 2018 July 28.


http://kmplot.com/analysis/index.php?p=service&cancer=breast

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 5

2.5 Human breast cancer specimens and IHC data analysis

This retrospective study was approved by the Institutional Review Committee at the
University of Kansas Medical Center (KUMC). A total of 94 primary ER+ invasive ductal
carcinomas diagnosed and removed surgically between 2001 and 2010, and for whom
follow-up information was available, were examined. Samples were taken from 6 normal
breast tissue samples from routine reduction mammoplasties were also examined. These
tissues were formalin-fixed and paraffin-embedded (FFPE). Clinicopathological data
including age, race, clinical stage and Her2 staining are shown in Table 1. At diagnosis,
tissue blocks containing the most representative and well-preserved tumor areas were
selected for IHC. IHC analysis was performed on tissue fixed with 10% neutral buffered
formalin. IHC analyses for ER was performed at the time of diagnosis on all specimens in
the Department of Pathology and Laboratory Medicine at KUMC. Samples with greater than
1% of the tumors staining for ER were considered positive and qualified the sample to be
included in the tissue microarray. After review of the hematoxylin and eosin slides and
marking of tumor areas, 2-mm tissue cores of representative tumor areas were extracted and
inserted in recipient blocks. IHC analysis for IFITM1 (Santa Cruz) was performed on tissue
microarrays obtained from the same samples (see IHC Staining protocol below). Two cores
from each tumor were analyzed in an attempt to account for the impact of tumor
heterogeneity on IFITM1 expression. IFITM1 staining intensity was quantified manually on
a scale of 0-3 where 0 means no staining, 1+ is faint staining, 2+ is moderate staining and
3+ is strong staining. Cores were scored by three independent individuals prior to accessing
patient medical records. Final distribution of IFITM1 expression is shown in Table 2.
Histopathologic parameters were extracted from patient pathology records and clinical
parameters were obtained from electronic medical records.

2.6 Immunohistochemical (IHC) Staining Protocol

IHC staining was performed after tissue deparaffinization by clearance in xylene and
hydration through graded ethanol series. Antigen retrieval was conducted at 99°C in Dako
Target retrieval solution (S1700) for 20 min per manufacturer’s instructions (Agilent
Technologies, Copenhagen, Denmark). For human samples, blocking was performed using
5% normal horse serum and antibody dilution was performed in 0.01% Triton-X. For mouse
xenografts, blocking and antibody dilution were performed using the Mouse on Mouse
(MOM™) Kit following manufacturer’s instructions (Vector Labs, Burlingame, CA).
Sections were stained using primary human antibodies targeted against IFITM1, ERa,
phospo-STAT1 (ser701), CD31, MMP1 (Santa Cruz) and Ki67 (Dako) and HRP-conjugated
biotinylated secondary antibodies (Vector Labs). Immunoperoxidase signal was produced
using 3,3’-Diaminobenzidine (DAB) and amplified using the Vectastain® Elite ABC Kit
(\Vector Laboratories). Tissue sections were counter stained using hematoxylin and mounted
in xylene. Slides were imaged on a Nikon Eclipse 80i Upright Microscope in the Imaging
Core of KUMC.

2.7 Small interfering RNA (siRNA) transfections

Cells were transiently transfected with siRNA for IFITM1 (cat# sc-44549A/B/C), p21,
MUC1 or a scrambled negative control (cat# sc-37007) (Santa Cruz Biotechnology, Santa
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Cruz, CA). All of the siRNAs were pools of three target specific 20 to 25 nt sSiRNAs. Cells
were seeded the night before transfection and allowed to reach 60% confluence by the time
of transfection. Twenty nmol of each siRNA was introduced using Lipofectamine 2000 in
OptiMEM Reduced-Serum Medium (Invitrogen, San Diego, CA, USA) according to the
manufacturer’s instructions. After overnight incubation, the transfection mixture was
replaced with normal culture medium containing 1 pg/mL doxycycline, only where
indicated.

2.8 TUNEL Staining

TUNEL staining was conducted using the Invitrogen Click-iT™ Plus TUNEL assay kit on
either methanol fixed cell lines grown on chamber slides or deparaffinized tissue (See
below) following manufacturer’s instructions (Thermo Fisher Scientific). The average
TUNEL intensity was quantified using the red color channel on Image J software from a
minimum of three images.

2.9 Annexin V Apoptosis Assay

The annexin V-FITC-labeled Apoptosis Detection Kit | (BD Pharmingen, San Diego, CA)
was used to detect and quantify apoptotic cells by flow cytometry according to the
manufacturer’s instructions. In brief, cells were seeded in 6-well plates and cultured for up
to 118 hours in their regular media or with 1 pg/mL doxycycline, where indicated. Media
was changed at 72 hours for longer experiments. Cells were then harvested by trypsinization
and resuspended in 1 x binding buffer (HEPES buffer, 10 mM, pH 7.4, 150 mM NacCl, 5
mM KCI, 1 mM MgCI2, and 1.8 mM CaCl2). Samples were stained simultaneously with
FITC-labeled annexin V (25 ng/mL) and propidium iodide (PI) (50 ng/mL). Cells were
analyzed using the BD FACSAria™ 11 Flow Cytometer (BD, Franklin Lakes, NJ) in the Flow
Cytometry Core Facility at the University of Kansas Medical Center, and the data was
analyzed with FlowJo software (Ashland, OR).

