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Abstract
Breast cancer is the most common cancer diagnosed among women in the United States.
Breast cancer is subdivided into groups based on receptor status including estrogen receptor
(ER) and progesterone receptor (PR) positive, human epidermal growth factor-2 positive (HER2)
or triple-negative. Triple-negative breast cancer (TNBC) affects 15-20% of women diagnosed with
breast cancer each year and is the most aggressive subtype. TNBC lacks the common receptors
used to diagnose and treat breast cancer and subsequently, does not have any targeted
therapies. Therefore, our long-term goal is to identify drivers of TNBC aggression and subsequent
treatments to target those drivers. Evidence suggests that breast tumors expressing high levels
of interferon stimulated genes (ISGs) are more aggressive than tumors expressing low levels of
ISGs, perhaps providing a molecular explanation into the aggressive nature of TNBC. We have
identified that TNBC breast cancer cell lines and patient samples overexpress a specific ISG
called interferon inducible transmembrane 1 (IFITM1). Though studies in cancer biology have
identified that IFITM1 can promote tumor progression, the role of IFITM1 in TNBC is unknown.
IFITM1 is normally only expressed upon exposure to type I interferons such as interferon (IFN)alpha, but can also be regulated by other pathways including NFκB. The goals of this thesis are
to assess the clinical and functional relevance of IFITM1 in TNBC, to investigate the mechanism
by which IFITM1 contributes to TNBC progression, and to uncover novel ways to target its
expression.
In this thesis we demonstrate that IFITM1 is significantly elevated in TNBC tumors as
assessed by a TNBC tumor microarray and in silico analysis, and that IFITM1 is overexpressed
in TNBC cell lines. Loss of function studies in SUM149, MDA-MB-157, and MDA-MB-468 TNBC
cell lines reveal that IFITM1 regulates TNBC growth, migration, and invasion both in vitro and in
vivo. RNA sequencing of CRISPR/Cas9 mediated IFITM1 knockout SUM149 cell lines suggest
that loss of IFITM1 results in a decrease of NFκB mediated signaling and subsequently IL6 and
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SNAI2 expression. Mechanistically, data presented herein suggest IFITM1 functions to regulate
TNBC cell growth with the help of CD81 likely through regulating integrin, NFκB, and IL6 gene
expression. Additionally, we uncovered, for the first time, that IFITM1 is secreted in TNBC
extracellular vesicles. Collectively, these findings suggest that IFITM1 contributes to TNBC
progression, therefore, selectively targeting IFITM1 may be a novel therapeutic avenue for
patients with IFITM1 positive TNBC.
IFITM1 is normally only expressed upon exposure to type I interferons such as interferon
alpha (IFNα). Canonical IFNα signaling activates a JAK/STAT phosphorylation cascade resulting
in formation of a transcriptional complex comprised of phosphorylated (p-)STAT1, pSTAT2 and
interferon regulatory factor-9 (IRF9). However, IFNα can promote gene expression in the absence
of STAT phosphorylation due to chronic exposure to IFNα, or through crosstalk with other
pathways including NFκB. Data presented herein show that IFITM1 is regulated in a
STAT2/IRF9/p65 dependent manner. We identified that IFITM1 is regulated by autocrine IFNα in
TNBC through unphosphorylated the STAT2/IRF9 complex, but also identified that IFITM1 is
directly regulated by p65 and that IFNα can regulate p65 activation. Anchoring these data, a high
throughput screen identified the NFκB inhibitor, parthenolide, to be cytotoxic to TNBC cells and
we found it regulates IFITM1 expression both in vitro and in vivo. Lastly, loss of IFITM1 enhances
parthenolide mediated apoptosis.
Data presented in this thesis begin to characterize the functional role of IFITM1 and IFNα
signaling in TNBC progression as a means for developing a more comprehensive understanding
of TNBC biology in hopes of identifying potential alternative therapies. Here, we provide evidence
to suggest that IFITM1 is both a potential therapeutic target and biomarker for a subset of TNBC.
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Chapter 1:

Introduction

Parts of this chapter are adapted from work previously published as an open access article.
Provance, OK, Lewis-Wambi, J. (2019). Deciphering the role of interferon alpha signaling and
microenvironment crosstalk in inflammatory breast cancer. Breast Cancer Res, 2019. 21(1):59.
PMCID: PMC6501286. doi: 10.1186/s13058-019-1140-1.
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Breast Cancer
Breast Cancer: Statistics and subtypes
Breast cancer is the most common cancer diagnosed among women in America. The
American Cancer Society predicts that approximately 282,000 new breast cancer cases will be
diagnosed in 2021 and approximately 44,000 women will face mortality due to breast cancer.
Contributing to the high mortality rate is the inter- and intra-tumor heterogeneity that is intrinsic to
the disease. Assessment of both histopathological prognostic characteristics including grade and
stage (1) and the presence of receptors including the estrogen receptor (ER), the progesterone
receptor (PR), and the human epidermal growth factor (HER2) have provided a means to stratify
patients in regard to prognostic predictions and treatment selection for many years (2). However,
the use of recent technological and molecular advances including microarray analyses and nextgeneration sequencing has prompted a deeper investigation into the diversity and classification
of breast cancer (3-7). This technology has identified five major intrinsic subtypes including
Luminal A, Luminal B, HER2 enriched, basal-like and claudin-low, and normal breast like (3-7),
all of which have unique incidence, risk factors, prognosis and treatment response (2) (Figure
1.1). In general, luminal tumors (estrogen receptor (ER+), progesterone receptor (PR+) are the
most common (60% of cases) and are largely curable with a low rate of recurrence whereas those
diagnosed with basal-like tumors (human epidermal growth factor-2 (HER2+) and triple negative)
have a poor response to therapy and a higher rate of relapse free survival and lower overall
survival (8). The most common subtype is luminal A comprising approximately 40% of breast
cancer cases. These tumors are ER+ PR+ and HER2-, have a low proliferative index as identified
by Ki67 staining, and respond well to estrogen inhibitor therapy. Similar subtypes include normallike comprising 2-8% of breast tumors, and luminal B comprising approximately 20% of breast
tumors with the major differences being in proliferation rate. Poorer prognosis arises with the
presence of the HER2 receptor which comprises approximately 10-15% of breast tumors
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Figure 1.1 Intrinsic subtypes of breast cancer
Breast cancer is a heterogenous disease characterized by multiple distinct subtypes. Numerous groups
have worked to classify breast tumors based on gene expression, receptor status, extent of differentiation,
treatment response and prognosis (3-7). Here we represent the most prominent subtypes. Nodes represent
similarity. In particular, within the basal like subtype is the claudin-low subtype. Claudin-low tumors are
highly invasive with low luminal differentiation and elevated gene expression related to mesenchymal
processes and stem cells. Figure created with BioRender.com template.

characterized by elevated cell growth and invasion, but can be targeted by HER2 targeting agents
such as Herceptin. The most aggressive subtype is known as basal-like breast cancer which
accounts for 15-20% of total cases (7, 9, 10). This subtype occurs more often in younger women,
is associated with BRCA mutations, and is predominantly comprised of the triple-negative breast
cancer (TNBC) subtype (80-90%) which lack the three most common receptors (ER, PR, HER2+)
that are used for detecting and treating breast cancer. Though enhanced characterization has
provided insight into the heterogeneity of breast cancer and has improved survival rates for
luminal A and HER2+ tumors, TNBC patients still lack targeted therapy and continue to have high
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mortality rates (11, 12). Therefore, there is an unmet need to identify drivers of TNBC aggression
and subsequent treatment regimens for those markers.

Triple-negative breast cancer: Statistics and subtypes
Approximately 15-20% of breast cancer patients will be diagnosed with triple negative
breast cancer (7, 9, 10). Unlike other subtypes, TNBC disproportionately affects younger women
and African-American women, and demonstrates high pathologic grade (13). Patients diagnosed
with TNBC have a lower 3-5 year overall survival rate than receptor positive breast tumors with a
reported 12-month median overall survival compared to 20 months for ER/PR+ tumors and 56
months for HER2+ tumors (10, 12, 14-16). TNBC diagnosis depends on accurate assessment of
ER, PR and HER2 by immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH)
(8). Tumors with <1% ER/PR/HER2 positivity as observed by IHC are classified as TNBC (8).
Like breast cancer in general, unique molecular subtypes within TNBC based on gene
expression patterns and immune environment have been uncovered: immunomodulatory,
mesenchymal stem like, basal like, luminal androgen receptor (AR), and mesenchymal (4, 10, 15,
17-19) (Figure 1.2). It is worth noting that the main difference between mesenchymal-stem like
and mesenchymal TNBC subtypes is that the mesenchymal stem-like subtype has decreased
proliferation genes and higher levels of genes related to mesenchymal stem cells (20). Despite
this effort in identifying biologically distinct subtypes of TNBC, there is still high uncertainty of
molecular drivers of the disease and each subtype will likely display differential responses to novel
targeted agents (13).
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Figure 1.2 Triple negative breast cancer subtypes
Like breast cancer in general, TNBC is a highly diverse group of cancers. Subtyping of TNBC is necessary
for development of molecular-based therapies to enhance patient prognosis. Here, we present an overview
of the most prominent TNBC subtypes and descriptive of outcomes, gene signatures, and treatment
response (4, 7, 10, 15, 17-19). Subtype response to chemotherapy was derived from Masuda et al. (21).
Figure created with BioRender.com template.

Triple-negative breast cancer: Current therapies
Continued development of targeted therapies for HR+ and HER2+ breast cancer has
contributed to a decrease in mortality. However, TNBC has not benefited from these discoveries
due to the lack of receptors and extensive heterogeneity. To date, there is absence of targeted
treatment for TNBC patients (22). The current standard of care for grade I-III TNBC patients is an
anthracycline-taxane-based systemic chemotherapy regimen and for local TNBC, mastectomy,
and radiation therapy (13, 23, 24). Despite this treatment, approximately 30-40% of early stage
TNBC patients who receive treatment develop metastatic disease leading to demise, which is
substantially worse than HR+ and HER2+ breast cancer (10). However, TNBC has an inherent
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paradox when assessing response to chemotherapy (25). A study published in the Lancet
assessed the relationship between pathological complete response (pCR) and residual disease
(RD) in TNBC patients (26). pCR and RD are measured after neoadjuvant chemotherapy and are
used as predictive outcomes for TNBC patients (26). The 35% of TNBC patients that achieve a
pCR have good prognosis whereas the 65% with RD have a significantly decreased overall
survival compared to other breast cancer subtypes (7, 26, 27). Regardless of pCR, 20-40% of
patients with TNBC have tumor recurrence three to five years following diagnosis (28). In an effort
to enhance patient response and effectiveness of systemic chemotherapy in TNBC patients,
clinical trials have investigated the addition of other agents to chemotherapy though these
additions had no significant improvement in overall survival (13, 29, 30). Though with the help of
genomic studies, development of more targeted treatments have emerged including, PARP
inhibitors (PARPi), pathway specific (AKT, PI3K and mTOR) inhibitors, and immune checkpoint
therapy (31). Recent studies suggest that TNBC tumors are more likely to respond to
immunotherapy than other breast cancer subtypes due to increased number of tumor infiltrating
lymphocytes in the tumor stroma and increased levels of programmed death ligand-1 (PD-L1)
expression on both tumor and immune cells providing direct targets for immune checkpoint
inhibitors (32-35). However, TNBC patients have a poor response to PD-L1 targeted therapy.
Interestingly, PD-L1 as well as other immune checkpoints are known to be regulated by interferon
(IFN) signaling (36). IFNs have been implicated in enhancing tumor cell DNA damage resistance
in multiple cancer types including breast cancer perhaps contributing to this treatment difficulty in
TNBC (37).
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Interferon signaling
The interferon family
Interferons (IFNs) are cytokines known to confer an adaptive immune response in all cell types
(12, 13). The IFN family is divided into three groups: type I interferons (IFN-α, -β, -ε, -κ, and-ω) type
II interferon (IFNγ) and type III IFNs (IFNλ‘s -1,-2,-3,-4). Each IFN has specific genetic loci
contributing to differential activation (38).
Type I IFNs are best known for signaling through the interferon alpha receptor (IFNAR)
complex of IFNAR1/IFNAR2 to activate signal transducer and activator of transcription (STAT)1/STAT2 phosphorylation and subsequent binding with interferon regulatory factor (IRF)-9,
forming the interferon stimulated gene factor-3 (ISGF3) complex. ISGF3 can bind to the DNA at
the interferon stimulated response element (ISRE) to drive transcription of ISRE dependent
genes. Activation of type I IFN signaling is essential for the antimicrobial defense and for
modulation of the adaptive immune response. All nucleated cells express type-I interferon
receptors and can produce IFNα upon viral stimulation (14). Type I IFNs are produced in cells
upon viral or pathogenic infections through pattern recognition receptor pathways, including RIGI
(retinoic acid inducible gene 1), PKR (protein kinase R), toll like receptor (TLR) 3, -7, -9, and
STING (stimulator of interferon genes) (39).
Type II IFNs signal through the interferon gamma receptor (IFNGR) complex of
IFNGR1/IFNGR1 activating STAT1 activation and subsequent dimerization allowing binding to
gamma activated sites (GAS) sites in a subset of interferon stimulated genes (40). Though
hematopoietic cells are the key producers of IFNγ nearly all cells in the body express an IFNGR
receptor and therefore, are responsive to IFNγ (38, 41). IFNγ plays a key role in regulating T-cell
response and myeloid activation since antigen-activated T-lymphocytes are key producers of
IFNγ (39). Additionally, IFNγ is a potent macrophage activator which enhances the cellular
response against mycobacteria and intracellular pathogens (39).
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Type III IFNs include (IFNλ-1, -2, -3, -4) otherwise known as IL-29, IL-28A, IL-28B, and
IFN-λ4 respectively. This family is the most newly characterized and are similar in structure and
function to the IL10 family of cytokines (39). These interferons bind to the IFNLR1 (IL-28Ra) and
IL-10R2. Though type III IFNs are capable of signaling through the ISGF3 complex, IFNLR1 has
specific affinity to IFNλ and is only found on epithelial cells and subsets of myeloid and neuronal
cells (38, 39). Similar to type I IFNs, type III IFNs are produced as a cellular response to viral or
pathogenic infection, and through pattern recognition receptor pathways (39).

Figure 1.3 General overview of interferon signaling
Each IFN binds to a specific cellular heterodimer receptor complex with high affinity. The binding of IFN to
its receptor complex initiates a phosphorylation cascade with activation of JAK, TYK and STAT proteins.
Homodimerization and heterodimerization of STATs and other factors (i.e: IRF9) allow for nuclear entry
and variable DNA binding affinity to specific promoter elements for gene transcription. Figure created with
BioRender.com template.
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As described above, each family of interferons induces specific but somewhat overlapping
cellular responses. However, multiple regulatory mechanisms exist to control the cellular
response to the IFN including the duration and concentration of IFNs, post-translational
modifications, negative regulators, and mutational burden (42). Though the biological role of IFNs
has evolved to regulate the immune response, implications for their role in cancer biology have
emerged.

The paradoxical roles of IFN signaling
IFNs operate on a temporal spectrum contributing to their observed paradoxical roles in
cancer biology (43). IFNs from both immune cells and tumor cells function concurrently to regulate
the early steps of cellular transformation and elimination of malignant cells but can eventually lead
to tumor cell immune escape and subsequent progression.
During initial tumor formation, immune cells surrounding the tumor will recognize tumor
specific antigens and eliminate the transformed cells (44). IFN-signaling is required for this initial
immune-recognition and destruction of nascent tumors by immune modulatory cells including
dendritic cells and T-cells (45). Specifically, IFNα produced by tumor cells activates innate
immunity to promote an anti-tumor immune response through elevating MHC molecules, costimulation, cross presentation, and activation of CD8+ T-cells (46), and through activating natural
killer cells, dendritic cells, and B-cells (46, 47). In regard to TNBC, high infiltration of tumor
infiltrating lymphocytes contributes to better response to chemotherapy (48). However, this may
only be for specific subtypes of TNBC as previously outlined.
Alternatively, chronic inflammation is associated with cancer progression due to
progressive immune dysfunction. Tumor cells which are not eliminated often undergo senescence
(49). During senescence, normal epithelial cells become transformed through destabilization of
chromatin, increased DNA damage, or through mutations necessary for survival, promoting
secretion of a subset of inflammatory cytokines. This secretory phenotype of transformed cells
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can promote a pro-tumorigenic microenvironment through immune suppression. In particular,
studies show that IFNα may promote tumor immune escape through up-regulation of PD-L1 on
tumor cells (50) which subsequently protects against further IFN induced cytotoxicity (51).
Moreover, persistent DNA damage can also contribute to chromosomal instability (CIN) in
cells which maintain proliferative capacity (52). It is hypothesized that CIN can induce IFNα
production (53) and a previous study identified that that ER-negative, triple-negative and basallike tumors have significantly higher CIN scores (54) which correlates with tumor metastasis (52).
Supporting this evidence, the IFNα signature has been identified as a pathway upregulated in an
a highly aggressive subset of breast cancer known as inflammatory breast cancer (IBC) (55).
Though IFN signaling has the ability to eliminate tumor cells, aforementioned evidence
highlights how IFN signaling, specifically IFNα, may contribute to tumor progression of TNBC.
Perhaps sustained IFNa signaling could be induced by cellular injury (i.e.: chronic inflammation,
DNA damage, etc.) and if its downstream effects are understood and appropriately targeted, may
increase responsiveness to current therapies.

Interferon alpha signaling pathways: canonical, non-canonical, alternative
As previous discussions highlight, IFNα is a highly pleiotropic cytokine. Though IFNα
preferentially signals through the JAK/STAT pathway, its signaling does not occur in isolation (46).
The presence of other inflammatory and intracellular signals like crosstalk between pathways
such as PI3K, MAPK and p65 ultimately mediate downstream gene expression (41). Adding to
this complexity, IFNα modulates the activity of the JAK/STAT signaling pathway in both
phosphorylated and an unphosphorylated mechanisms while this alone has implications in ISG
induction. The plasticity of the cellular response to IFNα has been extensively reviewed by Cheon
et al. (56) and Medrano et al. (57) so here, we discuss only the key aspects of mechanisms of
IFNα intracellular signaling.
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Canonically, the JAK/STAT pathway becomes activated once IFNα binds to IFNAR1
which then dimerizes with IFNAR2. IFNAR1 and IFNAR2 do not have intrinsic kinase activity but
are constitutively associated with janus activated kinase-1 (JAK1) and tyrosine kinase-2 (TYK2)
(41). Thus, the dimerization of IFNAR1 with IFNAR2 activates cross-phosphorylation of JAK1 and
TYK2 resulting in phosphorylation of the intracellular domain of IFNAR1 and IFNAR2. STAT1 and
STAT2 are recruited to the receptors through their SH2 domain allowing phosphorylation by JAK1
and TYK2. Phosphorylated STATs may then homodimerize or heterodimerize. The homodimer
of STAT1 is known as IFN-activated factor (AAF) and the heterodimer of STAT1/STAT2
associated with interferon regulatory factor (IRF)-9 is termed interferon stimulated gene factor-3
(ISGF3). These complexes translocate into the nucleus and bind to gamma activated sequences
(GAS) or interferon stimulated response elements (ISREs) on the DNA, respectively, transcribing
specific interferon stimulated genes (ISGs), some of which are listed in Table 1.1 (Adapted from
(37, 58, 59) and outlined in Figure 1.3 and 1.4. The ISGF3 complex binds a composite DNA
sequence in which IRF9 contributes most of the DNA binding specificity by recognizing the core
sequence of ISRE. Though STAT1 contributes necessary contacts with DNA, STAT2 does not
directly bind to the DNA but instead, contains a transactivation domain which is essential for full
ISGF3 transcriptional activity (60-62). Additionally, studies have uncovered essential roles of
STAT2 and IRF9 in the absence of STAT1 which are highlighted by non-canonical interferon
signaling (61, 62).
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Figure 1.4 Canonical, non-canonical, and alternative mechanisms of IFNa signaling
Canonical: Canonical IFNα signaling begins with IFNα binding to IFNAR1/IFNAR2 receptor. After it binds
to the receptor, JAK1 and TYK2 cross-phosphorylate each other and phosphorylate the intracellular
domains of the receptors to allow for STAT1 and STAT2 binding through their SH2 domain for subsequent
phosphorylation. Once STAT dimers form, they translocate into the nucleus and bind to their respective
DNA binding elements. IRF9 and STAT1 are the only two proteins that directly interact with the DNA
whereas STAT2 is necessary for stabilizing the ISGF3 complex and further recruitment of co-activators.
Non-canonical: During chronic IFNα signaling, STAT proteins are no longer robustly phosphorylated
however the interferon signature may remain upregulated due to the similarity between ISGF3 and UISGF3. In the absence of IFNα, there will either be no signal or, depending on STAT2 and IRF9 levels, the
interferon response may stay elevated due to the continued formation of STAT2 and IRF9. TNBC cells have
robust levels of IRF9 and IRF9 increases in tumor clusters. Therefore, IRF9 could be the key driver of this
response (61). Alternative: IFN has also been identified to activate NFkB in a dose-dependent mechanism
through adaptor proteins including STAT3, PI3K and AKT (63-65). Supporting this evidence, multiple ISGs
have NFkB binding sites within their promoter (63, 66, 67). Below: Additionally, specific genes can be
regulated in response to IFN signaling by STATs only, STATs and alternative transcription factors including
NFkB, and IRF’s, or through transcription factors only (68). Figure created with BioRender.com.
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Non-canonical

interferon

signaling

occurs under chronic exposure to IFNα
when

STAT1

and

STAT2

lose

their

phosphorylation status promoting formation
of the unphosphorylated-ISGF3 (U-ISGF3)
complex.
signaling

Non-canonical
can

be

interferon

STAT2/IRF9

driven

through forming a complex known as
ISGF3-like (Figure 1.4). In the absence of
STAT1, a certain threshold amount of
STAT2 and IRF9 must be reached to allow

Table 1.1 Transcription factor complexes and their
control of interferon stimulated genes
ISGF3
MX1/2
IFITM1
IRF9
PLSCR1
IRF4
OAS1/2/3
cGAS
SOCS
STAT1
USP18
STAT2
ISG15
NOS2
IRF3
IRF7

U-ISGF3
MX1/2
IFITM1
PLSCR1
OAS1/2/3
IRF7
STAT1
IFI27
IFI44

GAS
IFITM1
STAT4
IRF1
IRF8
IDO
NOS2
PDGFRA
KRT14
IRF2

Provance and Wambi. Breast Cancer Res. 2019;21(1):59

ISGF3: Interferon stimulated gene factor 3, consists of
phosphorylated STAT1 and STAT2 dimers bound to
IRF9.
U-ISGF3:
Unphosphorylated-interferon
stimulated gene factor 3, consists of a dimer of
unphosphorylated STAT proteins bound to IRF9. GAS:
gamma activated sequence, consists of phosphorylated
STAT1 dimers. Derived from Provance and Wambi (53).

STAT1 independent transcription (61). This is of functional relevance because in the case of
prolonged IFNa signaling, STAT2/IRF9 alone could be promoting transcription of specific, protumorigenic ISGs in the absence of phosphorylation and STAT1 (61, 69). Perhaps, this stems
from STAT2/IRF9 binding to distinct, yet undefined, promoter regions allowing transcription of a
unique subset of ISGs (61, 62). Supporting the importance of STAT2 and IRF9 in breast cancer,
loss of STAT2 but not STAT1 significantly inhibits progesterone activation of the interferon
response (70, 71) and IRF9 overexpression contributes to resistance against anti-microtubule
agents (72). Additionally, cells lacking STAT2 do not respond to IFNa activation of ISGs whose
transcription is ISRE dependent (73). Therefore, stabilization of the U-ISGF3 or ISGF3-like
complex could be a potential mechanism whereby TNBC utilizes IFNa for aggression.
Aside from non-canonical IFNα signaling, IFNα is known to mediate activation of other
cellular pathways through intracellular crosstalk (Figure 1.4, Figure 1.5). Of recent, there has been
an increase in the amount of evidence regarding IFN crosstalk with NFkB (74-76). For instance,
multiple regulators of IFN signaling can also enhance NFκB activation including chromosomal
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instability, stress or DNA damage response, and alterations in the microenvironment (Figure 1.5)
(53). Moreover, IFNa could perhaps be controlled via NFkB indirectly since NFkB transcribes
IFNb which can promote transcription of IRF7 and IRF3, key regulators of IFNa (Figure 1.5) (77).
This could also contribute to ISGs regulated by NFκB and a positive feedback mechanism driven
by an IFN related gene signature (Figure 1.5). Moreover, previous reports suggest that IFNα can
activate PI3K through the p85 subunit which in turn, activates NFκB reducing IFNα mediated
apoptosis (Figure 1.5) (63). This crosstalk with NFκB and PI3K can occur independent of JAK
activation and is not dependent on the ISRE element for gene transcription (78). These alternative
pathways of transcription have likely evolved to control infection when canonical JAK/STAT is
inhibited by pathogens exist by promoting expression of a subset of ISGs.

Adapted from: Provance and Wambi. Breast Cancer Res. 2019 May 6;21(1):59 and Peri et al. PloS One. 2013;8(10):e76746.

