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ABSTRACT

Breast cancer remains a leading cause of cancer related mortality worldwide, with
triple-negative breast cancer (TNBC) representing one of the most aggressive and
therapeutically challenging subtypes. Mitochondrial positioning within cells has emerged
as a critical determinant of cancer cell metabolism, signaling, and survival, yet the
molecular mechanisms governing these spatial dynamics and their contribution to
tumorigenesis are not well understood. Mirol (mitochondrial Rho GTPase 1) is a protein
embedded in the mitochondrial outer membrane. Mirol is essential for coordinating
mitochondrial trafficking along microtubules through its interactions with adaptor proteins
such as TRAK /2 and motor proteins. Beyond its canonical role in mitochondrial transport,
Mirol is also involved in calcium homeostasis, organelle contact site formation, and
mitophagy. Importantly, published data indicate that breast cancer patients whose tumors
express high levels of Mirol have significantly poorer survival outcomes compared to
those with low Mirol expression, highlighting the importance of investigating its role in
the molecular mechanisms that drive breast cancer progression.

In recent years, Mirol has been implicated in supporting cellular processes such as
migration and proliferation in both normal and malignant cells, including breast cancer. To
investigate the role of Mirol in breast cancer tumorigenesis and metastasis, we generated
MDA-MB-231 human breast cancer cells with stable knockdown of Mirol. Loss of Mirol
led to increased phosphorylation of ERK1/2, loss of DUSP6 translation, and increased
4EHP expression. In our functional assays, Mirol knockdown was associated with reduced
cell proliferation, migration, and invasion in vitro. In vivo, xenografts derived from Mirol
knockdown cells resulted in significantly reduced tumorigenesis compared to wild-type
controls.

To further assess the role of Mirol in mammary tumor development in vivo, we
generated a novel transgenic mouse model with inducible, tissue-specific deletion of Mirol
in mammary epithelial cells, in combination with polyomavirus middle T-antigen
(PyVMT) oncogene activation. In this model, Mirol wild-type mice developed tumors at
all mammary gland sites and exhibited pulmonary metastases. In contrast, mice with
complete Mirol deletion failed to form tumors despite oncogene activation. Notably,
heterozygous mice with only one intact Mirol allele developed primary tumors but
displayed a markedly reduced capacity for metastasis.

Together, these findings demonstrate that Mirol is not merely a regulator of
mitochondrial positioning, but a key modulator of cellular behaviors that drive both the
initiation and progression of breast tumors. Its loss impairs primary tumor formation,
disrupts oncogenic signaling pathways, and diminishes the metastatic potential of breast
cancer cells. The observed dose-dependent effects ranging from complete tumor
suppression in Mirol-null mice to reduced metastasis in heterozygous models further
emphasize the importance of Mirol expression levels in determining tumor initiation.
These data suggest that Mirol may serve as a valuable biomarker for tumor status,
reflecting both proliferative capacity and metastatic risk. Moreover, the findings highlight
Mirol as a promising therapeutic target, where modulation of mitochondrial positioning
and associated signaling pathways could offer novel strategies for treating aggressive
subtypes such as triple-negative breast cancer.
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CHAPTER 1: COMPREHENSIVE LITERARATURE REVIEW

1.1: Overview of breast cancer

Breast cancer remains the most commonly diagnosed malignancy among women
worldwide and represents a leading cause of cancer-related death. In 2022 alone, over
670,000 deaths were attributed to breast cancer globally, making it the most frequent cancer
in women across 157 of 185 countries (World Health Organization, 2025). Incidence
continues to rise with age, with one new case emerging approximately every 14 seconds
(Thilagam et al., 2025). The disease arises primarily from an accumulation of genetic
mutations that disrupt normal epithelial cell regulation within the epithelial lining of the
ducts or lobules of the breast (Mallon et al., 2000; Thilagam et al., 2025). While some cases
are hereditary and associated with genes like BRCA1, BRCA2, and p53, many are sporadic
and arise due to a wide range of acquired mutations (Mallon et al., 2000).

Breast cancer may initially present as carcinoma in situ, remaining confined to the
ductal or lobular tissue without metastatic risk. However, once the cancer progresses to an
invasive stage, it can metastasize to lymph nodes, bone, liver, lungs, or brain, significantly
complicating treatment and prognosis (American Cancer Society, 2025a). Early detection
is thus a very important aspect in disease control (Thilagam et al., 2025). Therapeutic
approaches to breast cancer are highly individualized and based on tumor subtype, stage,
and hormone receptor status. Standard treatments include surgery, radiation therapy,
systemic chemotherapy, hormone-blocking therapies (such as tamoxifen and aromatase
inhibitors), and targeted agents like HER2 inhibitors (Thilagam et al., 2025). The

progression of breast cancer is generally understood to progress from benign epithelial



hyperplasia, through atypical ductal or lobular hyperplasia, to in-sifu carcinoma, and finally
to invasive carcinoma (Fig. 1.1) (American Cancer Society, 2025c; Mallon et al., 2000).
Invasive ductal carcinoma (IDC) is the most common form of breast cancer, accounting
for approximately 80% of all invasive cases (American Cancer Society, 2025a). IDC
originates in the epithelial cells lining the milk ducts. As the disease progresses, cancer
cells breach the ductal wall and infiltrate the surrounding breast tissue. Once invasive, the
tumor has the potential to spread (metastasize) to distant parts of the body via the lymphatic

system or bloodstream (American Cancer Society, 2025a).

Normal Benign Ductal Atypical Ductal Ductal DCIS with  Invasive Ductal
Hyperplasia Hyperplasia  Carcinoma in micro-invasion  Carcinoma
situ (DCIS)

Figure 1.1: Progression of breast cancer from benign hyperplasia to invasive
carcinoma. This illustration depicts the morphological continuum of ductal breast cancer
development, progressing from normal ductal epithelium to invasive carcinoma. From left
to right: A) Normal: a single layer of polarized epithelial cells lines an intact basement
membrane, surrounding a clear ductal lumen. B) Benign Ductal Hyperplasia: an increase
in epithelial cell number results in partial luminal filling, while cellular architecture

remains relatively preserved. C) Atypical Ductal Hyperplasia: further proliferation is
2



accompanied by cytologic atypia and architectural distortion within the lumen. D) Ductal
Carcinoma in Situ (DCIS): malignant epithelial cells fully occupy the ductal lumen but
remain confined by an intact basement membrane. E) DCIS with Micro-invasion: small
clusters of malignant cells begin to breach the basement membrane, infiltrating adjacent
stromal tissue. F) Invasive Ductal Carcinoma: malignant cells invade extensively beyond
the ductal boundary into the surrounding stroma, indicating loss of ductal containment and
transition to invasive disease (American Cancer Society, 2025c). (Figure created with

BioRender.com and used in accordance with BioRender’s Academic License)

This schematic underscores the histopathological stages of progression commonly
observed in human breast tissue, providing a visual framework for understanding
tumorigenesis and local invasion in ductal breast cancer. Triple-negative breast cancer
(TNBC) is an aggressive subtype of breast cancer defined by the absence of estrogen
receptor (ER), progesterone receptor (PR), and HER2 expression, making it unresponsive
to hormonal or HER2-targeted therapies (Bianchini et al., 2016). It accounts for 10-20%
of breast cancers and is more common in younger women and individuals with BRCAI
mutations (American Cancer Society, 2025b). TNBC tends to grow rapidly, metastasize
early, particularly to the lungs and brain, and has a higher rate of recurrence within the first

few years after diagnosis (Bianchini et al., 2016).

Unlike other breast cancer subtypes, TNBC is not currently amenable to precision
therapies because it lacks well-defined molecular drivers that can be consistently targeted
across patients. In hormone receptor—positive and HER2-positive breast cancers,

treatments such as endocrine therapy and HER2-targeted agents (e.g., trastuzumab and

3



pertuzumab) have significantly improved patient outcomes by directly inhibiting key
oncogenic pathways. However, TNBC does not express estrogen receptor (ER),
progesterone receptor (PR), or HER2, rendering these targeted therapies ineffective. As a
result, chemotherapy remains the primary systemic treatment option for TNBC, despite its
limited efficacy and substantial toxicity (Tommasi, 2024; Kumar & Aggarwal, 2016). In
contrast, other cancers such as non-small cell lung cancer with EGFR mutations or ALK
rearrangements benefit from highly effective targeted therapies. The absence of similarly
actionable drivers in TNBC highlights the urgent need to identify novel molecular targets
and treatment strategies for this aggressive and heterogeneous disease. Ongoing research
to identify broadly effective therapeutic targets capable of inhibiting metastatic processes

in TNBC remains essential.

A wide range of in-vitro studies have been conducted to elucidate the molecular
mechanisms underlying breast cancer progression and to evaluate the efficacy of potential
therapeutic agents. Published research has shown that silencing miRNA-21, an oncogenic
micro-RNA commonly overexpressed in TNBC resulted in inhibited cell migration and
colony formation, indicating potent anti-metastatic effects. miRNA-21 enhances cancer
cell proliferation and survival through the PI3K/AKT and MAPK/ERK signaling pathways
by downregulating negative regulators such as PTEN. Inhibiting miRNA-21 offers a

promising route to reverse these oncogenic processes. (Abdulmalek et al., 2024).

Additionally, the PARP (Poly ADP-Ribose Polymerase) inhibitor AZD2281
(olaparib) is highly effective against BRCA1-deficient breast tumors, which are unable to

repair DNA through homologous recombination. AZD2281 significantly reduced tumor
4



growth and extended survival in a transgenic mouse model that mimics human BRCA1-

mutated, triple-negative breast cancer (Rottenberg et al., 2008).

PARPI1 detects and repairs single-strand DNA breaks through the base excision
repair pathway to maintain genome stability. When a PARP inhibitor is given, PARP can’t
repair single-strand breaks (SSBs); the unrepaired SSBs turn into double-strand breaks
(DSBs) when the cell replicates its DNA. BRCA1 or BRCA2-mutant cells lack functional
homologous recombination, so they can’t fix DSBs properly, resulting in an accumulation

of DNA damage and cell death (Rose, 2020; National Cancer Institute, n.d.).

Another area of research for the treatment of triple-negative breast cancer is CDK
inhibitors. The CDK4/6 inhibitor palbociclib, already used in ER-positive breast cancer,
could enhance the effectiveness of paclitaxel, a standard chemotherapeutic agent, in TNBC
cells. A sequential treatment of palbociclib followed by paclitaxel resulted in additive anti-
proliferative and pro-apoptotic effects in MDA-MB-231 and HCC38 TNBC cell lines. This
treatment also significantly impaired glucose metabolism, marked by reduced HIF-1a,
GLUT-1, and c-myc expression, thereby limiting cancer cell energy supply (Cretella et al.,

2019).

While triple-negative breast cancer poses a significant clinical challenge, the lack
of detailed molecular insights hinders effective intervention. In light of these challenges,
recent efforts have turned toward uncovering novel molecular regulators that may
contribute to the aggressive behavior and treatment resistance of TNBC. This thesis focuses
on Mirol, a mitochondrial outer membrane GTPase primarily recognized for its role in

regulating mitochondrial trafficking and calcium homeostasis; when Mirol is highly
5



expressed, it is associated with poor survival rates in breast cancer (Human Protein Atlas,
n.d.; Uhlen et al., 2015). Emerging evidence suggests that Mirol may also influence cancer
cell dynamics, including motility, invasion, and intercellular mitochondrial transfer; these
processes are highly relevant to metastasis; these topics will be discussed in detail in the
following sections. Given TNBC’s strong association with early dissemination and limited
therapeutic options, investigating the role of Miro1 in breast cancer progression may offer
new insight into its molecular underpinnings and reveal potential targets for future

intervention.

1.2: Mitochondrial structure and function in cancer

Mitochondria are organelles that generate the majority of chemical cellular energy
in the form of adenosine triphosphate (ATP) and generate and buffer additional cell
signaling molecules in the form of reactive oxygen species (mROS) and calcium ions
(Ca*") in cells (Kim, 2014; Xu et al., 2016). Although cells are capable of generating ATP
through glycolysis in the cytoplasm, animal cells primarily rely on mitochondrial oxidative
phosphorylation, a process that takes place across the inner mitochondrial membrane and
is supported by substrate transport through the outer membrane. This pathway utilizes
electrons from NADH and FADHz, produced during the tricarboxylic acid (TCA) cycle, to
drive the electron transport chain and generate a proton gradient that powers ATP synthase.
The resulting ATP production supplies the high energy demands of essential cellular
processes including ion transport, biosynthesis, and signal transduction (Kim, 2014).
Mitochondrial outputs are not ubiquitously dispersed within cells, therefore requiring their

intracellular transport to local sites where ATP and mROS are needed (Alshaabi et al.,
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2021a; Nahacka et al., 2021). While mitochondria are most known for their energy supply,
they also play a pivotal role in cell growth, survival, and apoptosis; one additional role is
to mediate calcium ions within the cytoplasm by storing excess Ca2+ and releasing it to
support signaling events (Xu et al., 2016). To carry out mitochondrial trafficking, motor
protein complexes form and attach to mitochondria, facilitating their transport along
microtubules (Canty et al., 2023). Published data suggests that mitochondrial structure and

function is utilized by cancer cells to support tumorigenesis and metastasis.

Mitochondrial outputs of ATP and mROS

Mitochondrial ATP production is driven by oxidative phosphorylation, a process
that occurs across the inner mitochondrial membrane where electron transport results in
ATP synthesis. ATP generated by mitochondria is not uniformly distributed within cells;
instead, cells exhibit localized ATP gradients that reflect spatial organization of metabolic
demand and mitochondrial positioning (Alshaabi et al., 2021). In migratory cells,
mitochondria are trafficked toward areas of high energy demand (Cunniff et al., 2016),
such as the leading edge, via the Mirol-TRAK complex along microtubules. This
subcellular redistribution ensures elevated ATP availability for actin remodeling, focal
adhesion turnover, and membrane protrusion (Alshaabi et al., 2021). Similarly, in neurons,
mitochondria are localized near synapses to supply ATP for neurotransmission (Nahacka
et al., 2021). These ATP microdomains are also shaped by diffusion barriers, local
consumption rates, and interactions with cytoskeletal elements, leading to precise and
localized energy delivery. Disruption of mitochondrial positioning (e.g., in Miro1-deficient

cells) leads to reduced peripheral ATP and impairs energy-intensive processes like



migration and adhesion assembly (Schuler et al., 2017; Alshaabi et al., 2021).