2.10 Plasmid DNA construction

shRNA cloning was performed utilizing Gateway® Technology (Invitrogen Life
Technologies). Double stranded IFITM1 shRNA was generated as previously described.[7]
The vectors used for cloning were a kind gift from Eric Campeau. Briefly, double stranded
IFITM1 shRNA (5'-
GATCGCTGTGACAGTCTACCATATTTCAAGAGAATATGGTAGACTGTCACAG-3")
and scrambled shRNA sequences (5 -CATCGCCTAAGGTTAAGTCGCCCTCGCTCG
AGCGAGGGCGACTTAACCTTAGG-3",) were inserted into the pENTR/pTER+ vector
(430-1) (Addgene #17453), placing their expression under the control of the inducible
H1/TO promoter which contains a Tet-operator (TetO). The pENTR/pTER+ shRNA
constructs were then incubated with LR clonase 11 enzyme mix (Invitrogen) and pLentiX2-
Hygro-DEST (w17-1) (Addgene #17295) vector to generate pLentiX2 DEST/shIFITM1 and
pLentiX2 DEST/shCon constructs.
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2.11 Virus preparation and transduction

Lentivirus preparation was performed as previously described.[7] Briefly, pLentiX2 DEST
constructs were co-transfected with pVSVG packaging vectors into HEK293T cells using
Lipofectamine 2000 (Invitrogen). Medium was changed after 24 hours and viral supernatant
was harvested 48 hours later. Virus-containing medium was then filtered using a 0.45uM
syringe filter (Millipore). MCF-7:5C cells were then seeded in 6-well plates and allowed to
reach 70% confluence overnight. 400 pL of viral supernatant of the filtered supernatant and
ImL

Lentivirus expressing pLenti CMV rtTA3 BLAST (TetR) vector (w756-1) was another kind
gift from Eric Campeau purchased from Addgene.[7] First, transduction of MCF-7:5C cells
with the construct was accomplished using 100 pL virus-containing medium in 2 mL normal
medium and 3 pg/mL polybrene which generated MCF-7:5C/TetR cells which express the
TetR gene under a CMV promoter. TetR expression occupies TetO sites, keeping target-
genes silenced until tetracycline or doxycycline exposure. MCF-7:5C/TetR cells were then
transduced with the pLentiX2 DEST constructs which produced the MCF-7:5C/TetR/shCon
(MCF-7:5C/shCon) and MCF-7:5C/TetR/shIFITM1 (MCF-7:5C/shIF) cell lines.

2.12 Animals

Recipients were 8- to 10-week-old virgin female NOD-SCID IL2Rgamma"!! (NSG) mice
which were purchased from Jackson Laboratories or bred (a gift from Thomas Yankee, PhD
at The University of Kansas Medical Center). Animal experiments were conducted
following protocols approved by the University of Kansas School of Medicine Animal Care
and Use.

2.13 Orthotopic Cell Line Transplantation

Cells were suspended in 50:50 PBS/Matrigel (Corning) were bilaterally into 4" mammary
fat pads of NSG mice, as described previously. [42] 3 x 10° cells were delivered per
injection in a volume of 100uL. The length (L) and width (W) of tumors was measured
weekly with digital calipers, and the tumor volume was calculated by the formula L2/(2W).
When tumors reached a mean volume of 0.20 cm3, groups of 5-15 mice were randomly
assigned to treatment groups. For doxycycline treatment, mice were provided with 50 pg/mL
doxycycline in dark water bottles to induce IFITM1 shRNA expression. Water was replaced
weekly to maintain efficacy. Where indicated, mice were given 50 pg/kg body weight of
Ruxolitinib suspended in methylcellulose by oral gavage every other day. When using
MCEF-7 cells, capsules made of medical grade silastic tubing (Dow-Corning) containing 1:4
estradiol/cholesterol (Sigma Aldrich) were implanted subcutaneously in the mice where
indicated. These capsules produce a mean serum estradiol level of ~80 pg/mL, which is
similar to postmenopausal serum levels of estradiol. For the control group, the mice did not
receive any treatment.

2.14 Mammary intraductal transplantation (MIND) method

MIND injections were conducted as previously described using 8-10 weeks old
ovariectomized NSG mice. [4, 37] Briefly, cells were resuspended as single cells in PBS and
counted. A 30-gauge Hamilton syringe, 50-pl capacity, with a blunt-ended 1/2-inch needle
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was used to deliver the cells. The mice were anesthetized by ketamine/xylene injection, and
a Y-incision was made on the abdomen, allowing exposure of the inguinal mammary fat
pads. The nipple of the inguinal gland is snipped so that the needle can be directly inserted
through the nipple. Two microliters of cell-culture medium (with 0.1% trypan blue)
containing cells at a concentration of 2,500 to 5,000 cells/ul were injected. Successfully
injection was confirmed by visual detection of trypan blue in the ductal tree branches. The
skin flaps were then repositioned normally and held together with wound clips. When
required, mice were provided with 50 pg/mL doxycycline in dark water bottles to induce
IFITM1 shRNA expression. Water was replaced weekly to maintain efficacy.

2.15 Tissue Harvesting and Preparation

Mammary glands and solid tumors were removed and fixed in 4% paraformaldehyde for 72
hours and then 70% ethanol. Fixed glands were then processed, embedded and sectioned by
the Biospecimen Repository at the University of Kansas Medical Center.

2.16 Immunofluorescent (IF) staining of tissue

IF was performed as previously described [69] after tissue deparaffinization by clearance in
xylene and hydration through graded ethanol series. Antigen retrieval was conducted at 99°C
in Dako Target retrieval solution (S1700) for 20 min per manufacturer’s instructions
(Agilent Technologies, Copenhagen, Denmark). Washes were performed in IF buffer (130
mM NaCl, 7 mM NayHPOQOy, 3.5 mM NaH,POy,, 7.7 mM NaNg3, 0.1% bovine albumin, 0.2%
Triton X-100, 0.5% Tween-20). Due to use of mouse antibodies on mouse tissue, blocking
and antibody dilution were performed using the Mouse on Mouse (MOM™) Kit following
manufacturer’s instructions (MVector Labs, Burlingame, CA). Sections were stained using
human antibodies targeted against Keratin 19 (Neomarkers #MS-198-P1), anti- actin smooth
muscle (Spring Biosciences #E2464), anti-ki67 (Dako #M7240), or anti-IFITM1 (Santa
Cruz Technology). Secondary antibodies were FITC or Texas Red conjugated (Santa Cruz).
Sections were mounted using ProLong® Gold Antifade Reagent with DAPI (Cell Signaling)
and visualized on a Leica TCS SPE confocal microscope in the Confocal Imaging Core at
The University of Kansas Medical Center. Images were collected and analyzed using the
Leica LAS AF Lite software (Leica Biosystems, Nussloch, Germany). For quantification,
mean fluorescent intensity was determined using Image J software on single color channel
images.