Figure 1.5 IFN crosstalk with NFκB
Induction of IRF and NFκB transcription factors may occur through insults including chromosomal instability,
stress or DNA damage, and alternations in the microenvironment. Upon activation, specific NFκB ISGs may
be induced as well as IFNα and IFNβ and their transcription factors amplifying a positive feedback loop.
This may also induce continuous interferon signaling and subsequent downstream pathways. This IFN
induced gene signature also has ability to contribute to a positive feedback mechanism. Figure adapted
from Peri et al (79) and Provance and Wambi (53). Figure created with BioRender.com.
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IFN/NFκB crosstalk may also occur on the DNA of specific genes. The NFkB related
protein, p50, could regulate response to IFN by binding to ISG promoters on a basal level,
suppressing gene expression until displacement occurs by IFN stimulation (63). Furthermore,
biochemical analyses suggest that the interaction between the full ISGF3 complex
(phosphorylated or unphosphorylated) and p65 is necessary to recruit Pol-II machinery for gene
transcription (80, 81) (Figure 1.6). Additionally, STAT2 can bridge the ISRE and NFκB element in
the IL6 promoter by binding to both IRF9 and p65 providing evidence for STAT2/IRF9 mediated
IFNa signaling crosstalk (82) (Figure 1.6).
Collectively, though cells may have an elevated interferon gene signature, multiple
mechanisms exist which could be driving gene expression. Therefore, it is of high importance to
understand cellular responses to IFNα since uncovering the upstream IFN dependent regulation
of ISG’s promoting tumor aggression may lead to discoveries of disease etiology and subsequent
treatment options.

A.
B.

Nan et al. PNAS, 2018;115(15):3906-11
Platanitis and Decker. Frontiers in immunology. 2018;9:2542, and Wienerroither et al. Cell Reports. 2015;12(2):300-12

Figure 1.6 ISGF3 and NFκB DNA binding
Depiction of the coordinated efforts in driving gene expression mediated by ISGF3 components and NFκB
mediated transcription factors. Panel A is adapted from Nan et al. (82) and panel B is adapted from
Platanitis and Decker (81) and Wienerroither et al. (83). Figure created with BioRender.com.
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Interferon stimulated genes in cancer biology
Interferon stimulated genes (ISGs) are abundantly expressed in all cell types in response
to IFNs and mediate the effects of IFN signaling. Thousands of ISGs are capable of being induced
by IFNs to promote an antiviral state effective against both RNA and DNA viruses and intracellular
bacteria and parasites (58), but only a handful have been studied in detail. From what is known,
ISGs have the ability to both sensitize and desensitize cells to IFN stimulation, inhibit viral entry,
translation, replication, and egress (58). Though thousands of ISGs are capable of being
transcribed by IFN, this transcription is heavily dependent on the duration and concentration of
the IFN stimulus, the DNA elements within the specific gene promoter, and the levels of
transcription factors, all of which fine tune the cellular response. Additionally, cell endogenous
levels of IFN and pathway components may lead to variation in the nature and number of genes
that are regulated leading to a distinct biological result. Overall, the complex control of ISG
expression in controlling cell death and survival responses makes these genes an interesting
point of study in tumor progression. Recent evidence suggests that later stage and more
aggressive tumors utilize IFN signaling and ISG expression to enhance tumor growth, migration,
invasion, metastasis, and resistance to chemotherapy in numerous tumor types including breast
cancer (58, 70, 84-90). Notably, TNBC in specific has been identified to have a high IFN signature
which contributes to poor overall survival (91).
We have herein established that a balance of interferons is essential for the correct cellular
response. For example, if a cell receives high volumes of IFN then there is a rapid increase in
genes essential for senescence or death which evolved to protect the cell against viral infection.
Alternatively, prolonged IFN signaling can contribute to transcription of a separate subset of genes
that can mediate tumor progression and DNA damage resistance. One specific gene, interferon
induced transmembrane protein 1 (IFITM1) has been shown to individually regulate growth and
invasion in multiple tumor subtypes.
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Table 1.2 Interferon stimulated genes and known functions in cancer
Function

DNA Damage Resistance

Migration and Invasion

ISGs

Reference

STAT1

PLSCR1

P2RY6

IFIT3

Weichselbaum, 2008

IFI27

OAS1/2/3

XAF1

PSMB8

Post, 2018

MX1/2

IRF9

OAS2

IFI6

IFI44L

DDX60

DDX58

IFIT1

APOL6

LGALS3BP

BTS2

IFI27

CD133

ISG15

CD24

IFITM1

Lui, 2017

CD44

STAT2

Kariri, 2020

IRF3

STAT1

IRF7

STAT2

IRF9

NFκB

Ogony, 2016

Bektas, 2008
Positive feedback

Immune checkpoint
blockade

IFNβ

Choi, 2015

PD-L1

Gruosso, 2019

CTLA4
HLA-Class I

Immune recognition

Lui, 2017

Gruosso, 2019

MHC-1
CXCL-10

Interferon induced transmembrane protein-1
Interferon induced transmembrane protein-1 (IFITM1, Leu-13, CD225) is a member of the
interferon induced transmembrane (IFITM) family. The IFITM family includes IFITM1, 2 , 3, 4, 5
and 10. IFITM1, 2, 3 and 5 are present in humans and are clustered in a 26kb region at the end
of the short arm of chromosome 11, while IFITM10 is located 1.4Mb (megabase) downstream
(92). IFITM1, 2 and 3 are highly conserved across species and are known as the immunity related
IFITMs due to their established role as inhibitors of viral entry and replication on all cell types (67).
IFITM5 and 10 are not interferon inducible and IFITM5 is mainly found in osteoblasts relating to
bone mineralization, while IFITM10 has an unknown function and tissue distribution (67). The
antiviral role of the IFITM members has been extensively reviewed (67, 93).

17

IFITM proteins have a highly conserved region named after IFITM1 known as the CD225
domain, an N-terminal domain (NTD), C-terminal domain (CTD), conserved intracellular loop
(CIL) and two transmembrane spanning domains (TMD). The most highly conserved IFITM
proteins to IFITM1 include IFITM2 and IFITM3. Notably the N-terminal domains of IFITM2 and
IFITM3 are 20 and 21 amino acids longer than IFITM1, respectively, and the CTD of IFITM1 is
elongated by 18 AA compared to IFITM2 and IFITM3 (67) (Figure 1.9 A). To date, the topology of
IFITM1 remains elusive. The most current theories propose that due to the palmitoylated cysteine
residues present at the CIL and TMD junctions, only one transmembrane domain spans the
membrane, leaving the N-terminal and CIL on the inner leaflet and the CTD on the outer leaflet
(94, 95) (Figure 1.9 B,C). Notably, IFITM1 has a caveolin binding domain in its TMD2 domain
(Figure 1.6 B). Importantly, studies suggest that the location of IFITM1-3 are dependent on either
the CTD or NTD which subsequently regulates the function of these proteins. This is supported
by immunological studies which found that it was the C-terminal end of IFITM1 and the N-terminal
of IFITM2/3 that regulates plasma membrane and endosome localization (92, 96, 97).
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Adapted from: A. Narayana et al. J. Biol Chem. 2015;290(43):25946059. B. Li et al. J. Biol Chem. 2015;290(7):4248-5, and
C. Zhao et al. Front Microbiol. 2019;9:3228,

Figure 1.7 IFITM1 protein domains and predicted topologies
A, Structure of protein length and conserved regions across IFITM1, IFITM2 and IFITM3. Each protein has
two membrane spanning domains (red) and a cytoplasmic intracellular loop (green) The two membrane
spanning domains and the CIL constitute the conserved CD225 region. As noted in the figure, IFITM1 has
a shorter n-terminal end (21 AA) compared to IFITM2 and IFITM3 but has an 18 AA elongated c-terminal
domain. B, Depiction of IFITM1 domains, post-translational modification sites, and intracellular distribution
sorting signal. C, Predicted topologies of IFITM1. Since IFITM1 has been identified on internal membranes
and on the plasma membrane, the top portion of the panel represents the extracellular or cytoplasmic facing
regions whereas the bottom portion of the panel represents intracellular or lumen facing regions. Panels AC are adapted from the following citations (93, 96, 98). Figure created with BioRender.com.

In addition to regulating viral entry and replication, IFITM1 has been shown to have a
prominent effect in many cancer cell types (Table 1.3). Though the mechanism is elusive, insight
gained from studies in viral biology provide some evidence. IFITM1 was first described as a
leukocyte antigen and a component of a membrane complex of tetraspanins responsible for
regulating cell adhesion and proliferation (99). Early reports identified direct interactions between
IFITM1 and tetraspanin proteins in a complex comprising CD19, CD21 and CD81 in B-cells (100).
Tetraspanins are cell surface molecules known to organize signaling complexes thus playing a
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fundamental role in biological processes through regulating cellular adhesion, proliferation, and
migration and CD81 has been established as a tumor promoter in multiple cancers (101-103).
Regarding the role of IFITM1 in cancer, our lab has previously identified that loss of IFITM1
can increase the levels of nuclear p21 and p27 through activation of JAK/STAT signaling thus
decreasing growth and promoting apoptosis (104) (70, 105). Additionally, in an in vivo model of
tumor growth, loss of IFITM1 was correlated with decreased blood vessel density (104). However,
the most studied function of IFITM1 is in the context of tumor migration and invasion. In both head
and neck cancer and ovarian cancer, high levels of IFITM1 are directly correlated clinically with
increased invasion and metastasis (106, 107), and pre-clinical studies in breast cancer, glioma,
and colorectal cancer show that IFITM1 regulates migration and invasion (70, 105, 108, 109). A
recurring theme in all these studies is the regulation of matrix metalloproteinases, otherwise
known as MMP’s. Loss of IFITM1 in glioma significantly suppresses MMP9 and MMP2 levels and
enzymatic activity in vitro and increases tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP2
(110). Furthermore, loss of IFITM1 in AI resistant ER+ breast cancer significantly suppresses the
levels of MMP1 in in vivo tumor samples (104). IFITM1 overexpression enhanced MMP12 and
MMP13 expression in HNSCC cells, supporting that IFITM1 plays a role in regulating MMPs (106).
Additionally, IFITM1 has an important role in regulating drug resistance. These
investigations began with the discovery that approximately 30% of ER+ patients develop
resistance to their aromatase inhibitors (AI). Within these resistant cells, the IFN pathway and
IFITM1 is upregulated. Correlative studies have shown that high levels of IFITM1 are associated
with poor overall survival and decreased responsiveness to AI treatment (104). Mechanistic
studies have shown that elevated IFITM1 expression in AI resistant ER+ breast tumors can be
driven by PITX2 expression (111). PITX2 (Paired-like homeodomain transcription factor 2) is a
transcription factor known for regulating skeletal muscle development but also regulates tumor
development (111, 112). Importantly, loss of IFITM1 re-sensitizes these tumors to aromatase
inhibitor mediated cell death.
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Aside from chemotherapy resistance, IFITM1 also contributes to radioresistance as
studied in oral cancer (113). In comparing oral cancer tumors that were sensitive or resistant to
radiotherapy, the IFN gene signature was found to be elevated in the resistant tumors. TCGA
analysis demonstrated that IFITM1 expression was more highly expressed in oral neoplasm
compared to normal samples, and this expression level contributes to poor overall survival. It has
been shown that loss of IFITM1 restores responsiveness to radiotherapy in oral squamous cell
carcinoma (113).
Despite these findings highlighting the cellular responses to the loss of IFITM1 in
mediating tumor growth, migration, and invasion, the specific mechanism of action of IFITM1
remains elusive.
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Table 1.3 Functions of IFITM1 in cancer
Tumor type

Comparison

Sample type

Suppressor/
Promoter

Citation

Gastric

Normal vs. tumor

N/A

Promoter

Lee 2014

Colorectal

Normal vs. tumor vs.
mets

Metastatic cell lines
and patient
samples

Promoter

Sari 2016

Colorectal

High vs. low
expression

Cell lines and
patient samples

Promoter

Yu 2015

Triple-negative
inflammatory breast
cancer

TN-IBC vs. HER2+
IBC

Cell Lines

Promoter

Ogony 2016

Resistant vs.
responsive

Cell lines and
patient samples

Promoter

Lui 2017
Escher & Lui
2019

Resistant vs.
responsive

Cell lines

Promoter

Xu 2019

Head and neck

Normal vs. tumor

Cell lines and
patient samples

Promoter

Hatano
2008

Oral cancer

Radioresistant vs.
radiosensitive

Cell lines and
patient samples

Promoter

Yang 2018

Ovarian

Metastatic vs. nonmetastatic

Tumor explants and
cell lines

Promoter

Kim 2014

Cervical squamous
cell carcinoma

Normal vs. tumor

Patient samples
and HeLa cells

Suppressor

Zheng 2017

Glioma

None

Cell lines

Promoter

Yu 2011

Non-small cell lung
cancer

Adenocarcinoma vs.
squamous cell
carcinoma

Cell lines and
patient samples

Promoter

Yang 2018

Lung
adenocarcinoma

Expressed vs. not
expressed

Patient samples

Promoter

Koh 2019

Chronic myeloid
leukemia

Expressed vs. not
expressed

Patient samples

Suppressor

Akyerli 2005

Endocrine resistant
ER/PR+ breast
tumors
Letrozole resistant
ER/PR+ breast
cancer
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Project rationale and hypothesis
Triple-negative breast cancer (TNBC) is a highly aggressive and lethal subtype of breast
cancer. Due to the lack of common receptors used to treat breast cancer, there are no targeted
therapies thus contributing to poor overall survival. There is an unmet need to understand the
molecular underpinnings of the disease to develop specific targeted therapies. Evidence suggests
that cancer tumors expressing high levels of interferon stimulated genes (ISGs) are more likely to
metastasize than tumors expressing low levels of ISGs, perhaps providing a molecular
explanation for high rates of metastasis and poor survival in patients with TNBC. Therefore, our
project investigates the IFNα pathway and one of its downstream genes, IFITM1 in TNBC, to
contribute to the knowledge necessary for novel therapeutic development. Our long-term research
goal is to identify novel drivers of TNBC which can be harnessed for therapeutic development.
The goal of this thesis is to characterize the relevance, function, and biology of IFITM1 in TNBC,
and to unravel and target the signaling pathways driving its expression. However, a critical barrier
in defining molecular drivers and/or biomarkers of TNBC is the inherent TNBC heterogeneity of
gene expression patterns and treatment outcomes. To overcome this barrier, our lab uses TNBC
cell lines encompassing the two most prominent TNBC subtypes (basal and mesenchymal).
This thesis validates the clinical relevance of IFITM1 expression in TNBC though in silico
mining of large databases and in house immunohistochemistry staining of TNBC patient samples.
Three TNBC cell lines constitutively expressing elevated levels of IFITM1 (SUM149, MDA-MB157, and MDA-MB-468) were used in this study for pre-clinical investigations. The biology of
IFITM1 was studied on an endogenous level whereas loss of function analyses were utilized to
demonstrate the functional importance of IFITM1. Next, mechanisms to target IFITM1 expression
were investigated. Here, we took the approach of investigating intracellular signaling pathways
promoting its expression supplemented with implementation of pre-clinical drug investigations in
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vitro and in vivo based on data obtained from a high-throughput screen of FDA approved and
abandoned drugs.
Aside from the therapeutic implications uncovered in this study, the hope is that data
presented herein may contribute to a greater understanding of unique drivers of TNBC and for
the continued development of IFITM1 as a prognostic and predictive biomarker for IFITM1 positive
TNBC. Moreover, we identified that African American patients have elevated levels of IFITM1
compared to Caucasian women. Therefore, this data may be extracted for an investigation into
the role of IFITM1 on breast cancer health disparities.
Overall, we hypothesize that IFNα mediated IFITM1 overexpression contributes to TNBC
progression and targeting IFITM1 expression is a viable therapeutic strategy for treatment of a
subset of TNBC patients. This hypothesis was tested in three specific aims (Figure 1.7): 1)
Assessment of the clinical and functional relevance of IFITM1 in TNBC, 2) Investigation of the
mechanism by which IFITM1 contributes to TNBC progression, and 3), Investigation of how to
target IFNα driven IFITM1 expression in vitro and in vivo. Data obtained from these aims are
presented in the following chapters:

Chapter 2: The clinical and functional relevance of IFITM1 in TNBC
This chapter utilizes in silico analysis of large databases to assess IFITM1 expression and
contribution to invasive breast cancer. Data mining for TNBC is utilized as well as a TNBC tissue
microarray. Additionally, IFITM1 expression is defined in TNBC cell lines to be used for functional
analyses. CRISPR/Cas9 technology and siRNA were employed for loss of function analyses both
in vitro and in vivo. RNA sequencing of CRISPR/Cas9 IFITM1 KO cells identifies global gene
expression alterations mediated by IFITM1.
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Chapter 3: IFITM1 cooperates with CD81 to mediate TNBC breast cancer growth and integrin
gene expression. The role of IFITM1 appears to be context dependent. Therefore, this aim
highlights important characteristics of IFITM1 in TNBC. IFITM1 subcellular location and binding
proteins are defined. Insights into its mechanism of action are heavily focused on IFITM1
relationship with CD81. This chapter provides essential groundwork for future studies to
manipulate these interactions to further define the mechanism of action of IFITM1.

Chapter 4: IFITM1 is regulated by non-canonical interferon signaling
This chapter investigates the involvement of interferon alpha signaling in driving IFITM1
expression. Particular attention is given to the non-canonical interferon pathway and alternative
interferon crosstalk with the NFκB pathway.

Chapter 5: High throughput screen of drug repurposing library identifies inhibitors of IFITM1
positive TNBC
Here, approximately 3,500 FDA-approved and abandoned drugs were screened in two TNBC cell
lines and a HER2+ cell line to assess TNBC and IFITM1 specific drug candidates. Parthenolide,
an NFκB inhibitor, was identified to be highly cytotoxic to TNBC and we found it can be used to
target IFITM1. Lastly, investigation into the feasibility of targeting IFITM1 expression with
parthenolide in vivo was assessed.

Chapter 6: Conclusions and future directions
A recap of results, a discussion on how this research contributes to the field with particular focus
on clinical relevance and future directions to continue this work.
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Figure 1.8 Visual depiction of specific aims
Chapter 2 will address Aim 1, chapter 3 will address Aim 2, and chapters 5 and 6 will address Aim 3.
Figure created with BioRender.com.
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Chapter 2:

The clinical and functional relevance of IFITM1 in TNBC

Parts of this chapter have previously been published as an open access article and are reprinted
here alongside never-before published results.
Provance OK, Geanes ES, Lui AJ, Roy A, Holloran SM, Gunewardena S, Hagan CR, Weir S,
Lewis-Wambi J: Disrupting interferon-alpha and NF-kappaB crosstalk suppresses IFITM1
expression attenuating triple negative breast cancer progression. Cancer Lett. 2021, August 28;
514:12-29. DOI:10.1016/j.canlet.2021.05.006.
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Introduction
Approximately 12% of total breast cancer diagnoses are classified as triple-negative
breast cancer (TNBC). These tumors lack the three most common receptors used for detecting
and treating breast cancer: estrogen receptor (ER), progesterone receptor (PR), and the human
epidermal growth factor receptor-2 (HER2) (7, 9). Patients diagnosed with TNBC have a 12-month
median overall survival rate. This survival rate is significantly lower than patients diagnosed with
ER+/PR+ breast cancer (56-month median survival) and HER2+ (20-month median survival)
tumors (10, 12, 14-16). TNBC poor survival is attributed to the lack of molecular targets and a
poor response to systemic chemotherapy (7, 27). Therefore, there is an urgent need to identify
novel mechanisms promoting TNBC onset and progression to facilitate the development of more
efficacious therapies.
TNBC is a highly heterogenous disease with multiple pathways implicated in its aggressive
phenotype perhaps contributing to varied treatment response and survival outcomes (7).
However, evidence suggests that unbalanced type I interferon (IFN) signaling influences TNBC
aggressiveness, patient survival, and response to therapy (86, 91). IFNs are cytokines that can
be released by all cells in the body to inhibit viral infection, through upregulating interferon
stimulated genes (ISG) as a mechanism of controlling cell death and survival pathways (114).
Though both IFNα and IFNβ are classified as type I IFNs, previous studies suggest a specific role
of IFNα in breast cancer biology in direct relation to specific ISGs that are produced (55, 70, 104).
Studies from our lab have identified a functional role for interferon-induced
transmembrane protein-1 (IFITM1) in aromatase inhibitor resistant ER+ breast cancer and in vitro
with a triple-negative inflammatory breast cancer cell line (70, 104). Though IFITM1 has a
functional role in various types of cancer (Table 1.4), it’s specific role in triple-negative breast
cancer is unknown. Through use of a TNBC tumor microarray and public data set mining, we
identified that IFITM1 is overexpressed invasive breast cancer and TNBC and contributes to
decreased overall survival in specific TNBC subtypes. Furthermore, in vitro and in vivo loss of
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function analyses suggest a prominent role of IFITM1 in mediating TNBC growth, migration and
invasion.

Results
IFITM1 is overexpressed in invasive breast cancer
IFITM1 overexpression in cancer has been shown to promote an aggressive phenotype (Table
1.4). To further confirm this observation in breast cancer, we performed analysis on breast cancer
cohorts using multiple online platforms. IFITM1 gene expression in invasive primary tumors was
significantly elevated compared to normal tissue as assessed through the Oncomine database
(Figure 2.1 A-C). To assess the relevance of IFITM1 in regard to grade and nodal status we
utilized the Breast Cancer Gene-Expression Miner (bcGenExMiner) and found that IFITM1 is
significantly elevated in breast tumors with higher grades (Figure 2.1 D) and nears significance
when comparing node negative to node positive breast cancer (Figure 2.3 E). Lastly, using the
UALCAN database, we assessed whether IFITM1 is elevated in metastatic breast cancer samples
from the MET50 study. Samples without ERBB2 (HER2) amplification had elevated levels of
IFITM1 (Figure 2.1 F). These analyses with the use of multiple datasets suggest that IFITM1 is
clinically relevant in invasive and aggressive breast tumors.
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Figure 2.1 IFITM1 is overexpressed in invasive breast cancer
A-C: IFITM1 expression in invasive breast cancer in comparison to normal breast tissue assessed in
publicly available datasets on the Oncomine Platform. Differences were assessed between groups with a
student’s t-test and results were considered significant with a p-value of <0.05. D, IFITM1 expression in
breast cancer samples stratified according to grade (Scarff-Bloom-Richardson grade, SBR) analyzed using
bcGenExMiner. E, IFITM1 expression in breast cancer samples according to nodal status using
bcGenExMiner. F, IFITM1 expression in breast cancer samples stratified according to HER2 status in
metastatic breast cancer samples from the MET50 study as analyzed using the UALCAN database.

Clinical and pre-clinical relevance of IFITM1 in triple-negative breast cancer
To define the clinical relevance of IFITM1 in TNBC, we first stained 34 primary TNBC breast tumor
samples and 6 normal breast tissue samples through immunohistochemistry (IHC) for IFITM1
expression (Figure 2.2 A). We found that 0% (0/6) normal breast tissue samples had IFITM1 while
38% of TNBC breast tumors overexpressed IFITM1 as measured by a staining intensity of 2+ and
62% of TNBC breast tumors had 1+ intensity. To expand our analysis to a larger patient cohort,
we analyzed TCGA data and found that IFITM1 is significantly elevated in TNBC patient samples
compared to normal breast tissue (Figure 2.2 B). Moreover, utilizing the Kaplan-Meier Plotter
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breast cancer survival database we found that IFITM1 expression correlates with decreased
relapse free survival for patients with mesenchymal, mesenchymal-stem-like, and basal like-1
TNBC (Figure 2.2 C, Supplemental Figure 2.1) (115). For comparison, we also assessed IFITM1
expression in several breast cancer cell lines. We found that IFITM1 protein is highly expressed
in SUM149, MDA-MB-157 an MDA-MB-468 TNBC cells, but not expressed in estrogen receptor
(ER) positive MCF-7 and T47D breast cancer cell lines, or the normal, immortalized ER-negative
MCF10a cells (Figure 2.2 D). qRT-PCR analysis confirms IFITM1 mRNA is elevated in TNBC
cells compared with ER+ MCF-7 cells (Figure 2.2 E). Next, we assessed whether IFITM1 is more
stable in TNBC relative to ER+ counterparts (Figure 3.1 C). The ER+ cell lines used here are
derived from an aromatase inhibitor resistant model which express IFITM1 (104). SUM149, MDAMB-468, and MDA-MB-157 cells have increased stability of IFITM1 as compared to the ER+
aromatase inhibitor resistant cell lines (Figure 2.2 F,G).