Mitochondria are multifunctional organelles central to cellular bioenergetics,
apoptosis, and redox homeostasis; in addition to ATP production, mitochondria also
deliver reactive oxygen species (ROS) to be utilized by the cell as signaling molecules.
Hydrogen peroxide (H20:) is a key modulator of intracellular signaling pathways, but its
activity is tightly controlled by spatial and temporal factors. Published research shows that
mitochondrial positioning is a dynamic determinant of redox signaling fidelity, focal
adhesion formation, and oxidative stress responses (Alshaabi et al., 2021; Shannon et al.,
2025).

Mitochondria are a major source of ROS under physiological conditions. As
electrons pass through the ETC, approximately 0.2-2% leak to oxygen, forming superoxide
(O2¢7), primarily at complexes I and III (R. Z. Zhao et al., 2019). Mitochondria utilize
superoxide dismutases (SODs) to convert superoxide into hydrogen peroxide (Peoples et
al., 2019). It should be noted that while H2O: acts as a redox signal at low concentrations,
it can be converted into highly reactive hydroxyl radicals which can cause oxidative
damage of DNA, lipids, and proteins (Kim, 2014). Additionally, redox-modulated
mitochondrial dysfunction can trigger retrograde signaling to the nucleus, altering gene
expression, metabolism, and mitochondrial biogenesis in a feedback loop critical to cellular
adaptation and survival (Kim, 2014). Additionally, the deletion of Mirol in mouse
embryonic fibroblasts led to altered global gene expression, disrupted cell cycle
progression, and impaired proliferation, which was associated with elevated and prolonged

ERK1/2 phosphorylation and oxidation. These findings suggest that Miro1 regulates redox



sensitive signaling and cell cycle control through spatial organization of mitochondria and

modulation of ERK1/2 activity (Shannon et al., 2025).

Mitochondrial signaling in cancer

A significant development in cancer biology is the recognition of mitochondrial
retrograde signaling as a contributor to cancer progression. Mitochondria-derived signals
activate transcriptional and epigenetic programs that promote tumor survival, invasion, and
immune escape (Wang et al., 2023). These signals interface with stress response pathways
such as the mitochondrial unfolded protein response (mtUPR) and the integrated stress
response (ISR), which drive pro-survival gene expression via activating transcription factor
4 (ATF4) and eukaryotic translation initiation factor 2a (elF2a) phosphorylation (Quirds
et al., 2017).

ROS act as signaling molecules that, for example, activate hypoxia-inducible factor
1 alpha (HIF-la), activate the ROS-mediated signal transducer and activator of
transcription 3 (STAT3), and epigenetically repress tumor suppressor genes such as miR-
663 (Carden et al., 2017; Guzy et al., 2008; Lee et al., 2020). Calcium signaling also
intersects with mitochondrial stress to activate pathways like PI3K and calcineurin,
contributing to therapy resistance and EMT transitions (Dong et al., 2015). Mitochondrial
retrograde signaling also enhances chemoresistance through multiple mechanisms,
including upregulation of amphiregulin, a protein and signaling molecule that belongs to
the epidermal growth factor (EGF) family that supports cell growth, survival, and tissue
repair, and has also been implicated in various cancers and inflammatory conditions.

(Chang et al., 2009; Wang et al., 2023). All of these mitochondrial alterations fuel



tumorigenesis, therapy resistance, and immune escape via retrograde signaling and
metabolic reprogramming. Further research into these pathways may aid in developing

precision oncology and immunotherapy.

Fission and Fusion dynamics in cancer

Mitochondria are dynamic organelles that undergo constant cycles of fission and
fusion to maintain cellular homeostasis and adapt to metabolic demands. In cancer,
dysregulation of these mitochondrial dynamics has emerged as a critical factor influencing
tumor progression and metastasis (Boulton & Caino, 2022).

Fission, (mitochondrial division) is a normal function that increases the number of
mitochondria within cells. Mitochondrial fission, primarily mediated by dynamin-related
protein 1 (DRP1) and its receptors (MFF, FIS1, MiD49/51), leads to mitochondrial
fragmentation. This process can also be cell-cycle regulated and is typically stimulated
during mitosis (Sheng, 2014). In cancer cells, fission is implicated in supporting enhanced
tumor cell motility, invasion, metabolic reprogramming toward glycolysis, and resistance
to cell death (Boulton & Caino, 2022). Dynamin-related protein, DRP1, is phosphorylated
by upstream kinases, including ERK1/2. Once activated by phosphorylation, it is recruited
to the mitochondrial surface by one of several possible receptors and a signaling cascade
stimulates the process of division. During normal mitochondrial fission, damaged or
dysfunctional mitochondria are identified via quality control mechanisms that identify
depolarized mitochondria and will signal for mitophagy (selective mitochondrial

autophagy) to take place (Kim, 2014; Tilokani et al., 2018).
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Mechanistically, fission enhances metastatic traits through multiple avenues:
remodeling of cellular protrusions (lamellipodia and invadopodia), redistribution of
mitochondria to the leading edge to fuel migration, and activation of Ca?"-dependent
signaling pathways (e.g., CAMKII/ ERK/ FAK) (Yu et al., 2021; Zhao et al., 2013).
Notably, oncogenic pathways such as RAS-ERK signaling directly stimulate DRPI
activation via Ser616 phosphorylation, promoting mitochondrial fission and subsequent
metastatic behavior (Kashatus et al., 2015). Receptor tyrosine kinases like EGFR and MET
have also been implicated in fission regulation, either by inhibiting fusion (e.g., EGFR
blocking MFN1 dimerization) or directly phosphorylating fission effectors (e.g., MET

phosphorylating FIS1 at Y38) (Yu et al., 2021).

Published research uncovered that ERK1/2 phosphorylates Drp1 in the early stages
of induced pluripotent stem cell (iPS) reprogramming; Drpl is dependent on ERK1/2 in
this pathway, and DUSP6 is implicated in suppressing ERK1/2 activity (Prieto et al., 2016).
Dual-specificity phosphatase 6 (DUSP6) is a cytoplasmic phosphatase that specifically
dephosphorylates and inactivates ERK1/2, thereby modulating MAPK signaling. Its role
in this pathway will be discussed in greater detail below. In published experiments,
recombinant expression of DUSP6 decreased both ERKI1/2 activation and DRP1
phosphorylation (Prieto et al., 2016). This is of particular interest because cancer cells have
been shown to have a bioenergetic switch that favors glycolysis over OXPHOS, and this
switching is observed in iPS reprogramming (Prieto et al., 2016; Wang et al., 2023).
Several published works suggest mitochondrial fission plays a role in cancer progression

and this metabolic switch may be a factor.
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Additionally, highly fragmented mitochondria in pancreatic ductal carcinoma
(PDAC) cells were found to support tumorigenesis in those cells. When inhibition of
dynamin-related protein-1 (Drpl) or overexpression of mitofusin-2 (Mfn2) was applied,

mitophagy was enhanced and tumorigenesis was significantly inhibited (Yu et al., 2019).

The process of mitochondrial fusion is important for supporting mitochondrial
health and bioenergetics. Fusion occurs when two mitochondria contact each other and
GTPases, Mitofusin 1 (MFN1), Mitofusin 2 (MFN2), and Optic atrophy protein 1 (OPA1),
which mediate the merging of their outer, then inner membranes. Newly fused
mitochondria swap genetic material and metabolites (Adebayo et al., 2021). Fusion
proteins (MFN1, MFN2, and OPA1) promote mitochondrial elongation and oxidative
metabolism, and their loss is often associated with advanced disease stages. Across cancers
like breast, hepatocellular, gastric, and ovarian carcinomas, elevated DRP1 expression and
reduced MFN1/2 levels are frequently linked to poor patient outcomes (Boulton & Caino,
2022; Zhang et al., 2020; Zhao et al., 2013). Overall, mitochondrial fission and fusion
dynamics represent a convergence point of metabolic, mechanical, and signaling
adaptations essential for metastatic phenotypes, suggesting that further research may

uncover novel therapeutic opportunities against cancer progression.

Breast cancer remains the leading malignancy among women worldwide, with
metastasis accounting for the majority of breast cancer—related deaths (Xing et al., 2022).
In recent years, increasing attention has been given to the role of mitochondrial dynamics
in supporting metastatic potential of tumor cells. As previously discussed, mitochondria

constantly remodel their network through fusion, driven by MFN1, MFN2, and OPA1, and
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fission, primarily mediated by DRP1 and its receptors (MFF, FIS1, MiD49, MiD51).
Dysregulation of these processes can reprogram metabolism and drive tumor progression
(Xing et al., 2022; Yu et al., 2021). In breast cancer cells, fission is generally associated
with fragmented mitochondria that fuel glycolysis and confer invasive and metastatic
capacities. Conversely, fusion supports oxidative phosphorylation (OXPHOS) and

maintains mitochondrial integrity (Xing et al., 2022).

Metabolic reprogramming is a hallmark of breast cancer stem cells and metastatic
cells. Enhanced mitochondrial fission through proteins like mitochondrial fission factor
(MFF) and DRP1 promotes glycolysis and reduces OXPHOS, facilitating the metabolic
plasticity required for tumor growth under hypoxic or nutrient-deprived conditions.
Overexpression of MFF disrupts mitochondrial biogenesis, impairing energy metabolism
and suggesting a therapeutic window for targeting fission to inhibit tumor development
(Sanchez-Alvarez et al., 2020). Additionally, mechanical cues from the extracellular matrix
(ECM), such as stiffness, can influence DRP1-mediated fission, linking the tumor

microenvironment to mitochondrial function (Xing et al., 2022).

Mitochondrial dynamics also critically regulate breast cancer cell proliferation.
Upregulation of DRP1 and its adaptors (e.g., MiD49/51) facilitates G1/S transition,
promoting cell cycle progression and tumor expansion. Conversely, downregulation of
fission proteins or promotion of fusion can lead to cell cycle arrest and decreased
proliferation (Zhan et al., 2016). Notably, fusion associated protein, optic atrophy 1
(OPA1) upregulation correlates with poor prognosis in breast cancer, suggesting that fusion

proteins may also have oncogenic roles depending on context (Zamberlan et al., 2022).
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Migration and metastasis are profoundly influenced by mitochondrial morphology.
Elevated DRPI1 levels, hypoxia-induced mitochondrial fission, and suppression of fusion
collectively enhance migratory capabilities of breast cancer cells (Xing et al., 2022).
Mechanistically, hypoxia stabilizes HIF-1a, upregulating DRP1 and promoting
mitochondrial fragmentation that supports migration and invasion. Proteins such as GBP2
act as negative regulators of fission, limiting metastasis by preventing DRP1 mitochondrial
translocation (J. Zhang et al., 2017). Additionally, membrane-associated ring finger 5
(MARCHS) facilitates fission and enhances epithelial-mesenchymal transition (EMT),
further linking mitochondrial dynamics to metastatic spread. MARCHS overexpression is
also correlated with tumor growth and metastasis in breast cancer (Tang et al., 2019; Xing

et al., 2022).

Breast cancer cell apoptosis and autophagy are also modulated by mitochondrial
fusion and fission. Increased mitochondrial fragmentation sensitizes cells to apoptosis by
facilitating cytochrome c release. DRP1 activity promotes mitophagy, which maintains
mitochondrial quality under stress but also enabling cancer cell survival. Conversely,
excessive fission can trigger apoptosis through CaMKII signaling or miR-195-mediated

disruption of mitochondrial integrity (Hu et al., 2019).

Therapeutic targeting of mitochondrial dynamics in breast cancer is an emerging
field. Inhibitors like Mdivi-1, which suppress DRP1 activity, have demonstrated efficacy
in vitro by impairing mitochondrial fission, reducing ATP production, and promoting
apoptosis. Natural compounds such as silibinin, luteolin, and cepharanthin also exhibit

anti-cancer effects by restoring the fusion-fission balance toward fusion, thereby impairing
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cancer cell proliferation and metastasis (Xing et al., 2022). However, challenges remain in
precisely determining when to inhibit or promote fission, as both excessive fragmentation
and excessive fusion can contribute to pathology depending on tumor subtype and

microenvironmental conditions (Si et al., 2020).

Mitochondrial dynamics are integral to breast cancer biology, affecting energy
metabolism, survival, invasiveness, and response to therapy; further studies are needed to
clarify the context-dependent roles of fusion and fission, understand their heterogeneity
across breast cancer subtypes, and develop clinical interventions that effectively target
mitochondrial architecture without harming normal tissues. A nuanced understanding of
mitochondrial dynamics may open new avenues for therapeutic strategies in breast cancer

treatment.

1.3: The Mirol protein: structural organization and functional domains

Mirol (RHOT1) belongs to the atypical Rho GTPase family and is a critical
regulator of mitochondrial positioning, transport, and signaling. Unlike canonical Rho
GTPases, which function as molecular switches cycling between active and inactive states
to regulate cytoskeletal dynamics, Mirol possesses a distinct domain organization that
enables specialized functions. It contains two GTPase domains, a pair of EF-hand calcium-
binding motifs, and a C-terminal transmembrane helix that anchors the protein to the
mitochondrial outer membrane, positioning it to sense cytosolic calcium fluxes and link
mitochondria to motor—adaptor complexes (Fransson et al.,, 2003). Although Mirol is best
known for its role in mitochondrial positioning it is also implicated in the regulation of

peroxisome trafficking. Mirol localizes to the peroxisomal membrane, where it similarly
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engages the microtubule-based transport machinery to influence organelle distribution
(Castro et al., 2018). However, the primary and most extensively characterized function of
Mirol lies in mitochondrial trafficking, and this thesis will focus on its role in coordinating

mitochondrial dynamics and signaling.