2.17 Cell Viability

Cells were assayed for viability in 24-well plates in triplicate in either estrogen or estrogen-
free medium (see Cell Culture Conditions). At each time point, a measure of the viable cells
was taken using the Cell-Titer Blue Assay Kit (Promega, Madison, WI) per the
manufacturer’s instructions. Assay plates were kept at 37°C in 5% CO» for 3 hours and read
at 560-590 nM on a BioTek Synergy 4 microplate reader using the Gen 5 data analysis
software (BioTek Instruments, Winooski, VT).

Cancer Lett. Author manuscript; available in PMC 2018 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lui et al. Page 9

2.18 Soft Agar Anchorage-independent Growth Assay

6-well plates were coated with 1 mL of 0.8% agarose in the appropriate culture media. Cells
were then suspended in 0.48% agarose and immediately overlaid on the pre-coated plates.
Once the agarose was solid, 1mL of culture medium was added to the wells and changed
every 4 days for 20 days (see Cell Culture Conditions). Cultures were then stained with 50
ul of MTT solution (5 mg/mL) was added to each well at a final concentration of 500
pg/mL, and the plates were further incubated for 2 h at 37°C. Plates were imaged at 1X in a
Bio-Rad ChemiDoc™ XRS+ System with Image Lab™ Software (Bio-Rad). Colonies were
counted and measured using Image J software (NIH).

2.19 Wound healing assay

Cell lines were seeded in 6-well culture plates so that they would reach 70% confluence
overnight. The next day, a single wound was made on the plates for each cell line by
scratching the attached cells using a 200 pl sterile pipette tip. The plates were washed with
complete medium to remove cellular debris from the scraped surface. The images of the
cells were taken at 10X immediately, and after 24 and 48 hours using phase-contrast
microscope. The area of the wound was quantified using the MRI Wound Healing Tool in
Image J Software (NIH).

2.20 Cell Cycle Analysis

Cells were incubated in the appropriate cell culture media with and without doxycycline
treatment. Cells were harvested at the indicated time points by trypsinization and then fixed
with 0.9% NaCl and ice cold ethanol. Once all samples were collected, DNA was stained
with 50 pg/mL Propidium lodide and 100 pg/mL RNase A in PBS (Invitrogen). Samples
were analyzed using a BD FACSAria™ 11 Flow Cytometer in the flow cytometry core at The
University of Kansas Medical Center (BD, Franklin Lakes, NJ). The data were analyzed
with FlowJo software (Ashland, OR).

2.21 CRISPR /Cas9 Lentiviral Activation of IFITM1

IFITM1 Lentiviral Activation Particles (Santa Cruz sc-416878-LAC) is a synergistic
activation mediator (SAM) transcription activation system designed to specifically and
efficiently upregulate gene expression via lentiviral transduction of cells. IFITM1 Lentiviral
Activation Particles (h) contain the following SAM Activation elements: a deactivated Cas9
(dCas9) nuclease (D10A and N863A) fused to the transactivation domain VP64, an MS2-
p65-HSF1 fusion protein and a target-specific 20 nt. guide RNA. Upon transduction, the
SAM complex binds to a site-specific region approximately 200-250 nt. upstream of the
transcriptional start site and provides robust recruitment of transcription factors for highly
efficient gene activation. Viral transduction and cloning was conducted per manufacturer’s
protocol.

2.22 Luciferase Assays

For IFITM1 and p21 promoter assays, 0.8 pg of plasmid DNA and the pRL CMV Renilla
vector were used as previously described.[53] For analysis of IFITM1 promoter activity, the
pGL3 plasmid with the first 750 nucleotides of the IFITM1 promoter inserted (pGL3-
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IFITM1 [-750/-1]), was used.[53] The pGL3-Basic-IRES was a kind gift from Joshua
Mendell (Addgene #64784) [8]. For analysis of p21 promoter activity, the pGL2-p21
promoter-Luc plasmid was used, which as a kind gift from Martin Walsh (Addgene #33021).
[51] After 24 hours, transfection reagent was replaced with normal cell culture media
containing ruxolitinib where indicated. Luciferase and Renilla activities were measured 24 h
later using the Dual-Luciferase® reporter assay kit (Promega) according to the
manufacturer’s instructions on a BioTek Synergy 4 microplate reader using the Gen 5 data
analysis software (BioTek Instruments).

For Gamma Associated Sequence (GAS/STAT1) assays, the Cignal ™ Reporter Assay
(#CCS-009L) for analysis of STAT1 signaling was used according to manufacturer’s
instructions. Briefly, the reverse transcription protocol was used where cells were suspended
in Opti-MEM and seeded in 96-well plates on top of already aliquoted transfection cocktail.
This cocktail contained Lipofectamine 2000™ and the GAS Reporter, which is a mixture of
an inducible reporter plasmid containing tandem GAS-responsive elements upstream of a
firefly luciferase construct and a constitutively expressing Renilla luciferase construct. After
overnight incubation, the mixture was replaced with normal media containing Ruxolitinib
where indicated. Luciferase and Renilla activities were measured 24 h later using the Dual-
Luciferase® reporter assay kit (Promega) according to the manufacturer’s instructions on a
BioTek Synergy 4 microplate reader using the Gen 5 data analysis software (BioTek
Instruments).

2.23 Chromatin Immunoprecipitation (ChlP) Assay

ChIP was performed using the ChIP-IT Express Kit (Active Motif, Carlsbad, CA) according
to the manufacturer’s instructions using sonication as the method for chromatin shearing.
MCEF-7:5C/shlF cells were treated with 1ug/mL doxycycline for 24 hours and harvested
according to manufacturer’s instructions. Lysates were immunoprecipitated (IP) overnight
(18 h) with 3ug of the following antibodies STAT1, STAT2, STAT3 (Santa Cruz) or an equal
amount of rabbit 1gG. Resulting DNA was analyzed using gPCR as described previously
[27], and data are represented as a percentage of input DNA. Primer set used for the —640
STAT motif was Forward: 3’-TTTTGGTAGTCTCTCCAATTCC-5" and Reverse: 3'-
CCGTTTATTTCACAGATGAGG -5".

