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Abstract

Introduction: Breast cancer represents the second most frequent cause of brain
metastasis. 30% of the patients suffering from Triple Negative Breast Cancer (TNBC)
develop brain metastasis which confers poor prognosis to breast cancer patients.
However, the mechanisms that facilitate brain metastasis are not fully understood. TNBC
cells have high levels of endoplasmic reticulum (ER) stress and show activation of the
IRE1 pathway of the Unfolded Protein Response (UPR). Our lab previously
demonstrated that MDA-231/BR cells, the brain metastatic subline of MDA-MB-231,
have high endogenous levels of IRE1 activity suggesting that UPR pathway supports
cancer cell survival under ER stress. My research investigates the involvement of the
UPR IRE1 arm in cell survival and transendothelial migration of MDA-231/BR.

Methods: Characterization of MDA-231/BR cells under different ER stress
inducers and the IRE1a RNAse inhibitor MKC8866 was performed by Western blot
experiments and viability assays. shXBP1 clones were established and assessed for
successful downregulation of sXBP1 by Western blot detection. Cell migration was
assessed by real time cell analysis and transendothelial Boyden-chamber migration assay.
Cytokines secreted from MDA-231/BR under induced ER stress and MKC8866 were
determined. Brain endothelial cells were subjected to MDA-231/BR conditioned media to
determine changes in cell viability and differences in gene expression of tight junctional
proteinsby gPCR. Preliminary in vivo analysis was performed to assess the effect of
XBP1 silencing on MDA-231/BR brain metastasis.

Results: MDA-231/BR cells showed constitutive activation of the IRE1 RNase
arm which wasfurther induced by serum starvation and thapsigargin. The IRE1 RNase
inhibitor MKC8866 completely blocked basal and induced IRE1 RNAse activity. In
contrast to serum starvation, Tg treatment activated the pro-apoptotic PERK pathway
which was confirmed by reduced cell viability and increased caspase 3/7 activity. MDA-
231/BR cell migration studies under treatment with MKC8866 have shown a reduction in
cell migration through endothelial layers. Knockdown of XBP1 however, did not

consistently reduce endothelila transmigration of MDA-231/BR cells. ER stress-induced-



MDA-231/BR cells show increased secretion of pro-metastatic cytokines IL-6, VEGF-A
and thrombospondin-1. Brain endothelial cells exposed to MDA-231/BR conditioned
media showed increased expression of tight junctional protein occludin under IRE1
RNase inhibition. In vivo data showed no significant difference in survival of mice in

control versus doxycycline treated group.

Conclusion: This study showed that the study of ER stress is dependent on
different types of stressors used. Induction of ER stress leads to secretion of pro-
inflammatory cytokines which can indirectly affect the endothelial cells to become more

permeable and allow migration of breast cancer cells.
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Chapter 1. Introduction

1.1. Breast Cancer

According to Canadian Cancer Statistics, cancer is the number one cause of death
in Canada and the number of new cancer cases are increasing as the population is aging
(1, 2). Breast cancer is a heterogenous disease that starts with the transformation of
epithelial cells of the normal breast tissue to tumors (3). In 2020 it was estimated that
breast cancer will be detected in a total of 27700 people in Canada making it the second
most diagnosed cancer with a mortality rate of 13% (2). Breast cancer incidence in men is
a rare phenomenon accounting for <1% of all breast cancer diagnoses (4). Even though
the prognosis for breast cancer is similar in males and females, males are seen to survive

less due to diagnosis at older age with advanced stages at the time of detection (5).

1.1.1. Staging of Breast Cancer

The Tumor-Node-Metastasis (TNM) system, is a system to stage breast cancer,
has been devised to understand the anatomical extent of cancer and clarify whether it is
local, regional or metastatic to help clinicians diagnose and treat the patients (6, 7). The
TNM system takes three parameters into consideration: (i) the size of the tumor (T), (ii)
the number of lymph nodes that are involved (N) and (iii) if the cancer has metastasized
(M). Based on these factors different stages (0-1V) have been appointed to determine the

pathological characteristics of these stages as summarized in the table 1.1.(8, 9)

Table 1.1 Breast Cancer Stages

Stage 0 Tis, NO, MO Ductal carcinoma in situ (DCIS) and Lobular
carcinoma in situ (LCIS), it is a pre-cancer of the
breast and earliest form of breast cancer. In this
stage cancer cells have not invaded to lymph
nodes, surrounding tissues or distant sites.

Stage IA T1, NO, MO T1: Tumor size <2cm

NO: No lymph node

MO: No metastasis

Stage IB TO/T1, NImi, MO | TO/T1: Tumor size <2cm




N1mi: micrometastasis in 1 to 3 axillary lymph
nodes (LN)
MO: No metastasis

Stage Il A

TO/T1, N1, MO

TO/T1: Tumor size < 2cm

N1: Cancer has spread to 1 to 3 axillary LN or tiny
amounts of cancer are found in internal mammary
LN on sentinel lymph node biopsy.

MO: No metastasis

Stage 11 B

T2, N1, MO

T3, NO, MO

T2: 5cm >Tumor Size > 2cm

N1: It has spread to 1 to 3 axillary lymph nodes
MO: No distant metastasis

T3: Tumor size >5c¢m

NO: No lymph node

MO: No metastasis

Stage Il A

TO0-T2, N2, MO

T3, N1/N2, MO

TO-T2: The tumor is not more than 5 cm or cannot
be found

N2: It has spread to 4 to 9 axillary lymph nodes
MO: No distant metastasis

T3: The tumor size is larger than 5 cm

NO: No lymph nodes

MO: No distant metastasis.

Stage 111 B

T4, NO-N2, MO

T4: Tumor spread to chest wall or skin (T4)
NO: no lymph nodes

N1: 1 to 3 axillary lymph nodes

N2: 4 to 9 axillary lymph nodes

MO: No distant metastasis

Stage 11 C

Any T, N3, MO

Any T: The tumor is any size (or can't be located)
N3: 10 or more axillary lymph nodes

N3: lymph nodes under the collar bone

N3: lymph nodes above the collar bone

MO: no distant metastasis

Stage IV

Ant T, any N, M1

Any T: The cancer can be any size

Any N: may or may not have spread to nearby
lymph nodes

MZ1: It has spread to distant organs or to lymph
nodes far from the breast.

1.1.2. Breast cancer grading

Breast cancers are graded using the Nottingham-Scarff / Bloom / Richardson

score (N-SBR) according to the histopathological characteristics of breast cancer tissue

(10). The grading is based on three characteristics: (i) tubule formation describing the




percentage of cells that contain tubule shaped structures, (ii) nuclear pleomorphism
describing the variability in nuclear size, shape and number to the normal cell and (iii)
mitotic count representing the dividing cells (10). Each of these features are assigned
scores ranging from 1-3 resulting in three different grades having a total count ranging
from 3 to 9 as described in the table 1.2 (10, 11).

Table 1.2 Breast Cancer Grades:

Grade Score Description

I 3-5 Low-grade (well-differentiated) tumors that do not
appear to be growing quickly and are less likely to
spread

] 6-7 Intermediate-grade (moderately differentiated) tumors
that have features between grade 1 and 3

i 8-9 High-grade (poorly differentiated or undifferentiated)
tumors that tend to grow faster and are more likely to
spread

1.1.2.1 Histological Classification of breast cancer

Breast cancer is classified according to the histological appearance and its origin
from the epithelium lining the ducts or lobules. The term in situ carcinoma is used to
define tumor limited to the epithelial component of the breast whereas invasive
carcinoma is defined as cancer that has spread past the epithelial basement membrane to
the surrounding tissue and possibly beyond (12). In situ carcinoma is sub classified to
ductal carcinoma in situ (DCIS) and lobular intraepithelial neoplasia (LIN). DCIS is
characterized as heterogenous group of pre-malignant tumors with different levels of
differentiation, size and distribution of the lesion. The lesions in LIN are characterized by
a more uniformly appearing round cells that are accumulating in the lobules and in which
mitosis and necrosis is absent (13). Similarly, invasive carcinoma can be categorized to
several histological subtypes based on architectural features such as papillary, tubular,
mucinous, medullary, micropapillary, ductal and lobular carcinoma, and based on the

immunohistochemical profile, such as neuroendocrine carcinoma (12, 14).



1.1.3. Molecular Classification of breast cancer

Breast cancer has been divided to several subtypes due to its heterogeneity,
morphological, biological, and clinical features (15). Subtyping different types of breast
cancer depends on the genetic expression pattern and clinically relevant parameters such
as histological appearance and TNM grading (16, 17). This allows clinicians a better
prognosis of the disease and an opportunity to plan for suitable therapies for patients.
Gene profiling, histological and molecular pathology of various breast tumors associated
with patient survival has resulted into distinct molecular classifications of BC: Luminal
A, Luminal B, Her 2 enriched, Basal-like and Claudin low (18). The Luminal subtypes
include the cancers positive for one or more of the hormone receptors Estrogen receptor
(ER) and Progesterone receptor (PR). The Her 2 enriched subtype is characterized by
increased expression of the receptor of Human epidermal Growth Factor 2 (HER?2). The
basal like subtype consists of Triple Negative Breast cancer (TNBC) which is negative
for estrogen, progesterone and HER2 receptor (19). Another subtype was recently
discovered by Herschkowitz et al through an integrated analysis of human and murine
mammary tumors which classified as Claudin-low breast cancer (20, 21).

1.1.3.1. Luminal A

Luminal A is the most common form of breast cancer comprising of 40% of all
BC (22). It is characterized by high expression of ER and lower expression of PR, HER2
along with proliferative marker Ki67. As a result these tumors usually have a low
histological grade of 1, low degree of nuclear pleomorphism and, low mitotic activity
resulting in a good prognosis (23, 24). Since this subtype is hormone receptor positive, it
is treated with endocrine therapy. Tamoxifen, is a common drug used as an adjuvant
chemotherapy for treating hormone positive breast cancers such as DCIS and lobular

carcinoma (25).

1.1.3.2. Luminal B

The Luminal B subtype comprises of ~20% of all breast cancers (24). It is
characterized by higher expression of proliferation associated genes such as G2/mitotic-

specific cyclin-(B1LCCNBL1) and proliferative marker Ki-67, and less than 20%



expression of PR. Due to the high expression of Ki67 and p53 genes Luminal B tumors
have poor cellular differentiation and rate as higher grade cancers (26). As a result, this
subtype has a poor prognosis and is classified as high risk cancer compared to the luminal
A subtype (27, 28). BC of the Luminal B subtype, similar to the HER2+ BC subtype, has
been shown to be insensitive against endocrine therapy (23, 29). Fortunately, it is
sensitive towards neoadjuvant chemotherapy and complete response rates can be
achieved (30).

1.1.3.3. HER2+ subtype

The human epidermal growth factor receptor 2 (HER2) subtype accounts for 20-
30% of invasive breast cancers and is characterized by the expression of Erb2 gene and
the HER2 protein (31). These tumors are highly proliferative with high histological and
nuclear grading and have ~40% p53 gene mutations (32). The immunohistochemical
(IHC) profile demonstrates HER2 subtype as ER-negative/ PR-negative/ lymph node
positive (31). Women with this subtype of breast cancer have an increased risk of
locoregional recurrence and an increased breast cancer mortality (33, 34). HER2 positive
tumors have high early relapse rate and high rate of metastasis to brain, liver, bone and
lung sites (35). The rate of metastasis to the brain by HER2 enriched subtype was stated
to be as high as 28.7% (35). Trastazumab, is a targeted monoclonal antibody against
juxtamembrane region of the extracellular domain of HER2 receptor. It has been
identified to selectively block HER2-HER3 dimerization and cause proteolytic cleavage
of HER2 extracellular domain resulting in a reduction of active form of HER2. This
binding results in decreased cellular repair capacity due to reduced PI13K signaling and
various mediators of cell cycle (36). Trastazumab causes increased apoptosis capacity
when used in a combinational therapy with chemotherapy or radiotherapy (37). The
administration of the drug trastazumab to meatastatic HER?2 positive patients has
improved the prognosis, median time to disease progression and survival (38, 39).
However, a higher incidence of brain metastasis has been reported recently in HER2
positive patients treated with trastuzumab but the reasons for this occurrence is unclear
(40). The combination of pertuzumab and trastuzumab have proved to be successful in

women with metastatic HER2-positive breast cancer (41). Similar to Trastazumab,



Pertuzumab inhibits HER2 dimerization by binding to a different epitope of HER2
extracellular domain but does not require overexpression of HER2 to work (42). As a

result combination therapy provides wider inhibition of HERZ2 signalling.

1.1.3.4. Claudin low subtype

Claudin low subtype is characterized by genetic expression of low expressing
cell—cell adhesion genes and tight junction proteins claudin 3, 4 and 7 and E-cadherin,
high expressing epithelial-mesenchymal transition (EMT) genes, and stem cell-like gene
expressing patterns (43). Claudin-low breast tumors are reported to be mostly ER-
negative, PR-negative, HER2-negative, triple negative and are associated with poor
prognosis (20, 44). Reportedly these tumors are also genomically stable with reduced
proliferation rate (45).

1.1.3.5. Triple Negative breast cancer/ Basal-like breast cancer

Triple negative breast cancer is defined as a basal type of breast cancer that lacks
the IHC expression of ER, PR and HER2 receptor (46). It accounts for 15-20% of all
breast cancer cases and is generally more common in younger women, as well as in the
African American and Asian population (47). This subtype has a heterogenous population
of tumors with poor prognosis and overall, much shorter survival time compared to other
subtypes. It is highly invasive with ~46% of patients having distant metastasis,
commonly to the brain (48). 75% of TNBC are basal-like breast cancer (47). Basal-like
subtype tumors do not express ER and HER?2 and are characterized by expression of
basal/myoepithelial cells and luminal epithelia having high histological grade, high
mitotic indices, central necrotic zones as well as metaplastic areas, similar to what is seen
in TNBC tumors (49, 50).

1.1.3.5.1. TNBC clinical features

TNBC tumors are usually large (>2cm) with a 54% chances of node positivity
(51). There is no correlation between tumor size and lymph node positivity, meaning that
the small tumors in this subtype can also have a high rate of node positivity (52). It is
characterized by pathological features such as expression of basal cytokeratin (CK5/6,
CK17), P-cadherin, epidermal growth factor receptor (EGFR), and P53 in most cases



(53). They also rarely express androgen receptor, E-cadherin, cyclin D and highly
express cyclin E and cell proliferation gene Ki67 (53, 54). Zhang li et al. demonstrated
that TNBC patients have an overall survival (OS) and disease free survival (DFS) of
approximately 5 years (53). A high percentage of these patients have disease recurrences
involving distant metastasis to various organs such as lungs and the central nervous
system (CNS) (55, 56). The average time taken for metastasis to occur is usually around
2.6 years compared to 5 years in the other subtypes and the survival time is around 9
months (48).

1.1.3.5.2. TNBC subtypes

Gene expression profiling by Lehhmann et al. classified TNBC into 7 molecular
types: two basal-like subgroup- basal-like 1 (BL1) and basal-like (BLZ2), two
mesenchymal-like subgroup- mesenchymal (M) and mesenchymal stem-like (MSL), one
immunomodulatory subgroup (IM), lastly, one luminal androgen receptor group (LAR)
(57). The same study demonstrated that TNBC do not only have similar gene expression
as basal type of cancer but also with other subtypes such as luminal A (17%), normal
breast-line (12%), luminal B (6%), HER2 (6%) thus, providing evidence that TNBC is a
heterogenous group of tumors (57-59). The BL1 subtype is characterized by high cell
cycle regulation and DNA repair related genes and is sensitive to poly (ADP-ribose)
polymerase (PARP) inhibitors and cisplatin (57, 60). The BL2 subtype is characterized
by activation of signaling pathways such as the EGFR, MET, NGF, Wnt/B-catenin, and
IGF-1R pathways. They are potentially treated with mTOR inhibitors and growth factor
inhibitors (lapatinib, gefitinib, and cetuximab) (57, 60). The M subtype is characterized
by the pathways controlling cell migration and cell differentiation such as Wnt pathway,
anaplastic lymphoma kinase pathway and transforming growth factor (TGF)- signaling.
The patients diagnosed with this subtype can be treated with mTOR inhibitors or drugs
targeting EMT (57, 61). The MSL subtype represents the growth factor signaling
pathways EGFR, platelet-drived growth factor (PDGF), calcium signaling and
extracellular signal-regulated kinase 2 (ERK1/2) and can be treated using PI3K
inhibitors, Src antagonists, or anti-angiogenic drugs(62). The cytokine and immune signal

transduction pathways such as the Th1/Th2 pathway, NK cell pathway, B cell receptor



signaling pathway and dendritic cell (DC) pathway are active in IM subtype (57). The
LAR subtype gene ontology shows activation of hormonal-related signaling pathways
such as porphyrin metabolism, steroid synthesis and estrogen/androgen metabolism
making anti-androgen receptor therapy suitable for patients with this subtype of tumors
(57, 62).