Transmembrane &
aHelix

nGTPase

Figure 1.2: Predicted structural model of human Miro1l generated using AlphaFold.

Ribbon diagram showing the domain organization of Mirol. Distinct structural
features are color-coded: N-terminal GTPase domain (teal), first EF-hand pair (orange),
second EF-hand pair (purple), C-terminal GTPase domain (pink), and the transmembrane
alpha helix which embeds into the mitochondrial outer membrane (green). The model
illustrates the modular organization of Miro1, which enables coordination of mitochondrial
positioning and signaling through its dual GTPase domains and EF-hand calcium-binding
motifs. Structural prediction was performed using AlphaFold Protein Structure Database

(Jumper et al., 2021; Varadi et al., 2022).

The N-terminal GTPase domain is structurally homologous to small GTPases but

exhibits atypical biochemical behavior. Rather than functioning primarily as a molecular
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switch, this domain appears to mediate protein—protein interactions, particularly with the
adaptor proteins TRAK 1 and TRAK2. These adaptors bridge Mirol to motor proteins such
as kinesin and dynein, enabling bidirectional mitochondrial trafficking along microtubules.
Studies indicate that GTP binding and hydrolysis at this site influence Mirol’s ability to
regulate attachment and detachment of mitochondria to the transport machinery, although
the precise mechanisms remain incompletely understood (Fransson et al., 2003; Birsa et

al., 2013).

Although the C-terminal GTPase (cGTPase) domain of Mirol remains less
characterized than the N-terminal domain, structural studies reveal that TRAKI1 binding
depends on a region encompassing Miro1’s EF-hands and the cGTPase domain, suggesting
its importance in scaffold assembly. The cryo-EM structure also demonstrates that this
interaction does not depend on the nucleotide or calcium-binding state of Miro1, indicating
that the cGTPase may contribute to structural stability and constitutive scaffold function,
rather than acting through classic GTPase regulatory cycles (Davis et al., 2022; Ravitch et

al., 2025).

Located between the two GTPase domains are a pair of EF-hand motifs, canonical
helix—loop—helix structures that bind calcium ions. These motifs act as calcium sensors,
coupling cytosolic Ca?" fluctuations to mitochondrial motility. When calcium levels rise,
conformational changes in the EF-hands trigger mitochondrial arrest, detaching
mitochondria from motor proteins. This mechanism ensures that mitochondria pause near
regions of high calcium demand, such as active synapses or sites of cellular stress, allowing

localized ATP production and calcium buffering. Mutational studies disrupting EF-hand
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binding impair this regulatory process, leading to abnormal mitochondrial distribution and

highlighting the importance of this domain in cellular homeostasis (Saotome et al., 2008).

At the extreme C-terminus, a transmembrane helix embeds into the mitochondrial
outer membrane. The remainder of the protein, including both GTPase domains and EF-
hands, remain in the cytosol where it can interact with adaptors, motors, and signaling
molecules. Loss of this anchor results in cytosolic mislocalization of Mirol and abolishes
its ability to regulate mitochondrial dynamics (Fransson et al., 2003). Thus, the
transmembrane domain ensures that Mirol serves as a mitochondrial surface receptor that

translates cytoplasmic signals into organelle positioning.

In the context of physiological and pathological implications, the unique structural
composition of Mirol has broad implications for health and disease. Mutations in the EF-
hand domains disrupt calcium sensing, leading to defects in mitochondrial arrest that are
associated with neurodegenerative disorders, including Parkinson’s disease. The R272Q
mutation in the EF-hand domain of Mirol impairs mitochondrial calcium buffering and
alters calcium-dependent mitochondrial arrest. In dopaminergic neurons, this mutation
leads to defective mitochondrial calcium handling and reduced neurotransmitter uptake,
linking it to Parkinson’s disease pathogenesis (Nguyen et al., 2014; Schwarz et al., 2022;
Zeng et al., 2025). The SI5S6A missense mutation in Mirol, located in its N-terminal
GTPase domain, has been reported to variably influence neuronal differentiation and
cellular metabolic demands. While its precise pathological significance remains less clear

than other Mirol variants, this mutation highlights the potential for subtle alterations in
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Mirol1’s regulatory domains to affect mitochondrial dynamics and neuronal physiology

(Schwarz et al., 2022; Zeng et al., 2025).

Altered activity of the GTPase domains of Mirol has been implicated in
dysregulated mitochondrial trafficking, with significant consequences for both neuronal
function and cancer progression. In neuronal and tumor cells, changes in GTPase-driven
motility influence mitochondrial positioning and cell migration, which can drive
pathogenesis across both neurological diseases and oncology (Boulton et al., 2024). By
linking mitochondrial positioning to key signaling cascades, the structure of Mirol

provides a mechanistic bridge between organelle dynamics and oncogenic processes.

Recently published structural studies have provided critical insights into how Mirol
mediates adaptor recruitment at the mitochondrial surface. A cryo-electron microscopy
structure of human Mirol bound to a C-terminal fragment of TRAK revealed two distinct
binding sites that together stabilize the Mirol-TRAK1 complex (Ravitch et al., 2025).
TRAKI binds a pocket formed at the interface between the second EF-hand pair and the
C-terminal GTPase (cGTPase) of Mirol (Fig. 1.2). TRAKI also interacts with a cleft
between the N-terminal GTPase (nGTPase) and the first EF-hand pair. Mutagenesis studies
demonstrated that both interaction sites contribute to TRAKI1 recruitment, with the cleft
between the nGTPase and the first EF-hand pair serving as the predominant determinant
of mitochondrial localization. Importantly, these studies demonstrated that Mirol’s
interaction with TRAK 1 does not depend on whether calcium is bound to its EF-hands or
whether its GTPase domains are occupied by GTP or GDP. This indicates that Mirol can

function as a stable adaptor scaffold under normal cellular conditions, continuously linking
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mitochondria to trafficking machinery without requiring specific cofactor changes

(Ravitch et al., 2025).

The same study also revealed that the Mirol-TRAK1 complex adopts a dimeric
architecture. This structural arrangement provides a mechanistic basis for how Mirol
coordinates the recruitment of microtubule-based motors, such as kinesin-1 and dynein—
dynactin, to regulate long-range mitochondrial trafficking (Ravitch et al., 2025). Taken
together, these recent findings build on earlier biochemical and cellular studies by showing
that the distinct domains of Mirol work together in a modular way to enable its role as a
scaffold for adaptor proteins. Such mechanistic understanding also has broader
implications for contexts in which Mirol dysregulation alters organelle dynamics and
downstream signaling, as observed in both neurodegenerative disease and cancer (Ravitch

et al., 2025).

In addition to understanding Mirol itself, it is important to consider its close
paralog, Miro2 (RHOT?2), which provides further insight into the functional diversity
within the Miro protein family. Human Mirol and Miro2 are approximately 618 amino
acids in length and share around 60% overall sequence identity, however, when Mirol is
deleted in mouse embryonic fibroblasts, Miro2 does not rescue the resulting inhibition in
mitochondrial trafficking (Nguyen, et al., 2014; Alshaabi, et al., 2021). Miro2 shares the
same overall domain structure, including dual GTPase domains, EF-hand calcium-binding
motifs, and a C-terminal transmembrane anchor. While both proteins participate in
mitochondrial trafficking by linking mitochondria to motor—adaptor complexes, studies

suggest that Miro1 and Miro?2 fulfill distinct functions, with differences in tissue expression
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patterns and context-specific regulation, indicating that they are not fully redundant

(Fransson et al., 2006; Birsa et al., 2013).

Beyond their paralog-specific roles, Miro proteins are also highly conserved across
eukaryotic evolution, reflecting their fundamental importance in organelle biology. The
yeast homolog Geml provides one of the earliest models for their role in organelle
dynamics. Conservation of the atypical Rho GTPase structure from yeast to mammals
highlights the fundamental importance of Miro proteins in mitochondrial trafficking,
calcium signaling, and organelle—cytoskeleton interactions across species (Fransson et al.,

2003; Frederick et al., 2004).

In summary, Mirol’s architecture exemplifies a multifunctional scaffold optimized
to couple mitochondrial dynamics with cellular signaling. The N-terminal GTPase domain
and EF-hands function as regulatory modules that sense and respond to changes in the
cytosolic environment, while the C-terminal GTPase and transmembrane helix ensure
structural integrity and mitochondrial anchoring. This combination enables Miro1 to act as
a central regulator of organelle trafficking, stress responses, and signaling integration.
Understanding how these domains cooperate is critical for interpreting both the normal
physiological roles of Mirol and its contributions to disease states. In the context of this
dissertation, the structural organization of Mirol provides a framework for understanding
how its loss alters downstream signaling and mitochondrial positioning in triple-negative

breast cancer.
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1.4: Mirol function in mitochondrial trafficking

In normal cells, signaling events trigger kinesin and dynein motor proteins to
localize to microtubules, bind with trafficking kinesin protein 1 and 2 (TRAK1/2), and
form complexes for attachment to the mitochondria’s outer membrane (Canty et al., 2023).
For this attachment to occur, TRAK1/2 must interact with the protein, Mirol (Rhotl),
which embeds into the mitochondrial membrane. Once bound, signals direct the movement
of mitochondria to specific local sites where the organelle and its outputs are needed.

Mirol is a Rho-GTPase composed of two GTPase domains, two EF-hand calcium-
binding motifs, and an alpha-helix that embeds in the mitochondrial outer membrane
(OMM) (Fig. 1.3) (Schuler et al., 2017). These domains allow Mirol to function as a
calcium sensor that drives mitochondrial motility in response to cytoplasmic and
mitochondrial calcium levels. Mirol is also utilized in peroxisome biogenesis,
mitochondria-ER contacts, and mitophagy (Castro et al., 2018; Modi et al., 2019;
Zinsmaier, 2021), however, this thesis will focus on its function in mitochondrial

trafficking.
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Microtubule

Figure 1.3: Schematic of mitochondrial trafficking utilizing Mirol and TRAK Y. This
complex may bind to kinesin (shown here) or dynein motor proteins depending on the
directionality of the movement (Figure created with BioRender.com and used in

accordance with BioRender’s Academic License).

Kinesin and dynein motor proteins both have the capability to move bidirectionally;
however, kinesins have a higher tendency to move towards the periphery of the cell. This
is generally referred to as anterograde movement or plus-end movement. Dynein motors
typically move along microtubules in retrograde, or minus-end movement, meaning
towards the center of the cell (Abraham et al., 2018). Mirol connects mitochondria to
kinesin motors via TRAK adaptors to facilitate microtubule-based movement, then later
undergoes a conformational change that disengages motors, halting transport. This system
ensures precise delivery of mitochondria to sites of high energy demand or stress,

particularly in polarized cells such as neurons and migrating cells. Knockout studies
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demonstrate that Mirol deficiency causes severe perinuclear mitochondrial clustering,
impaired distribution, and reduced trafficking (Alshaabi et al., 2021; Nahacka et al., 2021;

Schuler et al., 2017).

Mitochondrial transfer via tunneling nanotubules

A novel dimension of Mirol function lies in intercellular mitochondrial transfer, a
process by which healthy mitochondria are donated to damaged cells; one method in which
this occurs is trafficking across tunneling nanotubules (TNTs). TNTs are actin-based
cytoplasmic bridges that allow bidirectional exchange of organelles and signaling
molecules and serve as a primary conduit for mitochondrial transfer. Miro1 is utilized in
long-range mitochondrial trafficking toward TNTs and recipient cells (Ahmad et al., 2014;
Lopez-Doménech et al., 2018). TRAK 1-mediated recruitment of kinesin motors and actin
remodeling further facilitate directional movement. These interactions are essential for
peripheral localization of mitochondria at the base of TNTs and their movement across
cellular boundaries. Elevated calcium concentrations act as a molecular switch to halt
mitochondrial movement, potentially stabilizing donor-recipient connections during
mitochondrial transfer (Saotome et al., 2008).

Once inside recipient cells, mitochondria can engage in interactions with the ER,
nucleus, and peroxisomes, restoring metabolic and signaling functions. Mirol-dependent
mitochondrial transfer aids in rescuing respiration in compromised cells, restoring ATP
production, and promoting tissue regeneration (Modi et al., 2019; Nahacka et al., 2021).

Published work shows that Mirol-mediated mitochondrial transfer from

mesenchymal stem cells (MSCs) to neurons following oxidative injury resulted in
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significantly improved neuronal viability and metabolism, as evidenced by increased ATP
production and enhanced mitochondrial respiration measured via Seahorse assays. In these
experiments, overexpression of Mirol enhanced the metabolic benefits of mitochondrial

transfer, while Mirol knockdown eliminated these effects (Tseng et al., 2021).

It has also been demonstrated that Mirol plays a central role in the intercellular
transfer of mitochondria from mesenchymal stem cells (MSCs) to epithelial cells. In both
in vitro and in vivo models of airway epithelial injury (induced by rotenone and
inflammatory stimuli), MSCs donate functional mitochondria via tunneling nanotubes
(TNTs), and this transfer is significantly enhanced when Mirol is overexpressed. The
transferred mitochondria helped reverse mitochondrial dysfunction in stressed epithelial
cells by lowering reactive oxygen species (ROS), restoring ATP levels, and reducing
apoptotic signaling. Mirol-overexpressing MSCs showed markedly higher rescue capacity
compared to wild-type or Miro1-knockdown MSCs, which were ineffective despite having
normal proliferation and baseline mitochondrial function (Ahmad et al., 2014). This
demonstrates that Mirol expression specifically enhances the directional trafficking and

therapeutic transfer of mitochondria, without altering paracrine factor secretion.

In an in vivo rat model of ischemic stroke, Multipotent Mesenchymal Stem Cells
(MMSCs) overexpressing Mirol were more effective in restoring neurological function
compared to unmodified MMSC. The improved outcomes were attributed to increased
mitochondrial transfer from donor cells to the damaged brain tissue, suggesting that Mirol
enhances the therapeutic potential of MMSC by facilitating intercellular mitochondrial

donation. These findings support the concept of bioengineering stem cells to overexpress
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key trafficking proteins like Mirol as a strategy to bolster their reparative capabilities in
diseases marked by mitochondrial dysfunction, including stroke and potentially

neurodegenerative disorders (Babenko et al., 2018).