3 RESULTS

3.1 Clinical significance of IFITM1 overexpression in ER-positive breast cancer

We have previously shown that Al-resistant MCF-7:5C cells overexpress a panel of 1ISGs as
compared to the Al-sensitive parental cell line MCF-7 [14]. We confirmed IFITM1
overexpression in MCF-7:5C cells at the protein (Figure 1A) and mRNA level (Figure 1B).
The Kaplan-Meier Plotter breast cancer survival database revealed that high IFITM1
expression correlated with poor overall survival for patients with grade 1 ER+ disease
(Figure 1C) [26]. Next, we conducted in-house analysis of IFITM1 expression in 94 ER+
breast cancer patient samples using immunohistochemistry (Table 1). Clinical stage and
Her2/Neu expression information was available for only 57 of the 94 patients. The 94
samples represented the full range of IFITM1 expression (0-3) (Supplementary Figure S1)
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and all of the normal breast tissue samples were negative for IFITM1 expression (Table 2).
High IFITM1 intensity score correlated with increased clinical stage (Figure 1D) and
increased risk of recurrence during endocrine therapy (Figure 1E). These two separate
analyses suggest that high IFITM1 expression in ER+ breast cancer is significantly
associated with poor clinical outcome and poor response to endocrine therapy.

3.2 Loss of IFITM1 inhibits Al-resistant breast tumor growth and promotes cell death in

Vivo

To investigate the effects of IFITM1 loss on proliferation and survival in Al-resistant cells,
we developed the MCF-7:5C/shIF cell line which expresses IFITM1 shRNA under the
control of a tetracycline/doxycycline-inducible promoter. Our lentivirus-inducible system
showed that upon doxycycline (Dox) exposure, IFITM1 expression was reduced in
MCF-7:5C/shlF cells in a concentration-dependent manner, with maximum reduction at 1
pg/mL Dox (Figure 2A). Loss of IFITM1 using Dox-inducible shRNA initiated cell death in
a concentration-dependent and time-dependent manner which were demonstrated by PARP
cleavage (Figure 2A) and annexin-PI staining (Figure 2B). These findings were consistent
with our siRNA in vitro data (Supplementary Figure S2). Notably, Dox treatment had no
effect on the survival of un-transduced MCF-7:5C cells or MCF-7:5C cells expressing a
scrambled control vector (MCF-7:5C/shCon) (Supplementary Figure S3).

Generation of the MCF-7:5C/shCon and MCF-7:5C/shlF cells allowed us to assess the effect
of IFITM1 loss on the growth of MCF-7:5C cells in the orthotopic model of breast cancer.
We found that Dox exposure (+Dox) reduced IFITM1 expression which significantly
inhibited MCF-7:5C/shIF tumor growth compared to the control group (-Dox) (Figure 2C
and 2D). Reduction in tumor growth correlated with a decrease in proliferation (Ki67
positivity) and an increase in cell death (TUNEL staining) (Figure 2E). Notably, Dox
exposure had no effect on the growth of MCF-7:5C/shCon cell tumors (Supplementary
Figure S2C) or on the expression of IFITM1, Ki67 or TUNEL (Supplementary Figure S4).
This data confirm that IFITM1 overexpression is important for the growth and survival of
Al-resistant MCF-7:5C tumors /n vivo.

3.3 Loss of IFITM1 blocks aromatase inhibitor-resistant tumor cell invasion out of the
mammary duct

We used the mammary intraductal (MIND) model of breast cancer to investigate the effect
of reduced IFITM1 expression on Al-resistant tumor cell invasion /n vivo (Figure 3A) [14,
53]. After three weeks of Dox exposure, we confirmed that the MIND model was able to
accurately assess tumor cell invasion out of the mammary duct using immunofluorescent
staining (Figure 3B). Immunofluorescent staining verified that Dox exposure resulted in
IFITMZ1 loss in the MIND model (Figure 3B). Smooth muscle actin (SMA) was used to stain
the myoepithelial layer of the mammary duct and human keratin 19 (K19) was used to label
the breast cancer cells (Figure 3B). Hematoxylin and eosin (H&E) staining further revealed
the architecture of the mammary glands, demonstrating that invasive IFITM1-expressing
cells breach the mammary duct and invade into the mammary gland stroma (Figure 3C and
Supplementary Figure S5A). Immunohistochemical staining for SMA was used to visualize
the extent of tumor burden in the mammary gland parenchyma (Figure 3C) and to quantify
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the extent of invasion (Lesions/Duct) (Figure 3D). The MIND model revealed that
MCF-7:5C/shlF cells were highly invasive, however, loss of IFITM1 (+Dox) completely
blocked the ability of these cells to invade out of the mammary duct as demonstrated by the
lack of K19-stained cells outside of the duct (Figure 3B and 3D). Using Ki67 and TUNEL
staining, we found that loss of IFITM1 expression also reduced cell proliferation and
increased cell death in the MIND model of breast cancer (Supplementary Figure S5B). Dox
exposure had no effect on the invasion, proliferation or survival of MCF-7:5C/shCon cells in
either /n vivo model (Figure 3C and Supplementary Figure S6). This experiment
demonstrates that the MIND model can be used to assess the impact of individual gene
expression on ERa+ tumor cell invasion /n vivo and that it faithfully replicates effects on
cell survival and proliferation seen /n vitro or the orthotopic model of breast cancer.

3.4 Overexpression of IFITM1 promotes breast cancer cell aggression in vitro and in vivo

To validate the importance of IFITM1 in the ER+ breast cancer cell phenotype, we
overexpressed IFITM1 in parental MCF-7 cells using CRISPR/Cas9 guided transcription.
Two clones, MCF-7/IF-1 and MCF-7/1F-2 were generated which expressed moderate and
high levels of IFITM1 respectively (Figure 4A), as compared to control scrambled guiding-
RNA expressing MCF-7/C9Con cells which lack IFITM1. IFITM1 overexpression
significantly enhanced MCF-7 cell proliferation in a 96 hour cell viability assay (Figure 4B);
however, knockdown of IFITM1 reduced the proliferation of MCF-7/1F-2 cells to that of
wild type MCF-7 cells (Figure 4C). Additionally, IFITM1 overexpression enhanced the
aggressive phenotype and tumorigenic potential of MCF-7 cells as demonstrated by wound
healing cell migration assays (Figure 4D) and soft agar anchorage-independent growth
(Figure 4F). To determine whether IFITM1 overexpression contributes directly to Al-
resistance, we cultured the MCF-7/IF clones (MCF-7/IF1 and MCF-7/IF2) in estrogen-
deprived conditions to mimic Al treatment, and found that overexpression of IFITM1 in
MCF-7 cells increased their proliferation, tumorigenicity, and estrogen-independent growth
(Figure 4E and 4F) compared to MCF-7 and MCF-7/C9Con cells (Supplementary Figure
S7).