1.2. Breast Cancer Brain Metastasis (BCBM)

1.2.1. Incidence

Several factors play role in the metastasis of breast cancer to distant organs. Such
factors include (i) early diagnosis (ii) subtype of breast cancer (iii) lymph node status (>4
positive nodes) d)tumor grade (tumor grade 3), (iv) pathologic tumor size(>2 cm) (63).
Approximately 15-30% of patients with metastatic breast cancer develop brain metastasis
making it the second most cause of brain metastasis after lung cancer (40, 64, 65).
HER2+ and TNBC subtypes are mostly associated with a high incidence of brain
metastasis compared to other subtypes of breast cancer (40). The study of 1256 patients
with brain metastasis from breast cancer by Niikura et al. demonstrated that patients with
luminal type of breast cancer had a mean OS of 9.3 months, in contrast to patients with
HER2+ tumors which have an OS of 16.5 months and patients with TNBC with an OS of
4.9 months (40). The risk factors associated with brain metastasis are younger age, high
grade tumors, hormone receptor negative status and four or more positive metastatic
lymph nodes (40, 64). The incidence of brain metastasis is approximately 30-40% in
HER2+ and TNBC+ BC while the frequency of it is approximately 8-15% in luminal
cancer (40, 65). Despite an improvement in detection and primary treatment of BC, there
has been a slow increase in metastasis over recent years. In a study by Heitz F et al. it
was reported that patients with TNBC had the shortest latency span of 22 months for the
development of metastasis to the brain while patients with HER2 positive BC on average
take 30 months to develop brain metastasis (66).



1.2.2. Metastatic Process

Metastasis is a highly complex and multi-step process involving interactions
between tumor and host cells (65, 67). It can be summarized in three steps: (i) invasion,
(ii) intravasation and (iii) extravasation. Metastasis starts when cancer cells go through
EMT which facilitates the process of invasion and allow the tumor cells to cross the
basement membrane, to invade the stroma of the mammary tissue and to intravasate into
the blood vessels. The cells achieve mesenchymal properties by loss of E-cadherin and
upregulation of markers such as vimentin, N-cadherin and fibronectin (68, 69). These
changes are a result of the activation of transcription factors such as Snail, Slug, Twist or
growth factors such as epidermal growth factor (EGF) and TGFp (70-73). The cadherin
cytoplasmic domain bind with B-catenin which connects to a-catenin to form cadherin-
catenin complex (74, 75). This complex in turn binds to occludins proteins to stabilize the
adherens junction (75). Studies have shown that in breast cancer, the expression of Snail
results in downregulation of E-cadherin and genes coding for claudins and occludins (70,
76).

The extracellular matrix is remodeled by the cancer cells by the expression of
matrix-degrading metalloproteinases (MMPs, ADAMS), such as matrix metalloproteinase
9 (MMP 9), enabling them to invade the stroma and penetrate the blood vessels resulting
in intravasation (77). Intravasated tumor cells are referred to as circulating tumor cells
(CTCs). If CTCs survive in the circulation, they may attach to the endothelium of small
blood vessels at a distant site and extravasate in distant organs to form the metastasis. The
metastatic latency is the time taken by the cancer cells to go through this process and
adapt to the microenvironment and achieve the ability to grow metastatic tumors (65, 71,
78).

Lorger et al. has performed in vivo studies of the brain microenvironment during
the initial stages of breast cancer brain metastasis showing that after injection of MDA-
MB-435 cells intracardially in mice, the cancer cells are found in the capillaries from day
2 after injection to day 7. The cells take this time to increase the expression of resident

microglia and reactive astrocytes to help during these initial steps of extravasation (79).



Following extravasation, the BC cells in the perivascular niche adapt to the new
environment through vascular co-option (79-81). Vessel co-option, is a non-angiogenic
process where the tumors hijack pre-existing blood vessels to remain viable and
proliferate along the vessels to form micrometastases (82).

1.2.3. Current Treatment

The current treatment for BCBM consists of whole brain radiation therapy
(WBRT), surgical resection, stereotactic radiosurgery (SRS) and chemotherapy
depending on the patient’s performance status and the number, size and localization of
brain lesions (83). Surgical resection is usually performed on patients having accessible
single metastasis and which can also be combined with WBRT to improve the
neurological and overall survival of patients. The median overall survival ranged from 8
to 13 months after surgery and from 8.5 to 12.1 months after stereotactic surgery (84, 85)
(86) (87). SRS is a non-invasive way of removing single or multiple tumors with minimal
damage to the normal surrounding brain tissues (40, 63). The major limitation for the
systemic treatment of brain metastasis remains the insufficient penetration of most drugs

due to the presence of the blood-brain-barrier (BBB).

1.2.4. Blood brain barrier (BBB)

BBB is a term used to define the microvasculature system of the CNS. It is
responsible for controlling cerebral homeostasis and protecting the CNS from
neurotoxins, pathogens, inflammation, injury and disease by tightly regulating the
movement of molecules between the blood and the CNS (88). The BBB comprises of two
cell types: (i) endothelial cells lining the blood vessels that are anchored to the basement

membrane and the (ii) mural cells consisting of astrocytes, pericytes and glial cells (89).

1.2.4.1 Neurovascular Unit (NVU)

The neurovascular unit (NVU) is a single functioning unit comprising of neurons,

perivascular astrocytes, microglia, pericytes, endothelial cells and basement membrane.
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The components of NVU such as endothelial cells, astrocytes and pericytes are
responsible for regulating blood flow and substrate permeability for BBB development,
thereby providing an intact barrier for brain function. Studies have shown that astrocytes
help maintain the BBB in healthy adult brain by maintaining astrocytic cell polarity and
by secreting Wnt growth factors (90, 91). The Wnt/p-catenin pathway is an important
pathway which is functional in endothelial cells for maintaining barrier function by
downregulation of the expression of tight junctional proteins such as claudin 5 and
upregulation of plasmalemma vehicle associated protein, which is associated with
compromised barrier function (92, 93). In addition to astrocytes, pericytes help in barrier
maintenance by inducing astrocyte polarization and attachment of astrocyte end-feet to
blood vessels (93). A study showed that reduced pericyte coverage over endothelial cells
lead to an elevated permeability (94). The crosstalk between these cells allow

maintenance of NV U.

1.2.4.2. Endothelial Cell

The endothelial cells in the CNS are non-fenestrated and are tightly connected to
each other via the presence of tight junctional (TJ) proteins which limits the transcellular
and paracellular movement of molecules (95). Endothelial cells (EC) are highly polarized
having a luminal surface and an abluminal surface that is anchored on the basement
membrane. Transport of solutes from the blood to the brain occurs through special
transporter proteins (96, 97). The efflux transporters such as P-glycoprotein (P-gp),
Breast Cancer Resistance protein (BRCP) and multi-drug resistance-associated proteins-
1and 2 (MRP-1, -2) are located on the luminal surface and aid in the extrusion of
lipophilic molecules such as drugs. The nutrient transporters regulate the transport of
electrolytes, nucleosides, amino acids as well glucose into the CNS along and the
removal of waste products from the CNS to the blood (98-100). The combination of
physical barrier properties such as the TJ proteins, and specific transporters to deliver
required nutrients, allows the ECs to tightly regulate CNS homeostasis (88).
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1.2.4.3. Tight Junctional Proteins

Despite being such a selective barrier for solute transport and the free movement
of cellular elements between the systemic circulation and neuronal tissue, the tumor cells
can breach this barrier by disrupting the tight junctional proteins and colonize in the brain
niche resulting in metastasis (101, 102). The tight junction comprises of several
transmembrane molecules such as claudins, occludin and junctional adhesion molecule
(JAMSs). The claudins play a vital role in formation of barrier permeability in the CNS,
particularly claudin-5 has been shown to be the claudin expressed highest in brain
endothelial cells compared to claudin 12 and 3 (103-105) (106, 107). Occludin is a
regulatory protein, whose role is to increase impedance and decreased permeability
between cells in the BBB (101, 108). JAMs are localized at the TJ and are members of
the immunoglobin superfamily responsible for leukocyte migration (109). Naik et al. has
shown that JAMs are inversely responsible for increasing the invasiveness of breast
cancer cell by transient knockdown of the JAM protein in MDA-231 cells (110, 111). In
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another study it was shown that there was a strong correlation between the expression of
JAM-1 in the primary breast cancer tissue and survival of patients by analyzing tissue
microarray of BC patients (112). This relation to enhanced invasiveness was explained by
the decreased expression of B1-integrin (responsible for cell migration) along with a
decrease in JAM-A expression in a sSiRNA-based approach where knockdown of JAM1
was performed (102, 112). JAM proteins are also involved in cellular signaling events
and the modulation of the actin skeleton and modulation of cell polarity (102, 113). The
transmembrane adhesion molecules such as JAMs are connected to cytoskeleton through
a series of cytoplasmic scaffolding proteins such as Zonula occludin 1 (ZO-1), ZO-2,
Cingulin, Jacop, Membrane-associated guanylate kinase protein (MAGIs), and Matrix
Metalloproteinases (MPPs) (88, 114). TJP and cytoplasmic scaffolding proteins together
form the functional junctional protein complex. Changes in the expression of these TJP in

the endothelial cell result in breakdown of BBB resulting in transendothelial colonization.

1.2.4.4. Pericyte

Pericytes are key components in the stabilization of blood vessels, regulating
capillary diameter and blood flow and controlling BBB integrity and neovascularization
(115). PDGF is required for vessel maturation and the recruitment of pericytes to
endothelial cells. Pericytes are important mural cells required by endothelial cells to
maintain barrier function and expresses PDGF receptor beta (Pdgfrb) (116). In vivo
study using Pdgfb or Pdgfrb null mutant mice showed that the permeability of the BBB
was increased for a range of low molecular weight tracers (117, 118). The crosstalk
between endothelial cells and pericytes results in an increase in tight junction formation
within the EC and regulates the adhesion between the two cell types via the secretion of
transforming growth factor-f (TGF-p) (119, 120). Furthermore, in an age-dependent
study of mice it was found that the reduced expression of TJ and adherence proteins such
as claudin 5, zonula occludens 1 and cadherin in pericyte-deficient mice led to
paracellular leakage (118, 120).
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1.2.4.5. Astrocyte

Astrocytic foot processes and their connection to the blood vessels play a crucial
role in maintaining homeostasis within the brain and maintaining the barrier function by
affecting the expression of tight junctional proteins in mature brain vasculature (121,
122). Astrocytes also have role in supporting immune defense in brain and protect the
neurons from the waste by-products of homeostasis (123). Malignant tumor cells cause
the activation of resident astrocytes to reactive astrocytes. These reactive astrocytes aid
the tumor cells by upregulation of survival related genes like: BCL2-likel (BCL2L1),
TWIST related protein 1(TWIST1) and glutathione S transferase alpha 5 (GTSTADS) to

redirect the protective effects of reactive astrocytes for their survival (79, 123, 124).

1.2.5. Molecular markers for breast cancer brain metastasis

Brain metastases are thought to originate in the blood. Interestingly, breast cancer
metastasizes to almost all internal organs before metastasizing to the brain (125-127).
Steven Paget proposed the ‘seed and soil’ theory that the metastatic spread of cancer is
due to the interaction and cooperation between the cancer cells and compatible metastatic
site (128). He described the tumor cells to be the ‘seed’ that selectively grow in
microenvironment of different organs which is the ‘soil” and metastases is only possible
when the appropriate seed is implanted in suitable soil (129). Another hypothesis put
forward is the role of circulatory route (vascular and lymphatic site) draining from the
primary tumor. The tumor cells arrest non-specifically at the first organ following its
route in the circulatory system (129). Both of these theories regarding metastasis are

applicable depending on the type of tumor.

An important step in the breast cancer cells extravasation to the brain is the breach
of the BBB. CTCs that originate from primary breast cancer, arrest in thin capillaries of
the brain where they adhere to the endothelial cells and through their interaction

successfully extravasate into the brain niche (79, 130).

The attachment of CTC to the brain endothelial is mediated by surface receptors

and adhesion molecules like integrins, selectins and chemokines on both the BC cells as
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well as the endothelial cells (131). Integrin called alpha v beta 3 (avf3) has been shown to
promote metastatic growth in the brain by increasing the expression of vascular
endothelial growth factor (VEGF) to attract blood vessels. This was identified in an in
vivo experiment where the metastatic growth in brain was compared between MDA-MB-
435 cells with knockdown of oyf3 and parental cell having constant high activation of
avB3 (132). VEGF secreted by the BC cells promotes its survival and cause a partial
disruption of both tight and adherens junctions in endothelial cells (133, 134). The
secretion of MMP1 by brain metastasizing breast cancer cell line MDA-231 was shown
to induce the migration of BC cells in both in vitro and in vivo conditions. This study
proved that MMP1 induces metastasis by the degradation of junctional proteins claudin

and occludin resulting in an increased permeability of the BBB (135).

Comparative genome-wide expression analysis of MDA-MB-231 cells and ER
negative BC patient-derived tumor cells exhibited cyclogenase-2 (COX2), the epidermal
growth factor receptor (EGFR) ligand HBEGF and a-2,6-sialyltransferase 5
(ST6GALNACS) genes as selective mediators of breast cancer brain metastasis (136,
137). Interestingly, COX2 has been shown to upregulate the expression of MMP1 which
affects the barrier permeability (135). Brain metastasizing BC cells have been shown to
secrete VEGF in the microenvironment, which in turn affects the EC resulting in the
release of Ang-2 . In vivo analysis showed that injection of 4T1 cells resulted in altered
distribution of TJ protein ZO1 and claudin-5 within the EC(138).

1.2.6. Blood Tumor Barrier

Once the tumor proliferates, it creates a region of hypoxia which results in the
tumor cells secreting vascular endothelial growth factor (VEGF) to develop new
vasculature required to provide nutrients and oxygen to the growing lesion (139-141).
This nascent neurovascular-tumor unit is termed the blood tumor barrier (BTB). The
BTB is defined as a leakier version of the BBB with heterogenous permeability
properties. In contrast to the BBB, the astrocytes, pericytes, and neurons within BTB are
not close to the capillary (142, 143). The BTB lacks proper distribution of pericytes and

is characterized by a reduction in the astrocytic feet processes as well as endothelial
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junctional proteins resulting in a discontinuous endothelial layer (144). The BTB has
different and varied expression of efflux transporters such as P-gp and BCRP (145, 146).
The structural integrity and the permeability of the BTB varies among brain metastasis by
different tumor types as well as within and between multiple brain metastatic tumors.
This heterogeneity in the barrier function may cause highly variable drug penetration
into the CNS lesions (40, 141). The BTB was shown to be associated with an altered
subpopulation of pericytes characterized by high expression of desmin as well as a

decrease in the astrocytic basement membrane component, laminin o2 (147).