Recently published work showed that Mirol plays a critical role in mediating
horizontal mitochondrial transfer (HMT) between stromal cells and melanoma tumor cells
in vivo (Novak et al., 2025). This work supports the structural basis for Miro1-dependent
mitochondrial transfer across tunneling nanotubes (TNTs) were confirmed as a route of
mitochondrial transfer in both in vitro co-culture and in tumor tissue imaging. Mirol
deficiency decreased mitochondrial presence in TNTs and reduced intercellular

mitochondrial exchange (Novak et al., 2025).

Mirol1l function in cancer

While the role of Mirol in cancer progression is not fully understood, newly
emerging research implicates Mirol-mediated mitochondrial dynamics in tumorigenesis
and metastasis. Mitochondria are essential for biosynthetic signaling, and apoptotic
pathways that support cancer progression. In cancer, where metabolic reprogramming is a
hallmark, mitochondria take on additional importance, particularly in their capacity to
adapt to tumor microenvironmental stressors and facilitate proliferation, invasion, and
metastasis (Wang et al., 2023).

In cancer cells, the role of mitochondrion extends beyond energy metabolism.
Tumors with impaired oxidative phosphorylation can import functional mitochondria from
surrounding stromal cells to regain biosynthetic capacities and support cell proliferation.
This mitochondrial acquisition, which occurs via TNTs and other mechanisms, is essential
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in respiration-deficient tumors. Miro proteins are centrally involved in this process: Mirol
overexpression enhances intercellular mitochondrial transfer and has been shown to
improve cell survival after ischemic and oxidative stress in multiple disease models.

(Ahmad et al., 2014; Babenko et al., 2018; Tseng et al., 2021)

Recent studies have highlighted the role of intercellular mitochondrial transfer in
promoting cancer progression. In particular, bladder cancer cells have been shown to
exchange mitochondria via tunneling nanotubes (TNTs). Aggressive cancer cell lines
exhibit a higher propensity to form TNTs and engage more actively in mitochondrial
transfer. Notably, recipient cells that acquire mitochondria through this mechanism
demonstrate increased metabolic activity, enhanced proliferation, and significantly
elevated invasive potential. These findings suggest that mitochondrial transfer is not a
passive process, but rather a functional event that can reprogram recipient cancer cells to
adopt more aggressive phenotypes, thereby contributing to tumor heterogeneity and

progression (Lu et al., 2017).

Mirol proteins also regulate intracellular mitochondrial positioning, which is
critical for processes like migration and invasion (Nahacka et al., 2022). Cancer cells
frequently redistribute mitochondria from the perinuclear region to the leading edge to
meet local energy demands and support dynamic cytoskeletal remodeling. This
redistribution is dependent on Miro1-driven transport and has been implicated in enhanced
invasiveness and metastatic potential of cancer cells, including under metabolic stress or

treatment conditions such as PI3K inhibition (Caino et al., 2015).
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Expression studies further corroborate the role of Mirol in cancer. Mirol is
upregulated in various tumors and correlates with increased metastatic potential and poorer
survival rates. In gastric cancer, silencing Miro1 led to a marked reduction in proliferation,
along with a significant increase in apoptosis. Mirol knockdown diminished cellular
motility and invasiveness, as evidenced by wound healing and transwell
migration/invasion assays (Kong et al., 2024). These functional assays establish Mirol has
a role in promoting multiple malignant behaviors of gastric cancer cells. Mirol has also
been implicated in pancreatic tumor progression, influencing lymph node metastasis and
interacting with oncogenes such as Myc. It is possible that Mirol could promote
malignancy by modulating mitochondrial dynamics and mitophagy, the selective clearance
of damaged mitochondria (Kong et al., 2024). Mirol expression is reportedly higher in
pancreatic ductal adenocarcinoma and its silencing reduces cell migration and proliferation
(Lietal.,2015). Similarly, Mirol expression is elevated in certain lines of metastatic breast

cancer cells (Nahacka et al., 2022; Human Protein Atlas, n.d.; Uhlen et al., 2015).

In the aggressive triple-negative human breast cancer cell lines like MDA-MB-231
and MDA-MB-436, Mirol facilitates the directed movement of mitochondria to the leading
edge, where they supply ATP for actin reorganization, lamellipodia formation, and focal
adhesion. Breast cancer cells with high Mirol activity or pro-fission mitochondrial
networks (e.g., increased Drpl expression) exhibit increased migration and invasion (Zhao

etal., 2013).

Inhibitors that target Mdivi-1 (which suppresses DRP1-dependent fission), have

shown promise in preclinical breast cancer models, where they reduce metastasis and
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enhance chemosensitivity. Therapies like metformin and cytochalasin B impair TNT
formation, potentially reducing intercellular mitochondrial transfer and its associated
resistance phenotypes (Goliwas et al., 2023; Zhao et al., 2013). Overall, mitochondria are
capable of reshaping tumor behavior through both internal repositioning and external
acquisition. Further investigation is needed into how trafficking is regulated, which donor
cell types dominate in vivo, and how targeted interventions might exploit the cancer cell’s

dependency on mitochondrial mobility.

Mirol proteins emerge as central mediators of mitochondrial dynamics with critical
implications for cancer biology. Their dual role in both intracellular positioning and
intercellular transfer of mitochondria links them to the metabolic plasticity, invasiveness,
and resilience of tumor cells. Future research into Miro-targeted interventions could open
new avenues for disrupting tumor metabolism and intercellular communication in the

tumor microenvironment.

1.5: Relevance of ERK1/2 and DUSP6 in cancer

Mitogen-Activated Protein Kinase 1 and 2 (MAPKI1/2), also described as
extracellular signal-regulated kinases (ERKSs) are involved in pathways regulating an array
of cellular processes. The ERK1/2 (extracellular signal-regulated kinase 1 and 2) MAP
kinase pathway is a pivotal regulator of cell fate, traditionally known for linking surface
receptor signaling to nuclear gene expression and regulating intracellular signaling
pathways that lead to cell proliferation, survival, and transformation (Cook et al., 2017;
Wortzel & Seger, 2011). In the cytosol, ERK1/2 interact with anchoring proteins and are

activated in the cytoplasm via phosphorylation by upstream kinases (MEK1/2); this action
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frees ERK1/2 from its binding partner, which enables further phosphorylation. ERK1/2
then interacts with importin7 which localizes it inside the nucleus. In the nucleus, ERK1/2
interacts with proteins that act as transcriptional regulators (inhibitors and activators),
chromatin modifiers, and transcription factors (Berti & Seger, 2017; Wortzel & Seger,
2011).

Dysfunctional ERK1/2 is known to play a role in various diseases including cancer.
The ERK/MAPK signaling pathway plays a central role in regulating cell proliferation,
survival, and migration. In colon cancer, this pathway becomes dysregulated through
overactivation in response to hepatocyte growth factor (HGF) binding its receptor c-Met
(Zhou et al., 2019). In SW620 colon cancer cells, this overactive ERK signaling drives
excessive proliferation and migration, both hallmarks of tumor progression. When ERK
signaling is inhibited with U0126, a MEK1/2 inhibitor, colon cancer cells exhibit reduced
proliferation, decreased migratory capacity, and reduced apoptosis. Dysfunctional (i.e.,
hyperactive) ERK signaling in colon cancer amplifies tumor growth and invasion and
targeting this pathway may help slow disease progression, especially in tumors with

elevated HGF/c-Met activity (Zhou et al., 2019).

The dual-specificity phosphatases (DUSPs) are a subfamily of protein tyrosine
phosphatases that dephosphorylate both threonine and tyrosine residues on mitogen-
activated protein kinases (MAPKs), thereby acting as key negative regulators of MAPK
signaling pathways. These phosphatases are crucial for maintaining the balance and
temporal control of signaling cascades involved in cell proliferation, differentiation,

apoptosis, and stress responses (Hendriks & Pulido, 2013).
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Figure 1.4: Abbreviated schematic of the MAPK signaling pathway and DUSP6
regulation in the context of malignant transformation (Figure created with
BioRender.com and used in accordance with BioRender’s Academic License). Binding
extracellular growth factors to receptor tyrosine kinases (RTKs) activates RAS via GTPase
interactions, initiating a kinase cascade involving RAF, MEK, and ERK. Phosphorylated
ERK translocates to the nucleus where it interacts with transcription factors to drive gene
expression associated with proliferation, survival, and invasion in the context of cancer
development. Dual-specificity phosphatase 6 (DUSP6), an ERK-specific phosphatase,

dephosphorylates ERK1/2 at key threonine and tyrosine residues, thereby attenuating
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MAPK signaling. This feedback mechanism is essential for maintaining signaling fidelity

and preventing oncogenic hyperactivation (Vargas-Ibarra et al., 2021).

Among the DUSPs, DUSP6 (also known as MKP-3) is a cytoplasmic, ERK1/2-
specific phosphatase. It selectively inactivates ERK1/2 by dephosphorylating its TEY
activation motif (Thr202/Tyr204 in ERK1), thus serving as a feedback inhibitor of RAS—
RAF-MEK-ERK signaling (Fig. 1.4, 1.5). DUSP6 expression is itself induced by ERK
signaling, creating a negative feedback loop. This regulatory mechanism is vital for
maintaining ERK signaling intensity and duration within physiologically permissible limits

(Hendriks & Pulido, 2013).
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Figure 1.5: Regulation of ERK1/2 signaling by DUSP6 (Figure created with
BioRender.com and used in accordance with BioRender’s Academic License). Upon
activation of the MAPK/ERK pathway, extracellular signal-regulated kinases 1 and 2
(ERK1/2) become phosphorylated on threonine (T) and tyrosine (Y) residues. ERKI is
phosphorylated on Thr-202 and Tyr-204. ERK 2 is phosphorylated on Thr-185 and Tyr-
187. DUSP6 (Dual-specificity phosphatase 6) specifically recognizes and
dephosphorylates ERK1/2 at these activation sites, thereby attenuating downstream MAPK
signaling. This negative feedback loop is critical for modulating the intensity and duration
of ERK1/2 activation in both physiological and pathological contexts, including cancer

(Vargas-Ibarra et al., 2021).

Dysregulation of DUSP6 has been implicated in cancer; DUSP6 is considered to

act as a tumor suppressor by restraining oncogenic ERK activity, particularly in RAS- or
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BRAF-mutated tumors. Loss or downregulation of DUSP6 has been observed in
pancreatic, lung, and glioblastoma models, promoting uncontrolled proliferation.
Conversely, overexpression of DUSP6 may also contribute to drug resistance in certain
contexts by limiting pro-apoptotic ERK activation following therapy (Furukawa et al.,

2003a; Hendriks & Pulido, 2013).

Loss of DUSP6 delays the S-phase and G2/M transitions, a phenotype consistent
with checkpoint activation due to accumulated DNA damage (Bagnyukova et al., 2013).
These effects are supported by increased formation of nuclear DNA Damage Response
(DDR) foci (early markers of DNA damage) across several cancer cell lines. It is proposed
that DUSP6 modulates DDR through the ERK pathway and potentially through additional
interactions involving stress response proteins like p38 MAPK and CHEK?2 (Bagnyukova

etal., 2013).

These findings broaden the scope of DUSP6 from a mere negative regulator of ERK
to a pivotal modulator of cellular responses to genotoxic stress. DUSP6 may serve as a
therapeutic biomarker for predicting tumor response to chemotherapy and targeted
therapies. Its loss of function, which is associated with tumor progression in certain
cancers, could contribute to genomic instability, reinforcing its potential utility as a drug
sensitization target in cancer treatment. Together, DUSPs provide a critical buffering
system to tune MAPK pathway output and prevent aberrant signaling that can lead to

transformation, inflammation, or apoptosis.

DUSP6 was shown to be frequently downregulated or silenced in pancreatic cancer

cell lines while maintaining intact gene structure, suggesting epigenetic or transcriptional
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repression. Immunohistochemical analysis of 46 human pancreatic tissues uncovered
DUSP6 was upregulated in early dysplastic lesions but progressively downregulated in
invasive carcinomas (Furukawa et al., 2003). This pattern implies a tumor suppressor

function lost during the transition from pre-invasive to invasive disease.

Functionally, reintroducing DUSP6 into pancreatic cancer cells suppressed cell
proliferation and induced apoptosis in a dose-dependent manner. Immunocytochemistry
revealed that cells undergoing apoptosis exhibited strong expression of recombinant
DUSP6, supporting its direct role in pro-apoptotic signaling. Importantly, this response
was correlated with reduced levels of phosphorylated ERK (p-ERK), confirming that

DUSP6 reactivation attenuates MAPK signaling (Furukawa et al., 2003).

DUSPG6 in breast cancer

As previously described in this chapter, triple-negative breast cancer (TNBC) is an
aggressive and heterogeneous subtype of breast cancer characterized by the absence of
estrogen, progesterone, and HER2 receptors. Despite therapeutic advances, TNBC patients
frequently develop metastatic disease and face a poor prognosis due to the absence of well-
defined molecular targets. As a result, identifying key regulators of oncogenic signaling
pathways in TNBC remains a critical priority. One such pathway is the MAPK/ERK
cascade, which governs cell proliferation, survival, and metastasis. Negative feedback
regulators of this pathway, such as the dual-specificity phosphatase DUSP6, have emerged
as important modulators of tumor behavior and potential therapeutic targets in various

cancers, including TNBC.
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While DUSP6 is generally regarded as a negative regulator of ERK1/2 and a
potential tumor suppressor in some cancers, its role in triple-negative breast cancer (TNBC)
may have an opposite effect. DUSP6 has been implicated in diverse cancer contexts as
functioning either as a tumor suppressor or as a promoter, depending on the cellular and
molecular background; however, the mechanisms underlying these context-dependent
roles remain poorly understood. In the context of triple negative breast cancer (TNBC) the
role of DUSP6 appears to act as a tumor promoter, and when knocked down in MDA-MB-
231 human breast cancer cells, proliferation is inhibited (Song et al., 2015). Furthermore,
migration and invasion were significantly impaired, as demonstrated by wound healing and
Transwell assays. These phenotypic changes were accompanied by GO/G1 cell cycle arrest,

implicating DUSP6 in the regulation of cell cycle progression (Song et al., 2015).