To assess the role of IFITM1 overexpression /n vivo, we transplanted the MCF-7/C9Con,
MCF-7/IF-1 and MCF-7/IF-2 cells into intact (not ovariectomized) female NSG mice using
both the orthotopic and MIND models of breast cancer. Overexpression of IFITM1 resulted
in the enhanced growth of MCF-7/1F-2 solid tumors (Figure 5A and B).
Immunohistochemistry revealed that the MCF-7/IF-2 tumors continued to express IFITM1
in vivoand had increased ki67 positivity (Figure 5C). Additionally, MCF-7/1F-2 cells were
significantly more invasive than MCF-7/C9Con cells in the MIND model (Figure 5D).
Similar results were seen in moderately IFITM1-overexpressing MCF-7/1F-1 cells
(Supplementary Figure S7 and S8), further demonstrating that IFITM1 expression alone can
promote the proliferation, migration and invasion of MCF-7 cells /n vitroand in vivo.

3.5 High IFIM1 expression is associated with increased blood vessel density and MMP1

expression

Notably, we found that loss of IFITM1 significantly reduced angiogenesis in both the MIND
and orthotopic models of breast cancer, as demonstrated by CD31 staining (Figure 6A and
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6B). This was seen in the doxycycline-treated MCF-7:5C/shlF groups in both the orthotopic
and MIND maodels of breast cancer. Immunohistochemistry for CD31 expression
demonstrated a significant decrease in blood vessel density in both models. Increased blood
vessel density was also seen in MCF-7 tumors overexpressing IFITM1 as compared to
control (Figure 6C).

Since IFITM1 expression positively correlated with invasion we also measured matrix
metalloproteinase 1 (MMP1) expression in our MIND xenografts. We found that MMP1 was
upregulated in Al-resistant MCF-7:5C/shIF cells at the leading edge of invasion, while the
non-invasive cells inside of the duct remain MMP1 negative (Figure 7A, /eft panel). Notably,
loss of IFITM1 (+Dox) reduced the number and extent of invasive lesions and was
associated with lower MMP1 expression (Figure 7A, right panel). Similarly, overexpression
of IFITM1 in the MCF-7 cells enhanced tumor invasion and MMP1 expression in invasive
lesions (Figure 7B). The upregulation of MMP1 likely facilitates colonization of the
mammary gland parenchyma.

3.6 Loss of IFITM1 induces p21 expression in Al-resistant cells through enhanced STAT1

activity

IFN signaling and 1SGs modulate cell cycle progression and cell survival, hence, we
assessed the mechanism by which loss of IFITM1 induces cell death in Al-resistant
MCF-7:5C cells. We found that siRNA/shRNA knockdown of IFITM1 in the MCF-7:5C
cells increased p21 protein expression with no effect on p53 expression (Figure 8A).
Additionally, blocking p21, but not p53, prevented the apoptotic effect of IFITM1
knockdown (Figure 8B). Using a p21 promoter luciferase reporter, we found that loss of
IFITM1 increased p21 transcription (Figure 8C). The p21 promoter is known to have
binding motifs for a variety of transcription factors including p53, SP1, AP2 and STAT
proteins [1, 24]. To demonstrate that the increase in p21 transcription was mediated by STAT
activation, we knocked down IFITM1 in the presence and absence of the JAK1/2 inhibitor
ruxolitinib/Jakafi™ (Rux). Notably, inhibition of STAT phosphorylation with Rux prevented
the increase in p21 expression and transcription (Figure 8C and Supplementary Figure S9D)
and protected the cells from death (Supplementary Figure S9C and S9E). We confirmed that
IFITM1 knockdown enhanced JAK/STAT signaling using a STAT luciferase reporter and
that Rux blocks STAT signaling (Figure 8D). Chromatin immunoprecipitation (ChIP)
showed that in MCF-7:5C cells STAT1, STAT2 and STAT3 bind to the STAT motif in the
p21 promoter at the —640 position. Significantly, IFITM1 knockdown enhanced the
recruitment of STAT1 and STAT2 to the p21 promoter (Figure 8E) and it increased STAT1
(Tyr 701) and STAT2 (Tyr 690) phosphorylation (Figure 8F); however, there was no effect
on STAT3 recruitment or phosphorylation (Tyr 705) (Figure 8E and 8F). Interestingly,
IFITM1 knockdown also inhibited the phosphorylation of p21 (Thr145), which suggests a
loss of cytoplasmic p21 (Figure 8F).

3.7 Loss of IFITM1 is associated with nuclear translocation of p21

The cellular localization of p21 also plays a role in cell survival. We fractionated the
cytoplasmic and nuclear fractions of parental MCF-7 cells and Al-resistant MCF-7:5C cells
and found significantly diminished p21 expression in the nuclear fraction of MCF-7:5C cells

Cancer Lett. Author manuscript; available in PMC 2018 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lui et al.

Page 14

(Figure 9A). We used the Dox-inducible MCF-7:5C/shlIF cells to determine the effect of
IFITML1 loss on p21 localization. Both cell lysate fractionation and immunofluorescent
staining revealed that loss of IFITM1 (+Dox) was associated with increased nuclear
translocation of p21 (Figure 9B and 8C). Interestingly, treatment with Rux also prevented
induction of p21 translocation to the nucleus (Figure 9B and 8C). Our data suggest that
IFITM1 expression is inversely related to p21 nuclear localization and that p21 nuclear
translocation may be a key step in IFITM1 knockdown-induced cell death.