Furthermore, the reactive astrocytes found in the vicinity of breast cancer brain
metastatic lesions express sphingosine 1-phosphate receptor 3 (S1PR3) which results in
the astrocytic IL-6 and CC-chemokine ligand 2 (CCL2) secretion which makes the BTB
leaky (148, 149). The secretion of inflammatory cytokines such as TNFa, IL1, and IL6
by the astrocytes aid in tumor proliferation and survival while the downregulation of
PTEN induce outgrowth and invasion of tumor cells within the brain (150, 151).
Microglia attracted into the vicinity of the BTB also support tumor proliferation, invasion
and angiogenesis by secreting TGFB, TNFa, IL1, IL6, VEGF, EGF, and several
metalloproteinases (152). Because the BTB heavily contributes to the tumor
microenvironment and its progression, a significant effort is currently being made to
develop chemotherapeutic drugs capable of penetrating the BTB to reach the metastatic

lesions.
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Circulating breast cancer cells extravasate to the brain by breaching the BBB and grow along the
vessels in the brain by vascular co-option. When tumor grows in size, increased requirement to
provide nutrients and oxygen to the cancer cells results in angiogenesis, which disrupts the BBB.
The nascent leaky barrier with redistributed astrocytes, pericytes, junctional proteins of the BBB
is referred to as BTB. Bailleux C, Eberst L, Bachelot T. Treatment strategies for breast cancer
brain metastases. British Journal of Cancer. 2021 Jan;124(1):142-55.

1.3. Endoplasmic reticulum

1.3.1. Endoplasmic reticulum function and Stress

The endoplasmic reticulum (ER) is the largest organelle in the cell and the major

biosynthetic site for proteins. It also regulates protein transport, protein posttranslational
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modifications, protein folding and general protein homeostasis (153). Furthermore, it
plays a vital role in synthesis and transport of lipids, general metabolism and Ca?* storage
(154-157). This diverse nature of the ER demonstrates the significance of the ER as an

organelle that regulates metabolism and cell fate decisions (158).

Protein synthesis in the ER involves embedding of the mRNA:ribosome complex
on the Endoplasmic Reticulum membrane (157). After a protein is synthesized, it is
transported to the ER lumen where it is properly folded. Proper folding of proteins also
require certain chaperone and folding enzyme-mediated post-translational modifications
such as N-linked glycosylation and formation of disulfide bonds (155). After protein
processing and folding in the ER, the functional proteins are secreted or incorporated into
membranes. This protein processing process is subjected to a strictly regulated quality
control system. When portions of the newly synthesized proteins don’t reach final
folding stage, they are terminated by degradation mediated by the proteosome via the
Endoplasmic Reticulum Associated Degradation (ERAD) pathway (159). The high
concentration of proteins present within the ER (100mg/mL) makes the environment of
the organelle susceptible to protein aggregation (160, 161). Several intrinsic factors play
a role in interfering with protein folding in the ER, causing accumulation of aberrant

proteins and therefore, ER stress (160).

Several factors such as low glucose levels, hypoxia, redox stress or abnormal ER
calcium content play a role in affecting protein maturation or protein folding in the ER
(162). Moreover, the deficiencies in energy, increased protein synthesis, aberrant redox
state or calcium levels can disturb protein folding and cause ER stress (163). Post
translational modification involving N- linked glycosylation is affected due to rapid
folding or oxidation of protein. Aberration in glycosylation results in the binding of
misfolded peptide to ER Hsp 70 chaperones such as GRP78. The chaperones aid in the
maturation of non-glycosylated polypeptide chain to prevent aggregation and proper post-
translational modification and folding (155) (164). Misfolded proteins are harmful to the
cell function. Thus, are tightly controlled even when the misfolding occurs continuously
during adverse intrinsic and environmental conditions. The activation of the adaptive

responses to overcome the stress caused by the misfolded proteins depend on the
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condition and duration of the stress (158, 165). In response to the stress, the cells activate

an adaptive signaling pathway called the Unfolded Protein Response (UPR) (160).

1.3.2. Unfolded Protein Response

The UPR is a homeostatic pathway that regulates proper protein folding under
both physiological and pathological conditions. It is controlled by three major ER
transmembrane sensors: inositol requiring enzyme 1 (IRE1), protein kinase RNA-
activated (PKR)-like ER kinase (PERK) and activating transcription factor 6 (ATF6)
(160). All three sensors comprise of 3 domains: an ER luminal domain (LD), a
transmembrane domain and a cytoplasmic domain. The LD functions as sensor for ER
stress and is normally bound by the ER resident chaperone heat shock protein A5/
glucose-regulated protein 78 (GRP78) and binding immunoglobulin protein (gene
GRP78) (BiP) which regulates the activity of these ER sensors (158, 166). IRE1 and
PERK cytoplasmic domains exhibit kinase activity and upon kinase activation are able to
elicit downstream signaling pathways. Accumulation of unfolded proteins result in the
dissociation of BiP from the three sensors, thereby activating the UPR system by
promoting oligomerization of the IRE1 and PERK arms followed by trans-
autophosphorylation. The dissociation of BiP from the ATF6 arm results in its trafficking
to the Golgi apparatus where S1P and S2P proteases cleave the cytosolic and
transmembrane domains releasing an ATF6f fragment (166-168). With the activation of
these UPR arms the amount of unfolded proteins in the ER is reduced through several
survival mechanisms such as the expansion of the ER membrane, the selective synthesis
of crucial components of the protein folding and quality control machinery as well as the
impediment of the stream of proteins into the ER through post-transcriptional regulation
(169). However, after prolonged UPR activity when these methods are unable to mitigate
stress and the homeostatic balance within the organelle, the cells are driven towards

apoptosis (170).
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Almanza A, Carlesso A, Chintha C, Creedican S, Doultsinos D, Leuzzi B, Luis A, McCarthy N,
Montibeller L, More S, Papaioannou A. Endoplasmic reticulum stress signalling—from basic
mechanisms to clinical applications. The FEBS journal. 2019 Jan;286(2):241-78.

1.3.2.1. PERK signaling

PERK is a type 1 ER transmembrane protein that detects the accumulation of
misfolded protein by its luminal domain sensor (171, 172). BiP detachment from the ER
luminal domain leads to oligomerization, trans-autophosphorylation and activation of the
PERK arm, thereby activating its serine/ threonine kinase activity (173). Active PERK
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results in the phosphorylation of eukaryotic initiating factor 2a. (eif2a)), which inhibits
protein translation at ribosomes and thus reduces protein load in the ER to help alleviate
accummulation of misfolded protein. This negative regulation pathway involves two
components: (i) constitutive repressor of eif2a phosphorylation and (ii) growth arrest and
DNA-damage inducible protein-34, acting as a fast response system to tackle ER stress
resulting in temporary halt in global RNA translation (171). Meanwhile, the selective
translation of transcript activating transcription factor 4 (ATF4) takes place. ATF
translocates to the nucleus and stimulates the transcription of CHOP and GADD34 (171,
174, 175). ATF4 also stimulates the expression of adaptive genes responsible in amino
acid transport and metabolism, protection from oxidative stress, protein homeostasis and
autophagy resulting in loss of stress within the ER (158, 176). GADD34 promotes the
assembly of a phosphatase complex which is responsible for dephosphorylation of elF2a
thus causing a negative feedback loop to terminate the repression of protein synthesis.
But under prolonged ER stress GADD34 can switch the pro-survival mechanism to a

proapoptotic mechanism (172).

In mammalian cells, the activation of eif2a is not restricted through PERK, rather
three other individual kinases called PKR, general control nonderepressible-2 (GCN2)
and heme-regulated inhibitor (HRI), which are activated by viral infection, amino acid
starvation and heme depletion, respectively (177). Therefore, depending on the type of
stressor, the duration of stress and the kinase activating the eif2a determines the cell fate
(177). Following the ATF transcriptional activation of CHOP, the mechanism of
apoptosis induced by CHOP involves the BCL-2 family members of proteins. It
comprises of pro-apoptotic members the BH3 only proteins: BAX, BAK at the
mitochondria which causes cytochrome c to be released, thereby activating the caspase
cascade (178). CHOP also increases the expression of BIM, PUMA and NOXA to
undergo apoptosis (179).

1.3.2.2. ATF6 signaling

ATF6 protein is expressed as two different homologues in the mammalian cell:
ATF6a and ATF6p. Both of the homologues differ in their biochemical and,
physiological characteristics and transcriptional activation domain (180). Under normal
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cellular conditions ATF6 is a 90 kDa type Il inactive transmembrane glycoprotein which
encodes bZIP transcription factor domains in the cytosolic region of the protein (181,
182). Upon accumulation of misfolded proteins in the ER, BiP dissociates from ATF®6,
binding to the misfolded proteins, thereby activating the ATF6 pathway. Following
activation, ATF®6 translocates to the Golgi. In the Golgi, ATF6 is cleaved by site protease
1 then in an intramembrane region by site protease 2 by regulated intramembrane
proteolysis into small fragments (183). The cytoplasmic fragment of the proteolytic
cleavage called ATF6f is comprised of a transcriptional activation domain (TAD), a bZIP
domain, DNA-binding domain and a localization signal to the nucleus (184). Inside the
nucleus, ATF6f acts as a transcription factor to induce genes that encode chaperones
(167). ATF6 has bifunctional role of being an adaptive response to mitigate stress, as well
as causing apoptosis by controlling the regulation of DNA damage inducible protein
GADD153 and growth arrest protein CHOP (160). Interestingly it was found that the
active form of ATF®6 is rapidly degraded in cell line models (185). This acts as a
limitation in the study of the ATF6 arm in UPR.

1.3.2.3. Regulation of IRE1a activation and signaling

The IRE1 arm is the most evolutionarily conserved arm of the UPR (164).
Mammalian genes encode for both isoforms of IRE1: (i) IRE1 a expressed most
abundantly and ubiquitously, and (ii) IRE1 B, expressed in intestinal epithelial cells.
While the knockout of expression of IRE1 a results in embryonic lethality in mice, the
expression knockout of IRE1 B keeps the mice viable, which is why mammalian research
on UPR is conducted on IRE1 o (186-188). IRE1 is a transmembrane protein with a N-
terminal LD that can detect the degree of protein-folding within the ER, and a C-terminal
cytoplasmic effector domain that possesses both protein serine/threonine kinase and
RNase activities (189, 190).

The dissociation of BiP from the IRE1 arm due to the accumulation of misfolded
proteins results in the oligomerization and activation of its cytosolic domain by enabling
trans-autophosphorylation (191). This results in the activation of both cytosolic RNase
and kinase domain of IRE1 arm. The IRE1 kinase and RNase activity are differentially

regulated and dependent on the level and duration of ER stress. Activation of the RNAse
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arm results in the unconventional excision of a small 26 nucleotide intron from the
MRNA coding the transcriptional factor X-box binding protein 1 (XBP1) (191). The N-
terminal region of unspliced isoform of XBP1 (XBPZ1u) contains a basic leucine zipper
domain that induces XBP1 splicing by binding to the ER membrane (158, 192, 193). This
is followed by ligation by the RNA ligase RTCB that leads to the generation of the
spliced form of Xbpl mMRNA(155, 194-197). Its protein product sSXBP1 is a basic leucine
zipper (bZIP) transcription factor and sXBP1 translocate to the nucleus where it is
responsible for the transcription of protein folding chaperones, foldases as well as
components of ERAD pathway to aid in alleviating ER stress (198). In addition to that,
XBP1s can also regulate lipid biosynthesis, glucose metabolism, DNA repair, cell
survival and cell differentiation (199-203).

In addition to the splicing of XBP1, the RNAse activity also targets other
transcripts through a process called Regulated IRE1-Dependent Decay (RIDD) (204).
RIDD activity results in the degradation of MRNAs encoding for proteins related with
signal peptide/transmembrane domains (164). In mammalian cells, RIDD is a conserved
mechanism and the RIDD targets are enriched for mRNAS containing the consensus
sequence CTGCAG (205, 206). The cleaved RNA fragments are then degraded by
cellular exoribonucleases. In an interesting study it was shown that artificial dimerization
of IRE1a in the absence of ER stress activated the XBP1 mRNA splicing but not mRNA
decay demonstrating the role of RIDD in reducing the incoming protein load during
stress and acting as an adaptive mechanism (204). However, in cases of extreme ER
stress or when ER stress reaches a threshold, RIDD initiates apoptosis through repression
of anti-apoptotic pre-microRNAs in caspase 2 (CASP2) dependent pathway (207).
CASP2 is a proapoptotic protease essential for executing apoptosis (208). It has been
identified that degradation of micro RNA 17, 34a, -96, and -125b, by the RNase domain
of IRE1a stabilizes and promotes translation of Thioredoxin-Interacting Protein
(TXNIP) and caspase-2 mMRNAs (188). TXNIP promotes apoptosis through activation of
caspase-1 and secretion of interleukin 1 (188, 207, 209). This shows that the IRE1
RNase arm is dynamic allowing it to switch between adaptation and apoptosis based on

the level of stress present. The studies regarding RIDD activity is limited and difficult
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due to the complex challenge of separating the RIDD activity from the XBP1 splicing
activity of IRE1 (188).

The IREla is capable of regulating apoptosis, autophagy and ERAD independent
of its RNAse activity through the kinase domain. The cytosolic domain of IRE1 interacts
with adaptor protein TNF-receptor associated receptor 2 (TRAF2), an E3 ubiquitin ligase,
leading to the activation of apoptosis signal regulating kinase 1 (ASK1), thereby
activating the, JNK pathway (210). Phospohorylation of JNK activates proapoptotic
members of the Bcl-2 family: BIM and BID leading to apoptosis under irreversible level
of stress (158). This also mediates autophagy which might promote cell survival or result
in cell death. The cytoplasmic domain of BCL 2 releases Beclin-1 which in turn leads to
the formation of autophagosome by interacting with Ubiquitin Specific Protease 14
(USP14). (164, 211).

1.3.3. Chronic ER stress and pro apoptotic phase

The fate of a cell depends on the timing of the intensity of ER stress and how the
signaling between IRE1a and PERK is coordinated to mitigate it. Upon accumulation of
misfolded proteins and BiP dissociation form the LD, the IRE1 arm is activated causing
Xbpl mRNA to be spliced, allowing translation of SXBP1, an active transcription factor
(191). This protein acts as a transcriptional factor for pro-survival genes- chaperones and
ERAD to help rescue the cell from misfolded proteins (212-214). Similarly, activation of
PERK signaling leads to phosphorylation of e[F2a that results in translational attenuation
as a measure to protect the cells from accumulating newly synthesized proteins (214).
ATF6 translocates to Golgi whereby it is cleaved, generating a fragmented ATF6, ATF6f,
which can regulate genes involved in the ERAD and XBP1 pathways (165, 215, 216).
Altogether, the expression of sXBP1, phosphorylation of elf2a and ATF6f results in the

adaptation of the cell to the accumulated stress as a survival mechanism.

In the presence of chronic stress, the cells shift from a pro-survival stage to a pro-
apoptotic stage through a series of changes in the signaling pathways. Lin JH et al
showed that splicing regulated by IREL1 is eventually impaired under prolonged ER stress
suggesting that this change leads to cell death along with the components of the PERK
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signaling pathway which are pro-apoptotic (217). However, considering the potential late
pro-apoptotic IREL signaling outputs, this attenuation may indicate towards cyto-
protective activity (214). In contrast to the attenuation of IRE1la signaling, the PERK
signaling is sustained under ER stress and favors the upregulation of many proapoptotic
components (218). However, elF2a phosphorylation was also shown to be diminished
after extended ER stress, indicating that the fine-tuning of the UPR is dynamic and
specific for different cell types (219, 220).

Under chronic ER stress, numerous pro and anti-apoptotic components of the
BCL-2 family of proteins aid in the intrinsic pathway of apoptosis of cells (221). It
involves the release of cytochrome c¢ from the mitochondria by the BCL-2 family (BAX,
BAK) to promote a cytosolic protein complex to activate caspase cascade (178).
Upstream regulator of BAX and BAC comprise the BH3 domain which causes
upregulation of the BH-3 only proteins, PUMA and NOXA at a transcriptional level,
which function as apoptosis inducers (158, 178, 179). The PERK pathway is involved in
apoptosis through the transcription of CHOP also called growth arrest and DNA damage
inducible gene (GADD153) which causes the downregulation of BCL-2 and an increase
in trancription of PUMA and GADD34 (165, 222, 223). The IRE1o arm activates the
apoptosis signal-regulating kinase 1 (ASK1) by interacting with TRAF2 and JNK
pathway through its kinase domain to induce apoptosis by regulating BCI-2 family
proteins (158).