However, IFITM1 is not expressed in all TNBC cell lines. Unique to the cell lines expressing
IFITM1 is that they are derived from African American (AA) patients. For example, IFITM1 is not
expressed in MDA-MB-231 cells which were derived from a Caucasian woman (Figure 2.1 A).
Further supporting this evidence, though our tissue microarray is only 18% from AA patients,
these patients have significantly higher IFITM1 staining than non-AA patients (Figure 2.3 B).
Overall, these data suggest that IFITM1 is clinically relevant in TNBC and may have a role in
TNBC health disparities outcomes.
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Figure 2.2 IFITM1 is overexpressed in triple-negative breast cancer
A, Human TNBC breast tissue (34 samples) and normal tissue (6 samples) was obtained from the Biosample
Repository at KUMC and stained for IFITM1 expression using immunohistochemistry. 62% had 1+ staining,
26% had 2+ staining and 12% had 3+ staining. B, The UALCAN database was used to assess IFITM1
expression. UALCAN analyzes TCGA data. C, IFITM1 on relapse free survival derived from KM Plotter.
Patients were first stratified into basal-like breast cancer and further by the mesenchymal TNBC phenotype as
defined by Pietenpol (1). D, Immunoblotting was used to assess IFITM1 protein expression in multiple TNBC
cell lines (SUM149, MDA-MB-468, MDA-MB-157), ER+ breast cancer cell lines (MCF7, T47D) and normalimmortalized human breast cells (MCF10A). E, IFITM1 mRNA expression measured by qRT-PCR in SUM149,
MDA-MB-468, MDA-MB-157, and MCF-7 cell lines. Values represent means ± SD of three biological
replicates and data are presented as fold change to PUM1 using the DCT method. F, Immunoblot of MCF7:5C
(AI resistant MCF7 ER+ cells), SUM149, MDA-MB-468 and MDA-MB-157 treated with cycloheximide (10μ
g/mL)for up to 12 hours. G, Quantification of western blot with ImageJ.

A

B

IFITM1
β-Actin

Figure 2.3 IFITM1 is overexpressed in African American TNBC patients
IFITM1 staining intensity from the tissue microarray delineated by race (non-African American (Non-AA) to
African American (AA). T-test was used to assess significance. *p<0.05.
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Loss of IFITM1 decreases TNBC in vitro growth, colony formation, and migration
To investigate the functional significance of IFITM1 expression in TNBC, siRNA was used to
knockdown IFITM1 in MDA-MB-157 and MDA-MB-468 cells (Fig. 2A). We found that loss of
IFITM1 significantly inhibits cell growth in MDA-MB-157 and MDA-MB-468 cells (Figure 2.4 B-C)
and cell migration in MDA-MB-157 cells (Figure 2.4 D) but not in MDA-MB-468 cells
(Supplemental Figure 2.2). To expand our analysis, we utilized CRISPR/Cas9 gene editing to
stably knockout IFITM1 expression in the SUM149 and MDA-MB-157 cell lines (Figure 2.4 E).
We found that SUM149 IFITM1 KO cells have a slower growth rate than CAS9/Control cells as
assessed by cell counting (Figure 2.4 F) and that the IFITM1/KO cells have an impaired ability to
form colonies (Figure 2.4 G) and to migrate after 24 and 48 hours (Figure 2.4 H). Additionally,
CRISPR/Cas9 knockdown of IFITM1 in MDA-MB-157 cells had similar results such that loss of
IFITM1 impaired the growth after 48 hours, 14-day colony formation, and 24 hour wound healing
(Figures 2.4 I-M). Overall, these data confirm that the presence of IFITM1 in MDA-MB-468, MDAMB-157 and SUM149 cells regulates growth and migration in vitro.
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Figure 2.4 IFITM1 contributes TNBC growth, migration and colony formation in vitro
A, Immunoblot of MDA-MB-157 and MDA-MB-468 cells depicting siRNA knockdown of IFITM1 expression
after 48 hours. B-C, MDA-MB-157 and MDA-MB-468 proliferation was measured through cell counting after
transfection with either siControl or siIFITM1. Values represent means ± SD of three independent
experiments done in triplicate. A t-test was used to assess statistical significance. *p<0.05, ***p<0.001 D,
A scratch assay was conducted on 80% confluent plates after knockdown of IFITM1 with siRNA. Plates
were imaged at 0, 24, and 48 hours and the wound was quantified by ImageJ (right). Values represent
means ± SD of four independent experiments conducted in quadruplicate. A t-test was used to assess
statistical significance at each timepoint; ***p<0.001. E, IFITM1 expression was assessed by
immunoblotting. F, Cell growth was measured through counting CAS9/Con and IFITM1 KO cells. Values
represent means ± SD of four independent experiments done in triplicate. A t-test was used to assess
statistical significance. ****p<0.0001. G, The clonogenicity of SUM149 CAS9/Control and IFITM1 KO cells
was assessed by plating 1,000 cells in a 6-well plate. After 10 days, cells were stained with crystal violet
and quantified based on colony number using ImageJ (right). Values represent means ± SD of three
independent experiments conducted in duplicate. A t-test was used to assess statistical significance;
*p<0.05. H, Scratch assay was conducted on 80% confluent plates of SUM149 CAS9/Control and IFITM1
KO cells. Plates were imaged at 0, 24, and 48 hours and wound was quantified by ImageJ (right). Values
represent means ± SD of four independent experiments conducted in quadruplicate. A t-test was used to
assess statistical significance at each timepoint; ***p<0.001. I, Western blot of MDA-MB-157 parental (lane
1), CAS9/Con (lane 2), and two CIRPSR sequences targeting IFITM1 (Lanes 3 and 4). J. Cell growth was
measured through counting CAS9/Con and IFITM1 KO cells. Values represent means ± SD of three
independent experiments done in quadruplicate. A t-test was used to assess statistical significance.
**p<0.001. K. The clonogenicity of MDA-MB-157 CAS9/Control and IFITM1 KO cells was assessed by
plating 1,000 cells in a 6-well plate. After 14 days, cells were stained with crystal violet and imaged. L:
Scratch assay was conducted on 80% confluent plates of MDA-MB-157 CAS9/Control and IFITM1 KO cells.
Plates were imaged at 0 and 24 hours and wound was quantified by ImageJ (right). Values represent means
± SD of two independent experiments conducted in quadruplicate. A t-test was used to assess statistical
significance at each timepoint; ****p<0.001.
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Loss of IFITM1 decreases TNBC tumor growth and invasion in vivo
To determine if the loss of IFITM1 has the same impact in vivo, we assessed tumor growth with
the orthotopic fat pad model using NSG mice. SUM149 CRISPR cells were due to the permanent
decrease of IFITM1 expression and ability to grow in vivo. Tumors were developed by inoculating
the mammary fat-pad of female mice with either SUM149 CAS9/Control or SUM149 IFITM1 KO
cell lines. At day 26, CAS9/Control tumors measured 350mm3 and loss of IFITM1 resulted in a
significant reduction in tumor volume by approximately 300mm3 (Figure 2.5 A) and tumor weight
by approximately 0.3g (Figure 2.5 A-C, Supplemental Figure 2.2 A). A decrease in Ki67 staining
(Figure 2.5 D) and an increase in TUNEL staining (Fig. 3D) demonstrate that the decrease in
tumor growth is a result of decreased proliferation and increased cell death. These data suggest
that IFITM1 regulates SUM149 TNBC tumor growth in vivo.

Since the loss of IFITM1 significantly inhibits migration (Fig. 2.4) and invasion (70) in vitro, and
clinical data suggest IFITM1 is elevated in invasive breast tumors (Figure 2.1), we utilized the
mammary intraductal (MIND) model to assess the effect of IFITM1 on local SUM149 tumor cell
invasion in vivo (Figure 2.5 E). 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 (116). IHC for IFITM1 and smooth muscle actin (SMA; milk duct
marker) (Figure 2.5 F) and H&E staining (Supplemental Figure 2.2 B), allowed visualization of
IFITM1 expression, mammary gland architecture, and the extent of tumor invasion to quantify the
total number of lesions and number of invasive lesions per field (Figure 2.5 G).
Immunofluorescence of SMA (shown in green) and human keratin-19 (human breast cancer cell
marker; shown in red) was used to assess the average invasion distance outside the duct (Figure
2.5 F-G). Together, these data demonstrate that loss of IFITM1 decreases the ability of SUM149
tumor cells to invade out of the mammary duct and into the stroma.
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Figure 2.5 Loss of IFITM1 results in decreased growth and invasion in vivo
A, 3 million SUM149 CAS9/Control or IFITM1 KO cells were injected bilaterally into the 4th mammary fat
pad of female NSG mice. Tumor growth was measured over the course of 26 days and the difference of
tumor volume between groups was assessed using a t-test at each time point **p<0.01 B, Images of the
tumors derived from fat pad injections C, Final tumor weight of CAS9/Control and IFITM1 KO tumors.
Significance was assessed using a t-test ****p<0.0001. D, IHC analysis was used to assess IFITM1 and
Ki67 expression. D, Click-iTTM Plus TUNEL kit was used to stain for apoptotic cells within the tumor.
Quantification was completed using ImageJ software and a t-test was used to assess the significance of
the percentage of cells with TUNEL staining ***p<0.001. E, Schematic of the mammary intraductal mouse
model F, Immunofluorescent staining of the mammary glands. Nuclei were stained with DAPI, milk ducts
were stained with smooth muscle actin (SMA; green) and human keratin 19 (K19) stained the injected
human epithelial breast cancer cells. F, Mammary glands were fixed and processed onto glass slides. H&E
staining and IHC was used to assess tissue architecture and IFITM1 expression, and smooth muscle actin
was used to stain the milk duct G, Quantifications of invasive lesions per duct. Invasive lesions were
quantified in a 10x field by counting the number of invasive lesions through SMA degradation in 5 fields
per slide. *p<0.05 **p<0.01 in comparing control cells to IFITM1 KO cells.
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RNA sequencing identifies signaling pathways affected by loss of IFITM1
To assess mechanisms whereby loss of IFITM1 decreases TNBC growth, migration and invasion,
RNA sequencing was performed on SUM149 CAS9/Con and IFITM1 KO cells. 1,358 genes were
differentially regulated in IFITM1 KO cells compared to CAS9/Control cells with a p-value of 0.05,
an FDR of 0.05, a fold change threshold of 2.0 (Figure 2.6 A). Stringency was enhanced by
ensuring FPKM (fragments per kilobase million) were >1

which provided 561 differentially

regulated genes. Of those genes, the IFITM1 KO cells had 294 upregulated in 267 downregulated
genes compared to CAS9/Control. Analysis of the 267 genes downregulated in the IFITM1 KO
cells using Ingenuity Pathway Analysis (IPA) identified a negative Z-score (suggestive of
downregulation or inhibition) for pathways of proliferation, migration, invasion and metastasis,
corroborating both in vitro and in vivo data (Figure 2.6 B). Using the upstream analysis tool in IPA,
we identified that loss of IFITM1 reduces activation of pathways including NFκB, TGFB, PI3K,
FN1, IL6, and EGFR (Figure 2.6 C, Supplemental Table 2.1, Supplemental Figure 2.4).
Interestingly, NFκB is known to have intracellular crosstalk with these pathways. Particularly,
multiple NFκB related genes including RELA (p65), NFKB1 (p105), NFKB2 (p100) cREL and IkBα
are downregulated (Figure 2.6 C-E). To visualize NFκB gene regulation we overlaid IFITM1 KO
versus CAS9/Con fold change values to genes regulated by the NFκB complex as grouped by
IPA. Figure 2.6 D depicts the genes in which their downregulation is mediated by loss of IFITM1
through the NFκB complex. Solid lines represent direct regulation and dashed lines represent
indirect regulation (Figure 2.6 D). These results were validated through qRT-PCR as loss of
IFITM1 significantly decreases the mRNA expression of RELA (p65), NFkB1 (p105), NFKB2
(p100) and key NFκB target genes involved in growth and invasion, IL6 and SNAI2 (Figure 2.6
E). Additionally, correlation between IFITM1 and factors of the NFκB signaling pathway shows a
slight positive trend when assessing publicly available clinical RNA sequencing data (Figure 2.6
F). Collectively, these results suggest that loss of IFITM1 decreases multiple pathways with NFκB
being a key player.
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Figure 2.6 RNA sequencing identifies signaling pathways affected by loss of IFITM1
A, Heat map of the differentially expressed genes between CAS9/Control and IFITM1 KO cells showing
upregulated (red) genes and downregulated (green) genes. B, Ingenuity pathway analysis (IPA) on the
differentially expressed genes comparing IFITM1 KO to CAS9/Control. Negative Z-scores correlate to a
decrease in pathway activation in IFITM1 KO cells. P-value and Z-score were computed within IPA. C,
IPA upstream analysis summary D, IPA determined pathway of NFkB complex regulated genes with
overlay of gene expression values of IFITM1 KO compared to CAS9/Control (dark green = >5 fold
downregulated). E, mRNA expression measured by qRT-PCR in SUM149 CAS9/Con and IFITM1 KO cell
lines. Data represented as fold change compared to CAS9/Control via 2^DDCT method. Statistics were
assessed on individual fold changes relative to PUM1 using a t-test with samples from three independent
passages ***p<0.001, ****p<0.00001. F, The gene correlation targeted analysis on the BcGenExMiner
platform was used to assess correlation between IFITM1 and NFkB elements. Search was performed
using all available RNA-seq data (4,712 patients from TCGA, Brueffer et al. 2018 (Study code:
GSE81538), and Saal et al. (Study code: GSE96058). R-values for Pearson’s correlation values and pvalues are listed below for IFITM1 and NFkB correlations.

Discussion
Triple negative breast cancer (TNBC) is the most aggressive subtype of breast cancer
(27). The absence of well characterized, druggable targets and disease heterogeneity provide
significant therapeutic barriers therefore requiring the identification of novel biomarkers to be
investigated as potential targeted therapies. Here, we show for the first time that the ISG, IFITM1,
is overexpressed in a subset of TNBC patient samples through use of a tumor microarray and in
silico analyses as compared to normal and ER+ breast cancer (Fig. 1). We further identified that
the presence of IFITM1 contributes to poor relapse free survival in the mesenchymal,
mesenchymal stem-like, and basal-like-1 TNBC subtype (Supplemental figure 2.1). Our data is
reflective of previous studies such that interferon gene expression higher in ER- breast cancer
than ER+ breast cancer and contributes to poor overall survival (91).
First, to determine if IFITM1 is expressed endogenously in TNBC breast cancer cells, we
screened multiple breast cancer cell lines for IFITM1 expression. We identified that IFITM1 is
overexpressed in multiple TNBC cell lines and not expressed at measurable levels in ER+ or
normal-immortalized breast cell lines. The TNBC cell lines with the highest IFITM1 expression
(MDA-MB-157 and SUM149) are of the mesenchymal subtype with exception to SUM149 being
“mixed” (i.e.: basal and mesenchymal). Since this data correlates with our in silico analyses of
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subtype specific survival rates in TNBC, we hypothesized that loss of IFITM1 in these cell lines
will inhibit the aggressive phenotype of these cells.
Briefly, we also observed higher IFITM1 levels in African American (AA) patients from our
tissue microarray and highest IFITM1 expression in TNBC cell lines derived from AA patients.
Women of African descent have on average, lower incidence of breast cancer but a higher rate
of mortality by approximately 30% (117). The TNBC phenotype accounts for approximately 15%
of diagnoses from Caucasian women but approximately 30% of AA tumors (117). Therefore, it is
hypothesized that the higher rate of mortality observed in AA patients is related to the high
prevalence of TNBC within this population. However, studies investigating the distinct genetic
contribution between AA and Caucasian women is sparse, though one study has identified
elevated JAK-STAT and interferon signaling in tumor samples derived from AA women compared
to those derived from Caucasian women (117). Though these data supporting our observation of
elevated IFITM1 levels in AA patients, confirmation of these findings in a larger cohort of patient
samples is necessary to draw a definitive conclusion.
The functional role of IFITM1 was investigated through loss-of-function analyses using
siRNA or CRISPR/Cas9. Both in vitro and in vivo studies demonstrate that IFITM1 promotes an
aggressive phenotype in TNBC through enhancing growth, colony formation, migration, and
invasion. Our present finding that IFITM1 promotes an aggressive phenotype in TNBC aligns with
previous reports demonstrating that IFITM1 induces tumor growth, migration, invasion, and
metastasis in head and neck, gastric, colorectal, and endocrine resistant breast cancers (104,
106, 108, 118).
Here, we observe that IFITM1 regulates NFκB signaling which is a key regulator of growth
and invasion in breast cancer (119, 120). IFITM1 has also been shown to enhance EGFR
signaling (121) and caveolin-1 activation (109) in some tumors. Additionally, studies in virology
can also provide additional insight into how IFITM1 functions. IFITM1 inhibits viral infection at the
plasma membrane through interaction with multiple tetraspanin family members including CD81
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(122), a tumor promoter in TNBC, that regulates integrins and phosphoinositide signaling (123,
124). In a THP-1 model IFITM1 mediates ERK and PI3K signaling increasing MMP9 expression
(125), and in letrozole resistant breast cancer, IFITM1 mediates AKT signaling (111). Though this
is the first study to suggest a role of IFITM1 on NFκB signaling, these previous studies both
directly (Supplemental Figure 2.4) and indirectly support our findings since ERK, AKT, and PI3K
signaling have been identified to regulate NFκB activation through non-canonical mechanisms
(125). We suspect that loss of IFITM1 may result in perturbation of membrane microdomains
which are home to many receptors, kinases and co-factors thus inhibiting these downstream
signaling pathways (30).
Another important observation regarding IFITM1 is that it is expressed in the both the
stromal and tumor cells (Fig. 1). Though it is well known that the stroma plays an important role
in facilitating response to therapies and tumor progression, there is limited data and discussion
regarding the function of IFITM1 expression in the stroma (53). Recently, Grosso et al. identified
specific tumor immune microenvironment (TIME) metasignatures based on CD8+ infiltration and
identified that fully inflamed tumors have elevated IFN, JAK/STAT and NFkB signatures (126).
Interestingly however, these fully inflamed TNBC tumors have enrichment of the
immunomodulatory subtype and we have identified that the immunomodulatory subtype has
better overall survival with IFITM1 expression (Supplemental Figure 2.1). Additionally, the stroma
of these tumors has higher levels of IFITM1 expression and low levels of MHC-class I molecules
and elevated levels of PD-L1. Supporting this study, we have identified that loss of IFITM1
increases gene expression of HLA molecules (HLA-A,B,C,E,F) and decreases PD-L1 expression
(data not shown), suggesting a rationale for the investigation of the role of IFITM1 in immune
checkpoint regulation in the tumor microenvironment. Therefore, IFITM1 expression and
subsequent function in TNBC may be influenced by the specific TNBC subtype. Collectively,
evidence presented in this chapter demonstrate that inhibition of IFITM1 substantially attenuates
TNBC growth, migration, and invasion.
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Materials and Methods
Cell lines and culture conditions
Human TNBC cell lines SUM149, MDA-MB-157, and MDA-MB-468 were used and were
authenticated by STR allele profiling by Genetica DNA laboratories. SUM149 cells were obtained
from Dr. Massimo Cristofanilli (Northwestern University, Chicago, IL, USA) who purchased them
from Asterand Bioscience (Detroit, MI, USA). SUM149 cells were maintained in Ham’s F-12
nutrient mixture (LifeTech) supplemented with 10% FBS (LifeTech), 5μg/mL insulin (Sigma),
1μg/mL hydrocortisone (Sigma), and 100 U/mL antibiotic-antimycotic (Sigma). MDA-MB-157 and
MDA-MB-468 cells were obtained from Dr. Gustavo Miranda-Carboni (University of Tennessee
Health Science Center). MDA-MB-157 and MDA-MB-468 cells were maintained in DMEM
(LifeTech) supplemented with 20% FBS, 100 U/mL antibiotic-antimycotic and 1% glutamine
(LifeTech). All cells were passaged twice weekly, with media changed every other day. All cells
were cultured at 37oC in a 5% CO2 atmosphere.

Clinical Analyses
The UALCAN resource was used to assess expression of IFITM1 in TNBC compared to normal
breast from the TCGA database and the expression of IFITM1 in HER2neg metastatic breast
cancer (127). Relapse free survival data were obtained from the 2020 version of the Kaplan-Meier
Plotter breast cancer survival database (115). The 143 breast cancer patient samples used in the
analysis were obtained by first delineating basal subtype and further by the Pietenpol
mesenchymal subtype. Patients were stratified by IFITM1 expression (probe set 214022_s_at)
relative to the upper and lower quartiles (107 patients in upper quartile, and 36 patients in lower
quartile). The p-value was calculated using a log-rank test. IFITM1 gene expression in invasive
primary breast cancer compared to normal breast tissue was analyzed using the OncomineTM
platform (128, 129).
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Clinical Samples
Clinical samples were provided by the KUMC Biospecimen Shared Resource as approved by
KUMC IRB. A total of 34 primary TNBC breast tumors and 6 normal breast tissue samples from
routine reduction mammoplasties were examined. Tissues were formalin-fixed with 10% neutral
buffered formalin and paraffin-embedded (FFPE) prior to performing IHC. Clinicopathological data
including age, race, clinical stage, HER2 staining and vascular invasion are shown in Table 2.1.
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 was then performed on these samples (See IHC staining protocol below). Two cores from
each tumor were analyzed 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 (light brown), 2+ is moderate staining (yellowish brown) and 3+ is strong
staining (brown). Cores were scored by three independent individuals including a senior
pathologist at KUMC. Any discrepancies were resolved by group consensus. Final distribution of
IFITM1 expression is shown in Table 2.2.
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Table 2.1 Characteristics of patients included in the tissue microarray
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Table 2.2 IFITM1 staining intensity in normal and TNBC breast tissues

Immunohistochemistry (IHC), immunofluorescence (IF) and TUNEL staining of human and
mouse tumors
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 for 20 min per manufacturer’s instructions (Agilent Technologies: #S1700). For human
samples, blocking was performed using 5% normal horse serum and antibody dilution was
performed in 0.01% Triton-X. Sections were stained using primary human antibodies targeted
against IFITM1 (Santa Cruz: sc-374026) and biotinylated secondary antibodies (Vector Labs).
Immunoperoxidase signal was produced using 3,3′-Diaminobenzidine (DAB) and amplified using
the Vectastain® Elite ABC Kit (Vector Laboratories). Sections were stained using human
antibodies for anti-Ki67 (Dako: #M7240), anti-IFITM1 (Santa Cruz: sc-374026), or anti-smooth
muscle actin (Spring Biosciences #E2464). Tissue sections were counter stained using
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hematoxylin and mounted in xylene. Slides were imaged on a Nikon Eclipse 80i Upright
Microscope in the KUMC imaging core.

IF staining of mouse tumors was performed after tissue deparaffinization by clearance in xylene
and hydration through graded ethanol series followed by antigen retrieval as described above. IF
method has been described previously (104). Due to the use of mouse antibodies on mouse
tissue, blocking and antibody dilution were performed using the Mouse on Mouse (MOMTM) kit
per manufacturer’s instructions (Vector Labs: BMK-2202). Sections were stained using human
antibodies for anti-Keratin 19 (Neomarkers: #MS-198-P1) or anti-smooth muscle actin (Spring
Biosciences: #E2464). Secondary antibodies were FITC (Vector Laboratories: FI-1000) or Texas
Red conjugated (Santa Cruz: sc-362277). ProLong® Gold Antifade Reagent with DAPI (Cell
Signaling: P36935) was used to stain the nuclei and mount the slides. Slides were 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).

TUNEL staining was performed using the Click-iTTM Plus TUNEL assay kit (Thermo Fisher:
#C10617) on deparaffinized tissue or methanol fixed cell lines grown on chamber slides following
the manufacturer’s instructions. The average number of TUNEL positive cells was quantified
using the binary transformation and cell counting method in ImageJ.

Western blotting
Cells were seeded in 6-well plates or 10cm culture dishes and collected using a cell scraper and
lysed in RIPA buffer (Thermo Scientific, Cat. #89901) supplemented with protease inhibitor
cocktail (Roche Diagnostics, Cat. #11836–153-001) and phosphatase inhibitor (Sigma, Cat.
#P0044). Cells were homogenized over ice by sonication and purified by centrifugation. Protein
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concentration was determined by Bio-Rad protein assay (Biorad: Cat. #5000006). Proteins were
separated by 4–12% SDS–polyacrylamide gel electrophoresis (NuPage, Cat. #NP0335 and
#NP0336) and electrically transferred to a polyvinylidene difluoride membrane. After blocking the
membrane using non-fat milk or BSA target proteins were detected using anti-IFITM1 (1:200,
SantaCruz: sc-374026) or β-actin (1:15,000, Cell Signaling Technologies: #3700). The
appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling
Technologies: Mouse #7076, Rabbit #7074) was applied and the positive bands were detected
using Amersham ECL Plus Western blotting detection reagents (GE Health Care: RPN2106) or
Immobilon® Crecendo Western HRP Substrate (MilliporeSigma: WBLUR0500) and exposed to
autoradiography film (Midwest Scientific).