Collectively, the data suggests that DUSP6 acts as a tumor promoter in MDA-MB-
231 cells and that its inhibition suppresses multiple malignant features of these cells,
including growth, motility, and invasiveness. The findings propose DUSP6 as a promising
therapeutic target in TNBC, where future therapies may be leveraged to impair oncogenic

ERK signaling and its downstream pro-proliferative and pro-migratory effects.

Circulating tumor cells (CTCs) are thought to be critical intermediates in the
metastatic cascade, and emerging evidence suggests that their molecular signatures may
differ from those of primary tumors (Wu et al., 2019). In published work that investigated
the expression and subcellular localization of DUSP6 in circulating tumor cells (CTCs)
and metastatic tissues of TNBC patients, it was found that DUSP6 showed a distinct

nuclear localization in CTCs, a pattern not previously reported in primary TNBC tumors
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where DUSP6 is typically cytoplasmic (Wu et al., 2019). This nuclear-biased DUSP6
expression correlated with mesenchymal markers CSV and ABCBS, suggesting a link with
stemness and epithelial-to-mesenchymal transition (EMT) features. Further analysis of
metastatic tissue samples revealed that nuclear DUSP6 expression was prevalent in brain
metastases but not in lung or pleural lesions. Approximately 40% of cells in brain
metastases were positive for DUSP6, CSV, and ABCBS. This spatial localization implies
a potential role for nuclear DUSP6 in driving the progression and organotropism of
metastases, particularly to the brain (Wu et al., 2019). Additionally, in a 4T1 mouse TNBC
model treated with either the chemotherapy agent Abraxane or anti-PD1 immunotherapy,
tumor cells that survived treatment exhibited enriched nuclear DUSP6 expression,

supporting a role in therapeutic resistance and cell survival (Wu et al., 2019).

Based on this research, it has been proposed that nuclear-biased DUSP6 may
represent a novel biomarker for brain metastasis risk and a therapeutic target in advanced
TNBC. There is compelling evidence that nuclear DUSP6 is a critical regulator of TNBC
metastasis, particularly to the brain, and could be leveraged both as a prognostic marker

and a therapeutic target.
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1.6: mRNA translation initiation complex: structure, function, and

cancer relevance

In normal cells, translation is carefully controlled. Cap-dependent translation
begins when eukaryotic translation initiation factor 4E (elF4E) binds to the 7-
methylguanosine cap (m’G) at the 5' end of eukaryotic mRNA (Hsieh, 2010). This initiates
the assembly of the 43S pre-initiation complex. elF4F is a cap-binding protein complex
that facilitates the recruitment of ribosomal subunits to messenger RNA (mRNA). Under
normal physiological conditions, e[F4F plays a crucial role in ensuring selective, cap-
dependent translation initiation (Christie & Igreja, 2023). The elF4F complex is composed
of three primary subunits: eIF4E, a cap-binding protein; eI[F4A, an ATP-dependent RNA
helicase; and elF4G, a scaffold protein that supports the attachment of other initiation

factors (Fig. 1.6) (Malka-Mahieu et al., 2017; Pelletier et al., 2015).
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Figure 1.6: Schematic of the eukaryotic translation initiation complex. The top
illustration illustrates the assembly of the translation initiation complex at the 5' end of a
capped mRNA. Key initiation factors are depicted, including the elF4F complex
(composed of elF4E, elF4G, and elF4A), which binds the 5' m’G cap (simplified here as
the 5’ end) and recruits the 43S preinitiation complex. elF4B assists in RNA unwinding by
stimulating elF4A helicase activity. Poly(A)-binding proteins (PABPs) interact with eIF4G
to promote mRNA circularization and enhance translation efficiency. The bottom
illustration shows the assembled 80S ribosome (60S and 40S subunits) poised for
translation following start codon recognition and release of initiation factors (Christie &
Igreja, 2023) (Figure created with BioRender.com and used in accordance with

BioRender’s Academic License).
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elF4E is present in limited amounts compared to other initiation factors, rendering
it a rate-limiting component of translation. e[F4G binds both eIF4E and elF4A, which
stabilizes the complex (Fig. 1.6). eIF4A's helicase activity unwinds secondary structures in
the 5'-UTR, which otherwise hinders ribosomal recognition (Pelletier et al., 2015). Not all
mRNAs are equally dependent on the elF4F complex; “weak” mRNAs, characterized by
extensive 5'-UTR secondary structure or specific motifs, require heightened elF4F activity
for efficient translation. These mRNAs often encode potent regulatory proteins involved
in cell growth, proliferation, and survival (Pelletier et al., 2015). Housekeeping mRNAs
with minimal structure are less dependent on the elF4F complex, which allows for selective
translation during changes in elF4F complex availability. This selectivity becomes highly
significant in pathological states such as cancer, where translational control is rewired to

favor oncogenic progression (Pelletier et al., 2015).

Overexpression of e[F4E alone can transform cells and induce tumor formation in
animal models. It cooperates with oncogenes such as MYC, RAS, and AKT to drive tumor
initiation and maintenance (Hsieh & Ruggero, 2010). Clinical data show that eIF4E is
overexpressed in many cancers, including breast, prostate, colon, lung, and hematologic
malignancies (Coleman et al., 2009; Hsieh & Ruggero, 2010; Rosenwald et al., n.d.; Soni
et al., 2008). Its levels also correlate with tumor grade, metastasis, recurrence, and poor

overall survival (Hsieh & Ruggero, 2010).

Evidence supporting the oncogenic role of the eIF4F complex is widely published.
Overexpression of elF4E in fibroblasts induces transformation, while antisense-mediated

suppression reduces tumor formation and metastatic spread. Transgenic mouse models
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overexpressing elF4E develop a wide spectrum of cancers, highlighting its role as an
oncogene (Ruggero et al., 2004). Elevated elF4F complex activity enhances the translation
of mRNAs encoding key regulators of tumor biology, including cyclin D1, c-Myc, MCLI,
VEGF, and matrix metalloproteinases like MMP-9 (Hsieh & Ruggero, 2010). This not only
drives tumor initiation and growth but also promotes angiogenesis, invasion, and the

epithelial-to-mesenchymal transition (EMT) (Hsieh & Ruggero, 2010; Silvera et al., 2010).

Pharmacological inhibitors targeting elF4E—cap interaction, elF4A helicase
function, or elF4E phosphorylation have demonstrated efficacy in preclinical models,
selectively impairing cancer cell viability without significantly affecting normal tissues
(Hsieh & Ruggero, 2010). The elF4F translation initiation complex is not only a central
player in mRNA recruitment and translation but also a pivotal regulator of oncogenic gene
expression. Its effects on multiple growth-promoting pathways and its ability to control the
expression of proteins that support tumorigenesis and metastasis make it an attractive target

for therapeutic intervention.

The mRNA translation initiation complex in breast cancer

Published research shows that enhanced translation initiation machinery is linked
to tumor progression in breast cancer (Soni et al., 2008; Coleman, et al., 2009; Chen et al.,
2020). In many cancers, including breast cancer, elF4E is overproduced, which pushes
cells to over express proteins that promote growth and survival (Soni et al., 2008).
Translation initiation is commonly hijacked by cancer cells to support rapid growth and
survival. elF4E is frequently overexpressed in a range of cancers, including breast cancer,
and promotes the translation of mRNAs with highly structured 5' UTRs, including critical
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oncogenes like cyclin D1, Bel-2, and VEGF (Soni et al., 2008). In breast cancer, high eI[F4E
expression and phosphorylation of 4E-binding protein 4EBP1 are predictive of relapse and
mortality, including in triple-negative subtypes (Hsieh & Ruggero, 2010).

Published work details that the knock down eIF4E expression in various breast
cancer cell lines in vitro, including hormone receptor-positive and triple-negative subtypes
significantly reduced cell growth and colony formation. This included cells that were
resistant to rapamycin, suggesting that eI[F4E suppression works even in drug-insensitive

tumors (Soni et al., 2008).

elF4E knockdown led to decreased expression of several key eIF4E target proteins,
including cyclin D1, Bcl-2, and Bcl-xL, across multiple breast cancer subtypes in vitro.
These proteins help drive cell cycle progression and prevent apoptosis, so their reduction

likely played a role in the observed growth inhibition (Soni et al., 2008).

elF4E contributes to multiple oncogenic pathways, including PI3K/AKT/mTOR,
RAS/MAPK, and MYC. Its overactivity contributes to both the initiation and maintenance

of cancer by selectively boosting the translation of oncogenic proteins.

1.7: mRNA silencing via 4EHP

Cells have the ability to selectively silence certain transcripts through regulatory
mechanisms that block translation without degrading the mRNA. One such mechanism
involves 4EHP (eIF4E2), a homolog of e[F4E that competes for binding the 5' cap but does
not promote translation. Instead, 4EHP binds to miRNAs at the 5’ cap and initiates the

formation of a silencing complex to block translation of specific mRNAs (Fig. 1.7).
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Figure 1.7: Schematic of the 4EHP-dependent miRNA-induced translational silencing
complex. This illustration depicts the composition and organization of the miRNA-
directed translational repression machinery involving 4EHP. 4EHP binds the 5’ cap of the
target mRNA (simplified here as the 5’ end), preventing assembly of the e[F4F translation
initiation complex. 4EHP is tethered to the mRNA via interactions with 4E-T. The complex
includes DDX6, a helicase that facilitates mRNA repression and degradation, and the
CCR4-NOT complex (represented generically here as the broader miRISC silencing
machinery). The miRNA-induced silencing complex (miRISC) provides sequence
specificity by binding complementary sites in the 3’ untranslated region (3’ UTR) of the
target mMRNA. Together, these factors cooperate to inhibit translation initiation and promote
gene silencing (Christie & Igreja, 2023) (Figure created with BioRender.com and used in

accordance with BioRender’s Academic License).
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Published work shows that 4EHP selectively suppresses the translation of DUSP6,
which as previously discussed, downregulates the ERK/MAPK signaling pathway by
acting as a phosphatase for ERK1/2 (Jafarnejad, 2018). Using ribosome profiling,
researchers identified ~160 mRNAs whose translation was upregulated in 4EHP knockout
(KO) mouse embryonic fibroblasts (MEFs). These mRNAs tended to have long 3" UTRs
with many predicted miRNA-binding sites, suggesting they are normally silenced by 4EHP
and miRNAs. Dusp6 mRNA was of interest due to its known role in controlling ERK1/2
phosphorylation, a critical signaling step in cell proliferation and survival. DUSP6 protein
levels were significantly higher in 4EHP-KO cells, even though DUSP6 mRNA abundance
remained unchanged. This indicates translational repression without mRNA degradation.
Mechanistically, 4EHP represses Dusp6 by displacing elF4E from the mRNA cap,
preventing translation initiation. RNA immunoprecipitation showed that in wild-type cells,
Dusp6 mRNA was not efficiently bound by eIF4E. However, in 4EHP-KO cells, eIF4E
was strongly associated with Dusp6 mRNA, supporting the idea that 4EHP acts as a

competitive inhibitor of elF4E (Jafarnejad, 2018).

Functionally, the consequences of this regulatory mechanism are significant. Loss
of 4EHP led to reduced ERKI1/2 phosphorylation, decreased cell proliferation, and
increased apoptosis in both MEFs and U251 glioblastoma cells (Jafarnejad, 2018). These
effects could be reversed by knocking down DUSP6 or inhibiting its activity
pharmacologically (using BCI), restoring ERK signaling and promoting cell growth.
Moreover, even when cells were engineered to express constitutively active KRAS, which

normally boosts ERK activity, the ERK pathway remained suppressed in 4EHP-KO cells,
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which emphasizes the inhibitory role of elevated DUSP6 due to failed translational
silencing (Jafarnejad, 2018). This pathway allows for reversible control over the synthesis
of key regulatory proteins like DUSP6. Given the central role of ERK signaling in cancer,
targeting this regulatory pathway may provide novel therapeutic opportunities, especially

in tumors where miRNA or translational control is disrupted.

This chapter has outlined key regulatory networks that affect cancer cell survival,
proliferation, and resistance to therapy, with a focus on mitochondrial dynamics,
MAPK/ERK signaling, and translational control. Mitochondria are essential for energy
metabolism and redox signaling which, when dysregulated, can contribute to tumor growth
and metastatic potential. Mirol plays a pivotal role in both mitochondrial trafficking and
intercellular transfer, linking mitochondrial mobility to cancer cell invasiveness and cell
survival. In parallel, the ERK1/2 signaling pathway, which is regulated by the phosphatase
DUSP6, drives oncogenic signaling, while DUSP6 itself exhibits dual roles as either tumor
suppressor or promoter depending on its expression in certain cancer cells. Finally, cap-
dependent translation initiation, driven by the elF4F complex and its regulatory machinery,
is utilized for oncogene expression in cancer cells. Proteins like eI[F4E and elF4A1 are
often upregulated in breast cancer, particularly in triple-negative subtypes, and contribute
to therapeutic resistance. In contrast, translational repressors like 4EHP offer an alternative
layer of post-transcriptional control, selectively silencing transcripts such as DUSP6 to
regulate ERK activation. Together, these mechanisms highlight the importance of

translational regulation and mitochondrial behavior in cancer progression.
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CHAPTER 2: MIRO1 KNOCKDOWN INHIBITS MOUSE BREAST
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Abstract

Mirol is a mitochondrial outer membrane protein that regulates mitochondrial and
peroxisome trafficking, endoplasmic reticulum (ER) association, and mitophagy. Prior
studies suggest a role for Mirol in cell migration and proliferation in both normal and
tumor cells. Mirol expression is associated with poor overall survival in breast cancer
patients. To investigate the role of Mirol in breast cancer tumorigenesis and metastasis, we

generated a novel transgenic mouse model with inducible, tissue-specific Mirol deletion
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in mammary epithelial cells, alongside polyomavirus middle T-antigen (PyVMT) oncogene
activation. In this model, wild-type (WT) mice formed tumors at all mammary gland sites,
with frequent lung metastases. However, Mirol-deficient mice failed to develop tumors,
while heterozygous mice exhibited reduced tumorigenicity and metastatic potential.
Additionally, we established stable Mirol knockdown (KD) in MDA-MB-231 human
triple-negative breast cancer cells using shRNA. Mirol KD significantly impaired cell
proliferation, migration, and invasion in vitro. When implanted into the mammary fat pad
of SCID mice, MDA-MB-231 cells formed tumors, whereas Mirol KD cells showed
markedly reduced tumorigenesis. These findings identify Mirol as a key regulator of breast
cancer onset and metastatic potential, positioning it as a potential biomarker and

therapeutic target.