1.3.4. IRE1 and its role in breast cancer

The microenvironment of tumors contributes to tumor cell exposure to a wide
variety of challenges like lack of nutrients, hypoxia and decreased vascularization. All
these factors can lead to the formation of misfolded protein within the ER resulting in the
activation of the UPR. Cancer cells adapt to the challenges in the microenvironment by
activating UPR as survival strategy. UPR especially the IRE1-XBP1 pathway has been
associated with tumor development, progression and post-therapy responses (224).
Investigations into the role of IRE1 in TNBC has shown that the level of sSXBP1 is higher

in basal cancer cell lines than luminal cancer cells, where sXBP1 levels are commonly
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used as a readout of IRE1 activity (225, 226). The regulation of kinase and RNase
activity of the IRE1a arm are differentially regulated and dependent on the level and
duration of ER stress present. Furthermore, SXBP1 was shown to increase the levels of
CD44 "igh and CD24 '™ cancer cell population and enhanced mammosphere formation in
vitro and is associated with cancer relapse in breast cancer patients (226-229). The
expression of hypoxia inducing factor 1 o (HIF1a) is high in CD44 M9" and CD24 ¥
MDA-MB-231 cellsand results in corresponding increase to sXBP1 under hypoxia and
glucose deprivation. HIF1 a targets: VEGFA, PDK1 ,GLUT1 and DDIT4 have been
associated to increase tumorigenicity in TNBC (226). VEGF is an angiogenic factor
which has been reported to induce proliferation and migration of endothelial cells as well

as tumor growth, adhesion and vascularization in MDA-231 cells (230).

Tumor vascularization occurs more extensively in TNBC compared to other BC
resulting in significantly shorter recurrence-free survival and OS with a shorter time from
diagnosis to relapse and from relapse to death (231-233). It has been reported that IREla
mediates the transcriptional regulation of vascular endothelial growth factor (VEGF-A)
through XBP-1 splicing in mouse embryonic fibroblasts (234). In a recent study it was
found that MYC, a proto-oncogene, is responsible for inducing sXBP1 transcriptional
activity and binding to the promoter and enhancer region of IRE1, resulting in XBP1
splicing activity in TNBC cell lines (235, 236). Interestingly, a combinational treatment
of IRE1 inhibition and docetaxel in tumor- bearing mice resulted in reduced proliferation
and increased apoptosis thus, improving the disease-free survival of the mice (235).This
concludes that IRE1-XBP1 can be used as a potential therapeutic target for cancer
treatment. In a study by Logue et al. it was identified that the IRE1 arm is responsible for
the production of pro-inflammatory factors such as IL-6, IL-8, GM-CSF, and CXCL1in
RNase dependent manner in TNBC cells, MDA-MB-231. They also studied the cytokine
secretion of MDA-MB-231 cells under a neo-adjuvant chemotherapeutic drug named
paclitaxel to determine that, the secretion of pro-inflammatory factors is elevated under
this treatment. However, in vivo analysis with a combinational treatment of paclitaxel and
IRE1 RNase inhibitor showed a reduction in tumor volume (225). These studies identify
the importance of IRE1 signaling in TNBC and utilizing it as a potential therapeutic

target for TNBC treatment.
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All of these different findings regarding role of IRE1-sXBP1 in BC has prompted
the development of several small molecular inhibitors targeting the IRE1 RNase domain
(237-240). The structure of IREL1 is as such that multiple sites could be targeted by small
molecules: (i) the nucleotide-binding pocket, (ii) the dimer-interface hydrophobic pocket,
and (iii) the RNase active site (238). MKC8866 is a small hydrophobic molecule with
orthohydroxyl aryl aldehyde moiety that attaches to the hydrophobic moeity of the
RNAse domain for selective inhibition (241). Moreover, it qualifies as pre-clinical agent
due to its acceptable pharmacokinetic and toxicity profile. Animal studies have shown
that the administration of the MKC inhibitor in conjunction with chemotherapeutic agents
like Paclitaxel results in tumor suppression and delayed tumor relapse in TNBC xenograft
mouse models (225, 241).

1.4. Rationale and Hypothesis

Literature has shown that BC cells exploit the IRE1-XBP1 arm of the UPR for
cell survival and progression. It has been established that TNBC cells have highly
activated XBP1, which plays an important role in its tumorigenicity. Even though the
IRE1 arm has been identified as a potential therapeutic target, the exact mechanism of

how TNBC cells survive and migrate.

The hypothesis of the study is that IRE RNase activity promotes cancer cell
survival under conditions of ER stress in brain metastasizing TNBC cells. Inhibition of
IRE1 RNase activity or XBP1 silencing will attenuate transmigration of TNBC cells

through endothelial cell barriers.
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1.5.

Objectives

Identify the effect of ER stress induction on UPR activity in MDA-BR cells.
Determine the effect of IRE1-XBP1 modulation on MDA-BR cell survival and
migration.

Determine if modulation of the IRE1-XBP1 pathway prevents passage of MDA-
BR cells through EC barriers.
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Chapter 2. Materials and Method

2.1. Cell culture

The breast cancer cell line MDA-MB-231-BR (brain metastasizing derivative of
MDA-MB-231; in this document referred to as MDA-BR) was cultured in DME/F-12
medium [Hyclone, Thermo Scientific, Waltham, USA] with 5% Fetal Bovine Serum
(FBS) [Gibco, Thermo Scientific]. The patient-derived breast cancer brain metastatic cell
isolate PBS-94 was cultured in DMEM/F-12 medium with 10% FBS. The human
immortalized endothelial cell line hCMEC/D3 was cultured in EGM-2 endothelial cell
growth basal medium [Lonza], supplemented with 5%FBS, HEPES [Gibco], Lipid
[Gibco], ascorbic acid [Sigma], hydrocortisone [Sigma], in a 5% CO; incubator with
humidified air. Mouse brain derived bEnd3 cells was cultured in DME/F-12 medium
[Hyclone, Thermo Scientific, Waltham, USA] with 10% FBS [Gibco, Thermo Scientific].
Stress was induced within the cells using two different stressors: serum starvation and
thapsigargin. For serum-starvation treatment of MDA-BR cells and PBS94 cells, serum
free media containing 1% insulin transferrin selenium (ITS) [Gibco] was used for 24 — 72
hours. The chemical inducer of ER stress, thapsigargin (Tg) [Sigma], was used at 5SnM
concentration. The IRE1 RNase inhibitor MKC8866 was provided by Fosun Orinove and
used at a concentration of 10uM. The PERK kinase inhibitor AMG44 [Tocris, 5517] was

used at concentration of 2uM.

Table 2.1 List of Inhibitors and ER stressors used:

Inhibitor Working Conc. ER stressor
MKC8866 10uM Thapsigargin
AMG44 2uM 0% FBS media

2.2. Stable transduction in cultured cells
2.2.1. Plasmid constructs

Plasmid constructs for the Doxycycline-inducible expression of XBP1 shRNA

with three different target sequences were synthesized by Dharmacon. They encoded for
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ampicillin and puromycin resistance and red fluorescent protein. The plasmids were
purchased in glycerol stocks and were streaked on selective ampicillin plates. Isolated
colonies collected from the plate were grown in LB broth in a shaker at 300 rpm, 37°C
overnight and plasmids were extracted using the QlAprep Spin Miniprep Kit [Qiagen].

The plasmids were sent for lentiviral packaging using College of Medicine

lentiviral core facility.

Table 2.2 List of the plasmids and their sequences

Plasmid Source

shXBP1 Dharmacon V3SH11255-09EG7494

Plasmid Sequences

V3SH11252-225143005 TAAGCATCCAGTAGGCAGG (targets 3'UTR and ORF)

V3SH11252-226678330 TTCTGGAGGGGTGACAACT (targets ORF)

V3SH11252-228775480 CTCTCGTAAAAGCTGATTT (targets ORF)

2.2.2. Transduction and selection of stable clones

MDA-BR cells were transduced with shXBP1 lentivirus particles at multiplicity
of infection (MOI) 5. Forty-eight hours after transduction cells were exposed to selective
media using 3ug/ml of puromycin over the course of 2 weeks. Establishing clones were
then picked and expanded. Successful XBP1 downregulation was tested by Western blot
after treating the cells 5 days with Doxycylcine [Sigma D9891] (2 pg/ml) with daily
change of Doxycycline (DOX) containing media. Stable shXBP1-expressing clones were
verified by reduction of detectable sSXBP1.

2.3. Protein isolation, Western blot Analysis

The cellular proteins were extracted using two different methods: 1X Laemmli
buffer (Hibberd & Leedale, 1970) and M-PER (Mammalian Protein Extraction Reagent)
[ThermoScientific 0078503] lysis buffer. Protease inhibitor (ThermoScientific) was
added at concentration of 1:100 dilution to the collected lysate. The lysates were briefly

sonicated and boiled at 90°C for 5 minutes. For secreted protein samples, the supernatant

30



was collected and concentrated using SpeedVac concentrator. The dried samples were

then resuspended in 100l of ddH-O and lysed with 5X Laemmli buffer, which

concentrated the samples by 10-fold. The samples were then loaded into 7.5%, 10% or

12% stain free polyacrylamide gels for SDS-PAGE. After the protein separation, it was

transferred to nitrocellulose membrane (0.2 um) (Cytiva, Vancouver, Canada) using the

BioRad semi dry auto transfer set at 25 V for 10 minutes. The non-specific proteins were
blocked using 5% milk in TBST (7.6 pH). The blots were washed using the TBST (7.6
pH) washing buffer. TBST buffer composes of: sodium chloride (Sigma), Tris (Sigma)

and Tween-20 (Sigma). The blots were incubated with the given dilution of primary

antibodies in blocking buffer overnight at 4°C. After the overnight incubation, the blots

are washed 3 times for 5 minutes and then incubated with the appropriate secondary

antibody (goat anti-mouse/ rabbit antibody conjugated to HRP (horseradish peroxidase).

Specific bands were vizualized using ECL developer solutions (BioRad, Hercules, USA).

B-actin was used as loading control.

Table 2.3 List of primary antibodies used for Western blot
Protein Host Company and Diluent Dilution | Expected
Species | Catalog Number used Molecular
weight (kDa)

sXBP1 Rabbit CST D2C1F 5% milk in 1:1000 | 60
IXTBST (pH 7.6)

BiP Rabbit CST C50B12 5% milk in 1:1000 | 78
IXTBST (pH 7.6)

IREL Rabbit CST 14C10 5% milk in 1:1000 | 130
IXTBST (pH 7.6)

P-JNK Rabbit CST 9251S 5% milk in 1:1000 | 42,50
IXTBST (pH 7.6)

T-JNK Rabbit CST 9252S 5% milk in 1:1000 | 42,50

1XTBST (pH 7.6)
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PERK Rabbit CST DIIA8 5% milk in 1:1000 140
1XTBST (pH 7.6)
Phospho- Rabbit CST 9721 5% BSA in 1:1000 | 37
eif2 alpha IXTBST (pH 7.6)
T-eif2 alpha | Rabbit CST 5324 5% BSAin 1:1000 | 37
IXTBST (pH 7.6)
ATF4 Rabbit Abcam 1849909 | 5% milk in 1:1000 | 50
CSTD4B8 IXTBST (pH 7.6)
CHOP Mouse CST 2895 5% milk in 1:1000 | 27
IXTBST (pH 7.6)
Beta actin Mouse Santa Cruz (sc- 5% milk in 1:10,00 | 42
47778) IXTBST (pH7.6) | O
Thrombospo | Rabbit Abcam 85762 5% milk in 1:1000 | 150
ndin-1 IXTBST (pH 7.6)
Table 2.4 List of secondary antibodies utilized
Antibody Host species Company and Diluent Dilution used
catalog number
Goat anti rabbit - | Goat Cell Signaling 5% milk in 1:2000;
HRP Technology IXTBST (pH
(70765) 7.6)
Goat anti mouse- | Goat Cell Signaling 5% milk in 1:2000;
HRP Technology IXTBST (pH
(7074s) 7.6)

2.4. RNA isolation, cDNA preparation and Polymerase chain
reaction (PCR)

RNA was isolated from hCMEC/D3 cell line 24 hours after treatment with

conditioned media (48 hours) from MDABR cells using Trizol reagent (Thermo

Scientific) following the manufacturer’s protocol. The concentration and purity of RNA

was assessed by measuring the absorbance of RNA at 260 and 280 nm using an UV
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spectrophotometer. cONA was prepared using 1ug of RNA and qScript cDNA master

mix (Quanta Biosciences, Beverly, USA). The composition of the working solution and

thermocycling conditions for cDNA synthesis was as follows (Table 2.5, 2.6):

Table 2.5 Composition of cDNA working solution

Component Volume

RNA Variable (1pg)
cDNA master mix 4 uL

Double distilled water variable

Total 20pL

Table 2.6 Thermocycling conditions for cDNA synthesis

Temperature (in °C)

Time (in minutes)

25°C 5 minutes
42°C 30 minutes
85°C 5 minutes
4°C Hold

The cDNA prepared was then used to analyze gene expression using quantitative

Polymerase Chain Reaction (PCR). The primers used and the PCR master mix

compositions are described in Table 2.7 and 2.8, respectively. The thermocycling

conditions are elucidated in Table 2.7.

Table 2.7 Primer sequence and number of cycles run for the gPCR

Gene Primer Sequence Amplicon | Tm Number of
location size (base cycles
pairs)

Claudin 5 Reverse |5’-AAC TCG CGG ACG |20 63 40
ACA ATGTT-3’

Claudin 5 Forward |5’-AAG CGT GCTCTA |21 62 40
CCTGTTTTG-3

Claudin 3 Reverse 5’-CGT AGT CCTTGC |20 61 40
GGT CGT AG-3’

Claudin 3 Forward |5’-GCC ACC AAGGTC |20 60 40
GTC TAC TC-3

Occludin Reverse |5’-TCA GGA ACCGGC |20 67 40
GTG GATTT-3’
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Occludin Forward |5’-TGC CTT CACCCC |20 66 40
CAT CTG AC-3°

Table 2.8 gPCR master mix

Component Volume (in L)
Double distilled water 7.2

SYBR green 10

Forward primer 0.4

Reverse primer 0.4

cDNA 2

Total 20

2.5. Supernatant Analysis

Supernatant was collected from MDA-BR and PBS-94 cells after treatments with
thapsigargin (5 nM) and serum starvation +/- MKC8866 (10 uM) for 48 and 72 hours,
respecively. The supernatant was spun at 2500 rpm for 5 minutes to pellet floating cells.
1 ml of the conditioned media was aliquoted to be kept in -80°C overnight. The frozen
samples were loaded in speed vac machine for 4 h. The desiccated samples were
resuspended in 100 pl of double destilled water and protease inhibitor. Prior to loading
the samples for SDS-PAGE, the Laemmli buffer was added to the samples and they were
heated at 90°C in the water bath for 5 minutes.

2.5.1. Cytokine Analysis

MDA-BR cells were cultured for 48 h with 5 nM thapsigargin and 10 uM
MKC8866 in 2% FBS media condition and for serum starvation in 0% FBS media
condition for 72 hours. shXBP1-BR clone 02 and 03 cells were treated daily with or
without doxycycline (2pug/ml) for 5 days. The conditioned media from the cells were
collected and spun down at 2500 rpm for 5 minutes to remove floating cells from the
supernatant. The cell free supernatant was then concentrated and purified using Amicon
Ultra 2ml Centrifugal filters (Millipore, UFC 200324). The corresponding protein lysates
were collected from the cells using M-PER lysis buffer. The samples’ protein

concentration was quantified using BCA protein quantification kit and 15 pg of protein
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was loaded for the SDS-PAGE to detect ER stress targets and confirm whether the
treatments were effective. The supernatant protein concentrates were measured using the
BCA protein measuring kit. The samples were sent for analysis to Eve Technologies
(multiplex HD48 Cytokine/chemokine array) after equalizing the protein concentration in

all the samples to a concentration of 1.5mg/ml.