4 DISCUSSION

IFITM1 expression has been linked to the progression of several aggressive cancer types,
including cancers of the cervix, esophagus, colon, ovary and brain [9, 25, 39, 52, 55, 64, 77].
The mechanism by which IFITM1 promotes tumor progression is not understood, however,
IFITML1 is known to play a role in DNA damage resistance which contributes to treatment
failure in cancer [12, 72, 78]. Recently, our laboratory has found an association between
IFITM1 overexpression and aromatase inhibitor (Al)-resistance in breast cancer [14]. The
present study demonstrated the importance of IFITM1 expression in predicting the survival
and response to endocrine therapy for breast cancer patients with ER+ disease. We utilized
the IFITM1-overexpressing Al-resistant MCF-7:5C and IFITM1-null Al-sensitive MCF-7
cell lines to investigate the potential mechanisms by which IFITM1 drives tumor aggression
and demonstrate the possible benefit of targeting IFITM1 in the clinic.

IFITML1 is a transmembrane interferon stimulated gene (ISG) that is normally induced in
response to IFN exposure to aid in resistance to viral infections and to modulate the decision
between cell survival and death [11, 12, 63, 72]. Estrogen deprivation is known to promote
inflammatory gene signatures in the breast tumor microenvironment and expression of
several cytokine and chemokine receptors, including IFNAR which drives IFITM1
expression, are known to be associated with resistance to endocrine therapy [22, 62].
Notably, one study has found that the expression of 1SGs increases in mouse models of
endocrine resistance [19]. While the exact structure and functional domains of IFITM1
remain unknown, recently identified binding partners include caveolin-1 (CAV-1) and CD81/
TAPA-1. CAV-1 is a cell surface protein that is necessary to form invaginations in the cell
membrane which impacts intracellular vesicle transport, cell cycle control and apoptosis [44,
56, 77]. CD81 is a member of the tetraspan family and is known to control proliferation,
adhesion, and migration through association with many cell signaling molecules and
transmembrane receptors [31, 49, 74]. Both CAV-1 and CD81 have been linked to cancer
progression and metastasis [30, 31, 52]. Investigation into the interaction of IFITM1 with
CAV-1 and CD8L1 in breast cancer cells may reveal novel roles for these proteins in driving
Al-resistance.

Previous work in our lab demonstrated that Al-resistant cells and tumors express IFITM1 at
a high level due to enhanced JAK/STAT signaling [14]. It is not known what drives Al-
resistance, however, alterations in ER, growth factor, PI3K/Akt/mTOR, apoptosis and
autophagy signaling have been identified as potential mechanisms in both preclinical and
clinical studies [2, 17, 48, 54]. Notably, we found that overexpression of IFITM1 in MCF-7
cells (MCF-7/IF-1 and MCF-7/1F-2) significantly enhanced the proliferation and
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tumorigenicity of these cells both /n vitroand in vivo. IFITM1 overexpression also improved
breast cancer cell survival and aggression under estrogen-deprived conditions. IFITM1
expression is driven by type 1 IFN mediated JAK/STAT signaling [11, 57, 63]. Notably,
constitutively enhanced STAT expression and activation have been linked to breast cancer
development, progression and therapeutic resistance [12, 34, 35, 60]. Hence, IFITM1
overexpression may be one of the mechanisms by which activated JAK/STAT contributes to
breast cancer development, aggression and therapeutic resistance.

Using the orthotopic model we found that overexpressing IFITM1 increased tumor
proliferation in the mammary fat pad and that loss of IFITM1 in Al-resistant cells reduced
cell proliferation and induced death /n vivo. The effect of IFITM1 expression on tumor
proliferation and survival was likely due in part to the effect that IFITM1 had an effect on
CD31+ blood vessel density inn vivo. IFITM1 in endothelial cells is known to promote
angiogenesis but the mechanism by which IFITM1 expression in cancer cells affects the
tumor microenvironment and drives angiogenesis is not known and warrants further study in
our system [61]. The MIND model was developed to study the progression of ductal
carcinoma /n situ (DCIS) to invasive breast cancer [4, 69]. While the orthotopic model is the
most common method of studying breast cancer in animals we used and validated the use of
the MIND model as /in7 vivo invasion assay. We discovered that IFITM1 expression can
increase MCF-7 cell invasion while loss of IFITM1 can inhibit invasion out of the mammary
duct. Recently, it has been shown that the MIND model can be used to study ER+ breast
cancer invasion and metastasis and that the model maintains the phenotype of ER+ breast
cancer cells more faithfully than the orthotopic model [65]. We found that results from the
MIND model also reflected the differences in MCF-7 and MCF-7:5C cells aggression. Al-
resistant MCF-7:5C MIND xenografts were significantly more invasive than Al-sensitive
MCF-7 xenografts. Notably, invasive lesions showed an induction in matrix
metalloproteinase 1 (MMPL1) at the leading edge of invasion. IFITM1 is thought to promote
invasion and inflammation through control of the expression of several matrix
metalloproteinases (MMPs) [21, 28, 36]. The mechanism of IFITM1 control over MMP
expression and activity remains unknown and warrants further study in our IFITM1-
overexpression breast cancer cell lines. It should be noted that transplantation of human
breast cancer cell lines requires immunocompromised mice, which does not allow for
analysis of the interaction between IFITM1-overexpressing tumor cells and the immune
system and is a limitation of our current animal model.

Mechanistic studies revealed that loss of IFITM1 markedly induced p21 expression which
was dependent on STAT1 and STAT? activation but not p53. While p53 is a well-known
transcriptional regulator of p21, several other transcription factors, including the STAT
proteins, also activate p21 expression in response to stress signals [33]. Here, we propose
that MCF-7:5C cells are dependent on IFITM1 overexpression and that an attempt to
compensate for IFITM1 loss by enhancing stress-induced JAK/STAT signaling drives p21
expression and cell death. In the present study, increased p21 expression was associated with
cell cycle arrest and cell death (Supplementary Figure S9B), which is consistent with similar
studies in other cancer models [33]. High expression of cytoplasmic p21 is known to
promote cell survival and cell cycling while higher nuclear p21 stimulates cell death [1, 13,
18]. p21 is phosphorylated by Aktl and murine leukemia virus (Pim-1) at threonoine-145 in
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order to keep it in the cytoplasm [1, 71] and cancers with high p21 cytoplasmic/nuclear ratio
are thought to be more aggressive. Therefore, our finding that Al-resistant MCF-7:5C cells
have very high expression of IFITM1 but very low nuclear p21 expression is consistent with
their highly aggressive phenotype both /n vitroand in vivo [20, 40, 75].