Background

Mitochondrial trafficking is mediated by microtubule associated motor proteins,
cytoskeletal components, and calcium signaling (Sheng & Cai, 2012). Mirol
(mitochondrial Rho GTPase 1) is a key component of this system, embedded in the outer
mitochondrial membrane via a C-terminal helix and containing two EF-hand Ca**-binding
domains and two GTPase domains (Schuler et al., 2017). Mirol serves as an adaptor
protein, facilitating mitochondrial transport through interactions with TRAK1/2, which
recruit motor proteins to microtubules (Canty et al., 2023). Beyond trafficking, Mirol also
regulates mitochondria-ER contacts (Modi et al., 2019), peroxisome biogenesis (Castro et
al., 2018; Zinsmaier, 2021), and mitophagy (Hsieh et al., 2016; Lopez-Doménech et al.,
2021).
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Although the role of Mirol in cancer development and progression is not completely
understood, Mirol is associated with poor survival, recurrence, and metastasis in multiple
cancers including breast cancer and gastric cancer (Kong, 2024; Uhlen et al., 2015; Zhao,
2013). Increased Mirol expression is associated with gastric cancer progression and is
currently being studied as a potential biomarker for early diagnosis and prognosis
assessment (Kong et al., 2024). Rapidly dividing cancer cells require an increase in ATP
production and redox regulation to carry out increased cell division, making mitochondrial
dynamics an important component of cancer progression (Trotta & Chipuk, 2017). The
recruitment of bioenergetically healthy mitochondria to local sites supports pancreatic
tumor cell invasion by providing the required energy to fuel motility and attachment
processes (Caino et al., 2015). In HaCaT keratinocyte cancer cells, deletion of Mirol
results in inefficient oxidative phosphorylation, reduced ATP at the cell periphery, and
significantly altered organization of matrix proteins (Cangkrama et al., 2022). Deletion or
knockdown of Mirol in numerous cell types leads to aberrant subcellular mitochondrial
positioning (Alshaabi et al., 2021; M. H. Schuler et al., 2017; Shannon et al., 2024). In
mouse embryonic fibroblasts (MEFs), deletion of Mirol leads to perinuclear restricted
mitochondria which fail to traffic to the cell periphery (Alshaabi et al., 2021). In breast
cancer, mitochondria can be transferred between cells, contributing to chemoresistance and
disease progression (Libring et al., 2024). Mitochondrial anterior positioning was shown
to support the directional migration and speed of migration in MDA-MB-231 human breast
cancer cells, and modulation of mitochondrial fission (DRP1) and fusion (MFN1/2)

proteins slowed their velocity (Desai et al., 2013). The migratory and proliferative capacity

60



is also altered in mouse embryonic fibroblasts with inhibited Mirol (M. H. Schuler et al.,
2017). Additionally, increased expression of Miro2, which has 60% sequence homology
with Mirol, has been shown to be correlated with poor patient survival, recurrence, and
metastasis in certain patient cohorts with prostate cancer (Furnish et al., 2022; Nahacka et
al., 2022). Miro2 (RHOT2), a paralog of Mirol (RHOTI1), also contributes to
mitochondrial trafficking and anchoring by engaging motor and adaptor proteins
(Fransson, 2006). Although the functions of Miro2 warrant consideration, the scope of this
work is directed toward elucidating the specific role of Mirol.

Data published on the Human Protein Atlas shows that breast cancer patients harboring
high Miro1l expression in their tumor tissue have a poorer survival rate than those with low
Miro1 expression (Uhlen et al., 2015). This data suggests that Mirol expression correlates
with patient survival in breast cancer, however, the role of Mirol in breast cancer is not
currently understood.

Here, we generated MDA-MB-231 breast cancer cells with stable Mirol
knockdown to assess tumorigenic properties. Mirol depletion with shRNA in MDA-MB-
231 cells restricted mitochondrial distribution to the perinuclear region that was
accompanied by reduced cell proliferation, migration, and invasion. In an orthotopic mouse
model, Mirol KD cells failed to form tumors, while WT cells developed palpable tumors
in immunocompromised mice. To validate these findings, we developed a transgenic
mouse model with inducible Mirol deletion in mammary epithelial cells alongside
polyomavirus middle T-antigen (PyVmT) driven tumorigenesis. We hypothesized that

concurrent Mirol deletion would reduce tumor formation and metastasis. Mirol deletion
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completely prevented tumorigenesis, while heterozygous deletion significantly reduced
tumor burden and metastatic potential. These findings highlight Mirol as a key player in

breast cancer progression and provide a novel model for studying mitochondrial dynamics

in tumorigenesis.
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Materials and Methods

Generation of MDA-MB-231 cell lines with Mirol knockdown
MDA-MB-231 human breast cancer cells were transfected with shCtrl

(OmicsLink™ shRNA Expression Clone CSHCTRO001-1-mU6; GeneCopoeia, Inc.,
Rockville, MD) or shMirol (OmicsLink™ shRNA Expression Clone, HSH106063-mU6-
a; GeneCopoeia, Inc., Rockville, MD) using the GenelJet plasmid miniprep kit (Thermo
Scientific #K0502 #K0503) and the X-tremeGENE HP transfection reagent. The plasmid
DNA contained an mCherry fluorescent cassette, a puromycin resistance cassette, and an
ampicillin resistance gene. Single cells were grown in a 96 well plate to produce colonies,
which were selected via fluorescent imaging and puromycin resistance. The initial colonies
were then assessed for Mirol knockdown via qPCR. Clones that had less than 50% Mirol
knockdown were not considered. Two clones, A3 and A4, were propagated for
experimental use. The Mirol knockdown clones and the control cells containing a

scrambled plasmid were grown in DMEM with 10% FBS and 7 ug/ mL puromycin.

Wound-healing migration assay

Cells were grown in a 6-well plate; the initial seeding was 3X10° cells in 2 ml
DMEM with 10% FBS, and 7 pg/ ml puromycin for selection. Cells were allowed to grow
to approximately 90% confluency for the experiment. A 1000 ul pipette tip was used to
gently scrape a line of cells off the plate’s surface to produce a wound. The plates were
then loaded into a Lion Heart live-cell imager and were imaged on bright-field setting every
hour for 24 hours. The images were then processed in Imagel] software by creating a
threshold 8-bit image to select the open wound between the cells and a measurement of the
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area was taken. This same method was used to produce the highlighted images in Fig. 2.2A.
The area for each time-point was calculated to a percentage of closure of the initial wound
measurement to account for the inability to make identical wound areas with the initial
scraping of cells. The percentages for each time point were averaged across replicate
experiments for each cell line and graphed in GraphPad Prism to show percent of wound
closure over time with SEM. P-value was calculated using a 2-Way ANOVA test where the

source of variation was a row factor for each clone in comparison to the control. N=3

Transwell invasion assay

Cells were plated in transwell inserts that had a membrane pre-coated with ECM
material and 8um pores (Corning, 354480). FBS-free DMEM was applied in the insert and
DMEM with 10% FBS in was applied in the bottom chamber. The FBS served as the
chemoattractant to stimulate cell invasion. The cells were incubated for 24 hours at 32°C
in 5% COa. After the 24-hour incubation, the transwell inserts were removed, fixed in 70%
ETOH, stained with 0.1% crystal violet, and washed in distilled water. Cells remaining on
the top of the membrane were removed with a sterile cotton tipped applicator prior to
staining so their presence would not obstruct the imaging of the invaded cells on the bottom
of the membrane. The invaded cells were imaged on a Lion Heart cell-imager on the color
bright field setting at 40X magnification. Cell counts were done using BioTek Gen5
Software and those cell numbers were graphed and analyzed in GraphPad Prism. P-values

were determined via two-tailed un-paired Student T-tests. N = 3 experimental replicates
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Proliferation assay

Cells were grown in a 6-well plate; the initial seeding was 3x10%cell in 2 ml DMEM
with 10% FBS, and 7pg/ ml puromycin for selection. Each following day, one well of the
6-well plate was trypsinized and the number of cells in the solution was counted using a
hemocytometer. The measurements were averaged over five repeat experiments and
graphed to show cell number over time and SEM in GraphPad prism. P-value was
calculated using a 2-Way ANOVA test where the source of variation was a row factor for

each clone in comparison to the control. N = 5 experimental replicates

Xenograft model
At eight weeks of age, female NOD-Scid mice (NOD.CB17-Prkdcscid/NCrCrl,

Charles River USA) were injected with MDA-MB-231 human breast cancer cells; control
cells with intact Mirol expression and two clones with approximately 50% Mirol
knockdown were used. Six mice were injected for each cell line. Prepared cells were
trypsinized, pelleted, and resuspended in 1X PBS at 1x10°cells/ 100 pl PBS, which was
the cell suspension volume and concentration injected into each mouse. Mice were
anesthetized with isoflurane for the injection procedure. Each mouse received the injection
in the right abdominal mammary gland site; as directed by a veterinarian, the injection was
made beneath the nipple without an incision. The mice were weighed at the time of
injection and their weights were measured every 3 days post-injection. Tumors were
measured with calipers every three days after the first palpation. At the point of which the
tumorous mice showed signs of discomfort, they were euthanized by CO> and secondary

cervical dislocation. Mice that did not form tumors were euthanized at the time of the last
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tumorous mouse, which was 39 days post-injection. At the time of euthanasia, each mouse
was dissected, and all tumor tissue and lung tissue were removed and fixed in 4%
paraformaldehyde/ 1X PBS. Tissue samples were later paraffinized and sectioned for
staining.
Generation of Tissue Specific Mirol KO mice with PyVMT induction
Mice with LoxP sites flanking exon 2 of Mirol exons (Miro1"-1) were a kind gift
from Dr. Janet Shaw (University of Utah). Mice with the MTB transgene (MMTV-LTR,
rtTA) and MIC transgene (Tet-O, PyVMT, IRES, CRE) were acquired from Dr. William
Muller at McGill University. MTB and MIC mice were cross bred to produce mice with
both transgenes; these mice were then cross bred with Mirol1 - mice to produce mice
with both the MTB and MIC transgenes, and floxed Miro1 alleles (MTB/ MIC/Miro1F-1),
To generate the control mice, MTB/MIC/Mirol"™ft' mice were bred with MTB/
MIC/Miro1V"WTmice to breed out the floxed Miro1 alleles and to allow for mixing of the
C57BL/6 and FVB/N genomes. From these novel mice, breeding pairs were established to
generate control mice with intact Miro1 alleles, heterozygous mice with only one floxed

Mirol allele, and mice with two floxed Mirol alleles.

Immunohistochemical tissue staining

Tissue collected from mouse tumors, lungs, and mammary tissue was paraffinized
and sectioned by the University of Vermont Medical Center’s pathology laboratory
services. The sections were deparaffinized, treated with DAKO antigen retrieval solution
and ImmPACT DaB reagent (Vector Laboratories). Sections were stained with

Hematoxylin and Eosin (H&E) for visualization of the nucleus and cytoplasm of the cells
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within the tissue. Sections from the same tissue samples were stained with an antibody for
Mirol (Antibodies Online, ABIN635090) to determine the knockdown of Mirol in the
mammary epithelial tissue of each sample. Additionally, sections of the tissue samples were
stained with an antibody to Cre (NOVUS, #NB100-56133) to determine the expression of
the transgene. Imaging of the stained slides was done on a Leica VERSA8 Whole Slide

Imager.

Immunofluorescent tissue staining

Tissue collected from mouse tumors and mammary tissue was fixed, paraffinized
and sectioned by the University of Vermont Medical Center’s pathology laboratory
services. The sections were deparaftinized, treated with DAKO antigen retrieval solution
and ImmPACT DaB reagent (Vector Laboratories). Sections from the same tissue samples
were stained with an antibody that conjugates to PyVMT (NOVUS #NB100-2749) to
determine expression of the transgene. The secondary antibody used was (XX), and DAPI
to visualize cell nuclei (0.5 pg/ml, Thermo Fisher Scientific #62248). Imaging of the
stained slides was done on a Leica VERSAS8 Whole Slide Imager. Images were processed
in Image J software as Max-projections of z-stacks with the maximum and minimum
brightness and contrast settings fixed across all images for a calibrated assessment of pixel
intensity.

Mammary tumor induction in PyVmT mouse model

After eight weeks of age female mice that had the genotype of interest, as confirmed

by PCR genotyping, were put on a diet of doxycycline administered to mice via

doxycycline infused food (Isopro 0.6% Doxy (5TWP) Irrad Green per kg., ScottPharma
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Solutions). Mice were monitored for tumor growth and overall wellness by palpitation of
mammary glands, monitoring eating habits and weight, and monitoring for signs of stress
or pain. The mice were weighed and palpated every seven days. The number of days up
until detectable tumor onset was recorded for comparison between mice with and without
Mirol expression in mammary epithelial cells. Tumors were removed from sacrificed mice
seven days after the identification of palpable tumors. Excised tumors were photographed,
measured with calipers, and weighed prior to fixation with 4% formaldehyde. In addition
to collection of tumor tissue samples from control and experimental mice, normal
mammary gland tissue from MTB/ MIC/Mirol VI""T and MTB/MIC/Miro "ML mice that
have not been given doxycycline were collected. The time until tumor onset was graphed
as a percentage of tumor-free animals in relation to the time in days post doxycycline
administration.