RNA isolation and RT-PCR analysis
Total RNA was isolated from cultured cells using a QIAGEN RNeasy Mini Kit Qiagen (Cat #74104)
according to the manufacturer’s protocol. First strand cDNA synthesis was performed from 3 μg
total RNA using MulV Reverse Transcriptase (Invitrogen: Cat. #28025-013), RNAse inhibitor
(Applied Biosystems: Cat. #N8080119), random hexamers (Invitrogen: Cat. #100026484),
deoxynucleotide triphosphates, and colorless PCR buffer (Promega: Cat. #M792A) 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: #4367659) with 25 pmol primers
obtained from Integrated DNA Technologies. Specific human sequences listed in Table 2.3.
Relative mRNA expression level was determined as the ratio of the signal intensity to that of
PUM1 using the formula: 2−ΔCT. For experimental comparisons, fold change in expression was
normalized to PUM1 and then compared to control for that experiment using the formula: 2−ΔΔCT.
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Table 2.3 Primer sequences
Gene
Forward Primer (5'-3')

Reverse Primer (5'-3')

PUM1

TCACCGAGGCCCCTCTGAACCCTA

GGCAGTAATCTCCTTCTGCATCCT

IFITM1

GGATTTCGGCTTGTCCCGAG

CCATGTGGAAGGGAGGGCTC

IL6

CCTCCAGAACAGATTTGAGAGTAGT

GGGTCAGGGGTGGTTATTGC

SNAI2

TGGTTGCTTCAAGGACACAT

GTTGCAGTGAGGGCAAGAA

RELA

AGCTCAAGATCTGCCGAGTG

ACATCAGCTTGCGAAAAGGA

NFKB1

GCAGCACTACTTCTTGACCACC

TCTGCTCCTGAGCATTGACGTC

NFKB2

GGCAGACCAGTGTCATTGAGCA

CAGCAGAAAGCTCACCACACTC

Small interfering RNA (siRNA) transfections
SUM149, MDA-MB-468 and MDA-MB-157 cells were seeded overnight and transfected at 6080% confluency with 60-100nM of targeted siRNAs or scrambled RNA (siControl Santa Cruz
Biotechnology: sc-37007) introduced by Lipofectamine 2000TM (Invitrogen: #1668019) in
OptiMEM Reduced-Serum Medium (Gibco: #11058-021). After overnight incubation the
transfection mixture was replaced with normal culture medium. MDA-MB-468 and MDA-MB-157
cells were transfected with pooled small-interfering RNAs (siRNAs) targeting IFITM1 (Santa Cruz
Biotechnology: sc-44549) which has been validated previously (70). siCon and siIFITM1 cells
were then used for functional in vitro assays as described below.

CRISPR/Cas9-Mediated Gene Knockout
SUM149 and MDA-MB-157 cells were subjected to CRISPR/Cas9-mediated knockout of IFITM1
by lentiviral transduction using particles from OriGene™ Technologies (Catalog number:
KN201617). The guide RNA vector 5’- TGATCACGGTGGACCTTGGA-3’ or a scrambled control
was cloned into a pCas-Guide vector which expresses Cas9 behind CMV and U6 promoters. This
vector was co-transfected with the donor template including homologous arms and a functional
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GFP-puromycin cassette using Turbofectin 8.0 (Origene: #TF81001) as the delivery reagent. For
SUM149, cells were passaged at a 1:10 ratio 48 hours post-transfection for 8 passages. Cells
were treated with 1000μg/mL puromycin daily. Single cells were grown in puromycin until colonies
formed. Both clonal populations and a pooled population of all puromycin resistant cells were
expanded and screened for absence of IFITM1 protein expression using the IFITM1 antibody.
The pooled population of CAS9/Control cells and IFITM1 KO cells were then used for functional
in vitro assays as described below. For MDA-MB-157, transfected cells were passaged at a 1:2
ratio for 8 passages prior to treatment with 250-350mg/mL puromycin for one week.

Proliferation, colony formation, and wound healing assays
Cell proliferation was measured by cell counting. Cells were seeded onto a 24-well plate at a
density of 25,000 cells/well. The next day, cells were either transfected, treated, or harvested for
the 0-hour timepoint. Cells were counted every 24 hours and the final values were normalized to
the 0-hour timepoint.

For colony formation, cells were seeded onto a 6-well plate at 1,000 cells/well. Cells were grown
for 10-14 days prior to staining colonies with 5% crystal violet and imaged using the ChemiDocTM
XRS system equipped with Image LabTM software.

Wound healing was assessed by seeding cells onto a 24-well plate at a density of 90,000-120,000
cells/well (approximately 80% confluency) and making a single wound by scratching the attached
cells using a 10-μl sterile pipette tip. The plates were washed with complete medium to remove
cellular debris. Images of the cells were taken immediately after and 24, 48, and 72 hours later
using a phase-contrast microscope and wound area was quantified using the Wound Healing Tool
in ImageJ.
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Animal Experiments
Recipients were 8-10-week-old virgin female NOD-SCID IL2Rgammanull (NSG) mice which were
purchased from Jackson Laboratories. Animal experiments were conducted following protocols
approved by the University of Kansas School of Medicine Animal Care and Use (ACUP#: 20162341). Mice were maintained in the animal facility at KUMC under specific-pathogen free
conditions.

To assess tumor growth, the orthotopic fat pad model was used. For this experiment, mice were
randomly divided into two groups (8 mice/group). Each mouse was inoculated with SUM149
CAS9/Control cells or IFITM1 KO cells suspended in 50:50 PBS/Matrigel (Corning) through
bilateral injection into the 4th mammary fat pads as described previously (130). Briefly, 3 x 106 cells
were delivered per injection in a volume of 100μL. 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). Tumors grew for 26 days and then the mice were sacrificed, and tumors excised,
measured, and weighed. Solid tumors were fixed in 4% paraformaldehyde prior to processing and
staining.

To assess tumor cell invasion, the mammary intraductal (MIND) model was used as previously
described (116). Briefly, SUM149 CAS9/Control cells or IFITM1 KO cells were resuspended as
single cells in PBS and counted. A 30-gauge Hamilton syringe, 50-μl capacity, with a blunt-ended
1/2-inch needle 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 was snipped for direct needle insertion. Two microliters
of cell-culture medium (with 0.1% trypan blue) containing 2,500 to 5,000 cells/μl were injected.
Successful 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. After 6 weeks
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mice were sacrificed mammary glands were excised and weighed. Mammary glands were fixed
in 4% paraformaldehyde prior to processing and staining.

RNA Sequencing and Functional Transcriptomic Analysis
RNA-Sequencing was performed at a strand specific 100 cycle paired-end resolution, in an
Illumina NovaSeq 6000 sequencing machine (Illumina, San Diego, CA). The CAS9/Control and
the IFITM1 KO pooled samples were analyzed in triplicate. The initial read quality was assessed
using the FastQC software (131). The average per sequence quality score measured in the Phred
quality scale was above 30. Reads were mapped to the human genome (GRCh38) using the
STAR software, version 2.3.1z. On average, 99% of the sequenced reads mapped to the genome,
resulting in 30 to 42 million mapped reads per sample, of which on average 95.5% were uniquely
mapped reads. Differential gene expression analysis was performed using the Cuffdiff software,
version 2.1.1. The number of transcripts mapped to each gene was quantified using the RSEM
software. Expression normalization and differential gene expression calculations were performed
in edgeR to identify statistically significant differentially expressed genes. The resulting p-values
were adjusted for multiple hypothesis testing using the Benjamini and Hochberg method (132).

Genes that were up- or downregulated by at least 2-fold (P 0.05, FDR0.05) and had a FPKM
(Fragments per kilo base per million mapped reads) value of ≥ 1 when comparing IFITM1 KO
cells to CAS9/Control provided 561 analysis ready molecules. Ingenuity pathway analysis (IPA)
was performed using the ingenuity pathway analysis software (QIAGEN). Pathways were
identified through the diseases and biological function analysis on IPA. The activation zscore was calculated to infer activation states of upstream regulators.
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Supplemental Data:

Supplemental Figure 2.1 IFITM1 expression and overall survival in TNBC subtypes
Data were generated using bcGenExMiner4.0. IFITm1 effect on relapse free survival in other TNBC
subtypes including immunomodulatory (A), mesenchymal stem-like (B) and basal-like (C), were assessed.

Supplemental Figure 2.2 Loss of IFITM1 on MDA-MB-468 wound healing
Wound healing assay was conducted on 80% confluent plates of MDA-MB-468 cells transfected with
siControl or siIFITM1. Plates were imaged at 0, 24, and 48 hours and the size of the wound was
quantified by ImageJ (right). Values represent four independent experiments conducted in quadruplicate.

Supplemental Figure 2.3 Loss of IFITM1 decreases tumor growth in the fat pad model of breast
cancer and decreases invasion and overall tumor burden in the MIND model of breast cancer
A, SUM149 CAS9/Control and SUM149 IFITM1 KO cells injected into the mammary fat pad of
immunocompromised mice as a second replicate for previously presented in vivo data. B, Hematoxylin
and eosin staining of mammary glands of CAS9/Con and IFITM1 KO MIND tumors.
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Supplemental Figure 2.4 Loss of IFITM1 on STAT, AKT and NFkB signaling in SUM149 cells
Western blots depicting how the loss of IFITM1 affects canonical STAT (A), AKT (B), and NFκB signaling
(C). D. GSEA pathway analysis representation of TNFα signaling via NFκB.

55

Supplemental Table 2.1 Upstream regulators and target genes altered upon IFITM1 inhibition:
derived from Ingenuity Pathway Analysis
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Chapter 3:

IFITM1 cooperates with CD81 to mediate TNBC breast cancer growth
and integrin gene expression
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Introduction
Membrane proteins constitute approximately 30% of the proteome and most of which, are
very well characterized (133). Receptors, pore forming proteins, enzymes, attachment proteins,
and structural proteins are all members of this family and play a fundamental role in tumor
development and progression and have therefore emerged as therapeutic targets. IFITM1 is a
14kDa, 125 amino-acid interferon inducible transmembrane protein overexpressed in TNBC and
contributes to TNBC growth, migration and invasion. Historically, IFITM1 has been defined as
component of protein complexes involved in homotypic adhesion, germ cell homing, and
transduction of antiproliferative signals (99, 134-136), and as an important factor of regulation of
viral infection. IFITM1 can restrict infection of a number of RNA viruses, including hepatitis C virus
(94), HIV (92), Zika virus (137), and influenza viruses (138). Although aforementioned
mechanisms of IFITM1 function are better understood, the mechanism by which IFITM1 regulates
growth, migration, and invasion of tumor cells is yet to be uncovered.
IFITM1 contains three palmitoyl sites (C50, C51, T97), two membrane spanning domains,
a caveolin-1 (CAV1) binding domain (84-125 aa) and a sorting signal near its c-terminus (67, 96,
109). IFITM1 has been identified both as plasma membrane resident protein and an internal
membrane protein due to its distinct interaction with RAB5, LAMP1, and CD63; components of
internal membranes and recycling machinery (96, 139). Additionally, early reports identified direct
interactions of IFITM1 with tetraspanin proteins CD19, CD21 and CD81 on surface of B-cells (23).
Tetraspanins are cell surface molecules known to function as molecular adaptors to cluster
adhesion receptors, signaling molecules, and cell surface receptors to regulate EMT, cell
adhesion, angiogenesis, invasion, and exosome mediated metastasis, thus playing a
fundamental cancer progression (24). Not all tetraspanins are expressed on all cell types (23),
but cluster of differentiation-81 (CD81) has been established as a tumor promoter in breast cancer
(25). CD81 is a 26kDa cell surface protein and is well known for its function as an integrin adaptor
and regulator, and an exosome marker (140). In breast cancer, CD81 is a key EMT marker in
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which its loss decreases in vitro migration and in vivo tumor growth and metastasis (103, 141).
Here, we hypothesize that CD81 is important for the function of IFITM1 in TNBC.
Due to IFITM1’s complex nature, we aimed to define its localization, interacting partners,
and the functional importance of these relationships in regard to proliferation and gene
expression. First, we confirmed that IFITM1 resides in the membrane fraction of TNBC but is not
localized at cell-cell junctions. Through public data mining, we found IFITM1 has a direct
interaction with CD81, a potential interaction with CAV1, and identified clinical correlations
between IFITM1 and CD81 in TNBC. Notably, RNA sequencing analysis of IFITM1 KO versus
CRISPR/Con SUM149 cells suggests that loss of IFITM1 reduces pathways regulated by CD81.
In vitro analyses suggest this observation may be due to a decrease in CD81 levels due to
decreased protein stability upon loss of IFITM1. Mechanistically, we found that IFITM1 regulates
β1, α3, α4 integrins with the help of CD81. Though strong co-localization was observed between
IFITM1 and CD81, no direct interaction was found. However, a secondary complex formation
mediated by CAV1 could be bringing CD81 and IFTM1 into close proximity. Lastly, we show for
the first time that IFITM1 is found in the extracellular vesicles of TNBC cells. Collectively, our data
suggest that the function of IFITM1 may be mediated in part by CD81 and that this relationship
may have both intracellular and extracellular implications. The findings from this study provide
evidence into the potential mechanism of action of IFITM1 and lay a solid foundation for further
mechanistic and biomarker assessments of IFITM1 and CD81 in TNBC.
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Results
IFITM1 is a membrane protein in TNBC
We first aimed to confirm the membrane localization of IFITM1 in TNBC. Utilizing a cytoplasmic,
membrane, nuclear/cytoskeletal fraction assay we verified that IFITM1 is indeed localized to the
membrane portion of TNBC cells (Figure 3.1 A). To further define the subcellular localization of
IFITM1, confocal immunofluorescence was used. IFITM1 localizes heavily to the perinuclear
region in all cell lines with some diffuse staining identified throughout (Figure 3.1 B).

Figure 3.1 IFITM1 is a stable membrane protein in TNBC
A. Western blot of cytoplasmic, membrane, and nuclear/cytoskeletal fractions of SUM149, MDA-MB-468,
and MDA-MB-157 cell lines. B. Immunofluorescence of IFITM1 in SUM149, MDA-MB-468, and MDA-MB157 cell lines under permeabilized conditions.
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IFITM1 and CD81 expression correlate clinically and pre-clinically
The STRING interaction network visually depicts potential IFITM1 interactions which identified an
experimentally determined an interaction between IFITM1 and CD81 (Figure 3.2 A). Notably,
CD81 is a widely expressed tetraspanin involved in numerous biological responses in cancer cells
and is known to interact with IFITM1 on B-cells (142). As we thought that CD81 might be involved
in the action of IFITM1 in TNBC cells, we examined the correlation between IFITM1 and CD81
and its relation to overall survival. First, we screened multiple TNBC cell lines including TNBC
(SUM149, MDA-MB-468, MDA-MB-157), ER+ (MCF7, T47D), and normal immortalized
mammary cells (MCF10A) and identified that CD81 is expressed in all screened cell lines (Figure
3.2 B). CD81 is a tetraspanin that is expressed in almost all cells of the body so expression in
multiple breast cancer cell lines was not surprising. Next, the correlation between IFITM1 and
CD81 in clinical data from TNBC patients was assessed. In basal like breast cancer, the
expression of CD81 and IFITM1 have a slight positive, but significant correlation based on gene
expression analysis from clinical samples obtained from bcGenExminer4.0 (Figure 3.2 C).
Notably, when assessing how CD81 expression alters overall survival of basal like breast cancer
and luminal a breast cancer, we found that high levels of CD81 contributes to poor overall survival
in basal like breast cancer but better overall survival in luminal breast cancer (Figure 3.2 D,E),
suggesting a context dependent role of CD81. Corroborating this evidence, the finding that IFITM1
and CD81 are only co-expressed in TNBC cell lines suggests that CD81 may function
independently of IFITM1 in ER+ cancer and that the CD81/IFITM1 relationship may be functionally
important in mediating IFITM1 function in TNBC, thus warranting future mechanistic analyses.
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Figure 3.2 IFITM1 and CD81 clinical and pre-clinical relationship
A, STRING interaction network summary of IFITM1 interacting proteins. Physical network assessed in
textmining, experiments, and databases with the minimum interaction score of 0.4). B, Immunoblotting
assessed CD81 protein expression in multiple TNBC cell lines (SUM149, MDA-MB-468, MDA-MB-157),
ER+ breast cancer cell lines (MCF7, T47D) and normal-immortalized human breast cells (MCF10A) C,
bcGenExMiner4.0 was used to assess the correlation between CD81 and IFITM1 DNA expression in basallike breast cancer D, CD81 on luminal breast cancer overall survival derived from bcGenExMiner4.0 E,
CD81 on basal-like breast cancer overall survival derived from bcGenExMiner4.0.
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Loss of IFITM1 decreases CD81 mediated signaling pathways and stability
Since IFITM1 and CD81 are positively correlated in clinical samples of TNBC, we assessed the
nature of this correlation in vitro with the use of TNBC cell lines. First, comparing SUM149 IFITM1
KO and CRISPR/Con cells highlights that IFITM1 significantly decreases pathways known to be
regulated by CD81 including TGFB, P38 MAPK, and PI3K (Figure 3.4 A). To assess if this
observed downregulation could be a result of IFITM1 mediated CD81 levels, siRNA was used to
transiently silence IFITM1 in SUM149, MDA-MB-157, and MDA-MB-468 cell lines, where loss of
IFITM1 contributes to a slight decrease in CD81 expression (Figure 3.3 B). Since membrane
proteins rely heavily on the membrane integrity for their stability, we hypothesized that loss of
IFITM1 may alter the stability of CD81 contributing to CD81 downregulation. Therefore, we
utilized CRISPR/Cas9 IFITM1 KO SUM149 cells treated with the translation inhibitor,
cycloheximide, and identified that loss of IFITM1 reduces the stability of CD81 by about 4 hours
(Figure 3.3 C,D). Interestingly, siRNA mediated decrease of CD81 resulted in a slight increase of
IFITM1 expression in SUM149 and MDA-MB-468 cells (Figure 3.3 E). MDA-MB-157 cells have a
higher basal expression of IFITM1, perhaps offsetting the necessity for IFITM1 upregulation upon
CD81 loss (Figure 3.3 E). Collectively, these data are suggestive of a biological correlation
between IFITM1 and CD81 in TNBC.
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IFITM1
CD81
b-Actin

Figure 3.3 Loss of IFITM1 CD81 regulated signaling pathways through mediating its stability
A, Table of pathways known to be regulated by CD81 which were significantly downregulated in SUM149
CRISPR IFITM1 KO cells compared to SUM149 CAS9/Control cells as identified through Ingenuity Pathway
Analysis. B, Immunoblot of SUM149, MDA-MB-468, and MDA-MB-157 cells depicting siRNA knockdown
of IFITM1 and subsequent CD81 protein expression after 48 hours. C-D, Western blot of cells treated with
10μg/mL cycloheximide for 2-10 hours and quantification of western blot via ImageJ (D). Representative
blot of at least two experiments for each cell line shown. E, Immunoblot of SUM149, MDA-MB-468 and
MDA-MB-157 cells depicting siRNA knockdown of CD81 and subsequent IFITM1 expression.
Representative blot of at least two experiments for each cell line shown.
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CD81 regulates IFITM1 mediated TNBC growth
Next, we investigated the functional relationship between IFITM1 and CD81 in vitro. To determine
whether CD81 contributes to IFITM1 mediated TNBC growth, we examined the growth effects of
knockdown of CD81 in SUM149 CRISPR/Con, SUM149 IFITM1 KO, and MDA-MB-468 cells with
or without siRNA against IFITM1. Similar to SUM149 parental cells, loss of CD81 induced IFITM1
expression in CRISPR/Cas9 SUM149 cells (Figure 3.4 A). By cell counting to assess proliferation
in CRISPR/Con and IFITM1 KO SUM149 cells, loss of CD81 decreases proliferation similar to
that of IFITM1, but there is no additive effect when both CD81 and IFITM1 are gone (Figure 3.4
B). To assess this effect in another TNBC cell line, MDA-MB-468 cells were used. Though loss of
CD81 resulted in a significant decrease in cellular proliferation, this response was not as robust
as in SUM149 cells (Figure 3.4 C). However, similar to SUM149 cells, there is no significant
difference between loss of CD81 or IFITM1 on cell growth and no additive effect of decreased
proliferation when both IFITM1 and CD81 are gone (Figure 3.4 D). These data suggest that in
both SUM149 and MDA-MB-468 cells, the presence of IFITM1 expression does not rescue the
attenuated proliferative capacity as observed upon knockdown of CD81 and CD81 mediated
growth may be partially regulated by IFITM1 expression. Since loss of CD81 in the absence of
IFITM1 has no additive effect, these data suggest that both proteins act via a common pathway
(143). Collectively, the mechanism whereby IFITM1 mediates TNBC proliferation is in part, due
to its relationship with CD81.
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Figure 3.4 IFITM1 utilizes CD81 to regulate TNBC growth
A. Immunoblot of SUM149 CAS9/Control and SUM149 IFITM1 KO cells treated with either siControl or
siCD81 and blotted for CD81, IFITM1 and β-actin. B. Percent cell growth as assessed by cell counting at
48 hours compared to the 0 hour timepoint of each cell line prior to transfection of CAS9/Control cells
treated with siControl or siCD81 and IFITM1 KO cells treated with either siControl or siCD81. C. Immunoblot
of MDA-MB-468 cells treated with either siControl, siIFITM1, siCD81, or both siCD81 and siIFITM1 and
blotted for CD81, IFITM1 and β-actin. D. Percent cell growth as normalized to siControl at 48 hours. Cell
counting for both SUM149 and MDA-MB-468 experiments were completed >5 times in triplicate. A one-way
ANOVA was used to assess significance between groups. ****p<0.0001.
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IFITM1 regulation of integrins and NFκB genes is mediated by CD81
To identify a mechanism of how IFITM1 utilizes CD81 for cell growth, we first utilized the STRING
interaction network to identify functional and physical associations between CD81 and other
proteins and compared this against our RNA sequencing data. The STRING interaction network
predicts an association between CD81 and ITGB1 and ITGA4 (Figure 3.5 A). Assessment of
sequencing data identified that loss of IFITM1 increases ITGB7, ITGB2, ITGA6 and integrin
binding proteins ITGB1BP2 and ITGB3BP but decreases integrins ITGAV, ITGB8, ITGB5, ITGB4,
and ITGA3 (Figure 3.5 B). Notably, ITGB1 and ITGA4 are known to complex with ITGB5, ITGA6
and ITGA3. Therefore, based on the STRING interaction network and RNA sequencing data we
focused on assessing the levels of ITGB1, ITGB5, ITGA3 and ITGA4. Here, we utilized
CRISPR/Cas9 Con and IFITM1 KO SUM149 cell lines with and without manipulation of CD81
through siRNA. Through qRT-PCR analysis we identified that expression of integrins ITGB1,
ITGB3, and ITGA4 are all mediated by IFITM1 through its relationship with CD81 whereas ITGB5
is CD81 independent (Figure 3.3 C). We further identified RELA, NFKB2, and IL6 (a downstream
mediator of NFκB signaling and integrin signaling as identified in Chapter 2) as genes dependent
on the IFITM1/CD81 relationship (Figure 3.3 D). Collectively, these data suggest that CD81 is in
part, an essential mediator of IFITM1 regulation of integrin, NFκB and IL6 gene expression.
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Figure 3.5 IFITM1 regulation of integrins, RELA, NFKB1 and IL6 is mediated by CD81
A, STRING interaction network of functional and physical associations with CD81 derived from experiments,
databases, co-expression, gene fusion and co-occurrence with highest confidence. B, Gene expression fold
change of SUM149 IFITM1 KO cells compared to SUM149 CAS9/Control cells as identified through RNA
sequencing analysis. C-D. Gene expression of ITGB1, ITGB3, ITGA4, ITGA5 (C), and (D) NFκB mediated
genes RELA, NFKB2, IL6, relative to PUM1 as assessed by qRT-PCR analysis. SUM149 CRISPR/Cas9
Control or SUM149 IFITM1 KO cells were treated with either siControl or siCD81. Data represent average ±
standard deviation of at least 4 independent experiments with outlier values removed. An ANOVA was used
to assess statistical significance. ****p<0.001, ***p<0.001, #p<0.05 when compared to IFITM1 KO cells treated
with siControl E. Pearson’s pairwise correlation plot between IFITM1 and IL6 in TNBC patients as determined
by IHC obtained from analyzing RNA sequencing data from bcGenExMiner4.0.
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IFITM1 and CD81 are within close proximity but do not interact
The identified functional relationship between IFITM1 and CD81 led us to hypothesize that a direct
interaction between IFITM1 and CD81 is occurring in TNBC. In SUM149 and MDA-MB-157 cells,
IFITM1

and

CD81

have

similar

subcellular

localization

as

identified

through

co-

immunofluorescence (Figure 3.6 A). However, we did not observe a direct interaction between
IFITM1 and CD81 in either SUM149 or MDA-MB-157 cells as assessed by coimmunoprecipitation. Therefore, these data suggest that IFITM1 and CD81 are in very close
proximity but do not interact

Figure 3.6 IFITM1 and CD81 co-localize but do not directly interact
A, Immunofluorescent images at 60x magnification of co-staining with IFITM1 (green) and CD81 (red)
antibodies in SUM149 and MDA-MB-157 cell lines. B, Western blot of co-immunoprecipitation of IFITM1
and CD81 in SUM149 cells C, Western blot of co-immunoprecipitation of IFITM1 and CD81 in MDA-MB157 cells.
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CAV1 is overexpressed in TNBC and interacts with IFITM1 and CD81
Since IFITM1 and CD81 do not directly interact but appear to be functionally related, we
hypothesized that this is perhaps due to interaction with a mediator protein. IFITM1 has a CAV1
binding domain which is represented in Supplemental Figure 3.1 A and both CAV1 and CD81 are
structural membrane raft proteins (144). Therefore, we hypothesized that IFITM1, CAV1, and
CD81 may form a functional complex in TNBC cells. Clinically, CAV1 and IFITM1 gene transcripts
are not correlated in basal-like breast cancer (Supplemental Figure 3.1 B) but CAV1 does
contribute to poor overall survival (Supplemental Figure 3.2 C). Furthermore, we found that CAV1
was highly expressed in TNBC cell lines compared to ER+ cell lines (MCF7 and T47D)
(Supplemental Figure 3.1 D).