2.6. Cell viability
2.6.1. WST Assay

MDA-BR cells were seeded at a density of 2000 cells/well in DMEM/F12 1:1 in
96 well plates for 24 hours. After 24 hours, cells were treated with 10 uM MKC8866
under 5% and 0% FBS media composition for 24 hours, 48 hours and 72 hours. DMSO
was used as solvent control. The cells were also treated with thapsigargin (5 nM),
MKC8866 (10 uM) and DMSO in 5% FBS media for 8 hours, 24 hours and 48 hours.
WST reagent was added to the cells and incubated in 5% CO», at 37°C for 4 hours. The
WST reagent contains Tetrazolium compound that changes to soluble yellow colour
which is quantified at 450 nm using an ELISA plate reader (Perkin Elmer, Boston,
USA).This assay is based on the NAD(P)H-dependent cleavage of the tetrazolium salt
WST-1 to formazan by cellular mitochondrial dehydrogenases. The amount of formazan
dye formed in this reaction is directly proportional to the activity of mitochondrial

dehydrogensases and thus, it depends on viable cells

Seeding of hCMEC/D3 cells was performed at a density of 4000 cells per well in
complete endothelial media in 96 well plate and incubated overnight in 5% CO; at 37°C.
Conditioned media from MDA-BR cells were collected and added to the seeded
endothelial cells in 100% and 50% dilution. Prior to adding, the cells were removed by
spinning the supernatant for 5 minutes at 2500 rpm. The cells were incubated with the
conditioned media for 24 hour, 48 hour and 72 hours. WST reagent was applied to the
cells and incubated in 5% COg, at 37°C for 4 hours. The reading was taken using 450nm

absorbance in the ELISA plate reader.
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2.6.2. Real Time Cell Analysis:

The cell viability measurement with the xCelligence system (ACEA Biosciences,
Inc., San Diego, CA, USA) uses culture plates with gold micro electrode at the bottom of
the plate (E-plate) to monitor cells in real-time. The system detects changes of cellular
impedance across the electrodes and represents the data as cell index (CI) which is
automatically calculated by the system. The CI value is influenced by cell number, cell
size, and cell attachment. This system can determine real-time cell cytotoxicity, cell
growth and cell death. The cellular impedance is recorded every 15 minutes using the
RTCA software. The plate was equilibrated for 30 minutes in the incubator before MDA-
BR cells were seeded in the E-plate at 20 000 cell/ml. The cells were treated with 5 nM
thapsigargin with and without MKC8866 at 10 uM in 5% FBS media or they were
exposed to serum-free free media with and without MKC8866 (10 uM) .

2.7. Caspase Assay

Human TNBC cells MDA BR were seeded at a density of 4x10° cells/ well in
DMEM/F12 1:1 and were cultured in 96 well plates for 24 hours after which, they were
treated with ER stress inducers: 5 nM thapsigargin +/- MKC8888 (10 uM) and serum
starvation +/- MKC8888 (10 uM) and incubated for 8 hours, 24 hours and 48 hours.
Luminescent caspase substrate was added to cells for 4 hours while shaking at 350 rpm at
RT. The relative luminescence was measured in the ELISA plate reader (Perkin Elmer,

Boston, USA) and presented compared to untreated controls.

2.8. Migration assay

2.8.1. Real time migration assay

Real-time measurements of MDA-BR cell migration was performed by using the
xCelligence system where 50,000 cells were seeded per well in CIM-Plates. Before
seeding the cells, the chamber was equilibrated at 37°C incubator for 30 minutes. The
cells were treated with 5 nM thapsigargin with and without MKC8866 at 10 UM in 5%
FBS media or they were exposed to serum-free free media with and without MKC8866
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(10 uM) over a period of 48 hours. Data was collected and analyzed using the RTCA

software.

2.8.2. Invitro transendothelial migration assay

It is a filter-based-2-chamber migration assay performed using two cell models:
MDA-BR and mouse brain endothelial cells bEnd3. The bEnd3 cells were seeded on rat-
tail collagen (150ug/ml) (Corning) coated 8um fluoroblok inserts (Corning) at density of
14,000 cell/ml and allowed to grow to a monolayer under treatment with complete
endothelial media for five days. MDA-BR cells were added on top of the endothelial
monolayer at a density of 50,000 cells per insert and incubated for 24 hours with and
without 10uM MKC8866. MDA-BR cells stably express GFP and the GFP fluorescence
can be detected with in the FITC channel from the bottom of the fluoroblok filter without
interference from GFP signals from the filter top. The fluorescence readings were taken

using Synergy HT plate reader.

The MDA-BR/shXBP1 clone 02 and 03 were seeded on confluent bEnd3 cell
monolayers seeded on top of collagen coated 0.8uM fluoroblok inserts as described
above. The shXBP1 clones 2 and 3 were treated with and without DOX for 5 days prior
to seeding endothelial migration assay. The upper chamber contained 0% FBS media
with and without DOX while the lower chamber contained 5% FBS media with and
without DOX. The cells were incubated for 24- and 48- hours following which the GFP
signal was detected using the same method as described above.

2.9. Invivo study with shXBP1 MDA-BR clones

75,000 shXBP1-BR clones were injected into the left ventricular (LV) chamber of
8-12-week-old female mice using ultrasound-guided intracardial xenografting. The
injection was done under anesthesia with isofluorane. The anesthetized mice were shaved
at the anterior chest wall and placed on a warmed mouse platform of an ultrasound
system for small animals (VisualSonics Vevo 2100 High-Frequency Imaging System
(SOP #P107). For intracardial injections of the tumor cells, the skin of the anterior chest

wall was disinfected using iodine solution. A thick layer of ultrasound gel was applied
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over the disinfected area of the chest wall. An ultrasound transducer was positioned on
the chest wall till the whole heart was within the field of view. 100uL of the cell
suspension containing 75,000 cancer cells were filled into a ImL syringe. A 3/4-inch-
long 27-gauge needle was fitted onto the syringe, which was then and secured onto a
syringe holder. The syringe was slowly forwarded towards the chest wall until the needle
tip was well within the imaging field of view aiming directly at the LV chamber. The
syringe needle was slowly advanced through the skin and skeletal muscle at an intercostal
space, ultimately into the LV chamber. Placement of the needle within the LV chamber
was readily confirmed by a quick pulse of red blood in the syringe. Then, 100 pL of
cancer cell suspension was injected into the LV chamber in a 20-pL increment over a
time period of 30-40 seconds (242-244). Following injections, the syringe was

withdrawn.

Afterwards, the mice were administered meloxicam (2 mg/Kg bw)
subcutaneously once per day for 3 post-operative days. Doxycycline was added to the
mouse diet in two different ways: drinking water for mice injected with shXBP1 clone 03
and chow for mice injected with shXBP1 clone 02. Doxycycline chow was purchased
from Harlan Laboratories (Madison, WI, USA). Because mice consume 4-5 g/d of
doxycycline, the diet was tailored to deliver a daily dose of 2-3 mg. DOX was

administered via drinking water at a concentration of 2 mg/ml ad libitum.

The initial weight of the mouse was measured, and the humane endpoint weight
was calculated as 20% reduction of the of the initial weight. The mice were closely
monitored for physical signs, body conditions, behaviors and weight. The parameters are

described in the table below:

Table 2.9 Mouse monitoring chart
Physical signs | Normal Ruffled Hunched Closed Eyes | Sunken
Eyes
Fast Slow Bloody Skin wound
respiration | respiration | feces
Body Emaciated | Well- Under Over Obese
conditions conditioned | conditioned | conditioned
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Behavior Normal Not Depressed | Isolated Hyperactive
moving

Weight Starting Endpoint weight: reduction by 20% in g
weight in g

Symptoms such as hind limb paralysis, weight loss, ruffled fur, hunched back
were indications of the mouse reaching endpoint. The mice were euthanized when signs
of metastatic disease were observed, such as hind limb paralysis, weight loss to 20 %
reduced initial body weight, heavy breathing, ruffled fur or reduced activity. The
euthanization was performed by an overdose or isofluorane followed by cervical
dislocation. The brain was collected immediately for harvesting cells and fixation in

neutral buffered formalin.

2.10. Statistical Analysis

The Western blot densitometry was performed using the Biorad image lab
software and graphical presentation was done using GraphPad Prism 8 statistical
software. These independent experiments were performed at different times, using
different passage number of cells and the Western blots were developed with different
exposure times leading to generation of values that were not directly comparable for
statistical analysis. Thus, the quantification was shown separately for each experiment.
The survival plot for the shXBP1-MDA-BR in vivo xenograft studies were made using
Kaplan-Meier survival curve to determine if the difference in survival in the treatment
group is more than expected based on chance. The quantification for WST analysis and
gPCR experiments from three independent experiments were calculated using GraphPad
Prism 8, two-way ANOVA, Tukey’s multiple comparisons statistical tests. P values less
than 0.05 were considered as significant. The level of significance was defined as
*p<0.05, **p<0.01, ***p<0.001.
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Chapter 3. Results

3.1. IRE1la RNase activity is strongly induced by serum starvation
and thapsigargin

Two different types of cellular stress conditions were used to treat MDA-BR cells
to determine its effect on the ER stress response pathway. The chemical inducer
thapsigargin (Tg) and serum starvation as a milder stressor were used. Tg is an inhibitor
of the sarco/endoplasmic reticulum Ca?* ATPase (SERCA) pump, which prevents
transport of Ca?* into the ER. Calcium homeostasis in the ER is required for proper
functioning of the chaperones to aid in protein folding (245). Depletion of calcium from
the ER by thapsigargin thus prevents the folding and maturation of proteins causing ER
stress (246). Serum starvation is a physiological stressor that stresses cells due to the lack
of nutrients in the media and causes stress over longer durations. IRE1a RNase inhibitor

MKC8866 was used to selectively inhibit the activity of the RNase domain.

MDA-BR cells were treated under serum starvation (0% FBS) over a period of
24, 48 and 72 hours with and without the RNase inhibitor MKC8866 (10uM). The lysates
were collected, and cellular proteins were separated on SDS-PAGE for the detection of
sXBP1 (Figure 3.1). The results showed that under normal media condition of 5% FBS
media, MDA-BR cells have a basal level of ER stress that increased over the time as
shown by increasing levels of sSXBP1. The basal IRE1a activation was further induced
upon treatment with 0% FBS media. The inhibitor successfully inhibited the IRE1a

splicing activity in the serum starved cells at all time points (Figure 3.1).

MDA-BR cells were treated with Tg (5nM) only and Tg plus MKC8866 (10uM)
for 2, 4, 8, 24 and 48 hours. Western blot (WB) analysis for the detection of SXBP1 using
the total protein lysates (Figure 3.2) showed that Tg strongly induced IRE1a activity
during all the time points tested and the IRE1a splicing activity was successfully
inhibited by the inhibitor MKC8866 (Figure 3.2). The strong induction of sXBP1 resulted
in a shorter developing time for each blot. As a result, a very faint band of basal sXBP1

was detected in the early time points of incubation for the controls. These experiments
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showed that the MDA-BR cells have a basal level of ER stress which can be further

induced using both chemical and physiological inducers of ER stress. The IRE1a RNase

inhibitor MKC8866 was able to inhibit both, the basal and induced IRE1a. splicing

activity.
A 24 hr 48 hr
DMSO - - - + - -
MKcsgee - - t+ - - -
5% FBS + - - - + -
0%FBS - + + + - 4

+

+

72 hr
+ - - -+
- - - + -
- + - - -
+ - + 4+ o+
-— ‘ 60kDa

sXBP1 | T e -'- - ™

B-Actin ‘ T T T IR T T T TN D — ——‘42|<Da

B sXBP1 24h n=3

150

[

2 100

0

2

2 50

: I

2 = — —

B 20

s 15

€ 10
05
o.uMH_lM

Exp1 Exp 2

sXBP1 72h n=3
25+

20

15+

10 H
54 m —

20T
2 1.5+
i}
3 1.0
& g5
0.0-

e Expression

Exp 3

il

T T
Exp 1 Exp 2

Figure 3.1

Exp 3

W 5% Cntrl
3 0% Cntrl
Bl MKCin 0%
[ DMSO in 0%

Hl 5% Cntrl
3 0% Cntrl
B MKCin 0%

[ DMSO in 0%

sXBP1 48h n=3

5% Cntrl

8 0% Cntri

B MKC in 0%
[ DMSO in 0%

Serum starvation induced IRE1a RNase activation in MDA-BR cells

MDA-BR cells were treated in 0% FBS media, +/- MKC8866 (10uM) for a period of 24h, 48h
and 72h. DMSO served a solvent control and 5% FBS as complete media control The lysates
were collected and loaded for SDS-PAGE for sXBP1 detected. (A) Qualitative representation of
sXBP1 expression showing an induction under serum starvation stress and it is inhibited by
MKC8866. (B) Quantitative protein expression of 3 separate experiments was determined by
densitometry using B-actin as reference.
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Figure 3.2  IRE1 RNase activation is strongly induced by thapsigargin in MDA-
BR cells
MDA-BR cells were treated with thapsigargin (Tg) (5nM), +/- MKC8866 (10uM) in 5% FBS
media for the time points of 2h, 4h, 8h, 24h and 48h. The lysates were collected and loaded for
SDS-PAGE for the detection of sXBP1. (A) Qualitative representation of SXBP1 expression
showing an induction under Tg treatment and it is inhibited by MKC8866. (B) Quantitative
protein expression of separate experiments was determined by densitometry using p-actin as
reference.
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3.2. Regulation of PERK activity under ER stress induced by
serum starvation and thapsigargin

MDA-BR cells were treated with 5% FBS media, 0% FBS media, Tg and
MKC8866 to determine how these treatments affected the PERK downstream protein of
the UPR pathway. The lysates containing cellular proteins were collected and separated

on SDS-PAGE to detect the downstream signaling proteins of IRE1a and PERK arms.

Under serum starvation induced stress, expression of sSXBP1 was increased
compared to the 5% FBS media control and MKC8866 treatment resulted in the
inhibition of sXBP1 under stress (Figure 3.3A). We did not detect changes in the
expression of P-JNK under serum starvation—induced ER stress or with MKC8866
treatment. P-JNK is expected to be activated by the IRE1 kinase activity under high ER
stress conditions. We investigated the activity of the PERK arm of UPR in MDA-BR
cells under both stress-inducing culture conditions. The PERK downstream effector
protein elF2a showed increased phosphorylation under serum starvation as detected with
an antibody specific for P-elF2a (Figure 3.3B, C). PERK kinase activity increased over
time with serum starvation. Interestingly, the expression of P-elF2a was further induced
upon the inhibition of the IRE1a RNase arm for all the 3 time points observed. However,
serum starvation consistently did not increase the protein expression of the selective
translational target ATF4 and the ATF4 transcriptional target CHOP, which are both
downstream executioners of the PERK-P-elF2a pathway. It is worth mentioning that we
consistently found basal protein levels for CHOP in MDA-BR cells cultured under

normal media and serum-free media conditions (Figure 3.3 B, E).

In contrast to the results seen under serum starvation, a strong activation of the
PERK arm was detected under treatment with Tg (Figure 3.4 A, B). Under short term Tg
treatment for 2, 4 and 8 hours an upward shift in the molecular weight for PERK protein
was observed that possibly reflects phosphorylation of PERK under Tg-induced ER
stress. Tg treatment strongly induced the PERK downstream effectors ATF4 and CHOP
and this was seen as early as 2 hours after Tg exposure. The simultaneous exposure to
MKC8866 completely blocked IRE1 activity but did not influence PERK signaling as
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shown by unaltered ATF4 and CHOP protein levels compared to respective Tg alone
exposures (Figure 3.4 A, B). The IRE1a kinase activity was not activated as P-JNK
protein levels remained unchanged at all time points measured (Figure 3.4 A). The PERK
downstream mediators P-elF2a, ATF4 and CHOP showed a marked increase in cellular
levels under the induction of thapsigargin. This induction was not affected by MKC8866
treatment. Thus, Tg-induced ER stress strongly activated the PERK arm of UPR in
MDA-BR cells.
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activity
MDA-BR cells were treated in 0% FBS media, +/- MKC8866 (10uM) for a period of 24h, 48h
and 72h. DMSO serves as solvent control and 5% FBS as complete media control The lysates
were collected and loaded for SDS-PAGE. IRE1 downstream proteins: IRE1a, P-JNK, T-JNK
and PERK downstream proteins: P-elF2a, T- elF2a, ATF4 and CHOP were detected by Western
blot. (A) Qualitative representation of the IRE1a kinase target protein. (B) Representative
Western blot of the PERK downstream proteins. (C, D, E) Quantitative protein expression for P-
elF2a, ATF4 and CHOP from separate experiments was determined by densitometry using beta-

actin as reference.
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Thapsigargin treatment activates the PERK arm but not the IREla

MDA-BR cells were treated with thapsigargin (5nM) +/- MKC8866 (10uM) for the time periods
of 2h, 4h, 8h, 24h and 48h with 5% FBS as media control. The lysates were collected and loaded
for SDS-PAGE. PERK downstream proteins P-elf2a, T-elF2 o, ATF4 and CHOP showed an
induction under treatment with Tg which was unaffected by RNAse inhibition. (A, B)
Representative Western blot of P-JNK, T-JNK, P-elF2a, ATF4 and CHOP expression. (C, D, E)
Quantitative protein expression of the P-eIf2a, ATF4 and CHOP proteins.