Tissue samples taken from sacrificed mice were fixed, embedded in paraffin and
sectioned onto slides for Hematoxylin and Eosin (H&E) staining. With guidance from an
clinical pathologist, we analyzed the H&E-stained slides and recorded changes in
histological architecture, hyperplasia, anaplasia, necrosis, and the presence of metastasized
tumor cells to the lungs. Expression of PyVMT, CRE and Mirol were determined by IHC
staining to confirm all components of the model were functioning. Graphing of tumor
scoring, percentage of mice with lung metastases, and percentage of mice with tumors was
done in GraphPad Prism. P-values for scored tumor analysis were generated using two-
tailed unpaired T-tests comparing the HET scores to the WT scores, and the f/1/fl scores to

the WT scores.
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qPCR for Mirol expression in MDA-MB-231 cells
RNA was isolated and purified using Qiagen’s RNeasy mini kit (Qiagen ID. 74104).

The protocol was carried out as per the manufacturer’s instructions. PCR amplification of
the RNA product was carried out using a Qiagen RT? first strand kit (Qiagen ID. 330401)
in preparation for quantitative PCR; 500 ng RNA was used for each reaction. The cDNA
product was diluted 1:4 for the qPCR reactions. RT? SYBR Green Fluor gPCR Mastermix
(Qiagen ID. 330513) was added to the diluted product. Each qPCR reaction set included a
negative control reaction without a template. qPCR was performed using PrimeTime qPCR
primers from Integrated DNA Technologies (IDT, Madison, WI, USA). The qPCR
reactions were run with the following thermocycler conditions: (95°C X 10 minutes, 95°C
X 15 seconds, 60°C X 1 minute) X40 cycles.

Relative gene expression levels were calculated using the 2*-AACt method. ACt
was determined by subtracting the Ct value of the endogenous control gene (ACTb) from
the Ct value of the target gene for each sample. AACt values were then calculated relative
to a designated calibrator sample (MDA-MB-231 shCtrl cell RNA). Fold changes in gene

expression were determined as 2*-AACt. Data was graphed using GraphPad Prism. n=3

per group.
Target Gene Primer Sequence (5'-3")
RHOTI Forward TCTGTTCTGCTTCTGAGTAATCTAC
RHOTI Reverse CTGATTATGTCTCTGGTCAGTGA
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Genotyping of transgenic mice

Ear tissue clippings were collected and subjected to DNA extraction using the Applied
Biosystems DNA Extract All Reagents Kit (Cat# 4403319) according to the manufacturer's
instructions. Samples were either used immediately or stored at —20°C until use. PCR was
performed to amplify the gene of interest. One microliter of the extracted DNA dilution
was used in each PCR reaction. Positive controls and a negative (no template) control were
included. Thermal cycling conditions were optimized for each primer set. PCR products
were resolved on 2% agarose gels prepared with ethidium bromide. Gels were run at 125
V for 50 minutes and visualized under UV light. Representative expected amplicon sizes
were approximately 500 bp (MTB), 800 bp (Cre), and 150 bp and 100 bp (Mirol floxed
alleles). Primers were custom-designed and synthesized by Integrated DNA Technologies

(IDT, Madison, WI, USA).

Target Primer Sequence (5'-3") Product Size (bp)
TGCCACGACCAAGTGACA
Fwd
GCAATG
Cre ~500 bp
Rev AGAGACGGAAATCCATCG
CTCG
ACCGTACTCGTCAATTCC
Fwd
MTB AAGGG ~800 bp
Rev TGCCGCCATTATTACGACA
AGC
CCCTGTGTCGCTGAGGTT
Miro1-FIx-1
GGAAGCTG ~150 bp
Mirol (floxed)
GTGGAGGCAGGAGGATC & ~100 bp
Mirol-FIx-3
AGGAGTTTAAAGTC
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Genotype was assessed by presence or absence of a band on an agarose gel. PCR products
were further validated through sequencing at genomics core at The University of Vermont.
The resulting sequences were analyzed in FinchTV software, then input into the National
Center for Biotechnology Information’s (NCBI) Basic Local Alignment Search Tool
(BLAST); the resulting sequences alighed with similar reference sequences for the target

genes.

Results

Stable knockdown of Mirol leads to perinuclear restricted mitochondria, and
reduced cell proliferation, migration and invasion: To evaluate the role of Mirol in
human breast cancer cells, we generated MDA-MB-231 cells with stable knockdown of
Mirol. Mirol KD clones A3 and A4 both exhibited approximately 50% knockdown in
comparison to control cells as determined by RT- qPCR (Fig 1B &C). Depletion of Mirol
resulted in mitochondria restricted to the perinuclear region of the cell (Fig. 2.1A &D), as
has been observed in other cell types (Alshaabi et al., 2021; M. H. Schuler et al., 2017,
Shannon et al., 2024). Additionally, mitochondrial networking was significantly increased
in Mirol knockdown cells (Fig. 2.1F).

Mirol KD cells exhibited a significant decrease in cell proliferation (Fig. 2.1G)
and significantly decreased cell migration in wound healing assays compared to control
cells (Fig. 2.2A, B &C). Mirol KD cells also had reduced ability to invade in transwell

invasion assays compared to control cells (Fig. 2.2C &D). Together, these data provide
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evidence for Mirol supporting MDA-MB-231 breast cancer cell growth, migration, and

invasion.

Stable knockdown of Mirol prevents MDA-MB-231 tumor cell growth in an
orthotopic mouse model: To further evaluate tumorigenic properties of MDA-MB-231
cells with stable Mirol KD, we conducted orthotopic tumor implantations of MDA-MB-
231 Mirol KD cells into the mammary fat pad of immunocompromised mice. Six female
NOD-SCID mice per group (Control, shMirol A3 clone, and shMirol A4 clone) were
injected with 1x10° cells into the mammary fat pad and tumor burden was monitored daily
via palpitation (Fig. 2.3A). Tumors were measured with calipers two times per week until
the time of euthanasia and were palpable in the control mice after an average of 13 days.
Nine out of twelve (75%) control mice formed mammary tumors at the injection site
between days 8-26 (Fig. 2.3A). Two out of twelve (17%) shMirol clone A4 mice formed
mammary tumors at the injection site at an average of 14.5 days. All mice that received
injections of the shMiro1 clone A3 failed to form palpable tumors (Fig. 2.3A). To visualize
tumor burden, tissue was collected for Imnmunohistochemical analysis (Fig. 2.3B). Animals
injected with control cells formed large, dense tumors with necrotic cores while mammary
tissue from mice harboring Mirol KD cells showed normal histology (Fig. 2.3B). Tumor
burden was scored from blinded slides by an anatomical pathologist using a scoring
criterion (Supplementary Fig. 2.S1). Ctrl animals had a significantly higher tumor score
compared to shMirol tissue (Fig. 2.3C). Together, stable KD of Mirol inhibits tumor

growth following orthotopic injection into the mammary fat pad.
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Generation and characterization of transgenic Mirol KO mouse model: To
investigate breast cancer tumor growth and metastasis in an advanced mouse model, we
generated a novel mouse model that has concurrent polyomavirus middle T antigen
(PyVMT) mammary epithelial tumor initiation and deletion of Mirol (Fig. 2.4A). The
model utilizes the TetO-PyVmT-IRES-CRE recombinase (MIC) transgene, which links the
oncogenic PyVMT protein with CRE recombinase in a bicistronic configuration. Site
specificity is driven by a mammary epithelial-specific MMTV promoter, which is linked
to the rtTA gene (MTB) (Fig. 2.4A). The MTB/ MIC mouse model is a well characterized
inducible system designed to study mammary tumorigenesis with temporal and spatial
control over transgene expression (Guy et al., 1992; Rao et al., 2014).

Upon administration of doxycycline (Dox) via infused feed pellets, rtTA forms a
complex with Dox and activates Tet-O, driving concomitant expression of PyVMT and
CRE. PyVMT expression leads to mammary tumor development and progression that
closely simulates human breast cancer (Guy et al., 1992; Rao et al., 2014). MTB/MIC mice
were cross bred with mice that harbor LoxP sites flanking exon 2 of Mirol as described by
Ngyuen et al. (Nguyen et al.,, 2014). This resulted in the generation of WT mice
(MTB/MICVT/WT) " heterozygous mice (MTB/MICYT/1) and Mirol-KO mice
(MTB/MICYFL), The Dox inducible system enables the initiation of tumor formation at a
specified time (at the age of sexual maturity), and CRE recombinase mediates simultaneous
Mirol deletion in mammary epithelial cells (Guy et al., 1992; Rao et al., 2014). The

presence of the transgenes and Mirol LoxP containing alleles in mouse pups was
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confirmed through genotyping prior to the study (Fig. 2.4B). Mammary epithelial tissues

1FMFL mice to assess expression of Cre recombinase,

were collected from WT and Miro
Mirol, and PyVmT by Immunohistochemistry and Immunofluorescence (Fig 4. C & D).
WT mice that were not given Dox feed show no expression of Cre or PyVmT (Fig. 2.4 C
& D). Cre and PyVmT expression was present in mammary epithelial cells from WT and
Miro1“F& mice upon administration of Dox food (Fig. 2.4 C & D). Cre and PyVmT
expression was seen in a WT mouse after 12 days of doxycycline containing diet. Mirol
expression was present at low levels in WT mice without Dox food while expression is
significantly higher in WT animals fed Dox and harbor visible tumor formation (Fig. 2.4C).

1FYFL mice in the presence of a Dox

Mirol staining is absent from epithelial cells of Miro
containing diet (Fig. 2.4C).

Our hypothesis was that Mirol deletion would slow tumorigenesis and inhibit
metastasis given Mirol’s role in cell migration (Cunniff et al., 2016; Furnish & Caino,
2020; Schuler et al., 2017). However, all mice with Mirol deletion failed to form tumors
(Fig. 2.4E). 95% of control mice formed mammary tumors and 71% of those mice had
metastasis to the lungs (Supplementary Fig. 2.S2). Heterozygous Mirol deletion resulted
in the formation of tumors equal to WT mice (Fig. 2.4E) with decreased presence of lung
metastasis (Supplementary Fig. 2.S2). This data shows that loss of Mirol inhibits
tumorigenesis in mice with PyVMT initiated cell transformation and decreases metastasis
to the lungs.

Tissue from all the mice was collected from each of the mammary gland sites as

well as the lungs (Fig. 2.4F). The tissue samples were stained with hematoxylin and eosin
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(H&E) to assess tumor morphology and presence of lung metastases (Fig. 2.4F); the tumors
were scored from blinded slides by an anatomical pathologist using a scoring criterion
(Supplementary Fig. 2.S1) to assess tumor progression across the genotypes (Fig. 2.4G).
Mirol WT and Het animals had similar tumor burden scores while no tumors were
detectable in Mirol KO tissues (Fig. 2.4G). High scoring tumor tissue from control animals
showed invasive adenocarcinoma with confluent expansile growth patterns. Regions of
squamous metaplasia and keratinization were present in some samples. The tumor cells
were high grade, with markedly increased nuclear-to-cytoplasmic ratio. Mirol knockout
mammary epithelial tissue reportedly showed normal-appearing fat tissue and benign

glandular elements having ductal arrangement.

Discussion

Our work demonstrates a critical role for Mirol in breast cancer tumorigenesis,
proliferation, and metastasis. Using our novel transgenic mouse model that has Mirol
deletion in mammary epithelial cells, and orthotopic xenografts of MDA-MB-231 triple-
negative breast cancer cells with Mirol knockdown, we found that reduced Mirol
expression significantly blunted tumor formation in both mouse models and decreases
metastatic potential in functional assays in vifro. These findings align with our ongoing
research investigating the mechanism linking Mirol-mediated mitochondrial positioning
to pathways involved in cell migration (Marlar-Pavey et al., n.d.; M. H. Schuler et al.,

2017), signaling (Cunniff et al., 2016), tumorigenesis, and metastasis.

The perinuclear restriction of mitochondria observed in MDA-MB-231 cells with

stable Mirol knockdown supports previous findings that Mirol is essential for proper
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mitochondrial trafficking (Nahacka et al., 2022; Schuler et al., 2017). The inhibition of
mitochondrial distribution is associated with reduced cell proliferation, migration, and
invasion although we cannot differentiate whether the effects are related to Mirol deletion
or the perinuclear clustering of mitochondria in this model and this point requires further
investigation. These in vitro phenotypes align with in vivo results, where cells with reduced
Mirol expression exhibited a markedly reduced ability to form tumors in orthotopic
models. The increased mitochondrial networking observed in our knockdown cells may be
a contributing factor to impaired trafficking, as mitochondrial fission has been shown to
support tumor cell migration (Boulton & Caino, 2022). Published work has shown that in
cells with inhibited mitochondrial fission protein expression, mitochondria are larger, and
their networking or fusion impedes their trafficking to the leading edge (Desai et al., 2013).
These cells migrate at a lower velocity, which suggests that altered mitochondrial fission

and fusion may disrupt cellular processes that are essential for metastasis.

Additionally, published work shows that Mirol regulated the redistribution of
mitochondria to areas of high ATP demand, particularly during migration (M. H. Schuler
et al., 2017). Cancer cells may rely on localized ATP outputs to sustain cytoskeletal
remodeling and membrane protrusions during invasion; published work shows that
metastatic progression of pancreatic cancer cells can be driven by changes in ATP/ADP
and ATP/AMP ratios (Fares et al., 2020; Papalazarou et al., 2020). Recent work underscores
this by showing that distinct populations of mitochondria are found at filopodia, and this
supports cell migration phenotypes (Marlar-Pavey et al., 2024). The perinuclear clustering

of mitochondria in our Mirol-deficient cells may create an energy deficit at the cell
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periphery, thus impairing motility and invasion. It has been shown in MEF’s with Mirol
deletion, the mitochondria were bioenergetically healthy, and their outputs were
unchanged, however the localization of those outputs appears to be sequestered to the local
sites of the mitochondria (Alshaabi et al., 2021). If ATP and ROS are unable to reach the
periphery of the cell, signaling cascades affecting attachment, migration, and invasion

could be affected in metastatic cancer cells.