To further investigate this relationship, the co-localization of IFITM1 and CAV1 through coimmunofluorescence was used. IFITM1 and CAV1 show overlap in the perinuclear region of the
cell, but not at cell-cell junctions (Supplemental Figure 3.2 A). Though there is limited resolution
of confocal imaging, these experiments suggest a possible association between IFITM1 and
CAV1, which was then validated by co-immunoprecipitation experiments. Here, IFITM1 and CAV1
directly interact in SUM149, MDA-MB-157 and MDA-MB-468 cells (Supplemental Figure 3.2 B).
MDA-MB-157 cells have highest protein levels of CD81 and IFITM1 so we used these cells for a
proof of principle complex identification. Through co-immunoprecipitation, we identified that in
MDA-MB-157 cells, CAV1 and CD81 directly interact (Supplemental Figure 3.2 C). Therefore,
these data suggest that CAV1, IFITM1, and CD81 may form a complex in TNBC. However, future
investigations into where, when, and how this complex forms as well as its functionality in TNBC
are necessary.
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IFITM1 is identified in extracellular vesicles
The IFITM family inhibits viral infection and replication through inhibiting viral fusion on the
plasma membrane and by regulating endosome fusion with the lysosome to inhibit viral
reproduction (94). The C-terminal end of IFITM1 is essential to regulate cellular susceptibility to
viral infection since this domain regulates IFITM1 expression on intracellular vesicles and the
plasma membrane (21, 22). Interestingly, native IFITM1 has been shown to localize with Rab5
(92) and to directly bind with AP-3 (96). AP-3 is the adaptor protein that is predominantly
responsible for sorting transmembrane proteins within the endocytic pathway (37). Though these
processes are essential to limit viral replication, tumor cells use these same pathways for
regulation of multiple processes. Extracellular vesicles, in particular, can be formed by the
intracellular recycling pathway. Notably, CD81 is a well-known marker of extracellular vesicles
and CAV1 localization in exosomes has emerged as a tumor promoter in breast cancer (145).
Therefore, we investigated if IFITM1 is localized on intracellular membranes involved in
intracellular recycling and in extracellular vesicles. To assess whether IFITM1 may be involved in
intracellular recycling we assessed co-immunofluorescence of IFITM1 with the ER apparatus
protein marker calnexin, and the early endosomal Rab5 protein. Here, we identified strong colocalization with calnexin and RAB5. Thus, the observations of this experiment and through the
results of our fractionation assay suggest that IFITM1 is expressed within the intracellular
membranes of TNBC cells. Next, using high density centrifugation, we isolated the extracellular
vesicle component of SUM149, MDA-MB-468 and MDA-MB-157 cells (Figure 3.9 B-C). In
agreement with other papers, exosomes derived from these TNBC cell lines were shown to
express IFITM1, CAV1 and CD81. Though our major findings are focused on the intracellular
relationship regarding IFITM1 dependence on CD81 for regulating TNBC growth and integrin
expression (Figure 3.8), this exosome data is important to provide rationale for investigating the
role of IFITM1 as a serum biomarker, the role of IFITM1 in mediating the microenvironmental
response, and providing a novel avenue for IFITM1 biology in TNBC which has yet to be explored
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SUM149

Figure 3.7 IFITM1, CD81 and CAV1 in extracellular vesicles
A. Co-immunofluorescence in SUM149 cells of IFITM1, Calnexin, and RAB5. B. Western blot of SUM149
whole cell lysates and isolated extracellular vesicles. TMEM2 and CD81 are key extracellular vesicle
markers. C. Immunoblot of SUM149, MDA-MB-468, and MDA-MB-157 whole cell lysates and isolated
extracellular vesicles.
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Figure 3.8 Proposed model of IFITM1 and CD81 relationship
A, Generalized model of IFITM1 and CD81 function in TNBC. The presence of IFITM1 and CD81 in
SUM149 and MDA-MB-468 cells is important for in vitro growth and as observed in SUM149 cells, to
regulate the expression of a subset of integrins and IL6, though a direct interaction was not detected (dotted
lines to show hypothesized proximity). However, we suspect CAV1 may be important in this interaction
though functional analyses were not studied. To generate this model, a series of in vitro experiments were
performed (B-D). B, Loss of IFITM1 reduces CD81 by decreasing CD81 stability and also decreases growth
and gene expression of identified genes. This suggests that IFITM1 alone is capable of mediating said
responses. C, Loss of CD81 does not decrease IFITM1 expression, though growth and gene expression is
altered. This suggests that though present, IFITM1 cannot overcome the loss of CD81. D, Loss of both
CD81 and IFITM1 show no additive effect on downstream targets, with the exception of IL6. Since no
additive effect is observed, these data suggest that neither CD81 or IFITM1 is functioning properly without
the other. Since IL6 decreases even more dramatically when both CD81 and IFITM1 are gone, this
suggests that IL6 can be partially regulated by either CD81 and IFITM1 when individually present. Figure
created with BioRender.com.
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Discussion
This study is the first to assess the biology and mechanism of IFITM1 in TNBC. Data
presented herein show that IFITM1 is resides in the membrane of TNBC cells and co-localizes
with CD81. Clinically, CD81 and IFITM1 are positively correlated and high expression of CD81
contributes to poor overall survival in patients with TNBC. Though we did not identify a direct
interaction between IFITM1 and CD81, we show that CAV1 may be an important secondary
mediator of this relationship. Regarding functional relevance of the IFITM1 and CD81 interaction,
our data suggest that IFITM1 may utilize CD81 for cell growth and integrin, NFκB and IL6 gene
expression. Another important, but less developed finding, is that IFITM1 and CD81 are secreted
into small extracellular vesicles (EV’s) in all TNBC cell lines. Overall, these findings suggest that
IFITM1 may regulate TNBC growth with help from CD81 and may also play a role in cell-cell
communication through EV secretion. Moreover, these findings suggest that IFITM1 does not act
alone to mediate TNBC growth and uncovers important biological characteristics that may be
harnessed for therapeutic development.
Early reports identified direct interactions between IFITM1 and tetraspanin proteins in a
complex comprising CD19, CD21, and CD81 in B-cells (23). These reports also suggest that
CD81 and IFITM1 signal through the same pathways which is supported by our work (143).
Notably, tetraspanins have gained traction as targets for cancer treatment (146, 147) and in
specific, CD81 has been established as a tumor promoter in multiple cancers (25). Though we
observed strong co-localization between IFITM1 and CD81 using co-immunofluorescence, we did
not observe a direct interaction as assessed by co-immunoprecipitation. Tetraspanins are known
for forming both homo- and hetero- dimers, trimers, and tetramers as primary interactions (148).
These complexes often come together to form a network of secondary interactions incorporating
more non-tetraspanin proteins including integrins and other membrane proteins (148). These
secondary interactions are often mediated by protein palmitoylation, a key characteristic of
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IFITM1, and implicated in the organization of signaling molecules in the membrane. Though direct
interactions are maintained when stringent detergents are used, secondary interactions become
disrupted, perhaps providing an experimental reason for the lack of direct interaction detected
(148). Supporting the evidence of secondary complex formation including IFITM1 and CD81 is
our finding that both IFITM1 and CD81 interact with CAV1 (Supplemental figure 3.2). CD81 is
known to interact with cholesterol enriched membrane domains which are enriched in CAV1
(148), though if this is directly related to the function of IFITM1 remains unknown. Therefore,
future studies are necessary to determine if IFITM1/CD81 and CAV1 all form a complex and
where, as well as when a combination of these interactions are transiently forming. Future studies
must also investigate if CAV1 has any functional role in mediating the IFITM1/CD81 relationship
in regard to cellular phenotypes, gene expression, or protein localization. Since these studies may
be confounded by the likelihood that changes in the specific cell state (i.e: epithelial,
mesenchymal, transitioning, etc.) may alter these interactions, it is important to investigate
multiple cellular states when assessing these relationships.
CD81 is known to regulate α4β1 and α3β1 integrin-mediated signaling and adhesion to
extracellular matrix proteins, resulting in activation of phosphoinositide dependent signaling, AKT
signaling, and cytoskeletal rearrangement (101, 142, 149, 150). Regarding IFITM1 and CD81
mediated cancer cell phenotypes there has been only one study that has specifically looked at
the role of tetraspanins and IFITM1 in cancer (106). In HNSCC cells loss of IFITM1 does not
regulate CD81 levels whereas in our current study, IFITM1 decreases CD81 levels, thus
highlighting the context dependent specificity of the relationship. Additionally, in IFITM1
overexpressing HNSCC cells, loss of CD81 significantly inhibited migration thus suggesting that
the presence of CD81 mediates the function of IFITM1. Though our study investigated growth,
we found similar results. We further contribute to the field through identifying that IFITM utilizes
CD81 for regulation of integrins β1, α3, and α4, NFκB transcripts of RELA and NFKB2 and the
cytokine IL6. Though our data suggests IFITM1 may need CD81 to mediate cell growth likely
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through integrin dependence, future studies investigating how cells respond to forced attachment
on different matrices such as fibronectin and laminin with IFITM1 and integrin inhibition are
necessary. Moreover, loss of IFITM1 significantly reduces the migratory properties of TNBC cells
and loss of CD81 has been shown to reduce lamellipodia formation (150). Therefore, it is possible
that IFITM1 may also work with CD81 for integrin mediated migration in TNBC. Lastly, though we
identified NFκB gene transcripts to be regulated by the IFITM1/CD81 relationship, it remains
unknown if this NFκB signaling is responsible for altering the observed transcriptional differences
of integrin expression.
Finally, we identified that IFITM1, CD81, and CAV1 are found in TNBC extracellular
vesicles (EVs). Like CD81 and CAV1, IFITM1 has been found in EVs in multiple tumor types
(exocarta.org), but this study is the first to identify that IFITM1 is secreted in TNBC EV’s. This
finding alone suggests that IFITM1 may have an extracellular role in mediating TNBC aggression.
A limitation of this finding is that the method used to generate this data is a crude isolation of EVs
and is not separated into the multiple subclasses of EVs. Nevertheless, EVs have been identified
as a potent regulator of metastatic dissemination for priming distant organs for cancer cell
colonization (151). Additionally, EVs have emerged as both a biomarker and a drug-carrier in
breast cancer (152). Should the presence of IFITM1 or its interactions be specific for TNBC EVs,
IFITM1 may serve as a prognostic biomarker for future treatments to enhance patient outcomes.
Though the functional extracellular relationship between CAV1, CD81 and IFITM1 has not been
studied, this specific finding opens the door to an alternative realm of IFITM1 function.
Findings presented in this chapter are threefold: 1) In TNBC a functional relationship
between CD81 and IFITM1 exist in regulation of growth rate and integrin, NFκB, and IL6 gene
expression; 2) IFITM1 and CD81 may be interacting through secondary complex formation
mediated by CAV1; and 3) IFITM1 may have an extracellular function in TNBC. Lastly, though
CD81 is present in cell lines without IFITM1 expression, this suggests that CD81 may also function
independently in some cell types.
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Materials and Methods
Cellular fractionation
Cells grown in 10-cm dishes were harvested and subjected to cellular fractionation following the
manufacturers protocol (Cell Signaling Technology, #9308) followed by western blot analysis.
Immunofluorescence microscopy
Cells grown on coverslips were washed with PBS and fixed with 100% ice cold methanol for 10
minutes and washed with PBS three times for 10 minutes. After permeabilization by 0.1% TritonX in PBS for 15 minutes, cells were incubated with either 5% normal horse serum in PBS or 5%
BSA in PBS for 1 hour followed by incubation with IFITM1, CD81 or CAV1 antibodies, 2μg/mL in
0.01% Triton X-100/PBS overnight. Cells were stained with fluorescein isothiocyanate (FITC)conjugated labeled goat anti-rabbit IgG (Fluorescein, FMK2201) or TRIT-C conjugated labeled
goat-anti-mouse IgG (Cell Signaling Technologies, #8890S) for 1-hour followed by coverslip
mounting with the ProLong® gold anti-fade reagent with DAPI (Life Technologies). Samples were
imaged 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).
Western blot and co-immunoprecipitation
Western blot protocol is outlined in Chapter 2 Materials and Methods. Here, the CD81 (Santa
Cruz Biotechnology: 1:200, #sc-166029, mouse; Cell Signaling Technologies: 1:100, #10037,
rabbit) CAV1 (Cell Signaling Technologies: 1:1000, #3238, rabbit) and IFITM1 (Santa Cruz
Biotechnology: 1:200, sc-374026, mouse; Cell Signaling Technologies: 1:500, #13126, rabbit)
were used.

For co-immunoprecipitation experiments, cell lysates were collected in RIPA buffer (150mM NaCl,
6mM disodium phosphate, 4mM monosodium phosphate, 2mM EDTA pH=8, 1% Triton-X 100,
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50mM sodium fluoride) supplemented with supplemented with protease inhibitor cocktail (Roche
Diagnostics, Cat#11836–153-001) and phosphatase inhibitor (Sigma, Cat#P0044). Cell lysates
containing at least 1000mg/mL concentrations were incubated overnight at 4oC with 20mL of
IFITM1 (Santa Cruz Biotechnology: 1:200, sc-374026, mouse) or CD81 (Santa Cruz
Biotechnology: 1:200, #sc-166029, mouse) antibodies or 1mL of rabbit IgG per reaction. 30μL of
protein A and 30μL Protein G coated magnetic beads (Invitrogen: #10001D) were used perreaction. Beads were first washed with supplemented RIPA and added in a final volume of 100mL
and followed by an incubation time of 2 hours. Immune complexes were washed three times with
PBS, resuspended in Laemelli sample buffer containing dithiothreitol and b-mercaptoethanol
(Invitrogen, Cat#NP0007), boiled for 5 minutes, and subjected to western blotting. Antibodies
used for probing specific proteins were the opposite species.

Clinical Analyses
Overall survival data in regard to CAV1 and CD81 and correlation analysis between CAV1 or
CD81 with IFITM1 in TNBC were analyzed using bcGenExMiner (153).

Small interfering RNA (siRNA) transfections:
SUM149 and MDA-MB-468 cells were seeded overnight and transfected at 60-80% confluency
with 60-100nM of targeted siRNAs or scrambled RNA (siControl; Santa Cruz Biotechnology: sc37007) introduced by Lipofectamine 2000TM (Invitrogen: #1668019) in OptiMEM Reduced-Serum
Medium (Gibco: #11058-021). After overnight incubation the transfection mixture was replaced
with normal culture medium. SUM149 and MDA-MB-468 cells were transfected with pooled
siRNA’s targeting IFITM1 (Santa Cruz Biotechnology: sc-44549) or CD81 (Santa Cruz
Biotechnology: sc-05030) followed by western blot, qRT-PCR or cell-counting.
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qRT-PCR
Protocol described in Chapter 2 was followed. Primer sequences from this chapter are below.
Table 3.1 Primer sequences
Gene

Forward (5’-3’)

Reverse (3’-5’)

PUM1

TCACCGAGGCCCCTCTGAACCCTA

GGCAGTAATCTCCTTCTGCATCCT

IFITM1
IL6

GGATTTCGGCTTGTCCCGAG
CCTCCAGAACAGATTTGAGAGTAGT

CCATGTGGAAGGGAGGGCTC
GGGTCAGGGGTGGTTATTGC

ITGA3

AGCAGGTGAACAGGTCCTCA

TACCAGGAATCGGGTATCCA

ITGA4

CCCCATCAGGTCCGCTCTTG

CCCCACTCCCGGTTTCTGCC

ITGB1

GGGTCTGAGCACAAGCTG

CAGTCCACTTCCCCGTGTT

ITGB5
CD81
RELA
NFKB2

AAAATGGCTGTGGAGGTGAG
GGGAGTGGAGGGCTGCACCAAGTGC
AGCTCAAGATCTGCCGAGTG
GGCAGACCAGTGTCATTGAGCA

GTGCCGTGTAGGAGAAAGGA
GATGCCACAGCACAGCACCATGCTC
ACATCAGCTTGCGAAAAGGA
CAGCAGAAAGCTCACCACACTC

Cycloheximide assay
SUM149 and MDA-MB-468 cells were plated at 150,000 cells/well in a 12-well plate. The next
day MDA-MB-468 cells were treated with siControl and siIFITM1for 24-hours whereas SUM149
cells were treated with cycloheximide 24-hours after plating. For cycloheximide treatment, cell
culture media was replaced including 10mg/mL of cycloheximide for 10 hours. Samples were
harvested every 2-hours and processed for western blot analysis.
Extracellular vesicle isolation
SUM149, MDA-MB-157 and MDA-MB-468 cells were grown in 10cm plates for 48 hours before
relacing growth media with 10mL serum free media for 24 hours. 30mL conditioned medium was
collected and spun down at 3,000g for 10 minutes to remove cellular debris. Supernatant was
transferred to fresh tube and balanced with sterile 1x PBS. Samples were spun at 30,000g for 1
hour in a Thermo Scientific WX Ultracentrifuge. Pellet was resuspended in 70μM storage buffer
(2M sucrose, 0.5M MOPS pH 6, sterile water, 1 complete minitab phosphatase/protease inhibitor).
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Supplemental Data

Supplemental Figure 3.1 Relevance of CAV1 in TNBC
A. IFITM1 protein domain representation. B, bcGenExMiner4.0 was used to assess the correlation between
CAV1 and IFITM1 DNA expression in basal-like breast cancer C, CAV1 RNA expression on basal-like and
TNBC overall survival derived from bcGenExMiner4.0 D, Western blot of CAV1 expression in TNBC and
ER+ cell lines.
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Supplemental Figure 3.2 IFITM1 and CAV1 directly interact
A, Co-immunofluorescence of SUM149, MDA-MB-468 and MDA-MB-157 cell lines with antibodies against
CAV1 (green) and IFITM1 (red). C, Co-immunoprecipitation of IFITM1 (mouse antibody) or Igg (mouse) in
SUM14, MDA-MB-157 and MDA-MB-468 cells and probed for IFITM1 (rabbit) or CAV1 (rabbit). D, Coimmunoprecipitation of IFITM1 (mouse), CD81 (mouse), or Igg (mouse) in MDA-MB-157 cells and blotted
for IFITM1 (rabbit), CD81 (rabbit), and CAV1 (rabbit).
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Chapter 4:

IFITM1 is regulated by non-canonical interferon signaling

Parts of this chapter have previously been published as an open access article and are reprinted
here alongside never-before published results.
Provance OK, Geanes ES, Lui AJ, Roy A, Holloran SM, Gunewardena S, Hagan CR, Weir S,
Lewis-Wambi J: Disrupting interferon-alpha and NF-kappaB crosstalk suppresses IFITM1
expression attenuating triple negative breast cancer progression. Cancer Lett. 2021, August 28;
514:12-29. DOI:10.1016/j.canlet.2021.05.006.
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Introduction
IFITM1 is an ISG that is regulated by interferon signaling and NFκB activation (37, 154).
Our studies and others report that some tumors express elevated levels of IFITM1 compared to
normal tissue (106, 109, 118) and that its overexpression correlates with drug resistance (104,
111, 113, 155) and metastasis (106-108). Therefore, elucidating the regulation of IFITM1 in TNBC
can provide greater insight into its role in TNBC pathogenesis and possibly pave the way for the
development of therapeutics targeting its expression.
IFNs are cytokines that can be released by all cells in the body to inhibit viral infection,
through upregulating ISGs as a mechanism of controlling cell death and survival pathways (114).
To date, thirteen subtypes of IFNα have been identified. Each member of IFNα lacks distinct
introns and is encoded independently with genes located in a 400 kb cluster on chromosome 9q
(156). Though IFNα and IFNβ both signal through the interferon alpha receptor-(IFNAR)1 and
IFNAR2 complex, they have different binding affinities thus producing distinct anti-viral effects
(157), therefore, the biological responses to IFNα and IFNβ are distinct. Though both IFNa and
IFNβ are classified as type I IFNs, previous studies suggest a specific role of IFNα in breast cancer
biology (55, 70, 104).
Canonically, IFNa activates JAK and TYK for phosphorylation of STAT1 and STAT2 and
subsequent formation of the interferon stimulated gene factor-3 (ISGF3) complex consisting of
pSTAT1, pSTAT2 and IRF9. Upon formation and nuclear translocation, ISGF3 induces ISG
expression through binding to the interferon stimulated response elements (ISRE) in the promoter
of ISGs. However, under chronic exposure to IFNα, the ISGF3 complex loses phosphorylation
(U-ISGF3) but remains transcriptionally active, transcribing a specific subset of ISGs (37) which
regulate cellular events including; apoptosis, senescence, migration or drug resistance (53).
Additionally, IFN can also activate NFκB in a dose-dependent mechanism, and doing so, protects
cells against apoptosis (63-65). Previous studies suggest crosstalk between IFNα and NFκB such
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that the kinetics of IFN signaling and subsequent gene expression depend on concurrent NFκB
activation, and vice versa, such that NFκB can regulate the IFN amplification loop (158).
Supporting this evidence, multiple ISGs have NFκB binding sites within their promoter, but which
ISGs are regulated by both IFNa and NFκB is highly context dependent (63, 66).
In this chapter, through in vitro analyses, we provide evidence such that both IFNa/NFκB
signaling in mediate IFITM1 expression. Therefore, targeting this crosstalk might be beneficial in
a subset of TNBC patients.

Results
IFNα regulates IFITM1 expression through IFNAR
Because previous studies allude to the importance of IFNα in breast cancer and since
IFNα regulates IFITM1 under viral stimulated conditions, we validated that IFNα regulates IFITM1
expression in TNBC cell lines. Using SUM149 cells as a model, we assessed multiple doses of
IFNα on IFITM1 expression and identified a linear relationship of amount of IFNα to induction of
IFITM1 (Figure 4.1 A). We then assessed the functional integrity of the interferon signaling
pathway by treating SUM149, MDA-MB-468 and MDA-MB-157 cells with 30 picomolar (500U/mL)
exogenous IFNα. IFNα treatment significantly induces IFITM1 expression in SUM149, MDA-MB468, and MDA-MB-157 (Figure 4.1 B). These data suggest that though IFITM1 is overexpressed
in these TNBC cell lines, the cells are still able to respond to IFNα.
The source of IFNα can be derived from the tumor microenvironment or from the tumor
cells themselves. To determine if endogenous IFNα is responsible for regulating IFITM1
expression, we first assessed the relative IFNα levels in TNBC cell lines compared to ER+ breast
cancer. Here, we focused on the specific IFNα-2a gene since it has been identified to be a
potential risk factor associated with female breast cancer (159). Through qRT-PCR analysis we
identified variable levels of IFNα-2a among TNBC cell lines with SUM149 having the highest
mRNA levels (Figure 4.1 C). To assess the functional role of IFNα on regulating IFITM1
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expression siRNA against IFNα-a2 was used. Knocking down IFNα transiently reduced IFITM1
gene and protein expression in SUM149 cells (Figure 4.1 D,E). However, a caveat to this method
is that siRNA induces IFITM1 protein expression significantly as compared to the basal levels
through activation of a viral response. To further assess autocrine IFN signaling, an IFNAR
neutralizing antibody (IFNAR nAb) was used. We confirmed that the neutralizing antibody is
specific to the IFN receptor since treatment with the antibody significantly reduces IFNα induction
of IFITM1 expression (Figure 4.1 F). We identified that though the levels of IFNα are not as high
for MDA-MB-157 and MDA-MB-468 cells, autocrine IFN signaling is important for IFITM1
expression. Neutralizing the IFNAR receptor significantly abrogates IFITM1 expression in all
TNBC cell lines (Figure 4.1 G). Collectively, these data suggest that TNBC cells have in-tact IFN
signaling and may be regulating IFITM1 expression through continuous production of low levels
of IFN signaling through the IFNAR complex.
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Figure 4.1 IFNα regulates IFITM1 expression through INFAR
A. SUM149 cells were treated with increasing doses of IFNα and run on a western blot 24 hours later. B.
Western blot of IFITM1 in MDA-MB-157 and MDA-MB-468 after 24 hour treatment with 500 units/mL of
IFNα. C. qRT-PCR of relative IFNα-2a levels in TNBC and ER+ cell lines. D. qRT-PCR of IFITM1 and
IFNα in SUM149 cells levels after siRNA targeting of IFNα for 48 hours. Data represent means of three
independent experiments ± standard deviation. E. Western blot of SUM149 cells after 48 hours of
treatment with siIFNα. F. Western blot of IFITM1 in SUM149 cells treated with 5μg/mL IFNAR neutralizing
antibody IFNAR nAb), 500 units/mL IFNα-a2, or both for 24 hours. H. Western blot of IFITM1 in SUM149,
MDA-MB-468, and MDA-MB-157 cell lines treated with 5μg/mL IFNAR2 neutralizing antibody for 24
hours.
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IFNα does not affect SUM149 phenotype in vitro
SUM149 has the highest levels of IFN gene expression and secreted levels. Since IFNα regulates
IFITM1 expression we hypothesized that inhibition of IFNα directly will significantly abrogate
SUM149 growth and migration. siRNA mediated inhibition of IFNα through siRNA decreased
growth of SUM149 cells at 48-hours (Figure 4.2 A) but did not affect migration (data not shown).
We observed that cyclin-e decreases slightly upon siRNA targeting of IFNα (Figure 4.2 B). To
assess how endogenous IFNα signaling mediates SUM149 phenotype an IFNAR2 neutralizing
antibody was used. Use of the IFNAR neutralizing antibody had no significant effect on cell growth
but significantly decreased migration at 48-hours (Figure 4.2 C-D). Since IFNα has been identified
to promote cell death, we assessed how the cells respond to exogenous IFNα. Treatment with
IFNα did not have a prominent effect on cell growth at 48-hours, nor did treatment alter cell cycle
protein expression (Figure 4.2 E-F). Overall, these data suggest that IFN, specifically IFNα-2a,
does not have a strong impact on the phenotype of SUM149 cells in vitro in short term treatments.
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Figure 4.2 The effect of IFNα on SUM149 growth and migration
A. Number of SUM149 cells after 48 hour treatment B. Western blot of cyclin-e expression in SUM149 cells
after 48 and 72 hour treatment with siIFNA. C. Number SUM149 cells after 48 hours and quantification of
wound healing (D) when treated with 5mg/mL IFNAR2 neutralizing antibody. E. Number of SUM149 cells
after 48 hour treatment with 500units/mL of IFNα. F. Western blot of cyclin e, cyclin D1, and IFITM1
expression after 24, 48, or 72 hour treatment with 500 units/mL IFNα.
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STAT2 and IRF9 are critical regulators of IFITM1 expression in TNBC cell lines
IFNα can continually regulate gene expression at very low levels or though kinase
independent functions of JAK proteins (66). When this occurs, STAT proteins generally lose their
phosphorylation and regulate a specific subset of genes through a non-canonical mechanism.
Since SUM149, MDA-MB-468 and MDA-MB-157 cell lines have variable IFNα expression but
overexpress IFITM1 which is regulated by autocrine IFN signaling, we hypothesized that these
cell lines would regulate IFITM1 through a non-canonical pathway. First, we assessed the basal
activity of pSTAT1 and pSTAT2 western blot analysis and confirmed that these cells have
undetectable or very low levels of pSTAT2 but with some pSTAT1 observed in SUM149 cells
(Figure 4.3 A). Unphosphorylated STAT1 and unphosphorylated STAT2 can form a complex with
IRF9 for an unphosphorylated-ISGF3 complex or STAT2 and IRF9 can form a transcriptionally
active complex without STAT1. To assess which complex is forming we utilized coimmunoprecipitation and proximity ligation assays. First, we identified that in SUM149 cells, pull
down for STAT1 did not bring down STAT2.