3.3. ER stress induction differentially affects viability of MDA-BR
cells

Cell viability experiments on MDA-BRs cell was carried out to determine the
cytotoxic effect of the different stress conditions and inhibitor treatments. The WST
assay for cell viability is based on the NAD(P)H-dependent cleavage of the tetrazolium
salt WST-1 to formazan by cellular mitochondrial dehydrogenases. The amount of
formazan dye formed in this reaction is directly proportional to the activity of

mitochondrial dehydrogensases and thus, it depends on viable cells.

The measurements in the treated samples were compared to the respective
controls. Serum starvation alone did not reduce MDA-BR cell viability over 24, 48 and
72 hours. Although not consistently detected, the addition of MKC8866 at 10 uM
reduced mitochondrial dehydrogenase activity at 48 and 72 hours under serum starvation-
induced ER stress compared to the respective control (Figure 3.5 A). In contrast, under
induction of ER stress by Tg treatment, a decrease in cell viability was observed under Tg
treatment alone after 48 hours compared to the 5% FBS medium contrtrols and DMSO
solvent control samples. The simultaneous treatment of Tg and MKC8866 showed a
significant reduction in cell viability at 24 and 48 hours (Figure 3.6 A). This indicated

that the cells were struggling to remain viable or to survive.

To further assess the viability of MDA-BR cells under the different treatments,
real time cell analysis was performed using the xCelligence system. Changes in the
electrical impedance were measured and reported as cell index on the Y-axis of the
graph. The cell index decreased rapidly to almost O after the addition of Tg treatment at
20 hours. This indicated that the cells were either dying due to stress or getting detached
from the chamber resulting in the decrease in impedance (Figure 3.7) In contrast, the cells
treated with serum starvation steadily increased the cell index values. Treatment of
MKC8866 neither reduced the cell index in MDA-BR cells under serum starvation, nor
did it prevent the decline in cell index upon Tg exposure. Thus, inhibition of IRE1a did

not influence the cell index measurements.
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The reduced viability and cell index value of MDA-BR cells under Tg treatment
indicated that the cells may experience apoptosis. In addition to this, the WB data (Figure
3.4) also showed that pro-apoptotic marker CHOP was also induced under Tg treatment.
The caspase 3/7 assay was performed on the cells under Tg treatment (Figure 3.8 A) to
determine whether the treatment was inducing apoptosis. The results indicated that there
was a significant decrease in caspase activity at 24 hours under the treatment of both Tg
and MKC8866 compared to the respective control. However, an increase was observed at
48 hours after normalizing the caspase 3/7 readout to the total cell count (Figure 3.8 A).
Under the treatment of serum starvation, a loss of caspase activity was observed at 48
hours under the inhibition of MKC8866 (Figure 3.8 B). These results confirmed that
under higher time incubation with Tg, the cells become pro-apoptotic in contrast to serum
starved conditions.
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Figure 3.5  Serum starvation does not affect viability of MDA BR cells

MDA-BR cells were treated with 5% FBS and 0% FBS media, +/- MKC8866 and DMSO control
for time periods of 24h, 48h and 72h. (A) Quantitative representation of 3 independent
experiments showing that viability loss is significant for treatment of MKC8866 under serum
starvation after 72 h. Statistical analysis was done with two-way ANOVA, multiple comparison,
p**<0.01, p***<0.001. The comparison was made to the 5% FBS control of each time point. The
5% FBS control was set to 100 % for each time point.
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Figure 3.6  Thapsigargin induced ER stress reduces viability of MDA-BR cells
MDA-BR cells were treated with 5% FBS media, thapsigargin (5nM), +/- MKC8866 for time
periods of 8h, 24h and 48h. (A) Quantitative representation of cell viability under thapsigargin
induced stress condition showing that viability of cells under thapsigargin and thapsigargin
+MKC8866 decrease at 24h and 48h time points. Statistical analysis was done using two-way
Anova, multiple comparisons p**<0.01, p***<0.001. The comparison was made to the respective
control of each time point.
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Figure 3.7  Impedance measurements confirm differential response to both ER
stress inducing conditions
MDA-BR cells were seeded in E-plate and the impedance was measured to determine the
viability of cells under treatment with 5% FBS, thapsigargin (2nM) +/- MKC8866 and 0% FBS
+/- MKC8866. The cells were observed within a period of 48h. Treatment with thapsigargin
alone and thapsigargin +MKC8866 shows reduced viability after 20h whereas the cells under 0%
FBS treatment maintain their viability for 48h. Analysis was performed using the Xcelligence
software. This experiment was performed in collaboration with Dr. Glogowska.
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Figure 3.8  Induction of ER stress by thapsigargin induces apoptosis

A caspase-3/7 activity assay was performed to determine cell apoptosis. MDA-BR cells were
seeded in 96 well plate and allowed to attach overnight. The following day treatments were
added: (A) 5% FBS media containing 5nM Tg +/-MKC8866, media control and (B) 0% FBS
media +/- MKC8866 for a period of 8h, 24h and 48h. The luminescence was measured in the
plate reader to determine the caspase-3/7 activity. Each treatment had n=3 repeats, the statistical
analysis was done using two-way ANOVA, multiple comparison p**<0.01, p***<0.001.

3.4. XBP1 knockdown in MDA-BR cells increases P-elf2a

To provide an alternative mechanism to investigate the IRE1-sXBP1 pathway,
stable MDA-BR cell clones were established in which XBP1 can be silenced by
doxycyclin-induced XBP1 shRNA induction. The MDA-BR cells were transduced with
shXBP1 lentiviral particles and selected with the antibiotic puromycin (3 pug/ml) (Figure
3.9) Viable and proliferating clones were isolated after two weeks of selective pressure in
puromycin containing media. The selected clones were treated with and without
doxycycline (2 pg/ml) for 5 days and lysates were collected. Successful silencing of
XBP1 was confirmed by the lack of sSXBP1 detection in Western blot. Selected clones
showed knockdown of sXBP1 under doxycycline treatment (Figure 3.10A). The
expression of P-elf2o under knockdown of XBP1 was detected. Similar to the result
under inhibition of RNase arm using MKC8866, the sShRNA-induced XBP1 knockdown
also showed an increase in the expression of P-elf2a for all of the selected clones (Figure
3.10A). shXBP1 clones 02 and 03 were tested for the downstream proteins of PERK
under doxycycline induced XBP1 silencing (Figure 3.10B). The results showed that

under XBP1 knockdown an increase in P-elf2a was noticed however, the expression of
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ATF4 and CHOP which are downstream of P-eIf2a did not show any change. This result
is similar to unaltered protein levels for ATF4 and CHOP under serum starvation in
MDA-BR cells. This suggested that downregulation of XBP1 alone leads to increased
phosphorylation of elf2a, but does not increase the PERK downstream cascade.
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Figure 3.9  Establishing stable clones of MDA-BR with inducible sShRNA for
XBP1
The plasmid construct encodes for a doxycycline-inducible XBP1 shRNA. It encodes for the
resistance to puromycin and upon DOX induction expresses RFP. The plasmid was packaged in
lentiviral particles used to transduce the MDA-BR cells for 24h. Following transduction,
puromycin (3ug/ml) selective media was added to the cells to select the cells with successful
transduction. The clones were picked and tested for shXBP induction by treatment with DOX
(2pg/ml) for 5 days.
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Figure 3.10 Doxycycline downregulates sXBP1 protein and induces P-elf2a in
MDA-BR clones
MDA-BR/shXBP1 clones were treated +/- DOX (2ug/ml) for 5 days. The lysates were collected
and loaded for SDS-PAGE. sXBP1 and P-eIF2a were detected. (A) Representative Western blot
of six different MDA-BR/shXBP1 clones showed that Dox treatment abolished sXBP protein.
Levels of P-eIF2a. were elevated with Dox treatment (B) The increase in P-e[F2a was not
accompanied by changes in ATF4 and CHOP under DOX treatment (C) Quantitative protein
expression for P-eIF2a from 3 independent experiments was determined by densitometry using
beta-actin as reference.

3.5. The effect of IRE1a RNase on the migration of MDA-BR cells

To determine whether the inhibition of IRE1a RNase activity affects the
migration of MDA-BR cells through brain endothelial monolayers a filter-based 2-
chamber migration assay was performed using two cell models: MDA-BR and

immortalized mouse brain endothelial cell line, bEnd3 cells which is often used for BBB
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studies (247). The bEnd3 cells were seeded at a density of 14,000 cells/ml on rat-tail
collagen coated 0.8uM fluoroblok inserts and cultured in complete endothelial media to
grow to a confluent monolayer (247) (Figure 3.11). MDA-BR cells were seeded at a
density of 50,000 cells per insert onto the endothelial layer in the top chamber and
incubated for 24 hours with and without 10uM MKC8866. MDA-BR cells stably express
GFP and the GFP fluorescence can be detected within the FITC channel from the bottom
of the fluoroblok filter without interference from GFP signals from the filter top. The
results showed that under IRE1a RNase inhibition, the migration of MDA-BR cells was

significantly reduced compared to the migration in the solvent control (Figure 3.11).

To understand whether the inhibitor treatment was having an effect on the
migratory abilities of the MDA-BR cells, real time cell migration assays were performed
using the xCelligence RTCA system and CIM migration plates (Figure 3.12). The CIM
plate represents an electronic Boyden chamber where the cells are seeded in upper
chamber on top of microporous membrane, through which the cells pass to the lower
chamber and deposit on gold impedance electrodes. The electrodes are responsible for
producing sensitive and reproducible continuous readout of cell migration. The MDA-BR
cells were treated with and without 10 uM MKC8866 and allowed to migrate through the
membrane. Cell migration was measured by detection of impedance changes over a time
period of 20 hours following inhibitor treatments. The measured impedance data points
showed that the IRE1a inhibitor did not affect the migration ability of the MDA-BR cells.

To investigate if the inhibitor-mediated blocking of the IRE1a splicing activity
contributed to the reduced MDA-BR transendothelial migration, the shXBP1 clones were
used to perform the transmigration assay using bEnd3 cell monolayers and collagen
coated 0.8uM fluoroblok inserts as described above (Figure 3.13A). The shXBP1 clones
2 and 3 were treated with and without DOX for 5 days before they were seeded on top of
the endothelial cells at density of 14,000 cells/ml. The media on the upper chamber of the
insert contained 0% FBS media with and without DOX while the bottom chamber
contained 5% FBS media with and without DOX. The cells were incubated for 24- and
48- hours. Corresponding Western blot analysis was performed with cellular lysates from

parallel cultures to confirm the downregulation of sSXBP1 in the Dox-treated clones
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(Figure 3.13B). Although clone 03 showed a trend for reduced transendothelial MDA-
BR migration under DOX treatment for the two time points 24 h and 48 h, this was not a
significant and consistent finding as the trend for reduction in DOX-treated MDA-BR
migration was observed only for the 24 hour time period in subsequent experiments.
Despite the successful DOX-mediated downregulation of sXBP1 in MDA-BR clone 02,
this clone did not show any change in transendothelial migration (Figure 3.13A).
Therefore, the transendothelial migration experiments with the XBP1 silencing model did
not consistently confirm the results obtained with the IRE1 RNase inhibitor.
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Figure 3.11 Inhibition of IRE1a RNase reduces transendothelial migration of
MDA-BR through endothelial barriers
Endothelial bEnd3 cells were seeded on top of collagen coated 0.8uM fluoroblok filters in
transwell plates and grown to full confluency for 5 days in complete endothelial media. MDA-BR
cells were seeded on top of the endothelial cell at density of 50,000 cells per insert. The upper
chamber contained 0% FBS media +/- MKC8866 while the lower chamber contained 1%FBS
media +/- MKC8866. The cells were allowed to migrate for 24h. GFP +ve MDA-BR cells were
detected on the lower side of the insert using a plate reader and the relative fluorescence unit
(RFU) was measured. The statistical analysis was performed using one-way ANOVA with
Tukey’s multiple comparisons test. p*<0.05, p**<0.01. This experiment was performed in
collaboration with Dr. Miller.
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Figure 3.12 IREla inhibition alone does not affect the migration capability of
MDA-BR cells
Cell migration was done in real time using the xCelligence system. MDA-BR cells were seeded
on CIM plates and treated with and without MKC8866 (10uM) in 1% FBS media over a period of
48 hours. The data shows that the cell migration capability is not changed under the inhibition of
IREla RNAse activity. Data acquisition and analysis were performed with the RTCA software.
(A) A representative example of three independent experiments is shown are shown in the graphs
for 24 h and 48 h. (B) Quantification analysis of 3 independent experiments performed. These
experiments were performed in collaboration with Dr. Aleksandra Glogowska.
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Figure 3.13 Silencing XBP1 in MDA-BR cells does not consistently reduce
transendothelial migration
The bEnd3 endothelial cells were seeded on top of collagen coated FluoroBlok filter and grown
to full confluency over 5 days in complete endothelial media. shXBP1-BR clone 02 and 03 were
treated +/- DOX (2ug/ml) for 5 days. The clones were seeded at density of 50,000 cells on top of
the endothelial monolayer in each insert. The upper chamber contained 0% FBS media +/- DOX
and the bottom chamber contained 5% FBS media +/- DOX. The GFP+ve signal on the bottom
side of insert was detected using plate reader at 24h and 48h. (A) Quantitative analysis of the
relative fluorescence units (RFU) after subtraction of media background. Statistical analysis using
one way ANOVA with Tukey’s multiple comparisons test did not show any significance in the
result. (B) Western blot detecting sXBP1 confirming the Dox-induced XBP1 silencing in the
clones.
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3.6. Effect of MDA-BR conditioned media on brain endothelial
cells

Human immortalized brain endothelial cells hCMEC/D3 were used to determine
how endothelial cells were affected by supernatants from MDA-BR cells. The viability of
the endothelial cells under treatment with conditioned media (CM) from MDA-BR was
determined to see if MDA-BR secreted factors could change endothelial cell viability as
one potential cause for the MDA-BR transendothelial migration in our 2-chamber assays
(Figure 3.14). MDA-BR cells were cultured with 0% FBS media with and without
MKC8866 (10 uM) to induce IRE1a activity and block IRE1a RNAse for 48 hours. The
CM was collected, centrifuged at 2.5 rpm for 5 minutes to remove any cells from the
supernatant. The CM was added to the endothelial cells at100% and 50% for 24-hour, 48
hour and 72 hours and viability was quantified using WST assays. The viability of the
hCMEC/D3 endothelial cells was not significantly affected by the CM from MDA-BR
cells compared to media and solvent controls (Figure 3.14).