Notably, IFITM1 knockdown facilitated p21 nuclear translocation which correlated with loss
of p21 phosphorylation (Thr 145). High Pim-1 expression and p21 phosphorylation are
associated with poor prognosis in various cancers [29, 73, 76]. Specifically Pim-1 is thought
to promote inflammation induced tumorigenesis, and promote cancer cell survival of
chemotherapy and radiation treatment [43, 50, 59, 80]. In breast cancer, high Pim-1
expression is associated with PI3K/Akt mediated drug resistance [38]. The PI3K/Akt
pathway has long been associated with endocrine resistance in ER+ breast cancer [3, 10, 16,
45, 79]. Significantly, in this study, overexpression of IFITM1 promoted MCF-7 cell survival
in estrogen-deprived conditions. Whether IFITM1 modulates Akt1 and Pim-1 activity
requires further study.

In conclusion, this study demonstrated that IFITM1 overexpression promotes Al-resistant
breast cancer cell aggression and survival. The MIND model served as a tool for assessing
invasion /n vivo in addition to reflecting the effect of IFITM1 on proliferation and survival
seen in the orthotopic model. Loss of IFITM1 caused cell death through an induction of p21
transcription and nuclear translocation. Future studies are needed to determine the exact role
IFITM1 plays in p21 cellular localization. Our data suggests that IFITM1 may be a
targetable marker of aggressive breast cancer and that development of an IFITM1 specific
inhibitor may hold promise for treatment refractory breast cancer.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Interferon induced transmembrane protein 1 (IFITM1) overexpression is
correlated with poor clinical outcome in breast cancer, including clinical
stage, lack of response to endocrine therapy, and poor overall survival.

FITM1 overexpression is confirmed in the aromatase—inhibitor (Al) resistant
breast cancer cell line, MCF-7:5C, however, it is not expressed in Al-sensitive
MCEF-7 cells which makes these models ideal for investigating the
mechanisms by which IFITM1 drives Al-resistance.

IFITM1 knockdown diminishes Al-resistant tumor growth and invasion /n
vivo which is associated with changes in CD31+ blood vessel density and
matrix metalloproteinase 1 (MMP1) expression.

IFITM1 overexpression in parental MCF-7 cells promotes aggression and
estrogen-independent proliferation /7 vitro and tumor growth and invasion /in
VIvo.

Loss of IFITM1 induces cell death in Al-resistant MCF-7:5C cells due to
JAK/STAT mediated increases in p21 transcription, expression, and nuclear
localization.
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Figure 1. IFITM1 overexpression is associated with aromatase inhibitor-resistant breast cancer
cells and correlates with poor clinical outcome

(a) Whole cell lysates from 80% confluent MCF-7 and MCF-7:5C cells were
immunoblotted for IFITM1 and ERa protein expression. (b) IFITM1 and ERa mRNA
expression was determined by RT-PCR and is displayed relative to PUM1. Data represents
three independent experiments run in triplicate. (c) The hazard ratio (HR) and 95 %
confidence interval for high IFITM1 expression in ER+ Luminal A breast cancer patients
was analyzed using The Kaplan-Meier Plotter database. Patients were stratified by average
IFITM1 expression (probe sets 214022_s_at and 201601_x_at) relative to median. The P-
value was calculated using a log-rank test. (d) Immunohistochemical staining for IFITM1
expression was conducted in 94 ER+ breast cancer patient samples and 6 normal breast
tissue samples. Staining intensity was graded on a scale of 0-3. IFITM1 staining intensity
was correlated with clinical stage (d) and recurrence (e). *p < 0.05, ** p< 0.01
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Figure 2. Loss of IFITML1 inhibits MCF-7:5C tumor growth and promotes cell death in vivo
(a) MCF-7:5C/shlF cells were treated with the indicated concentrations of doxycycline to

induce IFITM1 shRNA expression. IFITM1 and PARP protein expression levels were
determined by immunoblotting. (b) MCF-7:5C/shlF cells were treated with 10ug/mL
doxycycline over a 118 hour period. Cells were harvested on the last day and Annexin V/
Propidium lodide staining quantified the percent of dead cells over the accompanying
untreated (control) sample. Data represents two independent experiments conducted in
duplicate. (c) 3 million MCF-7:5C/shIF cells were injected into the 41" mammary fat pad of
ovariectomized female NSG mice. 9 days after orthotopic injection, mice were randomized
to treatment groups and half were provided doxycycline (Dox)-treated drinking water.
Tumors were measured by digital calipers and tumor volume (mm?3) displayed over time. (d)
At the end of the experiment tumors were excised and are shown. Tumor volumes were
determined by digital caliper measurement. (e) IFITM1 and Ki67 expression was determined
by immunohistochemical staining. The percent of Ki67 positive cells was determined by
counting four separate 40X fields. Cell death was analyzed by TUNEL staining and
quantified by Image J software. ** p< 0.01
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Figure 3. Loss of IFITM1 reduces aromatase inhibitor-resistant tumor cell invasion in the MIND
model

5,000 MCF-7:5C/shIF cells were injected into the duct of the 4" mammary gland of female
ovariectomized NSG mice use the MIND injection protocol. Four glands were also injected
with PBS (sham). After 10 days, mice were randomized to treatment groups and half were
provided doxycycline (Dox)-treated drinking water. After 3 weeks, mammary glands were
removed. (a) A diagram of the two breast cancer models where cells are injected into the
mammary fat pad (Orthotopic Model) or through the nipple (MIND Model). (b) Mammary
glands were fixed and processed onto glass slides. Immunofluorescent staining of the breast
cancer cells for IFITM1, human keratin 19 (HuK19-red) and the mammary duct for smooth
muscle actin (SMA-green) was conducted. Arrows indicate the mammary duct wall. (c) The
milk duct was identified by immunohistochemistry. SMA was used to delineate invasive
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areas in MCF-7:5C/shCon and MCF-7:5C/shiIF cells. (d) Number of invasive lesions were
quantified per duct in a 10X field. Numbers represent averages of 5 fields in 3 different
mammary glands for each treatment group. ** p< 0.01
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Figure 4. Overexpression of IFITM1 enhances the aggressive phenotype of MCF-7 breast cancer
cells in vitro