Further supporting this evidence, IRF9 was

immunoprecipitated from all TNBC cell lines on basal levels and upon exogenous addition of IFNα
then probed for STAT2 and STAT1 via western blot. Here, we show that STAT2 and IRF9 have
direct interaction both on the basal level and in the presence of exogenous IFNα addition without
STAT1 (Figure 4.3 C). Moreover, a proximity ligation assay in SUM149 cells suggests that the
STAT2:IRF9 complex is occurring both in the cytoplasm and in the nucleus (Figure 4.3 D).
To evaluate the role of specific ISGF3 proteins we used siRNA against STAT1, STAT2 or
IRF9 in all three TNBC cell lines. Knockdown of STAT1 does not have a prominent effect on
IFITM1 expression, loss of STAT2 results in marked reduction of IFITM1 expression in both
SUM149 and 468 where STAT2 did not have as much of an effect in MDA-MB-157, and loss of
IRF9 significantly abrogates IFITM1 expression in all cell lines assessed (Figure 4.3 E).
Collectively, these data suggest that IFITM1 expression is in part, regulated through noncanonical IFNα signaling specifically through STAT2 and IRF9 interactions.
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Figure 4.3 STAT2 and IRF9 are essential for IFITM1 expression
A, Immunoblotting was used to assess pSTAT2 and pSTAT1 expression in all TNBC cell lines B, Coimmunoprecipitation of STAT2 with STAT1 under untreated conditions. C, Co-immunoprecipitation of
STAT1 and STAT2 with IRF9 in SUM149 cells treated without or with 500 units/mL IFNα-2a for 2 hours.
Data are representative images from at least two independent experiments. D, Proximity ligation of STAT2
and IRF9 in SUM149 cells under untreated conditions after 48 hours of cell attachment to slide. E,
Immunoblotting was used to assess IFITM1 in multiple TNBC cell lines 48 hours after transfection with
either siControl, siSTAT1, siSTAT2, or siIRF9. Quantification of IFITM1 values are listed below

90

Alternative regulation of IFITM1 by AKT and STAT3
PI3K/AKT activation by IFNAR has been shown to occur in the absence of TYK2 activation
and subsequent STAT activation (160). Moreover, AKT is essential for regulation of a handful of
IFNα stimulated genes. Therefore, we first assessed the involvement of AKT signaling as a
potential STAT2/IRF9 independent regulatory mechanism. We identified that treatment with the
LY294002 inhibitor significantly inhibits IFITM1 expression in SUM149 cells (Supplemental Fig.
4.1). However, MDA-MB-157 cells do not have pAKT on a basal level (data not shown). Therefore
this finding cannot be extrapolated to multiple IFITM1 expressing TNBC cell lines. Next, we
assessed if loss of STAT3 which is a key mediator of IFNα and PI3K signaling has an effect on
IFITM1 protein expression. We found that siRNA inhibition of STAT3 does not have a prominent
effect on IFITM1 expression in any cell line (Supplemental Figure 4.1). These data suggest that
targeting pAKT through use of LY294002 can inhibit IFITM1 expression in some cell lines.

NFκB regulates IFITM1 expression
Recently, a selective JAK1/2 inhibitor called Ruxolitinib has been used in clinical trials for
metastatic TNBC (161). However, as a single agent, this drug did not meet the primary efficacy
endpoints of a partial or complete response though the output of pSTAT3 was reduced by about
45-55%. We next tested the effect of Ruxolitinib in TNBC (Supplemental Figure 4.1 C). Though
we identify some inhibition of IFITM1 through ruxolitinib, our finding suggests that other pathways
are contributing to the regulation of IFITM1 expression other than active JAK1/2 signaling.
Previous studies suggest signal-induced phosphorylation is non-essential for IRF9
interaction with STAT2 and that JAK1/2 inhibition does not change STAT2/IRF9 nuclear levels
(66). Moreover, in support of crosstalk with other signaling pathways, STAT2 and IRF9 have been
shown to form a complex with p65 to enhance IL-6 expression in the absence of STAT1 (82) and
IFNα can both directly and indirectly signal through NFκB (63). Additionally, some ISGs have
NFκB elements in their promoter. By utilizing a luciferase assay with IFITM1 promoter deletion
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mutants, we found that loss of the NFκB region significantly impairs IFITM1 promoter activity thus,
NFkB may also play a role in regulating IFITM1 expression (13). Therefore, we assessed if p65
mediates IFITM1 expression in TNBC.
To gain a better insight into whether NFκB regulates IFITM1 expression in TNBC cells we
utilized siRNA to decrease p65 expression. Reduction of p65 levels in all three TNBC cell lines
significantly inhibits IFITM1 protein (Figure 4.4 A) and mRNA expression (Figure 4.4 B). Since
IFNα regulates IFITM1 expression (70) and can regulate NFκB activation (63, 65) we assessed
whether autocrine IFNα signaling through the IFNAR receptor impacts NFκB activation. TNBC
cells were treated with 5μg/mL of IFNAR neutralizing antibody for 24 hours resulting in a reduction
of IFITM1 in all three cell lines (Figure 4.4 C) and a trend of decreased phosphorylation of p65
(Figure 4.4 C). Moreover, exogenous IFNα treatment significantly induces NFκB promoter activity
through use of an NRE luciferase (Figure 4.4 D).
Interestingly, we identified that treatment of TNBC cell lines with ruxolitinib, significantly
enhances NFκB promoter activity as measured by an NRE luciferase (Figure 4.4 E). These
findings are twofold. First, these suggest that the NFκB pathway directly regulates IFITM1
expression. And second, they suggest that there is crosstalk occurring between NFκB and IFNα
signaling. Perhaps IFNα regulates NFκB directly through exogenous addition and autocrine
signaling, but also indirectly in an attempt to counteract JAK1/2 inhibition through overactivation
of TYK2, which is not inhibited by Ruxolitinib (78). Though JAK1/2 inhibition and use of the
neutralizing antibody both inhibit IFN signaling, perhaps the specific mechanism of inhibition is
important for mediating the effects of IFNα on NFκB.
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Figure 4.4 IFITM1 is regulated by NFκB signaling in TNBC
A, Immunoblotting assessed IFITM1 in multiple TNBC cell lines 48 hours after transfection with either
siControl or sip65. Quantification of IFITM1 values are listed below. B, qRT-PCR assessed the gene
expression of p65 and IFITM1 after transfection with either siControl or sip65. Data represented as fold
change compared to siCon via 2^DDCT method. Values represent means ± SD of three independent
experiments. Fold change relative to PUM1 was assessed with a t-test *p<0.05, **p<0.01, ***p<0.001. C,
SUM149(149), MDA-MB-468 (468), and MDA-MB-157 (157) cells were treated with 5mM IFNAR2
neutralizing antibody for 24 hours and immunoblotted for p-p65 and IFITM1. Quantification of IFITM1 values
are listed below and the ratio of p-p65/p65 is listed to the right. Values represent means ± SD of three
independent experiments. A t-test was used to assess significance *p<0.05. D, TNBC cells were treated
with 500U IFNa-2a for 24 hours and NRE luciferase activity was measured. E. TNBC cells were transfected
with the NRE luciferase vector followed by 24 hour treatment with 10mM ruxolitinib. For D and E, Values
represent means ± SD of at least three independent experiments. Significance was assessed with a t-test
on raw values *p<0.05, **p<0.01, ***p<0.001
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Discussion
Though treatment for triple-negative breast cancer (TNBC) has improved over the last
decade there is still an essential need for development of therapies. To identify novel agents for
the treatment of TNBC, it is critical to uncover molecular mechanisms and signaling pathways
promoting the aggressive phenotype. We have previously identified that the interferon stimulated
gene (ISG), interferon-induced transmembrane protein-1 (IFITM1) is overexpressed in a subset
of TNBC patient samples and cell lines, and contributes to increased growth, migration, invasion,
and relapse free survival (Chapter 1 and (70)). However, its mechanism of regulation has not
been well defined in TNBC. Through promoter sequence analysis, we have identified multiple
transcription factor binding sites in the IFITM1 promoter including GAS and ISRE, NFκB, SP1,
CREB, and AP1 elements. Therefore, we took the approach of investigating which specific
signaling pathways regulate IFITM1 expression to understand how to target its expression and
subsequent aggressive phenotypes. Here, we show that IFITM1 is regulated by components of
both IFNα and NFκB signaling as observed through blockade of the IFNAR receptor and siRNA
against p65 (Fig. 5). Collectively, our data suggest that IFITM1 expression is in part, mediated by
NFκB and IFNα crosstalk.
Beginning our study we first wanted to determine how TNBC cells utilize IFNα to regulate
cell growth and migration since IFNα is a key regulator of IFITM1. siRNA mediated decrease of
IFNα resulted in a decrease of cell proliferation after 48-hours but had no prominent effect on
wound healing while the use of the IFNAR neutralizing antibody did not reduce growth but
mediated cell migration. Notably, addition of IFN is known to be cytotoxic to multiple cell types
including renal cell carcinoma (162), but here we show that addition of exogenous IFNα did not
alter growth or cyclin expression in short term studies. Though we identified an intact IFN
response in all TNBC cell lines, it is important for future studies to assess long-term depletion and
treatment with IFNα to fully understand the role of IFNα signaling in regulating TNBC phenotypes.
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Perhaps the inconsistencies in IFNα mediated cellular growth and migration arise from the
short-term nature of the experiments or pleiotropic effects of IFNα itself. For example, siRNA was
directed against IFNα-2a which is just one of the 13 family members of IFNα (46). IFN signaling
has strong positive feedback mechanisms to ensure that upon inhibition of one gene, the viral
response can still occur (114). Therefore, though IFNα-2a is inhibited, perhaps other IFNα family
members and IFNβ are induced in the process. Moreover, though IFITM1 is suppressed in both
experimental methods (siRNA and IFNAR neutralization), we suspect other significant differences
in terms of pro-survival and apoptotic ISG expression are occurring thus outweighing the effect of
IFITM1 alone. Along these lines, crosstalk between IFNα and other pathways including NFκB,
integrin signaling, and p53 has been detected thus regulating cellular response to IFNs and
subsequent ISG, cytokine and chemokine expression (114). Additionally, cytokines very rarely
act in isolation and the cancer cell is not the only player. Therefore, it is essential to test the
involvement of IFNα is through studying the tumor microenvironment. I hypothesize that IFNα is
important for tumor growth in the context of its interaction with the immune cells within the
microenvironment.
Supporting crosstalk between IFNα and other signaling pathways, our data suggests
JAK/STAT involvement in driving IFITM1 expression in TNBC, but evidence presented herein
also suggest an alternative mechanism involving IFNα and NFκB crosstalk. We show that
inhibition of autocrine IFNα signaling and loss of STAT2 and IRF9 reduces IFITM1 expression;
however, loss of p65 reduces IFITM1 expression as well. Previous studies highlight IFITM1 as a
non-canonical ISG since it can be regulated independently of the phosphorylated-ISGF3 complex
in which our data supports through identification of essential roles for STAT2 and IRF9 (163).
STAT2 and IRF9 have a unique relationship. STAT2 is unlike other STAT as it does not recognize
a DNA target site as a homodimer but instead provides the transcriptional activation domain
essential for induction of target gene transcription (164). Additionally, IRF9 does not have
independent transcriptional activity (61, 62). Since we observed the most robust decrease in
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IFITM1 expression upon IRF9 inhibition, perhaps IRF9 is also interacting with another co-activator
other than STAT2. Furthermore, as previously mentioned in our introduction, in the absence of
STAT1, a certain threshold amount of STAT2 and IRF9 must be reached to allow STAT1
independent transcription (61). This is of functional relevance because in the case of prolonged
IFNa signaling, STAT2/IRF9 alone could be promoting transcription of pro-tumorigenic ISGs in
the absence of phosphorylation and STAT1 and perhaps, in the absence of JAK1/2 activation.
This idea has been investigated in previous studies. Phosphorylation is non-essential for IRF9
interaction with STAT2 and JAK1/2 inhibition does not change STAT2/IRF9 nuclear levels (66).
Interestingly, STAT proteins in their unphosphorylated form and the NFκB signaling
molecule, p65, have a coordinated effort in driving ISG expression and NFκB can regulate IFITM1
expression (37, 154). This is evidenced by p65 being required for ISG induction in the absence
of pSTATs and p65 dependence on unphosphorylated-STAT2 (U-STAT2) for nuclear
translocation (165, 166). Notably, the TNBC cells used in this study have very low levels of
pSTAT2 on basal level and we have previously shown that the deletion of the region containing
the NFκB element in the IFITM1 promoter significantly diminishes promoter activity (70). Perhaps
this could be attributed to the recently discovered phenomenon that U-STAT2 can bridge DNA
bound p65 and IRF9 to induce full transriptional activation of specific genes (166) since p65 can
directly bind to the promoter of IFITM1 (154). Moreover, Pfeffer’s group found that in JAK1deficient cells IFN induces NFκB activation and NFκB dependent gene transcription through TYK2
activaion, but in this model, IFN does not enhance genes only dependent on STATs for
transcription (78). This alone provides an explaination into why ruxolitinib may enhance NFκB
promoter activity and have poor regulation of IFITM1 expression. Alternatively, the crosstalk
between NFκB and IFNα may hinge on IKKα. IKKα is a regulator of NFκB signaling that can
induce IRF7 driven IFN activation and subsequent NFκB signaling independent of IκB
disassociation resulting in a positive IFN feedback loop (63). Alternative pathways of ISG
induction have likely evolved to control infection upon inhibition of canonical JAK/STAT signaling
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to minimize the risk of aberrant signaling and infection; however, our evidence suggests that
alternative IFN signaling play a role in cancer progression through crosstalk with NFκB and
subsequent induction of IFITM1. A limitation of our study is the focus on independent effects of
p65 and STAT2:IRF9. Future studies would benefit from investigating the specific interactions
between these proteins and how DNA binding is mediated. Moreover, NFκB can signal in a noncanonical fashion similar to IFNα, which could also have a distinct role in mediating IFNα
responses. Lastly, potential IFN independent mechanisms driving IFITM1 expression should be
investigated, and understanding these processes will help target its expression.
Collectively, we identify that IFITM1 is mediated by components of IFNα and NFκB
signaling in TNBC. Both IFNα and NFκB are inflammatory components of the tumor. Perhaps,
targeting these inflammatory components simultaneously would be beneficial rather than direct
targeting of malignant cell its self which is quick to mutate and acquire resistance. Moreover,
IFNα and NFκB are both critical promoters of inflammation linked to chemoresistance so targeting
this circuit with could be a promising mechanism of action. However, determining how to best
modulate type I IFN response both in isolation and through interrupting other pathways will likely
need to be explained based on subtype. Therefore, defining how IFNα is involved in alternative
signaling pathways may be harnessed for therapeutic purposes with IFITM1 as a biomarker for
this response.

Materials and Methods
Interferon alpha receptor neutralization
SUM149,

MDA-MB-468

and

MDA-MB-157

cells

were

pretreated

with

5μg/mL

anti

IFNAR2/MMHAR2 (Millipore: #MAB1155) for either 4 hours followed by overnight treatment with
human recombinant IFNα (Sigma: #SRP4595) for 24-hours where indicated. Cells were
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harvested by cell scraping for western blot or subjected to phenotypic assays as previously
discussed in Chapter 2.

Luciferase assays
For NFκB promoter assay, 0.8 μg of plasmid DNA pGL4.32 NFkB-RE vector (Promega)
containing 5x NFkB-RE was co-transfected with the pRL CMV Renilla vector. The NFkB plasmid
was a kind gift from Dr. Christy Hagan (University of Kansas Medical Center). After 24 hours,
transfection reagent was replaced with normal cell culture media containing 500U/mL IFNa or
10mM of the JAK inhibitor, ruxolitinib, where indicated. Luciferase and Renilla activities were
measured 24 hours later using the Dual-Luciferase® reporter assay kit (Promega: E1910)
according to the manufacturer’s instructions on a BioTek Synergy 4 microplate reader using the
Gen 5 data analysis software.

Small interfering RNA (siRNA) transfections
SUM149, MDA-MB-468 and MDA-MB-157 cells were seeded overnight and transfected at 6080% confluency with 60-100nM of targeted siRNAs or scrambled RNA (siControl Santa Cruz
Biotechnology: sc-37007) introduced by Lipofectamine 2000TM (Invitrogen: #1668019) in
OptiMEM Reduced-Serum Medium (Gibco: #11058-021). After overnight incubation the
transfection mixture was replaced with normal culture medium. MDA-MB-468, MDA-MB-157 and
SUM149 cells were transfected with pooled siRNA’s targeting STAT1 (Santa Cruz Biotechnology:
sc-44123), STAT2 (Santa Cruz Biotechnology: sc-29492), IRF9 (Santa Cruz Biotechnology: sc38013), p65 (Santa Cruz Biotechnology: sc-29410) or IFN-α2 (Santa Cruz Biotechnology: sc63324) and harvested 48 hours post transfection for western blot analysis or subjected to
phenotypic in vitro assays as outlined in Chapter 2 when stated.
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Western blotting, fractionation and co-immunoprecipitation
Western blot protocol was followed as previously stated (Chapter 2). Here, target proteins were
detected using anti-IFITM1 (1:200, SantaCruz: sc-374026), anti-IRF9 (1:200, SantaCruz: sc365893), anti-STAT2 (1:200, SantaCruz: sc-1668), anti-STAT1 (1:200, SantaCruz: sc-464) or
anti-phospho-p65 (1:500, Cell Signaling Technologies: #3033S) and anti p-65 (1:500, Cell
Signaling Technologies: #8242). Membranes were stripped and re-probed for β-actin (1:15,000,
Cell Signaling Technologies: #3700).

For fractionation, cells were grown in 10-cm dishes for 48 hours followed to cellular fractionation
following the manufacturers protocol (Cell Signaling Technology, #9308) and assessed by
western blot.

For co-immunoprecipitation experiments, cell lysates were collected in RIPA buffer (150mM NaCl,
6mM disodium phosphate, 4mM monosodium phosphate, 2mM EDTA pH=8, 1% Triton-X 100,
50mM sodium fluoride) supplemented with supplemented with protease inhibitor cocktail (Roche
Diagnostics, Cat#11836–153-001) and phosphatase inhibitor (Sigma, Cat#P0044). Cell lysates
containing at least 1000mg/mL concentrations were incubated overnight at 4oC with 5μL of antirabbit-IRF9 antibody (Cell Signaling Technology: #76684S) or 1mL of rabbit IgG per reaction.
Protein A coated magnetic beads (Invitrogen: #10001D) were washed with supplemented RIPA
and added in a final volume of 100mL and followed by an incubation time of 2 hours. Immune
complexes were washed three times with PBS, resuspended in Laemelli sample buffer containing
dithiothreitol and b-mercaptoethanol (Invitrogen, Cat#NP0007), boiled for 5 minutes, and
subjected to western blotting.
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Proliferation and wound healing assays
Cell proliferation was measured by cell counting. Cells were seeded onto a 24-well plate at a
density of 25,000 cells/well. The next day, cells were either transfected, treated, or harvested for
the 0-hour timepoint. Cells were counted every 24 hours and the final values were normalized to
the 0-hour timepoint or to vehicle.
Wound healing was assessed by seeding cells onto a 24-well plate at a density of 90,000-120,000
cells/well (approximately 80% confluency) and making a single wound by scratching the attached
cells using a 10-μl sterile pipette tip. The plates were washed with complete medium to remove
cellular debris. Images of the cells were taken immediately after and 24, 48, and 72 hours later
using a phase-contrast microscope and wound area was quantified using the Wound Healing Tool
in ImageJ.

Proximity Ligation
SUM149 cells grown on coverslips were washed with PBS and fixed with 100% ice cold methanol
for 10 minutes and washed with 1X PBS three times for 10 minutes. After permeabilization by
0.1% Triton-X in 1X PBS for 15 minutes cells were incubated Duolink® blocking solution. For the
remainder of the processing the Duolink® PLA Fluorescence (Sigma Aldrich, #DUO92001) was
used per manufacturer’s instructions. Antibodies used were STAT2 R (Cell Signaling
Technologies, #D9J7L,) and IRF9 M (1:200, SantaCruz: sc-365893)

qRT-PCR primers
Table 4.1 Primer sequences
Gene
Forward (5’-3’)

Reverse (3’-5’)

PUM1

TCACCGAGGCCCCTCTGAACCCTA

GGCAGTAATCTCCTTCTGCATCCT

IFITM1

GGATTTCGGCTTGTCCCGAG

CCATGTGGAAGGGAGGGCTC

IFNα

CTTGAAGGACAGACATGACTTTGGA

GGATGGTTTCAGCCTTTTGGA
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Supplemental Data

Supplemental Figure 4.1 Effect of AKT, STAT3, and Ruxolitinib on IFITM1 expression
A, SUM149 cells were treated for 24 hours with 30μM of LY294002 or with equal amount of DMSO followed
by immunoblotting B, SUM149, MDA-MB-468, and MDA-MB-157 cells were co-transfected with siControl
or siSTAT3 for 48 hours followed by immunoblotting. Data represents at least two independent experiments
and a representative blot is shown. C, TNBC cell lines were treated with 10μM ruxolitinib for 24 hours.
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Chapter 5:

High throughput screen of drug repurposing library identifies
inhibitors of IFITM1 positive TNBC.