Brain endothelial cell tight junctional proteins are an important component of the
barrier function. To assess if secreted factors from MDA-BR cells could affect the
expression of major junctional protein in the brain endothelial cells we investigated the
expression of claudin 5, claudin 3 and occludin in hCMEC/D3 cells following exposure
to MDA-BR CM (Figure 3.15). Conditioned media from MDA-BR cells was collected as
described above. The endothelial cells hCMEC/D3 were treated with the CM for 24 hours
and the RNA was extracted using the Trizol extraction method. g°PCR was performed to
determine potential transcriptional changes of the junctional proteins. The results showed
no significant changes for claudin 3 and claudin 5 gene expression upon exposure to CM
from serum starved and MKC8866 treated MDA-BR cells. Interestingly, the occludin
expression levels increased upon exposure of hCMEC/D3 cells to CM from serum-
starved MDA-BR cells. CM from MKC8866 treated MDA-BR cells caused an increase
in occluding expression and this increase was pronounced under exposure to CM from
serum-starved MDA-BR (Figure 3.15).
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Figure 3.14 Viability of endothelial cells is not affected when treated with MDA-
BR conditioned media
Endothelial cells, h\CMEC/D3, were seeded in 96 well plate and exposed to conditioned media
from MDA-BR cells for 24h, 48h and 72h. Conditioned media (CM) were collected from MDA-
BR cells grown in serum-free media +/- MKC8866 (10 uM) and DMSO control for 48h. (A)
WST cell viability assays were performed to assess cell viability and values from untreated
controls were set to 100%. Quantitative analysis from 3 experiments shows that the viability is
not affected by the treatment with conditioned media from MDA-BR cells.
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Figure 3.15 MDA-BR conditioned media differentially affect endothelilal cell
junctional protein expression
MDA-BR cells were treated with 5% FBS media +/- MKC8866 (10 M) and 0% FBS media +/-
MKC8866 (10 puM) for 48 hours. hCMEC/d3 cells were grown to full confluency in complete
endothelial media. MDA-BR conditioned media (CM) were added to hCMEC/D3 cells for 24h
and changes in the gene expression levels for claudin 5, 3 and occluding were quantified by
gPCR. The expression of occludin was induced under exposure to CM from serum-starved and
MKCB8866 treated MDA-BR cells. Statistical analysis two-way ANOVA, multiple comparisons
was performed. p*<0.05, p**<0.01, p***<0.001.
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3.7. ER stress conditions alter pro-angiogenic MDA-BR secreted
cytokines

A cytokine analysis was performed to detect secreted chemokines/cytokines
released by the MDA-BR cells when treated with different stress condition and
MKC8866 inhibitor. For drug-induced ER stress, the cells were treated with Tg (5nM)
and Tg (5nM) with MKC8866 (10uM) for 48 hours in 5% FBS containing media. For
serum starvation-induced ER stress induction, MDA-BR cells were cultured in 0% FBS
media with and without MKC8866 (10 uM) for 72 hours, after which the CM was
collected. The culture supernatant was purified and concentrated using Amicon Ultra
centrifuge filters and equal protein amounts for each sample were sent for cytokine array
analysis by Eve technologies for the HD48 array. The results were reviewed and two
cytokines were selected for this work based on the following criteria: (1) protein levels
>50 pg/ml in the control sample and (2) having a known role in angiogenesis: VEGF-A
and IL-6. VEGF plays an important role in stimulating angiogenesis by inducing
proliferation and migration of endothelial cells but also signals in tumor cells (248). The
analysis showed that for both experiments, the secretion of VEGF by MDA-BR cells was
markedly higher in serum starvation treatment than in Tg-mediated ER stress induction
(Figure 3.16 A). However, the ER stress-induced increased secretion of VEGF-A was not
markedly changed upon MKC8866 inhibition.

IL-6 is a pro-inflammatory cytokine responsible for regulating
proliferation, apoptosis, metabolism, survival, angiogenesis, and metastasis (249) Our
analysis showed that secretion of IL-6 markedly increased under both Tg treatment and
0% FBS treatment (Figure 3.17 A). In contrast to the observed VEGF secretion, addition
of MKC8866 lead to a reduction in the levels of secreted IL-6 under both, Tg-induced
and serum starvation-induced ER stress indicating that the secretion of IL-6 might be
IRE1a RNase dependent.

To assess if the reduced IL-6 secretion observed under MKC8866 treatment was
related to the cellular levels of sXBP1 we used MDA-BR/shXBP1 clones 2 and 3 to

determine secreted cytokines under treatment with and without DOX for 5 days to silence
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XBP1 expression in MDA-BR cells. The cytokine analysis was performed on these
culture supernatants (Figure 3.16 B, 3.17 B). The levels of secreted IL-6 were similar for
both clones and were not found regulated by DOX treatment of MDA-BR cells.
Interestingly, the levels of secreted VEGF-A were six times higher in MDA-BR/shXBP1
clone 02 than in clone 03. DOX treatment did not make a difference for the secretion of
VEGF-A and IL-6 in both clones. The secretion of IL-6 was found to be three times

higher in MDA-BR/shXBP1 clone 3 compared to parental MDA-BR cells and the MDA-
BR/shXBP1 clone 2.
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Figure 3.16  Secretion of VEGF-A

MDA-BR cells were treated with 5% FBS media containing thapsigargin (5 nM) , thapsigargin
and MKC8866 (10 uM) for 48h and 0% FBS media +/- MKC8866 (10 uM) for 72h. shXBP1
clone 02 and 03 were treated with +/- DOX (2ug/ml) for 5 days. The supernatant was collected
and concentrated using Amicon 2ml centrifuging column for cytokine analysis. (A) The
concentration of VEGF-A secreted by MDA-BR cells are shown from 2 independent
experiments. (B) The concentration Quantitative analysis of VEGF-A secreted by MDA-
BR/shXBP-1 clones is shown.
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Figure 3.17  Secretion of IL-6

MDA-BR cells were treated with 5% FBS media containing thapsigargin (5 nM) , thapsigargin
and MKC8866 (10 uM) for 48h and 0% FBS media +/- MKC8866 (10 uM) for 72h. shXBP1
clone 02 and 03 were treated with +/- DOX (2 pg/ml) for 5 days. The supernatant was collected
and concentrated using Amicon 2ml centrifuging column for cytokine analysis. (A) The
concentration of 1L-6 secreted by MDA-BR cells are shown from 2 independent experiments. (B)
The concentration Quantitative analysis of 1L-6 secreted by MDA-BR/shXBP-1 clones is shown.

3.8. Thrombospondin-1 is regulated under ER stress in brain
metastasizing breast cancer cells

Thrombospondin-1 has been associated with tumor invasion and migration,
adhesion as well as proliferation. A previous aptamer-based proteomic (Somalogic)
analysis performed in the Hombach lab revealed that THSP1 is expressed in MDA-BR
cells and it was found to be upregulated by treatment with thapsigargin. To validate these
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proteomic results MDA-BR cells were cultured with 2% FBS medium +/- Tg treatment to
induce ER stress and cell lysates and culture supernatants were probed for THSP-1
expression by Western blot (WB). Protein expression for THSP-1 in MDA-BR cells was
confirmed by WB (Figure 3.18 A, B). We also confirmed the induction of cellular THSP-
1 protein levels upon treatment with Tg for different time points (Figure 3.18A).
Treatment with MKC8866 failed to reduce the Tg-induced THSP-1 indicating an IRE1a
RNase independent ER stress pathway to upregulate THSP-1 expression. (Figure 3.18 A,
B). Serum starvation-induced ER stress did not increase cellular levels of THSP-1
(Figure 3.18B). Corresponding culture supernatants from MDA-BR cells were collected
and proteins were subjected to Western blot analysis to detect secreted thrombospondin-
1(Figure 3.18B). Interestingly, the amounts of secreted thrombospondin-1 detected by
WB was higher in serum starved MDA-BR cells compared to samples treated with Tg to
induce ER stress. It was observed that the secreted THSP-1 under serum starvation had a
slightly higher molecular weight than 150 kDa compared to the expression in Tg induced

samples.

Since MKCB8866 did not affect the protein expression of Tg-induced
thrombospondin-1 in MDA-BR cells, we tested the effect of AMG-44, a PERK kinase
inhibitor, on THSP-1 protein levels (Figure 3.18A). Although AMG-44 successfully
reduced the PERK downstream intermediate P-eif2a it did not have an effect on THSP-1
levels. Thrombospondin-1 protein levels are increased under Tg-induced ER stress
conditions, our data indicate that it is not regulated by IRE1a RNase or PERK arm of
UPR.

A second cell model of brain metastatic breast cancer, PBS-94, was utilized to
assess thrombospondin-1 expression. (Figure 3.19) PBS-94 are patient-derived cells
initially isolated from the breast cancer brain metastasis of a patient diagnosed with
HER2+ BC. Thrombospondin-1 was detected in both, cellular protein lysate of PBS-94
cells and the culture supernatant. ER stress induction by Tg and serum starvation was
assessed by WB through increased sXBP1 protein levels. Similar to MDA-BR cells,
PBS-94 cells responded to Tg-induced ER stress with a strong increase in

thrombospondin-1 protein levels. MKC8866 treatment did not change Tg-induced THSP-
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1 increase, similar to the results observed in MDA-BR cells. Secreted THSP-1 was also

detected in the culture supernatants of serum starved PBS94 cells.
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Figure 3.18 ER stress induction regulated thrombospondin-1 in MDA-BR cells
MDA-BR cells were treated with 5% FBS media containing thapsigargin (5 nM), thapsigargin
and MKC8866 (10 uM) for 4h, 8h, 48h and 0% FBS media +/- MKC8866 (10 uM) for 72h. The
supernatant and cell lysates were collected and loaded for SDS-PAGE. The expression of sXBP1
and thrombospondin-1 (THSP-1) was detected. (A) Thapsigargin increased the expression of
THSP-1 protein, inhibition of RNase pr PERK activity does not affect the level of THSP-1. (B)
Secreted THSP-1 was found at higher levels in serum starved conditions. Inhibition of RNase
activity does not affect the level of THSP-1. (C) Quantitative protein expression for THSP-1 from
separate experiments was determined by densitometry using beta-actin as reference.
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Figure 3.19 ER stress induction regulated thrombospondin-1 in PBS-94 cells
PBS-94 cells were treated with 5% FBS media containing thapsigargin (5 nM), thapsigargin and
MKC8866 (10 uM) for 48h and 0% FBS media +/- MKC8866 (10 uM) for 72h. The supernatant
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and cell lysates were collected and loaded for SDS-PAGE. The expression of sXBP1 and
thrombospondin-1 (THSP-1) was detected. (A) Thapsigargin, increased the cellular levels of
THSP-1 protein bot not its secretion. Secreted THSP-1 was found at high levels in serum starved
conditions. Inhibition of RNase activity does not affect the level of cellular THSP-1. (B)
Quantitative protein expression for THSP-1 from separate experiments was determined by
densitometry using beta-actin as reference.

3.9. Invivo pilot study of XBP1 silencing in MDA-BR on survival
of mice

A pilot in vivo study was performed using the DOX inducible MDA-
BR/shXBP1clone 3 and 2 in two separate experiments. The aim of these in vivo pilot
experiments was to get an initial assessment of the effect of XBP-1 silencing on the
ability of MDA-BR cells to form brain metastasis. The following experiments were

performed:

Experiment 1: Mice intracardially injected with MDA-BR/shXBP-1 clone 3 cells
were administered DOX through drinking water at a concentration of 2 mg/ml ad libitum.
Mice were monitored 3 times per week or daily if signed of illness appeared, such as
weight loss, ruffled fur, decreased activity or limb paralysis. The endpoint chart showed
that the mice reached humane endpoint within 2 weeks after xenografting (Figure 3.20 A)
and there was no difference in survival of mice between the control and DOX treated
groups.(Figure 3.20 C) Western blot detection of sXBP1 confirmed that clone 3 upon
treatment with DOX in vitro prior to xenografting showed knockdown of sXBP1. (Figure
3.20 B)

Experiment 2: Prior to intracardial xenografting of MDA-BR/shXBP-1 clone 2,
the cells were treated with DOX for 5 days prior to the intracardial injection. The DOX
was administered to the mice in the form of chow. The concentration of DOX in the
chow was designed to deliver a daily dose of 2-3 mg based on consumption of 4-5g/day
by a mouse. Mice were monitored for humane endpoints as described. The endpoint
chart for mice xenografted with MDA-BR/shXBP1 clone 2 showed that the overall
survival time was more than two weeks (Figure 3.20 A) but the survival curve does not
show any difference in survival between the DOX treated and non-treated mice (Figure
3.20 C). The western blot for sXBP1 confirmed that the cells injected in the mice had
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successful knockdown of XBP1 when it was injected in the mice. (Figure 3.20 B) The
H&E stain of mouse brain sections do not show any gross histological difference between

DOX treated and non-treated mouse.
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Figure 3.20 In vivo pilot study of XBP1 silencing in MDA-BR on survival of mice
MDA-BR/shXBP1 clones 03 and 02 were intracardially xenografted in mice and mice were
treated with DOX to knockdown the expression of XBP1 in the MDA-BR breast cancer cells. The
mouse weight and physical signs were monitored. (A) The weight chart of mice injected with
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MDA-BR/shXBP1 clone 03 and treated with DOX in drinking water until humane endpoints
were reached. The mice injected with clone 3 and treated with DOX were S21, 22, 23 and control
mice were S18, 19, 20. The weight chart of mice injected with MDA-BR/shXBP1 clone 02 and
treated with DOX in chow until humane endpoints were reached. The mice injected with clone 02
and treated with DOX were S30, 31, 33 and control mice were S38, 39, 40. (B) Qualitative
expression of sXBP1 to show that the cells knockdown sXBP1 after treatment with DOX in vitro
for clone 03 and clone 02 (C) Survival chart of mice injected with clone 02 pre-treated with
DOX prior to injection and treated with DOX in chow after injection and survival chart of mice
injected with clone 03 and treated with DOX in drinking water (D and E) H&E staining of
metastatic lesions in mice brain collected from mice after euthanization shows no difference in
histology among the DOX treated versus non treated mice brain tissues.

66



Chapter 4. Discussion

4.1. ER stressors differentially affect MDA-BR cells

The study of how ER stress and UPR affects signaling within a cell in vitro
requires the use of various types of stressors. Such studies help understand disease
progression due to ER stress. It has recently been demonstrated that TNBC cell lines in
culture have a high expression of basal ER stress present compared to other types of BC
(225). This makes the study of identifying the role of UPR in TNBC important as a
potential therapeutic target. In this study two different stressors were employed to
understand how the UPR regulates signaling upon induction of ER stress: (i) the chemical
inducer Thapsigargin and (ii) Serum starvation, which acted as a physiological stressor
for cells. Thapsigargin is a chemical inhibitor of SERCA pumps. The function of SERCA
pumps is to transport Ca?* ions from the cytoplasm to the lumen of the ER. Inhibition of
SERCA pumps by Thapsigargin leads to an increase in Ca®* in the cytoplasm and
depletion of Ca?* in the ER, which disrupts the function of chaperones to properly fold
proteins resulting in ER stress and stress-induced apoptosis depending on the level of
stress (250). However, in the tumor microenvironment, stress is induced from
microenvironmental conditions such as nutrient deprivation, hypoxia, low pH or cell
intrinsic metabolic alterations such as accumulation of reactive oxygen species (251). In
order to mimic the stress present in tumor microenvironment, serum starvation was used
as a physiological stressor by treating the cells with 0% FBS media leading to nutrient
deprivation in cells. As serum starvation is a milder stress compared to thapsigargin
treatment, this allowed us to observe the cells for longer incubation periods compared to
that of thapsigargin. The activation of UPR by the different stress inducers was
investigated first. The results indicated that serum starvation and thapsigargin treated
cells exhibit different responses with respect to the timing and the extend of involvement
of the two UPR pathways we investigated: IRE1a and PERK.

Various studies have shown that IRE1 arm is an important pro-survival arm of the
UPR which is linked to tumor development and survival (225, 226). The level of stress

present in the cell is indicated by the expression of IRE1 downstream protein sXBP1
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which acts as a transcription factor in the nucleus to help with proper folding of proteins
by promoting transcription of ER chaperones. In BC cells, sXBP1 also cooperate with
other transcription factors such as HIF1a and regulate gene transcription in a cell-type
specific manner. In this study RNase specific inhibitor called MKC8866 was used to
selectively inhibit the RNase activity of IRE1 arm to prevent splicing of XBP1 and detect
whether this leads to a change in BC cell migration. Both the stressors caused IRE1
activation as determined by sXBP1 expression. The basal sSXBP1 levels were already
increasing over time potentially due to nutrient reduction or signals from cells due to
increasing confluency indicating that brain metastasizing BC cells readily activate the
IRE1-XBP1 pathway. MKC8866 successfully and completely inhibited the basal and
induced IRE1 RNase activity. To assess if the changes seen under the inhibition of
MKC8866 was a result of splicing of XBP1, stable MDA-BR cell clones were generated
for inducible silencing of XBP1 by shRNA.