(a) IFITM1 expression in MCF-7 cells expressing scrambled control (MCF-7/C9Con) or an
IFITM1 guided Cas9 overexpression vector (MCF-7/IF-1 and MCF-7/IF-2) was determined
by immunoblotting and compared to expression in MCF-7:5C cells. (b) The proliferation of
parental MCF-7, MCF-7/C9Con and MCF-7/IF-2 cells in estrogen containing media was
measured over 96 hours by Cell Viability assay. (c) sSiRNA knockdown of IFITM1 in
MCF-7/1F-2 cells over 96 hours demonstrated the specificity of IFITM1 overexpression. (d)
Scratch assay was conducted on 70 % confluent plates of MCF-7/C9Con and MCF-7/IF-2
cells. Plates were imaged at 0, 24 and 48 hours and the size of the wound was quantified by
image J (right panel). Values represent two independent experiments conducted in triplicate.
(e) A direct comparison of proliferation in estrogen and estrogen free media is shown at 96
hours. (f) MCF-7/C9Con and MCF-7/1F-2 were subjected to soft agar anchorage
independent growth assay. Plates were imaged after 21 days and the number of colonies was
quantified using Image J (lower panel). Values represent two independent experiments
conducted in duplicate. *p < 0.05, ** p< 0.01
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F_igure 5. Overexpression of IFITM1 promoted breast cancer cell proliferation and invasion in
VIVO

(a) Intact female NSG mice were orthotopically injected with MCF-7/C9Con and MCF-7/
IF-2 cells and tumors measured by digital calipers weekly. Tumor volume (mm3) was
calculated and charted over time. (b) The tumors were excised and imaged at day 56 and
final tumor volume (mm?3) determined. (c) IFITM1 and Ki67 expression was determined by
immunohistochemical staining. The percent of Ki67 positive cells was determined by
counting four separate 40X fields (/ower panel). (d) Female NSG mice were injected with
MCF-7/C9Con and MCF-7/1F-2 cells using the MIND model. Smooth muscle actin (SMA)
staining by immunohistochemistry elucidated the milk duct. Arrow heads indicate invasive
lesions which were quantified per duct in a 10X field. Numbers represent averages of 5
fields in 3 different mammary glands for each group (/ower panel). *p < 0.05, ** p< 0.01
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Figure 6. IFITM1 overexpression enhances blood vessel density
MCEF-7:5C/shlF xenografts from the orthotopic (a) and MIND model experiments were

stained for CD31 expression using immunohistochemistry. Blood vessel density was
determined by counting the number of CD31 positive blood vessels in at least 4 random 10X
fields in each group from three separate samples. (c) Similar analysis was conducted on
MCF-7/C9Con, MCF-7/1F-1 and MCF-7/1F-2 MIND xenografts. Graphs represent the
average number of vessels per field. Arrows indicate CD31+ blood vessels.
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Figure 7. Invasive lesions express MMP1 in the MIND model of breast cancer
MIND xenografts from the MCF-7:5C/shIF (a), MCF-7/C9Con and MCF-7/1F-2 (b) cell

lines were stained for matrix metalloproteinase 1 (MMPL1) expression by
immunohistochemistry and representative images are shown. Mammary ducts are outlined in
gray and MMP1 positive invasive cells indicated with arrows. ** p< 0.01
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Figure 8. IFITM1 knockdown increases p21 expression through enhanced STAT1 activity, which
mediates cell death

(a) Cell lysates from MCF-7:5C cells transfected with scrambles control siRNA (siCon) or
three different IFITM1 siRNA sequences (SilFITM1 A, B, C) were immunoblotted for
IFITM1, p53 and p21 expression. (b) Dual Annexin V/Propidium lodide staining was used
to quantify cell death in each transfection group as compared to siCon. Data represent means
+ SD from two experiments conducted in duplicate. (c) Activity at the p21 promoter was
determined by luciferase assay. The motifs of interest are indicated in the promoter map
(upper panel). MCF-7:5C cells were transfected with p21 luciferase reporter and renilla
reporter constructs with siCon or silFITM1. Cells were treated with 10uM Rux or vehicle
(Con) and assayed after 24 hours of Rux treatment. Values represent means + SD of two
independent experiments done in triplicate. (d) MCF-7:5C cells were transfected with
STAT/GAS luciferase cocktail and with siCon or silFITM1 or treated with 20uM ruxolitinib
(Rux). (e) Binding of STAT proteins to p21 promoter. Fixed cell lysates from MCF-7:5C/
shlF cells treated with vehicle (-Dox) or 1pg/mL doxycycline (+Dox) for 24 hours and
subjected to chromatin immunoprecipitation (ChlP) with antibodies against STAT1, STAT2,
STAT3 or rabbit 1gG control. g°PCR was performed on the isolated DNA using primers
designed to amplify the —640 STAT regulatory region in the p21 promoter. Recruitment was
compared to input DNA and displayed as mean * SD of technical triplicates. (f) MCF-7:5C
cells were transfected with siCon, silFITM1C, p21 siRNA (siP21) or silFITM1-C with sip21
and lysates were immunoblotted for phospho-STAT2 (p-STAT2), STAT2, phospho-STAT1
(p-STAT1), STAT1, phospho-STAT3 (p-STAT3), STAT3 IFITM1, phopsoh-p21 (p-p21) and
p21. * p<0.05, ** p<0.01
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Figure 9. Loss of IFITM1 induces p21 nuclear translocation
(a) Fresh whole cell lysates from 80% confluent MCF-7, and MCF-7:5C were separated into

nuclear (laminin B) and cytoplasmic (B-actin) fractions. Protein expression of p21 and
IFITM1 was determined by immunoblotting. (b) MCF-7:5C/shIF cells with and without
doxycycline (+ Dox) exposure were also treated with 10uM ruxolitinib (Rux). After 48
hours Rux treatment, cells were harvested and fresh whole cell lysates were fractionated and
immunoblotted for p21 and IFITM1 protein expression. B-actin and Lamin B expression
indicate the purity of the cytoplasmic and nuclear fractions respectively. (c) MCF-7:5C/shlIF
cells with and without doxycycline (+ Dox) exposure were also treated with 10uM
ruxolitinib (Rux). After 48 hours Rux treatment, p21 and IFITM1expression and localization
as determined by immunofluorescent staining.
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