Parts of this chapter have previously been published as an open access article and are reprinted
here alongside never-before published results.
Provance OK, Geanes ES, Lui AJ, Roy A, Holloran SM, Gunewardena S, Hagan CR, Weir S,
Lewis-Wambi J: Disrupting interferon-alpha and NF-kappaB crosstalk suppresses IFITM1
expression attenuating triple negative breast cancer progression. Cancer Lett. 2021, August 28;
514:12-29. DOI:10.1016/j.canlet.2021.05.006.
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Introduction
Patients diagnosed with TNBC have a lower 3-5 year overall survival rate than receptor
positive breast tumors and have been reported to have a 12-month median overall survival
compared to 20 months for ER/PR positive tumors and 56 months for HER2+ tumors (10, 14, 15).
Regardless of treatment, approximately 20-40% of patients with TNBC have tumor recurrence
three to five years following diagnosis (167). Perhaps this poor overall survival is due, in part, to
the lack of targeted therapy (7, 27, 168). The current standard of care for TNBC patients is
treatment with a taxane-anthracycline based systemic chemotherapy (13). However, an
interesting phenomenon has emerged from previous clinical studies known as the TNBC paradox.
One specific study aimed to assess the potential of pathological complete response (pCR) as a
surrogate for long-term outcomes (27). Here, researchers identified that 33% of TNBC patients
treated with pre-operative systemic chemotherapy alone achieved a pCR whereas hormone
receptor positive tumors had a pCR of 7-16% and HER2+ tumors had a pCR of 18-30%.
However, when assessing the correlation between pCR and long-term outcome, researchers
found that the TNBC subtype has significantly poorer overall survival in the 70% of patients who
fail to achieve a pCR or achieve only a partial response compared to other subtypes. Though
more targeted therapies for TNBC are emerging with promising clinical evidence such as BRCA,
PI3K/AKT, and immune checkpoint inhibitors, there is still a major unmet need for more
efficacious therapies.
In our previous studies we have identified that IFITM1 is an important regulator of TNBC
growth, migration, and invasion. Our data also suggest that IFITM1 is regulated by both NFκB
and IFN signaling. Therefore, the crosstalk between these two signaling pathways may contribute
to poor response to a single pathway inhibitor. For example, in previous studies, the FDAapproved ATP-dependent kinase inhibitor of JAK2, ruxolitinib, has been shown to inhibit interferon
signaling and IFITM1 expression (104). However, ruxolitinib often fails to achieve a pathological
complete response in these patients (161). Reports reason this occurs through non-canonical
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JAK signaling to overcome the effects of JAK2 inhibition (169). Therefore, perhaps by targeting
both canonical and non-canonical IFN signaling and subsequent crosstalk would be beneficial in
this population.
Identifying new drugs which have the potential to be used outside the scope of the original
proposed application through high-throughput drug screening has promising implications for
cancer therapeutics (170). This method is known as drug repurposing. Repurposing approved
and abandoned drugs allows researchers to capitalize on existing data recorded for these drugs
which significantly decreases the cost, time, and risk associated with advancing investigational
agents to clinical proof of concept trials (171). The KU Cancer Center has established a formal
drug repurposing program. The library of FDA-approved drugs housed at KU is routinely screened
for activity against identified drug targets and this program has implemented innovative
approaches to advancing repurposed drugs to cancer clinical proof of concept trials. Thus, the
cost and time effectiveness of identifying candidate drugs via high throughput drug repurposing
screens could expedite the discovery of drugs and agents that are capable of inhibiting both
IFITM1 and TNBC.
Through high-throughput screen, we identified TNBC drug repurposing opportunities. One
of which, is the drug parthenolide (PN). This study focuses on the identification and
characterization of PN which is a sesquiterpene lactone derived from the feverfew plant,
historically used as a medicinal Chinese herb to treat migraines, fever, and arthritis (172). In preclinical studies of breast cancer, PN has been shown to attenuate tumor progression through
increased autophagy, generation of reactive oxygen species, activation of JNK, inhibition of JAK2STAT3 axis, but mostly through inhibition of NFκB (173-175). Most importantly, PN has tissue
protective effects such that it attenuates the negative effect of radiation therapy on neighboring
organs (176) and prevents muscular skeletal wasting during chemotherapy in a mouse model of
breast cancer (177). Therefore, based on the previously discussed evidence suggesting IFNalpha and NFκB crosstalk, we hypothesized that if these coordinated efforts drive IFITM1
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expression in TNBC cells, then treatment with parthenolide can subdue these signaling processes
attenuating IFITM1 expression and subsequent TNBC growth. Through mechanistic analyses, we
found that parthenolide is both cytotoxic to TNBC and decreases IFITM1 expression. Additionally,
we identified a novel mechanism of parthenolide such that it interrupts type I IFN signaling thus
decreasing IFITM1 expression and inducing apoptosis. These data suggest that IFN crosstalk
with NFκB and the concurrent regulation of IFITM1 may be a pro-survival mechanism for TNBC,
and suggests future investigations into utilizing parthenolide or its derivatives for IFITM1 positive
TNBC.

Results
Identification of agents through high-throughput drug repurposing screen
Two TNBC cell lines (SUM149 and MDA-MB-157) and a HER2+ cell line (SUM190) were used
for the high-throughput drug screen to identify agents that would be specific to TNBC. The initial
screen was performed in all three cell lines with 3,594 drugs from Selleck, Enzo, NIH and
Prestwick all of which are either FDA approved or abandoned (Figure 5.1 A). Each cell line was
treated with 2.5mM of the drug for 72 hours followed by viability analysis via cell titer glo to assess
the percent cytotoxicity. From this screen, we identified 20 drugs that were specific to TNBC, 10
that were specific to SUM149, and 4 that were specific to MDA-MB-157 (Fig. 5.1 B). Of the 20
that were specific to both TNBC cell lines, most were microtubule destabilizers or topoisomerase
inhibitors, which are currently used as the standard of care for TNBC patients. Others have been
previously investigated in clinical trials including dasatinib and ponatinib. However, through
assessing both SUM149 and MDA-MB-157 specific drugs one specifically piqued our interest,
parthenolide, as it is known to inhibit NFκB signaling. Therefore, parthenolide (PN) was used for
further in vitro analysis via a secondary screen with multiple TNBC cell lines
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Figure 5.1 Drug repurposing workflow
A: Drug repurposing workflow for initial screen. Three cell lines SUM149 (TNBC), MDA-MB-157 (TNBC),
and SUM190 (HER2+) were used. Screen was performed in the High Throughput Screening lab at
University of Kansas in Lawrence. Cells were treated once with 2.5μM of each drug/compound for 72 hours
followed by Cell Titer Glo for assessment of viability. B. Table of results from the initial screen divided by
TNBC specific, SUM149 specific, and MDA-MB-157 specific drugs. C. Workflow of in vitro secondary
screen for TNBC cell line IC50.
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Parthenolide inhibits TNBC growth and migration and induces apoptosis
Our initial screen identified parthenolide, a naturally derived NFκB inhibitor, as a potent growth
inhibitor in SUM149 cells. We then confirmed activity by generating concentration-response
curves of parthenolide in four TNBC breast cancer cell lines (SUM149, MDA-MB-468, MDA-MB157 and MDA-MB-231). As results are depicted in Figure 5.2 A and Supplemental Figure 5.1,
SUM149 has the lowest IC50 (4.1mM) followed by MDA-MB-468 (4.5μM), and MDA-MB-157
(6.8μM), while MDA-MB-231 cells, which lack IFITM1, have the highest IC50 (15.8μM).

Next, SUM149, MDA-MB-468, and MDA-MB-157 cell lines were treated with parthenolide at the
IC50 and assessed for cellular clonogenicity, proliferation, wound healing, and apoptosis. We
found that parthenolide significantly inhibits TNBC colony formation (Figure 5.2 B Supplemental
Figure 5.1), proliferation (Figure 5.2 C), and wound healing (Figure 5.2 D). Lastly, parthenolide
induces PARP cleavage and increased TUNEL staining which are important markers of apoptosis
(Figure 5.2 E-G).
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Figure 5.2 Parthenolide inhibits TNBC growth and migration and induces apoptosis
A, SUM149, MDA-MB-468, MDA-MB-157 cells were seeded onto a 96-well plate at 5,000 cells/well in
100μL. Twenty-four hours later, cells were treated with varying concentrations of parthenolide (PN) (0–80
μM) for 48 hours. The IC50 and the 95% confidence interval were calculated by fitting the non-linear
regression curve, log(inhibitor) vs. response – Variable slope (four parameters), to the data. B, Images of
SUM149, MDA-MB-468 and MDA-MB-157 colony formation when treated with parthenolide at the IC50.
Cells were treated every other day with the IC50 dose of parthenolide and grown for 10-14 days when
colonies were stained with crystal violet and counted by ImageJ. C, SUM149, MDA-MB-468 and MDA-MB157 breast cancer cells were treated with parthenolide at the IC50 and matched DMSO concentration
followed by the cell counting every 24 hours. The 0-hour time point represents cells counted prior to drug
treatment. Values are normalized as percent growth from 0 hours. Values represent means ± SD of three
independent experiments conducted in triplicate. A t-test was used to assess statistical significance at each
timepoint; ***P<0.00. D, Parthenolide inhibits wound healing capacity of TNBC cell lines (SUM149, MDAMB-468 and MDA-MB-157). Cells were plated near confluency and a scratch was made. Media was
changed daily. The scratch was monitored for 48-72 hours and the wound area was measured by ImageJ.
Statistical significance between vehicle and drug treatment was measured through comparing the means
of 3 separate experiments through an unpaired t-test at each time point ***p<0.001 ** P<0.01. E, Western
blot of SUM149 cells treated with PN IC50 showing PARP cleavage. F-G, SUM149 breast cancer cells were
treated with the IC50 of Parthenolide at 48 hours and matched DMSO concentration followed by the TUNEL
assay and confocal microscopy, and quantified by ImageJ, ***P<0.001
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Parthenolide regulates NFκB signaling and IFITM1 expression
Next, we assessed whether parthenolide can regulate NFκB signaling and IFITM1 expression.
For these experiments each cell line was treated with the respective IC50 as determined
previously. We found that parthenolide inhibits p65 activation in SUM149, MDA-MB-157 and
MDA-MB-468 cells (Figure 5.3 A) and it significantly reduces NFκB promoter activity in SUM149
cells (Figure 5.3 B). Notably, parthenolide significantly inhibits IFITM1 protein (Figure 5.3 C) and
mRNA expression (Figure 5.3 D) in all cell lines. These data are in line with our previous data
such that loss of p65 decreases IFITM1 expression.

Figure 5.3 Parthenolide inhibits NFkB signaling and IFITM1 expression
A, SUM149, MDA-MB-468 and MDA-MB-157 cells were treated for 24 hours with either parthenolide at the
IC50 or with equal amount of DMSO followed by immunoblotting for phospho-p65 (S536) and total-p65.
Quantification of pp65/p65 ratios are listed below. B, SUM149 cells were co-transfected with the DNA
pGL4.32 NFkB-RE and Renilla constructs. Cells were treated with parthenolide at the IC50 or DMSO and
luciferase was assayed 24-hours after treatment. Values represent means ± SD of four independent
experiments conducted in triplicate. A t-test was used to assess statistical significance; **P<0.01. C-D,
SUM149, MDA-MB-468, and MDA-MB-157 cells were treated with the parthenolide at the IC50 or with
equal amount of DMSO for 24 followed by immunoblotting (quantification of IFITM1 values are listed below)
(C) or qRT-PCR (D) where data represents at least two independent experiments run in triplicate. A t-test
was used to assess significance. *p<0.05, **p<0.01.
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Parthenolide interrupts IFN mediated activation of IFITM1
Since IFITM1 is tightly regulated by endogenous and exogenous IFNα signaling, we
assessed the effect of parthenolide on the IFN response. Here, we found that parthenolide
significantly inhibits IFNα mRNA levels in SUM149 cells (Figure 5.4 A). Since parthenolide
reduces the cellular response governed by endogenous IFNα we hypothesized that exogenous
IFNα could rescue its inhibition. Notably, we found that treatment with parthenolide followed by
exogenous IFNα does not rescue the IFITM1 protein expression in SUM149, MDA-MB-468 or
MDA-MB-157 cells (Figure 5.4 B) and that this is regulated on a transcriptional level (Figure 5.4
C). We therefore hypothesized that other genes within the IFNα response would be altered as
well. qRT-PCR data suggest that parthenolide interrupts IFNα mediated induction of multiple ISGs
including OAS1, IFI27, MX1, and IFIT1 (Figure 5.4 D). To assess if this gene expression is
mediated by NFκB promoter activity, we assessed the NFκB response element (NRE) through a
luciferase assay. We found that addition of IFNα induces NRE activity in SUM149 and MDA-MB468 cells, addition of parthenolide substantially decreases NRE activity, and co-treatment results
in a lack of induction by IFNα (Figure 5.4 E-F). Previous studies suggest that IFNα can mediate
cell growth through regulation of the NFκB pathway. Therefore, we hypothesized that pre-treating
the cells with parthenolide followed by IFNα would enhance cell death. Through western blot
analysis we identified a decrease in p65 activity and increased in cleaved PARP with the cotreatment suggestive of elevated cell death (Figure 5.4 G). Therefore, these data suggest that
IFNα and NFkB signaling cooperate to drive IFITM1 expression and subsequent IFITM1 mediated
phenotypes.
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Figure 5.4 Parthenolide interrupts IFN signaling
A. qRT-PCR of IFN regulated genes after 24 hour treatment with PN at the IC50. Data represented are means
± standard deviation of three independent experiments ***p<0.001. B, SUM149, MDA-MB-468 and MDA-MB157 cells were treated with DMSO, PN at the IC50, 500 units/mL IFNα-2a or pre-treated for 4 hours with PN at
the IC50 followed by 20 hours treatment with 500 units/mL IFNa-2a. Samples were immunoblotted for IFITM1
expression and a representative blot with IFITM1 quantification is shown. C. IFITM1 mRNA expression and other
ISG expression (D) was assessed in SUM149 cells after treatment with either DMSO, PN at the IC50, 500
units/mL IFNα-2a or pre-treated for 4 hours with parthenolide at the IC50 followed by 20 hours treatment with
500 units/mL IFNα-2a. Values are displayed as fold change relative to either DMSO (C) or PUM1 (D). Data
represents at least two independent experiments run in triplicate. A t-test was used to assess significance.
*p<0.05, ***p<0.001, ****p<0.0001. For D, Asterisks mark significance between DMSO and IFNα treatment and
number signs mark significance between IFNα and the co-treatment of IFNα and PN. E-F, SUM149 and MDAMB-468 cells were co-transfected with the DNA pGL4.32 NFkB-RE and Renilla constructs. Cells were treated
with PN at the IC50 or DMSO and luciferase was assayed 24 hours after treatment. Values represent means ±
SD of three independent experiments conducted in triplicate. A t-test was used to assess statistical significance;
**P<0.01. G. PARP, phospho-p65 and IFITM1 expression in SUM149 cells depicted via western blot after
treatment with either DMSO, PN at the IC50, 500 units/mL IFNα-2a, or pre-treated for 4 hours with PN at the
IC50 followed by 20 hours treatment with 500 units/mL IFNα-2a.
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In vivo effects of parthenolide
To assess the effect of parthenolide in vivo, the orthotopic fat pad model was used. Tumors were
developed through bilateral injection of SUM149 or MDA-MB-468 cell lines into the mammary fatpads of 7-week old female NSG mice. Mice were treated intraperitoneally with a 10% DMSO
solution or 30mg/kg/day parthenolide for 14-21 days. Parthenolide treatment significantly
decreased MDA-MB-468 tumor volume from 500mm3 to 200mm3 and tumor weight from 175mg
to 130mg after 14 days of treatment (Figure 5.5 A-B). An increase in apoptosis as measured by
TUNEL staining (Figure 5.5 C) and a decrease in Ki67 staining (Figure 5.5 D) suggests
parthenolide reduces proliferation and induces cell death in vivo. Moreover, IHC analysis
suggests that this is due to a slight decrease in phospho-p65 and IFITM1 expression (Figure 5.5
D). Similarly, parthenolide significantly reduces SUM149 tumor volume from 1,200mm3 to
550mm3 (Figure 5.5 E) and tumor weight from 900mg to 400mg (Fig. 7F) after 21 days of
treatment. In SUM149 cells, PN only slightly decreases IFITM1 and the ratio of phospho-p65 to
p65 as depicted by Western blot analysis (Figure 5.5 G, Supplemental Figure 5.2). We should
note that there were no adverse effects or potential toxicity associated with parthenolide treatment
as demonstrated by no significant body weight loss in the mice (Figure 5.5 H). These data suggest
that parthenolide has a similar effect in vivo as it does in vitro.
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Figure 5.5 Parthenolide decreases TNBC tumor growth in vivo
A, 3x106 MDA-MB-468 cells were injected bilaterally into the fat pad of 7-week old female NSG mice. Mice
were treated with a 10% DMSO solution or 30mg/kg/day parthenolide for 14 days once tumors reached a
mean volume of 150mm3. Tumors were measured every 48-hours and volume was calculated by W2/2L.
B, Final tumor weight of MDA-MB-468 DMSO and parthenolide treated tumors. C, The Click-iTTM Plus
TUNEL kit was used to stain for apoptotic cells within the MDA-MB-468 tumor. Quantification (left) was
completed using ImageJ software and a t-test was used to assess the significance of the percentage of
cells with TUNEL staining ***p<0.001. D, IHC analysis was used to assess phospho-and total p65, IFITM1
and Ki67 in DMSO and parthenolide treated MDA-MB-468 tumors. C, 3x106 SUM149 cells were injected
bilaterally into the fat pad of 7-week old female NSG mice and the same MDA-MB-468 experimental design
was followed. F, Final tumor weight after 21 days of either DMSO or parthenolide treatment in SUM149
cells. G, Western blot of three DMSO treated tumors and three parthenolide treated tumors. IFITM1
expression was quantified below and phospho-p65/p65 ratio was plotted as a bar chart to assess
significance (right). H, Mice were weighed at least 1x/week after parthenolide treatment started. Weight is
represented in grams (g).

IFITM1 is an indirect target of parthenolide
To determine whether parthenolide inhibits tumor cell growth through direct targeting of IFITM1,
we assessed the effect of parthenolide in SUM149 and MDA-MB-157 CRISPR/Con and IFITM1
KO cells. We found that loss of IFITM1 in SUM149 cells (Figure 5.6 A) and in MDA-MB-157 cells
(Figure 5.6 B) significantly enhances sensitivity to parthenolide when treated with both half the
IC50 and the full IC50 values at 72-hours as assessed by cell growth. This data is further
supported by 2D colony formation which shows that loss of IFITM1 significantly reduces colony
formation upon fractionated doses of parthenolide treatment in both SUM149 cells (Figure 5.6 DE) and in MDA-MB-157 cells (Figure 5.6 F). The fact that TNBC cells retain their sensitivity to
parthenolide despite their loss of endogenous IFITM1 suggests that parthenolide may not directly
target IFITM1, but rather, targets the upstream regulators of IFITM1: NFκB and IFNα.
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Figure 5.6 Loss of IFITM1 sensitizes SUM149 and MDA-MB-157 cells to parthenolide
A, SUM149 and MDA-MB-157 (B) CAS9/Con and IFITM1 KO cells were treated with parthenolide at the
IC50 and ½ IC50 followed by cell counting at 72-hours. Values are normalized to DMSO and represent
means ± SD of four independent experiments conducted in triplicate. A t-test was used to assess statistical
significance. Asterisks (*) represent significance within the specific clone assessed (CRISPR/Con or IFITM1
KO) while number signs (#) represent significance of the percent change between CRISPR/Con and IFITM1
KO cells.****p<0.0001, ####p<0.001, ## p<0.01. C-D, Images of SUM149 (C) and MDA-MB-157 (D)
CAS9/Con and IFITM1 KO colony formation when treated with fractionated doses of parthenolide. Cells
were treated every other day with either 1/4 or 1/8 IC50 dose of parthenolide and grown for 10-14 days
when colonies were stained with crystal violet and counted by ImageJ. Quantifications are to the right of
the images. Values represent means ± SD of three independent experiments. *p<0.05, **p<0.01,
***p<0.005.
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Discussion
The absence of well characterized, druggable targets and disease heterogeneity in TNBC
provide significant therapeutic barriers. Here, we discovered that the naturally derived NFκB
inhibitor, parthenolide, inhibits both IFNα and NFκB pathways, subsequently inhibiting IFITM1
expression and inducing TNBC cell death (Fig. 6). These findings suggest that targeting both
IFNα and NFκB signaling with parthenolide might be a novel therapeutic strategy for a subset of
TNBC that overexpress IFITM1.
High-throughput drug cytotoxicity screening is a method used for rapid profiling of FDAapproved and abandoned drugs which have the potential to be repurposed outside of the scope
of the original proposed application (170). Our high throughput screen identified parthenolide, a
sesquiterpene lactone derived from the feverfew plant, and a known NFκB inhibitor, as a potent
growth inhibitor of TNBC cells. Moreover, further mechanistic studies identified parthenolide has
the ability to suppress IFITM1 expression. Sesquiterpene lactones can directly inhibit NFκB
through modification of the p65 subunit (178). Parthenolide is best known for its inhibition of p65
phosphorylation by targeting both IKKα and IKKβ and subsequent p65 nuclear translocation, but
additional reports suggest that parthenolide directly alkylates p65 preventing its DNA binding
(178). Prior to our study, parthenolide was tested in breast cancer cells using the MDA-MB-231
cell line where it was shown to promote cell death, inhibit metastasis, and decrease in vivo growth
(173, 174, 179). Similarly, we show that parthenolide significantly reduces tumor growth and
increases apoptosis in MDA-MB-468 and SUM149 cells in vivo which is associated with a
decrease in phospho-p65 and IFITM1 expression. Notably, the inhibitory effect of parthenolide on
IFITM1 and phospho-p65 in vivo was less pronounced than its effect on these proteins in vitro,
thus highlighting the importance of the tumor microenvironment in impacting the efficacy of
parthenolide in vivo. Also, altered metabolism of parthenolide in vivo (180, 181) may impact its
efficacy thus requiring a higher dose of the drug to produce similar effects to those seen in vitro.
Therefore, though parthenolide has a growth inhibitory effect in IFITM1 positive TNBC, a higher
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dose might be necessary for a more robust decrease in p-p65 and IFITM1. In regard to
metabolism differences, use of the water soluble analogue, dimethylaminoparthenolide, should
be investigated in regard to IFITM1 regulation.
An interesting finding is that MDA-MB-231 cells, which lack endogenous IFITM1, have a
significantly higher IC50 of parthenolide compared SUM149, MDA-MB-157 and MDA-MB-468
TNBC cells which express IFITM1 (Supplemental Table 1), suggesting that the presence of
IFITM1 might sensitize TNBC cells to parthenolide. This assertion, however, is contradicted by
our observation that knockout of IFITM1 in SUM149 and MDA-MB-157 cells enhances their
sensitivity to parthenolide, suggesting that parthenolide does not directly target IFITM1 but rather
targets NFkB to suppress IFITM1. Supporting this evidence, IFITM1 has been identified as an
ISG involved in the interferon related DNA damage response signature, suggesting that IFITM1
may function as an important mediator of the cell response to external stressors including drug
treatment (87). Though this specific phenomenon was not examined in vivo, future studies are
essential to confirm how the loss of IFITM1 alters TNBC response to specific treatment strategies.
Perhaps loss of IFITM1 and its subsequent decrease in NFκB gene expression (Chapter 1)
decreases the threshold of parthenolide necessary to elicit a phenotypic effect. Alternatively,
though our findings suggest that IFITM1 is not a direct target of parthenolide, the presence of
IFITM1 has the potential to be used as a predictive biomarker for targeting alternative IFNα
signaling.
Aside from NFκB inhibition, parthenolide has been shown to have multiple targets in
tumor cells including: binding directly to focal adhesion kinase in MDA-MB-231 breast cancer cells
when treated with high doses (179), increasing autophagy, generating reactive oxygen species,
activating of JNK, or inhibiting the JAK2-STAT3 axis (173-175, 182); though each of these
pathways can regulate NFκB. Ultimately, these data suggest that parthenolide indirectly targets
IFITM1 but highlights an important crosstalk between NFκB signaling and IFNα in TNBC cell lines.
Therefore, future medicinal chemistry campaigns or another high-throughput screen utilizing
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CRISPR/Cas9 Control and IFITM1 KO cells to determine if analogues of parthenolide or other
drugs directly targeting IFITM1 would be beneficial.
Tumor acquired drug resistance and off target effects of cancer drugs are essential
determinants of drug efficacy. Approximately 70% of TNBC patients do not respond to
conventional

chemotherapy

(27)

and

an

elevated

IFN

signature,

including

IFITM1

overexpression, contributes to drug and radiation resistance in breast cancer (87). Supporting this
evidence, past unpublished data from our laboratory suggest that targeting IFITM1 expression in
SUM149 TNBC cells enhances their sensitivity to doxorubicin (data not shown). Regarding
parthenolide, studies have reported that it has the ability to synergize and cooperate with anticancer agents in multiple malignancies including breast cancer (182). Use of MDA-MB-231 cells
shows a synergistic effect of parthenolide with docetaxel, paclitaxel, doxorubicin, SAHA, TRAIL,
and vinorelbine while use of parthenolide in MCF-7 cells has a synergistic effect with 4hydroxytamoxifen, tamoxifen, and fulvestrant. Additional studies provide evidence of parthenolide
protecting neighboring organs from radiation therapy (176) and preventing muscular skeletal
wasting during chemotherapy (177), perhaps through limiting systemic inflammation. Though
parthenolide represents an opportunity to further validate IFITM1 as a promising drug target for
TNBC, future studies investigating resistance mechanisms are essential. Specifically, it will be
important to investigate how long-term treatment with parthenolide alters JAK/STAT signaling due
to the proposed mechanistic crosstalk between NFκB and IFN signaling. Lastly, parthenolide is
highly lipophilic which limits its bioavailability, however, derivatives with improved solubility have
been developed such as dimethylaminoparthenolide, which could eventually be used in patient
populations (173, 183).
Collectively, evidence presented herein demonstrate that targeting IFITM1 expression
through interrupting IFNα/NFκB crosstalk with parthenolide, substantially attenuates TNBC tumor
growth and migration and induces cell death. Parthenolide has historically been used for its antiinflammatory and anti-migraine effects but is potentially beneficial for patients with TNBC (182).
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We acknowledge that IFNα/NFκB crosstalk has been introduced in previous studies (63, 64, 184),
however, the novelty of our findings are that they suggest that both pathways play a critical role
in regulating IFITM1 expression, thus providing additional insight into the pathogenesis of TNBC.