Under serum starvation-mediated ER stress, the expression of sSXBP1 was
induced. Interestingly, it was identified that this treatment also induced the activation of
PERK downstream protein P-elF2a. Upon treatment of serum starved cells with an
RNase inhibitor, MKC8866, sXBP1 levels were inhibited but P-eIF2a level was further
induced. Since MKC8866 was inhibiting both splicing of XBP1 and the RIDD activity of
the RNase arm, it might be possible that the induction of P-eIF2a was caused by the
inhibition of RIDD activity since the knockdown of XBP1 in shXBP1 clones also showed

similar activation of P-eIF2a.

The expression of P-eIF2a downstream proteins, ATF4 and pro-apoptotic marker
CHOP remained constant for the treatments. In fact, when XBP1 was knocked down in
MDA-BR/shXBP1 clones, P-elF2a expression was significantly induced while ATF4 and
CHOP expression remained unaffected. Integrated stress response (ISR) is an
evolutionary conserved signaling pathway which aids the cells to adapt to various
environmental and pathological conditions such as proteostasis defect, nutrient
deprivation, oxidative stress, hypoxia etc. by activating four kinases: PERK, GCN2, PKR
and HRI (252). These four kinases converge together during stress to phosphorylate

elF2a to prevent translational initiation and upregulation of transcription factors which
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aid in restoring homeostatic balance in ER. Hence, it is possible that the increase in P-
elF2a stemmed from the activation of PKR, GCN2 or HRI, which caused a translational
halt to prevent entry of new peptides, thereby, allowing proper folding of the proteins
within the ER to help the cells survive (252).

On the other hand, the stress induced by thapsigargin was much stronger
compared to that of serum starvation and resulted in complete activation of the PERK
arm downstream mediators beyond elf2a: ATF4 and CHOP. Although, changes in PERK
phosphorylation was not studied, but a double band with higher molecular weight in
PERK WB was detected suggesting its activation. Contrary to what was observed in
serum starved cells, MKC8866 did not significantly affect the expression of these
proteins and the stress ultimately reduced cell viability, as seen by viability assays.
Viability assays confirmed that cells remained viable under serum starvation, indicating
that cells still survive under mild ER stress. On the other hand, an increase in CHOP
expression and the reduced viability under Tg treatment indicated that Tg induced pro-
apoptotic mechanisms in MDA-BR cells. To confirm this, the caspase 3/7 assay was
performed on the cells under Tg treatment. The results indicated that at higher time point
of 48 hours, MDA-BR cells exhibited high caspase 3/7 readout when normalized to the
cell count in the same treatment. It was observed that the cells under Tg treatment had a
morphological change where they rounded up and the cell count with trypan blue showed
that the total number of cells was significantly less, compared to the control. The number
of dead cells in the treated samples was not significant suggesting that the stress
prevented proliferation of MDA-BR cells. This discrepancy in total cell number
compared to control indicated that under Tg induced stress, MDA-BR cells have high

caspase activity.

4.2. The IRE1-sXBP1 activity in MDA-BR migration

Recent studies suggest an emerging role of IRE1 RNase activity in modulating
tumor cell growth and survival (225). However, the exact role played by IRE1 RNase
activity in tumor cell transendothelial migration remains unknown. It was hypothesized

that IRE1 influences migration of breast cancer cells through the brain endothelial layer

69



and identifying this role will make IRE1 a potential target towards breast cancer-brain
metastasis treatment. Migration assays were performed using MDA-BR cells and
endothelial cells in transwell assay to determine the effect of IRE1 RNase inhibition on
migration of BC cells through the endothelial monolayer. The assay involved seeding the
endothelial cells on collagen coated 8um fluoroblock inserts and growing them in
complete media until a monolayer was formed. Although endothelial barrier functionality
has been demonstrated for this assay (253), the limitation of using this model was the
lack of astrocytes and pericytes to enhance the barrier capability of endothelial cells
(254). MDA-BR cells (GFP+ve) were added on top of the endothelial monolayer and the
GFP signal on the lower side of the insert was detected using a plate reader. Upon
MKC8866 treatment, there was a decrease in transendothelial migration of BC cells
through the endothelial monolayer. In order to assess if the reduction in migration was an
effect of IRE1-sXBP1 signaling, transendothelial migration assay using the shXBP1-BR
clones was performed. Interestingly, the knockdown of XBP1 did not show a consistent
decrease in migration compared to the control. This indicated that the decrease in
migration of the MDA-BR cells might not be solely dependent on splicing of XBP1. Itis
important to note that MKC8866 inhibits the whole RNase arm which includes both the
RIDD activity and splicing of XBP1. However, in our clone model, addition of DOX was
only knocking down XBP1 expression leaving RIDD activity unchanged. This suggested
that the inhibitor might be affecting the migration of cells through RIDD activity or
through a combination of sXBP1 reduction and inhibition of RIDD activity. Migration
study using real time Cell-Xcelligence assay was performed to understand whether
MKC8866 is affecting the migration capability of the MDA-BR cells. However, MDA-
BR cells retained migration capability regardless of MKC8866 treatment indicating that
MKC8866 did not directly affect MDA-BR migration ability. Hence, to identify why
transendothelial migration of BC cells through the endothelial monolayer decreased upon
MKC8866 treatment, the expression of TJ proteins in endothelial cells was studied. This
was because, the permeability of BBB is primarily determined by the tight junctional
complexes between the brain endothelial cells which comprises of claudin, occludin, and
JAM (255). Claudin 5 is highly expressed and although claudin 3 is expressed at a lower
level, it is constitutively expressed in brain EC (256) Occludin is responsible for
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interaction with claudins and actin cytoskeleton, and regulating adhesion between cells
(255). It was identified that when endothelial cells were treated with conditioned media
from MDA-BR cells treated with MKC8866 and serum starvation, they exhibited a
significant induction of the TJ protein Occludin transcriptional activity. The results
indicated that, CM from MDA-BR cells treated with MKC8866 were influencing
endothelial cells which might be due to the residual activity of MKC8866 in the CM.
Data using the inhibitor on endothelial cell cultures suggested that there may be a direct
effect on occludin gene expression by MKC8866. However, preliminary data showed
that EC do not express basal level of stress nor was stress induced in the cells by
treatment with CM treatment containing MKC8866 by WB detection. As a result it
cannot be concluded whether MKC8866 has an off-target effect on the EC. Overall, these
results indicated that while inhibition of IRE1 RNase activity by MKC8866 did not
directly affect the migration of MDA-BR cells, the observed increased expression of
Occludin under inhibition of IRE1 RNase activity may indicate that either EC were
affected directly by MKC8866 or MKC8866 treatment changed secreted factors in MDA-

BR cells that influenced endothelial barrier functions.

4.3. Secretion of inflammatory proteins by MDA-BR cells

Viability assays conducted on endothelial cells treated with conditioned media
from MKC8866-treated MDA-BR cells revealed that viability in EC is not affected by
CM exposure. Although RNase inhibition did not directly affect MDA-BR cell migration,
there were a lot of potential factors that could contribute to their transendothelial
migration. These factors included secreted proteins such as inflammatory cytokines

which prompted us to perform a cytokine analysis of MDA-BR cell culture supernatants.

The culture supernatants of the MDA-BR cells treated with MKC8866 and the
two ER stressors were analyzed to detect possible secreted products which might
potentially affect the endothelial cells. The initial step of metastasis for BC cell, is arrest
in thin capillaries where these cells reside for 3-7 days prior to which the cells extravasate
through the vessel to the perivascular niche (79). Cancer cell survival within the

capillaries is a very critical step that limits rate of brain metastasis. BC cells survive this
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by adapting to the environment and activating signaling that protects them from immune
system. After successful extravasation is complete, the key step for metastasis is the
development of blood vessels to provide nutrients and oxygen for the developing tumor
cells. MDA-BR cells grow by vascular co-option so that they are in constant contact with
existing EC. Indicating that, not much additional angiogenesis in the early stage of brain
metastasis is caused by these cells. The analysis of CM from MDA-BR cells showed
increased levels of the proteins VEGF-A and IL-6. They can contribute to progression of
BC through survival, proliferation and angiogenesis (257). TNBC expresses significantly
high levels of VEGF in large tumors, metastatic lesions as well as in plasma of BC
patients (258). The expression of VEGF correlates with poor prognosis and OS of
patients (259). In a study using retinal cells, it was shown that expression of secreted
VEGF was increased in cells under serum starved stress condition (260). Similarly, in our
study it can be can see that the secretion of VEGF-A was induced under ER stressors Tg
and serum serum starvation. However, the secretion was not regulated in an IRE1 RNase
dependent manner. This was because MKC8866 treatment of MDA-BR cells did not
change levels of secreted VEGF-A. Solid tumors secrete VEGF that binds to the VEGF
receptor on the endothelial cell such as VEGFR1/VEGFR2 to induce formation of blood
vessels and support the growing tumor by providing nutrients and oxygen (259). High
expression of VEGF-A by the MDA-BR cells under serum starvation compared to
thapsigargin treatment may indicate that the physiological stressor of serum starvation
has a more profound impact on the ability to secrete VEGF and initiate angiogenesis. Due
to the discrepancies in the secretion because of different stress induced treatments, it is
important to design experiments under physiological stress conditions which mimic the
tumor microenvironment. Hypoxia is another such stressor which can be tested and it is
known to induce VEGF in TNBC (226). The cytokine analysis from MDA-BR shXBP1
clones showed that the basal levels of secreted VEGF-A did not show any change under
DOX induced XBP1 silencing suggesting that sXBP1 was not essential for VEGF

secretion.

THSP-1 is another protein with a known role in angiogenesis and metastasis that
was upregulated in both BC cells: MDA-BR and PBS 94 due to ER stress. Its expression
has previously been detected in MDA-MB-231 cells where it played an important role in
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breast cancer invasion and metastasis (261). Fontana et al., showed that THSP-1
dynamically regulated angiogenesis in MDA-231 cells (262). In this study, the expression
of THSP-1 was induced under Tg treatment but did not increase the secreted protein in
these cells. It has previously been established that different cellular THSP-1 levels
resulted in stimulation of integrin a6 which in turn increased adhesion and migration
properties of BC cells (263). This result is important for our study as it indicated that the
high level of intercellular THSP-1 under Tg induction might affect cellular expression of
proteins which can indirectly help BC cells to adhere to endothelial cells and migrate.
After treating the MDA-BR cells with both IRE1 RNase inhibitor and PERK arm
inhibitor it was observed that the regulation of THSP-1 was not dependent on either of
these arms. Lynch et al. identified that THSP-1 has adaptive ER stress response through
ATF6a regulation in rat cardiomyocytes (264) suggesting that the ATF6 arm might
modulate the expression of THSP-1 in BC cells. In contrast to drug induced ER stress,
serum starvation stress resulted in an increased secretion of THSP-1 further
demonstrating that ER stressors differentially affect the cells. Secreted THSP-1 act as
substrate for various cell surface receptors in the tumor microenvironment such as:
CD36, CDA47, calrecticulin which could be linked to its role in modulating brain EC
phenotypes and may contribute to TEM.

THSP-1 also promotes tumor invasion by upregulating the formation of the
enzyme plasmin that degrades the extracellular matrix and promotes tumor cells adhesion
(265). Prolonged expression of THSP-1 by fibroblasts resulted in an increase in VEGF
expression from tumor cells stimulating angiogenesis (262, 265). This shows that THSP-

1 is an important modulator of angiogenesis, tumor growth and metastasis (266).

IL-6 is a critical regulator of pro-metastatic processes including cell invasion, cell
migration and epithelial-to-mesenchymal transition (267, 268). The increased expression
of IL-6 is an important cytokine in breast cancer metastasis as clinical studies of breast
cancer patients had revealed an increase in circulating levels of IL-6 and increased
chances of metastasis (269-271). Furthermore, in a study done on murine astrocyte it was
shown that ER stress increased the level of IL-6 in a PERK dependent manner (272). By

conducting cytokine analysis, it was detected that IL-6 was induced under both serum
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starvation and thapsigargin which was subsequently reduced upon MKC8866 treatment,
indicating that the secretion of IL-6 might be dependent on IRE1 RNase activity. This
confirmed previously published data on the MDA-MB-231 parental cells by Logue et al.
(225). In fact, when cytokine analysis was performed on shXBP1-BR clones, a similar
trend was observed. This would indicate that RNase activity positively regulates IL-6

secretion in MDA-BR cells, potentially influencing cell migration.

4.4. Invivo experiment to determine the effect of downregulation
of XBP1 on survival

To investigate whether the IRE1-XBP1 ER stress signaling affected brain
metastasis, MDA-BR/shXBP1 clones, were injected to perform preliminary in vivo
analysis. Two different pilot studies were designed: in the first study, shXBP1 clone 3
was injected into mice, after which, they were fed water containing DOX that knocked
down XBP1. In the second study, shXBP1 clone 2 was DOX-treated for 5 days in vitro
prior to injection in mice and the mice were fed with DOX-containing chow. During
injection of shXBP1 clone 03, the cells were not pre-treated with DOX. Since the
downregulation of XBP1 requires time under DOX treatment post injection, it provided
the cancer cells enough time to migrate to the brain before XBP1 was knocked down.
Therefore, clone 02 was pre-treated with DOX to ensure reduced sXBP1 before the cells
get in contact with brain capillary endothelium upon injection. Despite these differences
in technique, both the experiments showed no significant difference in the time for
metastasis to become symptomatic. The micro-metastatic lesions in the brain also did not
show any histological differences. This would suggest that XBP1 did not play a role in
brain metastasis. However, there were several limitations to the pilot studies. Although
the successful silencing of XBP1 under dox treatment was shown in vitro prior to
xenografting, the reduction in sSXBP1 after xenografting was not demonstrated. It is
known that BC cells reside in brain capillaries for up to seven days before migrating
through the endothelial layer (79). Thus, it is likely that strong ER stress induction and
sub-optimal DOX concentrations may have resulted in increased sXBP1 levels in vivo.
BiP was found to be increased in MDA-BR brain metastatic tissue lesions indicating ER
stress to be present in TNBC cell. This indicated that the lack of sXBP1 detection in the
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brain lesions most likely is related to lack of suitable antibody for FFPE tissues.
Alternatively, an assay for the in-situ detection of SXBP1 mRNA by in-situ hybridization
might be developed which will help to ensure the presence of sXBP1 in the brain

metastatic lesions.

4.5. Conclusion and Significance

This study identified that both serum starvation and thapsigargin induced stress to
modulate different responses in the MDA-BR cells which was inhibited by MKC8866.
This showed that the nature of the ER stress inducing condition is critical for the
investigation of the role of ER stress. Upon induction of ER stress the secretion of
VEGF-A, IL-6 and THSP-1 were elevated. These proteins have the potential to indirectly
affect the EC and increase TEM of BC cells. Finally, both in vivo survival data and in
vitro data transendothelial migration data suggested that only splicing of XBP1 was not
directly regulating the migration of MDA-BR cells rather inhibition of IRE1 RNase
activity successfully reduced transmigration of BC cells. This signified that further
studies regarding the RIDD activity of RNase arm is required to understand the

mechanism of migration of MDA-BR cells.

4.6. Limitations and Future Directions

It is important to study the effect of different stressors in various cell line because ER
stress is dependent on kind of cell used and stressor used. This project lacked the data of
how the two stressors affected other BC cell types such as the parental MDA-231 cells.
Based on the results, the role of RIDD activity in RNase arm was inconclusive and it was
only speculated that RIDD activity could cause induction of P-elf2a under serum
starvation stress and induce migration of MDA-BR cells through EC monolayer. This
limitation can be solved by performing experiments where the shXBP1 clone is treated
with both DOX and MKC8866 and only DOX for migration study or WB analysis.

Few other approaches can also be taken to understand the in vivo mechanism of
metastasis by the MDA-BR cells. The use of MKC8866 is limited as the compound is
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known to cross the BBB only insufficiently. Other MKC derivatives may be developed in
the future with better brain penetration capability that are compatible with in vivo
treatments. Alternatively, mouse experiments could be designed to temporarily open the
BBB just prior to intravenous administration of MKC8866. This would be a proof of
principle experiment to show the effect of IRE1 RNase inhibition on the growth of BC

brain metastatic lesions.
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