Materials and methods
Reagents and antibodies
Parthenolide was obtained from Acros Organics (Code: 462151000; Lot: A0386092) and stored
as lyophilized powder in -20 when not in use. Prior to in vitro experiments a 10mM stock of
parthenolide in DMSO was made. Aliquots of 10mM stock were stored in -20 and used to prevent
freeze-thaw cycling. Phospho-p65 and p65 antibodies were purchased from Cell Signaling
Technology: anti-phospho-p65 (1:500, Cell Signaling Technologies: #3033S) and anti p-65
(1:500, Cell Signaling Technologies: #8242).

qRT-PCR
qRT-PCR protocol was followed as outlined in Chapter 2. Primers used in this chapter are below:
Table 5.1 Primer sequences
Gene

Forward Primer (5'-3')

Reverse Primer (5'-3')

PUM1

TCACCGAGGCCCCTCTGAACCCTA

GGCAGTAATCTCCTTCTGCATCCT

IFITM1

GGATTTCGGCTTGTCCCGAG

CCATGTGGAAGGGAGGGCTC

IFNα

CTTGAAGGACAGACATGACTTTGGA

GGATGGTTTCAGCCTTTTGGA

IFNβ

GTCTCCTCCAAATTGCTCTC

ACAGGAGCTTCTGACACTGA

IRF3

AGGACCCTCACGACCCACATAA

GGCCAACACCATGTTACCCAGT

IRF7

GAGCCCTTACCTCCCCTGTTAT

CCACTGCAGCCCCTCATAG

IFI27

GCCTCTGG CTCTGCCGTAGTT

ATGGAGGACGAGGCGATTCC

IFIT1

TCTCAGAGGAGCCTGGCTAA

CCAGACTA TCCTTGACCTGA TGA

MX1

CTTTCCAGTCCAGCTCGGCA

AGCTGCTGGCCGTACGT CTG

OAS1

TGAGGTCCAGGCTCCACGCT

GCAGGTC GGTGCACTCCTCG
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High Throughput Drug Screen
The drug repurposing collection at KUCC contains 3,574 FDA-approved and abandoned drugs
from the following vendors: Selleck (1288), Enzo (640), NIH (446) and Prestwick (1,200). The
drugs are stored at 10 mM in 100% dimethyl sulfoxide (DMSO). KUCC maintains and continues
to grow an internal, integrated database describing activities (and, lack thereof) of FDA-approved
and abandoned drugs evaluated in high throughput screens across many proposed drug targets
employing cell-based and biochemical assays. For the screen, SUM149 and MDA-MB-157 (1000
cells/well) plated in 384-well microplates. The drugs and DMSO controls were added to the plates
using Echo 555 (Labcyte Inc.) at a final concentration of 2.5μM. After 72 hours incubation at 37°C,
cytotoxicity was measured using the luminescence-based CellTiter-Glo reagent (Promega Inc.).
The luminescence was read on Enspire plate reader (PerkinElmer Inc.) and percent cytotoxicity
was normalized to positive and negative controls on each assay plate. The Z’ scores of the two
repurposing screens were: (A) SUM149 screen, average Z’= 0.91 ± 0.018 , (B) MDA-MB157
screen, average Z’= 0.81 ± 0.034, (C) SUM190 screen, average Z’= 0.81 ± 0.034, indicating a
good separation of positive and negative controls across all assay plates and suitability of the
assay for compound screening. In addition to the assay performance criteria described above,
cytotoxicity was defined as drugs demonstrating greater than 50% inhibition of cell viability in one
or both breast cancer cell lines screened with no observed toxicity in normal cells. Parthenolide
was one of the compounds identified for further in vitro analyses.

IC50 calculations
SUM149, MDA-MB-468, MDA-MB-157 cells were seeded onto a 96-well plate at 5,000 cells/well
in 100μL. Twenty-four hours later, cells were treated with varying concentrations of parthenolide
(PN) (0–80 μM) for 48 hours. After 48 hours, 10μL solution of 5 mg/mL 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) and incubated for 3 h at 37oC. The medium was then
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aspirated and 100μL of the solubilizing solution of a 1:1 solution of dimethyl sulfoxide and ethanol
was added to dissolve blue formazan crystals. Results were obtained by reading the plate at 570
nm. IC50 values were calculated by first normalizing each well to the average of the untreated
wells which were then imported into GraphPad Prism version 5 for Windows (GraphPad Software,
La Jolla, CA). The drug concentrations (X values) were transformed to a logarithmic scale while
the Y values were transformed to percentages by multiplying these values by 100. To represent
as percent cytotoxicity, Y values were further transformed using the equation, Y=K-Y. The IC50
and the 95% confidence interval were calculated by fitting the non-linear regression curve,
log(inhibitor) vs. response – Variable slope (four parameters), to the data.

Proliferation, colony formation, and wound healing assays
Cell proliferation was measured by cell counting. Cells were seeded onto a 24-well plate at a
density of 25,000 cells/well. The next day, cells were treated or harvested for the 0-hour timepoint.
Cells were counted every 24 hours and the final values were normalized to the 0-hour timepoint
or to DMSO. Cells were re-treated with parthenolide at the IC50 or with equivalent concentrations
of DMSO every 48 hours when indicated.

For colony formation, cells were seeded onto a 6-well plate at 1,000 cells/well. For experiments
using parthenolide, cells were treated 24 hours after plating and re-treated every 48 hours. Cells
were grown for 10-14 days prior to staining colonies with 5% crystal violet and imaged using the
ChemiDocTM XRS system equipped with Image LabTM software.

Wound healing was assessed by seeding cells onto a 24-well plate at a density of 90,000-120,000
cells/well (approximately 80% confluency) and making a single wound by scratching the attached
cells using a 10-μl sterile pipette tip. The plates were washed with complete medium to remove
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cellular debris. Images of the cells were taken immediately after and 24, 48, and 72 hours later
using a phase-contrast microscope and wound area was quantified using the Wound Healing Tool
in ImageJ. Cells were re-treated with the parthenolide at the IC50 every 24 hours when indicated.

TUNEL staining
TUNEL staining was performed using the Click-iTTM Plus TUNEL assay kit (Thermo Fisher:
#C10617) on deparaffinized tissue or methanol fixed cell lines grown on chamber slides following
the manufacturer’s instructions. The average number of TUNEL positive cells was quantified
using the binary transformation and cell counting method in ImageJ.

Luciferase assays
For NFκB promoter assay, 0.8 μg of plasmid DNA pGL4.32 NFκB-RE vector (Promega)
containing 5x NFkB-RE was co-transfected with the pRL CMV Renilla vector. The NFkB plasmid
was a kind gift from Dr. Christy Hagan (University of Kansas Medical Center). For ISRE promoter
assay, 1μg of plasmid DNA containing the ISRE luciferase was used. After 24 hours, transfection
reagent was replaced with normal cell culture media containing DMSO, ruxolitinib, parthenolide,
or IFNα where indicated. Luciferase and Renilla activities were measured 24 hours later using the
Dual-Luciferase® reporter assay kit (Promega: E1910) according to the manufacturer’s
instructions on a BioTek Synergy 4 microplate reader using the Gen 5 data analysis software.
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Supplemental Data

Supplemental Figure 5.1 IC50 values and colony formation with fractionated PN doses
A. Table of in vitro IC50 parthenolide values in multiple cell lines. B-D, cells were plated at 1000 cells per
6 well dish, treated every other day with fractionated doses of the parthenolide IC50 for the respective cell
lines and allowed to grow for 10-14 days. After colonies formed, media was removed, cells were washed
with PBS, stained with crystal violet and counted by ImageJ. Values represent means ± SD of four
independent experiments conducted in duplicate. A t-test was used to assess statistical
significance;***p<0.001.
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Supplemental Figure 5.2 H&E, IHC and TUNEL stain of SUM149 DMSO and parthenolide treated
tumors
H&E staining and IHC analysis was used to assess Ki67, IFITM1, phospho-and total p65 in DMSO and
parthenolide treated SUM149 tumors. The Click-iTTM Plus TUNEL kit was used to stain for apoptotic cells
within the SUM149 tumor. Quantification (left) was completed using ImageJ software and a t-test was
used to assess the significance of the percentage of cells with TUNEL staining ****p<0.001.
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Chapter 6:

Conclusions and Future Directions

Parts of this chapter are adapted from work previously published as an open access article.
Provance, OK, Lewis-Wambi, J. (2019). Deciphering the role of interferon alpha signaling and
microenvironment crosstalk in inflammatory breast cancer. Breast Cancer Res, 2019. 21(1):59.
PMCID: PMC6501286. doi: 10.1186/s13058-019-1140-1.
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Due to the poor overall survival of patients diagnosed with TNBC, we sought to determine
novel mechanisms and subsequent targets that could be harnessed for therapeutic development.
Previous studies have shown that the ISG, IFITM1, has a central role in mediating tumor
progression from early stages of tumor onset and local invasion to metastatic dissemination;
however, prior to this study the relevance and function of IFITM1 in TNBC was unknown. Evidence
presented in this thesis demonstrate that overexpression of IFITM1 in TNBC contributes to poor
overall survival in a subset of TNBC patients (Figure 6.1 A). Results obtained from a combination
of in vitro and in vivo functional and mechanistic analyses suggest that IFITM1 mediates TNBC
progression, perhaps through its relationship with CD81, and may have both intracellular and
extracellular roles (Figure 6.1 A). Lastly, IFITM1 expression can be targeted by interrupting its
upstream drivers, IFNα and NFκB, by the naturally derived compound parthenolide (Figure 6.1
B). Collectively, data presented herein suggest that TNBC tumors expressing IFITM1 could
benefit from therapies inhibiting IFITM1 expression.

127

Provance et al. Cancer Lett. 2021 Aug 28;514:12-29

Figure 6.1 Project summary
A, Right, General overview of Aim1. Left, Depiction of how IFITM1 may function with dependence on CD81
for integrin and IL6 expression and subsequent AKT/NFκB signaling to promote IL6 expression contributing
to cell growth. Depicted also is the presence of IFITM1/CAV1/CD81 in extracellular vesicles. RNA
sequencing analysis identified that loss of IFITM1 inhibits NFκB signaling which we hypothesize (dotted
line) to contribute to decreased growth and integrin expression B, Schematic representation of IFNα and
NFκB signaling regulating IFITM1 expression in TNBC. Left, Non-canonical IFNa signaling through STAT2IRF9 drives IFITM1 expression which promotes TNBC tumor growth and invasion. Middle, IFNa signaling
contributes to a positive feedback loop activating p-p65 to promote IFITM1 expression. Right, Parthenolide
targets p-p65/NFκB activation and inhibits IFNa signaling thus suppressing IFITM1 expression and inducing
apoptosis and growth inhibition. Figure created with BioRender.com.
Figure 6.2 Project summary.
A, Right, General overview of Aim1. Left, Depiction128
of how IFITM1 may function with dependence on CD81
for integrin and IL6 expression and subsequent AKT/NFκB signaling to promote IL6 expression contributing
to cell growth. Depicted also is the presence of IFITM1/CAV1/CD81 in extracellular vesicles. RNA
sequencing analysis identified that loss of IFITM1 inhibits NFκB signaling which we hypothesize (dotted
line) to contribute to decreased growth and integrin expression B, Schematic representation of IFNα and

A major limitation in the treatment of TNBC is the inherent heterogeneity of the disease.
Though we found IFITM1 to be an important mediator of TNBC progression, not all TNBC cell
lines express IFITM1. This phenomenon is further supported in patient data. For example, IFITM1
contributes to significantly reduced overall survival in the mesenchymal, mesenchymal stem- like
and basal-like-1 subtypes, but contributes to better overall survival in the immunomodulatory
subtype (Chapter 2). These differences likely arise due to the contribution of the cells in the tumor
microenvironment included in these analyses. It is well established that the tumor
microenvironment is a major contributor of tumor progression and response to therapy in TNBC
(185). Therefore, a limitation of the data presented in this thesis is our focus on the TNBC cell
intrinsic function of IFITM1, and not the roles of IFITM1 in the TNBC tumor microenvironment.
IFITM1 is expressed in the tumor stroma (53) and we show here, that IFITM1 can be secreted in
TNBC extracellular vesicles, suggesting the potential for alternative roles of IFITM1 in the TME.
Studies assessing the function of the relationship of IFITM1 with the TME in TNBC are nonexistent. However, immune cell signaling in TNBC has been investigated and we suspect IFITM1
may play a role. TNBC tumors are known as “hot” tumors since they have higher levels of CD8+
T-cells compared to other breast-cancer subtypes (i.e: “cold” tumors). This T-cell infiltration has
been identified as predictive marker for treatment response in TNBC (186). In relation to our
findings regarding the mechanism of IFITM1, a previous study identified that integrin targeted
monotherapy enhances infiltration of CD8+ T-cells contributing to a better therapeutic response
(187). Therefore, since our studies suggest IFITM1 regulates integrin mRNA levels, loss of IFITM1
expression may also contribute to a better therapeutic response due to this mechanism.
Moreover, a subsequent study found that TNBC can be stratified based on the amount of CD8+
T-cell levels and extent of infiltration contributing to distinct microenvironment metasignatures
which correlate with TNBC specific subtypes and IFITM1 expression (126). For example, immune
deficient tumors and those with T-cells that are restricted to tumor margins are enriched in the
mesenchymal TNBC subtype, tumors with stromal restriction of T-cells are enriched in the basal-
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like and immunomodulatory TNBC subtypes, and the fully inflamed tumors defined by T-cell
infiltration into the tumor core are enriched in the immunomodulatory TNBC subtype. As
previously mentioned, IFITM1 contributes to poor relapse free survival in mesenchymal,
mesenchymal-stem like, and basal-like tumors but enhances relapse free survival in
immunomodulatory tumors. The stroma of the fully inflamed, immunomodulatory tumors
characterized in this study have higher levels of IFITM1 expression but we hypothesize that
IFITM1 has a distinct biological and functional role in this subtype due to interactions with or
IFITM1 expression in immune cells. These studies highlight the importance of assessing the
biology, function, mechanism, and regulation of IFITM1 in the TNBC tumor microenvironment
specifically. Though only assessed in vitro, our studies (Chapter 5) and others (87, 104) have
shown that IFITM1 expression may contribute to chemotherapy, radiotherapy, and aromatase
inhibitor resistance. We propose that IFITM1 inhibitors in combination with other therapies may
enhance patient response rate which should first be assessed by pre-clinical investigations.
Further uncovering TNBC specific function of IFITM1 down to which protein domains are
functional, could perhaps provide a mechanism for tumor cell IFITM1 targeting while sparing
normal tissue. Should IFITM1 inhibitors be developed in future studies, the potential off target
effects in the microenvironment in response to targeting IFITM1 must be considered.
Similar to the studies of IFITM1, our understanding of IFNα in TNBC has been limited to
its effects on TNBC cells alone. In vitro, inhibition of IFNα and subsequent signaling does not
have a large impact on the TNBC phenotype. Perhaps this is a result of the other ISG’s that are
regulated by IFNα, modulation of only a single IFNα gene (IFNα-2a), or of the isolated in vitro
system. Understanding and subsequently targeting tumor produced IFNa or downstream
signaling is new territory. Therefore, future studies investigating the roles of IFNα in the tumor
microenvironment are necessary. For example, one study identified that 63.3% of breast cancers
are positive for IFNα but that stage III breast cancers had no IFNα binding to the receptor complex
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suggesting constitutive secretion of IFNα but a lack of autocrine signaling (159). However,
JAK/STAT signaling is known to be both a cell intrinsic and cell extrinsic mechanism of aggressive
breast cancer (Figure 6.2) (188). Perhaps IFNα could contribute to tumor promoting paracrine
signaling in the TNBC microenvironment where if understood and appropriately targeted, could
be beneficial for a subset of patients diagnosed with TNBC. Supporting this hypothesis, one of
the major contributions of IFNα to the TNBC tumor is educating the tumor microenvironent through
immunoediting for eventual tumor progression, of which is not assessed in vitro (Figure 6.2). For
example, TNBC tumors have high levels of tumor infiltrating lymphocytes in the stroma but also
increased levels of PD-L1 expression on both tumor and immune cells (32-35). Notably, only
21.4% of patients of patients with 100% PD-L1 expression achieved the expected overall
response rate when treated with immune checkpoint blockade (ICB) therapy (31, 189-192). A
potential explanation for this response is such that IFNα can regulate the expression of immune
checkpoints perhaps used as a feedback mechanism to overcome selective PD-L1 inhibition (36).
Additionally, IFNs have been implicated in enhancing tumor cell DNA damage resistance in
multiple cancer types including breast cancer (37). These findings suggest IFNα may contribute
to the relatively poor response to ICB or other therapies in TNBC through modulation of the
microenvironment. Alternatively, TNBC tumors express higher levels of ISGs compared to other
breast cancer subtypes (91), suggestive of in-tact IFN signaling mechanisms that if
overstimulated, could lead to a growth inhibitory phenotype or cell death. Therefore, the role of
IFNα signaling in TNBC is not black and white, but instead, occurs on a spectrum and is cell
dependent, both of which much be considered in future studies.
Regardless, our data suggest that the specific mechanism of IFNα signaling utilized by
TNBC cells to transcribe IFITM1 contributes valuable information to the responsiveness of TNBC
cells to specific therapies. For example, in an effort to target multiple IFN and cytokine stimulated
gens, the selective JAK1/JAK2 inhibitor, Ruxolitinib, was investigated in clinical trials for treatment
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of metastatic triple-negative breast cancer (161). Ruxolitinib was well tolerated and as expected,
decreased activation of JAK target genes and pSTAT3 activity; however, no patient achieved a
partial or complete response. The authors suggest intratumoral heterogeneity contributes to
resistance to Ruxolitinib, but perhaps, this could be due to alternative signaling mechanisms as
outlined in Figure 6.1 B. Supporting this hypothesis, data presented herein identify that ruxolitinib
does not robustly decrease IFITM1 expression in TNBC cells perhaps since TNBC cells appear
to utilize non-canonical STAT2/IRF9 mediated signaling to drive IFITM1 expression. Though
STAT2 is unphosphorylated, this ISGF3-like complex of STAT2 and IRF9 still forms on a basal
level in TNBC cells. This finding is translatable since the transcriptional activation of the
STAT2/IRF9 complex can occur independent of active JAK activity. This is because IRF9 lacks
the autoinhibitory element such that signal induced phosphorylation is non-essential for
interaction with STAT2 (66). Therefore, a subset of ISGs, including IFITM1, regulated by JAK
independent mechanisms through U-ISGF3 or STAT2/IRF9 could be detrimental to the host by
contributing to tumorigenicity and lack of responsiveness to specific JAK inhibitors or eventual
JAK mutations. Furthermore, overexpression of IRF9 has been observed in breast tumors
contributing to resistance against microtubule destabilizers (72), providing more evidence into the
importance of understanding this pathway. Uncovering the context dependent nuances of noncanonical IFNα signaling mechanism would provide rationale into undertaking an investigative
medicinal chemistry campaign for specific STAT2 and or IRF9 inhibitors.
Our data suggests a role of both non-canonical IFNα signaling expression and NFκB
signaling in regulating IFITM1 expression. Loss of p65 significantly reduces IFITM1 expression
and the naturally derived NFκB inhibitor, parthenolide, reduces IFITM1 expression levels and
tumor growth in vivo. Moreover, data presented herein suggest IFNα mediated gene expression
is regulated, in part, through NFκB signaling. Though the exact mechanism whereby these
signaling processes converge is unknow, perhaps it hinges upon non-canonical IFN signaling.
Previous studies suggest that unphosphorylated-STAT2 and IRF9 work with p65 to regulate gene
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expression (82). This finding provides another explanation into the importance of assessing noncanonical IFN crosstalk with other pathways perhaps contributing to drug resistance through
specific ISG regulation. Utilization of RNA sequencing in TNBC cells with modulation of IFNα with
and without NFκB inhibitors, or the combination, would provide evidence into pathway
convergence in TNBC. Lastly, it is important for future studies to investigate the potential nonIFNα mediated drivers of IFITM1 in TNBC as well.
Though our data suggest that the use of parthenolide may be a novel therapeutic avenue
in patients with IFITM1 positive TNBC, there are additional pre-clinical obstacles to assess. To
overcome the limitation of the low solubility of parthenolide in vivo, analogues including
dimethylaminoparthenolide have been developed which have higher water solubility. Though
parthenolide significantly inhibited tumor growth and induced death in both SUM149 and MDAMB-468 cell lines, the effect on IFITM1 and NFkB signaling was not as pronounced in vivo as it
was

in

vitro.

Moving

forward,

characterization

of

TNBC

responsiveness

to

dimethylaminoparthenolide in regard to IFITM1 expression in vivo would be essential prior
moving forward with more clinical applications.
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Figure 6.3 Proposed implications of IFNα signaling between the aggressive breast cancer tumor
and the tumor microenvironment
A. During canonical IFNα signaling which often occurs during the first steps of immunosurveillance,
dendritic cells and macrophages promote tumor cell killing through release of high levels of IFNα. Dendritic
cells have high levels of MHC class I and II as well as co-activators (CD40/CD80) which promote the
cytotoxic T cell response against the tumor. Macrophages are often polarized to be more M1-like in this
scenario. IFNα promotes increased migration of M1-macrophages to the inflamed tissue to aid in antigen
presentation. B. Hypothesized alterations due to chronic IFNα signaling. IFNα secreted from the tumor cells
may act in an autocrine or paracrine manner. In an autocrine fashion, IFNα binds to the receptors on IBC
tumor cells increasing PD-L1 expression and upregulating canonical and non-canonical JAK/STAT
signaling. Immune evasion may occur through release of IFNα and the paracrine effect on dendritic cells.
We hypothesize that increased levels of IFNα produced in the tumor and secreted into the TME in a chronic
manner essentially exhausts dendritic cells inhibiting their capability of simulating cytotoxic T cells while
instead the helper T cell population is expanded. Furthermore, regulation of JAK/STAT signaling by IFNα
may increase DNA damage resistance through increasing ISG production. Additionally, IBC migration is
altered through interaction with macrophages. Tumor-associated macrophages in IBC are shown to
enhance RhoC-GTPase activation and JAK/STAT signaling by macrophages makes these cells highly
aggressive due to their invasion into the blood vessels and the high rate of angiogenesis in IBC. Fibroblasts
and endothelial cells in IBC remain understudied; however, macrophages may have the capability to
increase the activation of these cells.
It is known that type I interferons normally have anti-angiogenic
properties (193). However, complex crosstalk between immune cells and stromal cells regulate tumor
vasculature (57, 194). Perhaps the tumor cells do not directly act on the endothelial cells via IFNa signaling,
but instead the interplay between the other immune and stromal cells previously discussed promotes
increased infiltration. The direct relationship between IFNa, IBC, and endothelial cells is elusive. Adapted
from Lim et al. Figure created with BioRender.com.
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Collectively, this work suggests that some combination of NFκB and JAK/STAT inhibitors can be
harnessed as an alternative treatment strategy for TNBC. This proposed alternative strategy has
implications in facilitating the response to both chemotherapy and immunotherapy. Primarily,
interferon signaling and specific ISG expression has emerged as a predictive indicator for
responsiveness to chemotherapy in TNBC (195). Since ISGs can be regulated by both IFNα and
NFκB, we hypothesize that inhibition of IFNα and NFκB signaling through the use of parthenolide
could enhance the responsiveness to current standard of care agents. This method of IFNα and
NFκB inhibition may circumvent the induction of ISGs implicated in DNA damage resistance which
are enhanced by current standard of care, perhaps due to microenvironment inflammation.
Similarly, data presented herein identify that loss of IFITM1 enhances the sensitivity to
parthenolide while additional data obtained from our lab suggest that loss of IFITM1 sensitizes
SUM149 cells to doxorubicin. Secondarily, modifying the IFN response in TNBC through use of
parthenolide or specifically targeting IFN or IFITM1 will impact the immune microenvironment
though the exact mechanisms are unknown. We hypothesize that blocking these proposed
mechanisms have the potential to facilitate therapeutic effectiveness to immune checkpoint
blockade through altering the expression of PDL1. As previously mentioned, though TNBC cells
have high levels of TILs and PDL1, the responsiveness to PDL1 checkpoint inhibitors is low. IFNα
has been identified as a regulator of PDL1 expression (Figure 6.2) and loss of IFITM1 increases
the levels of MHC molecules and decreases PDL1 as assessed through our RNA sequencing
data (data not shown). Therefore, not only could IFNα be contributing to low responsiveness to
PDL1 therapies, we hypothesize that inhibition of IFNα signaling whether through parthenolide
treatment or developing novel agents to target non-canonical signaling, coupled with additional
ICB therapies (i.e: CTLA4 inhibition) has the potential to circumvent ICB resistance through
enhancing T-cell responsiveness.
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Our long-term goal is to characterize molecular drivers of TNBC aggression as a means
for identifying therapeutic targets. Herein we have shown that IFITM1 and its upstream regulators,
IFNα and NFκB, are potential therapeutic targets for TNBC. Collectively, the knowledge obtained
by continued investigation of the role of type I interferon signaling and downstream gene
expression in TNBC not only sheds light on the molecular underpinnings of disease but also
provides novel mechanisms of targeted therapy and drug resistance to be considered in the
context of translational medicine.
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