The reduced metastatic potential observed in our transgenic Mirol heterozygous
mice may highlight a dose-dependent role of Mirol in breast cancer. While tumors formed
in these mice, their ability to invade distant sites, such as the lungs, was significantly
impaired. This implies Mirol-mediated mitochondrial positioning is utilized not only in
primary tumor formation, but also the invasive and metastatic potential for cancer
progression. These findings are consistent with prior studies linking Mirol expression to
poor patient survival and increased metastasis in other cancer types, including gastric
(Kong et al., 2024) and prostate cancers (Furnish et al., 2022). Additionally, this data
compliments our in vitro assays in which Mirol knockdown resulted in reduced migration,

invasion, and proliferative phenotypes.

While the mechanism of Miro1 utilization in tumorigenesis and metastasis requires
further research, our current data positions it as a potential biomarker for breast cancer
prognosis and a potential therapeutic target. The complete inhibition of tumor formation in
our Mirol knockout models suggests that strategies to inhibit Mirol expression or function
could effectively suppress tumor progression. Strategies to target Mirol pharmacologically

have been explored previously in models of Parkinson’s disease. The Mirol reducer
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compound identified in these studies targets Mirol for proteasomal degradation in the
presence of a mitochondrial membrane potential uncoupler (Hsieh et al., 2019). It is
possible that inherent differences in membrane potential of tumor cells may limit or

enhance the activity of this compound, warranting further investigation.

While our study provides compelling evidence for the role of Mirol-mediated
mitochondrial positioning in breast cancer, several questions remain. The specific
molecular mechanisms by which Mirol deletion alters signaling pathways in cancer cells
require further elucidation. Emerging research indicates that Miro1 significantly influences
various cellular signaling pathways beyond its established role in mitochondrial transport.
Studies by Shannon et. al. identified significant changes in the expression of proteins
associated with cell cycle progression and the MAP kinase pathway in MEFs, which
identifies potential signaling pathways altered by Mirol loss that would be of interest to
investigate in breast cancer models (Shannon et al., 2024). Disruption of Mirol has been
also associated with altered PINK1-Parkin mitophagy pathways, which are critical for
turnover of damaged mitochondria (Lopez-Doménech et al., 2021). The inability of Mirol-
deficient cells to efficiently clear damaged mitochondria may lead to increased oxidative
stress and altered apoptosis signaling (Lépez-Doménech et al., 2021), offering another
potential mechanism to investigate by which Miro1 inhibition may suppress tumorigenesis.
Considering these findings, future research efforts may focus on addressing whether the
clustering of mitochondria around the nucleus in Mirol depleted cells contributes to
oxidative stress or oxidative damage at the nucleus, thus initiating DNA damage controls

and cell senescence.
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Future directions will include the generation of MDA-MB-231 cell lines with over-
expressed Mirol to investigate the growth, migration, and invasion phenotypes further.
Exploring the link between Miro1 inhibition and other proteins of interest in breast cancer
tumorigenesis and metastasis will further our understanding of their cooperative or
compensatory roles in cancer progression. In preliminary studies we have uncovered
altered phosphorylation events and altered protein expression involving key signaling
proteins. The mechanism by which these pathways are altered requires further research.
Additionally, we aim to generate transgenic mice with non-concomitant deletion of Mirol
so we can investigate the effects of its knockout after tumor growth has been initiated. Our
current transgenic model provides us with heterozygous deletion of Mirol, in which the
mice display decreased metastasis to the lungs. We aim to investigate to what degree dose-

dependent Miro1l expression results in decreased metastatic phenotypes.

In conclusion, our findings establish Miro1 as a critical regulator of mitochondrial
dynamics, essential for breast cancer tumorigenesis and metastasis. These results build the
foundation for further investigation of Mirol utilization in breast cancer. By elucidating
the molecular mechanisms through which Mirol mediated mitochondrial positioning
influences breast cancer tumorigenesis and metastasis, we may uncover novel strategies

for targeting aggressive breast cancer subtypes.
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Figure 2.1: Mirol knockdown restricts mitochondria to perinuclear regions and
inhibits cell migration of MDA-MB-231 breast cancer cells and significantly decreases

cell proliferation. A) MDA-MB-231 cells were transfected with control or Mirol shRNA
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prior to fixation on glass slides and immunofluorescence staining. Purple = DAPI/nucleus,
Yellow = Anti-TOMM?20 antibody/ mitochondria and Gray = Phalloidin/Actin. B and C)
Mirol mRNA expression in stable MDA-MB-231 Mirol shRNA clones measure by RT-
gPCR (n =3, * p <0.05, Students t-test). D) Quantification of mitochondria area relative
to cell area (n = 20 cells/group, * p < 0.05, Students t-test). E) Total cell area is unchanged
in shCtrl and shMirol cells (n =20 cells/group). F) Mitochondrial networking is increased
in shMirol cells (n =20 cells/group, **** p <0.001, Students t -test) G) Stable knockdown
of Mirol in MDA-MB-231 clones knockdown significantly reduces cell proliferation (n =

5, ¥ p <0.01, One-way ANOVA with Tukey’s Post Test).
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Figure 2.2: Mirol knockdown reduces MDA-MB-231 cell migration, proliferation
and invasion. (A&B) MDA-MB-231 clones with Mirol knockdown had significantly
reduced ability to close the gap in wound closure migration assays. Open wound area
highlighted in cyan. (C&D) MDA-MB-231 cells with Mirol knockdown had significantly
reduced ability to invade through a membrane in transwell invasion assays. Invaded cells

were stained with 0.1% crystal violet.
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Figure 2.3: Mirol Knockdown reduces MDA-MB-231 tumor growth in vivo. (A)
Percentage of tumor-free mice over days post-orthotopic injection of MDA-MB-231 clones
with and without Mirol knockdown. 75% of control mice formed mammary tumors at the
injection site between days 8-26. Only 17% of mice injected with the Mirol knockdown
clone, A4, formed mammary tumors at the injection site between days 11-18. All mice that
received injections of the Miro1 knockdown clone, A3, failed to form palpable tumors. (B)
Scoring of tumors (Score 1-5) post excision from mice during necropsy. Scoring was done

using tissue slides stained with hematoxylin and eosin (H&E). (C) Scoring of mammary
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epithelial tumor tissue based on our assessment of histological features such as loss of

normal architecture, cellular morphology, and stromal invasion (Supplementary figure 1).

86



A —

MTB — MMTvLR
(—P

MIC - Two IRES

CRE

Miro1 flox — Miro1 Exon 1 Miro1 Exon 2 Miro1 Exon 3 I Miro1 Exon4

B WT HET

fufi

H20

(+)control

NTE A — —

s L —

WT . —
WT HET
CRE

fufi

WT No Dox

+Dox

Fig. 2.4: Deletion of Mirol from mammary epithelial cells blunts tumor formation

following PyVmT expression. (A) Generation of the transgenic mouse model: Control

H20 (+)control

+ Dox

87

Mir01 FL/FL

WT No Dox

E » 100
2 e
E 80 - — WT
<
g 60 L HET
fr = — FL/FL
5 401 i 8
E e
2 204 S
B3
0 T T T T T 1
0 50 100 150 200 250 300
Days Post Doxycycline
G 6- Fhkk
1
5- esessse mm
o
8 4 CET
()
5 3 s
5 2 1
1 B

o
1

WT HET FL/FL

) KO (Miro1FUrt)

e




mice have middle T- antigen activation and the experimental mouse model has concurrent
Mirol deletion and middle T- antigen activation. Cross breeding of the MIC mouse and the
MTB mouse models with the Mirol "/fl murine model generated the final desired
experimental mouse (MIC/ MTB/ Mirol "/f1). Activation of the mammary tumor virus long
terminal repeat (MMTV-LTR) promoter in the presence of hormones results in reverse
tetracycline trans activator (rtTA) production. In the presence of tetracycline (doxycycline)
and rtTA, the tetracycline-inducible operator (TetO) is activated, leading to the
simultaneous production of Polyomavirus middle T antigen (PyVMT) and CRE
recombinase (CRE). An internal ribosome entry sequence (IRES) ensures simultaneous
gene expression. (B) Presence of the transgenes were confirmed by genotyping an ear-
clipping sample from each mouse used in the experiment. (C) IHC staining of Cre (where
Cre is in brown and cell nuclei are in blue) confirmed expression in both WT and KO mice.
IHC staining confirmed the expression of Mirol (where Mirol is in brown and cell nuclei
are in blue) in WT mice and lack of expression in KO mice. (D) IF staining of PyVMT
(where PyVMT is yellow, and cell nuclei are pink) confirmed its expression in both the
WT and KO mice. (E) percentage of tumor-free mice over time in days post-doxycycline
administration. (F) Hematoxylin and eosin (H&E) staining of mammary epithelial tissue
(where purple is cell nuclei and pink is cytoplasm) collected from wild type, /fl (Mirol
knockout), and heterozygous mice. (G) Scoring of tumors (1-5) removed from mice during
necropsy using one representative tumor per mouse. Scoring of mammary epithelial tumor
tissue based on our assessment of histological features such as loss of normal architecture,

cellular morphology, and stromal invasion. (Supplementary Figure 1).
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Score 0 Score 1 Score 2 Score 3 Score 4 Score 5

Invasive Ductal
Carcinoma

Supplemental Figure 2.1: Scoring chart of H&E-stained mammary duct tissue. (Top
row) Schematic representation of stepwise neoplastic transformation of mammary ducts.
Scoring begins at 0 with a normal ductal structure, followed by hyperplasia, atypical
hyperplasia, ductal carcinoma in situ (DCIS), and culminates in invasive carcinoma
characterized by cellular overgrowth and breaching of the basement membrane. (Bottom
row) Representative H&E-stained histological sections of mouse mammary ducts
corresponding to each score. Normal ducts exhibit a single layer of epithelial cells outlining
the duct, while increased scoring of tissue shows increased cellular proliferation and
thickening, architectural distortion, nuclear pleomorphism, and eventual stromal invasion.

Scale bars = 300 um.
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A

B MTB/MIC WIWT  MTB/MIC WTFl. MTB/MIC FL/FL
Had mammary tumors 20 9 0

Did not form mammary 1 4 32
tumors

Had lung METs 16 2 0

Did not have lung 5 11 39

METs

Supplemental Figure 2: Mirol Knockout and heterozygous expression in mammary
tissue reduces metastatic potential. (A) H&E-stained lung tissue from indicated mice (B)
Table showing the number of animals with and without primary mammary tumor formation

and with and without metastasis to the lungs.
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CHAPTER 3: UNCOVERING SIGNALING PATHWAYS
MODULATED BY MIRO1 KNOCKDOWN IN TRIPLE NEGATIVE
BREAST CANCER CELLS

Abstract

Mirol is a mitochondrial outer membrane protein that regulates mitochondrial and
peroxisome trafficking, endoplasmic reticulum (ER) association, and mitophagy. Beyond
its established roles in organelle dynamics, prior studies suggest Mirol contributes to cell
migration and proliferation in both normal and cancerous cells. Notably, elevated Mirol
expression has been correlated with poorer overall survival in breast cancer patients,
highlighting its potential involvement in tumor progression. To investigate the functional
role of Mirol in breast cancer tumorigenesis and metastasis, we generated MDA-MB-231
human breast cancer cells with stable Mirol knockdown (KD). In vitro analyses revealed
that Miro1 KD significantly restricted mitochondria to the perinuclear region and impaired
cellular proliferation, migration, and invasion. Mechanistically, these phenotypic changes
were associated with altered phosphorylation of ERK1/2 and dysregulation of proteins
involved in MAPK signaling, including DUSP6, EIF4E2, and its translational repressor
4EHP. Additionally, immunofluorescent imaging suggested changes in ERKI1/2
subcellular localization in Mirol KD cells, pointing to disrupted spatial signaling. Our
findings support the hypothesis that Miro1-mediated mitochondrial dynamics contribute to
oncogenic signaling pathways that drive cell migration, invasion, and tumor growth.
Understanding how Mirol influences these processes may offer new insights into the
molecular basis of breast cancer progression and identify potential targets for therapeutic

intervention.
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Introduction: background

Breast cancer is currently the most commonly diagnosed malignancy among
women worldwide and a leading cause of cancer-related death despite advances in
screening, diagnosis, and treatment (Thilagam et al., 2025; World Health Organization,
2025). These deaths are largely due to the cancer’s ability to metastasize away from the
primary site, inflicting lethal damage in other organs and tissues. Breast cancer remains a
major global health challenge, not only due to its high incidence and mortality rates but
also because of the complex biological heterogeneity that underlies its progression (Mallon
et al., 2000). While early-stage breast cancer is often treatable, the development of invasive
and metastatic disease drastically reduces survival outcomes and limits therapeutic options
(Mallon et al., 2000; Thilagam et al., 2025). Investigating the regulatory pathways and
genetic alterations that contribute to breast cancer is essential for improving clinical
outcomes. Most cases are sporadic and arise from complex interactions between acquired
mutations, hormonal signals, and microenvironmental factors that disrupt normal epithelial
homeostasis (Thilagam et al., 2025). This underscores the need for further research to
deepen our understanding of the molecular and cellular mechanisms that drive tumor

initiation, progression, and resistance to therapy.

Despite decades of research into breast cancer biology, especially triple-negative
breast cancer (TNBC), the field continues to lack a complete understanding of how tumor
initiation and metastatic progression are driven (Bianchini et al., 2016). While some studies

have elucidated the genetic and transcriptomic landscapes of breast tumors, relatively little
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attention has been paid to the spatial regulation of mitochondria and its direct impact on
oncogenic signaling. Prior to this work, Mirol had been characterized primarily as a
mitochondrial trafficking protein, however, emerging evidence is linking it to cancer cell
motility, intercellular mitochondrial transfer, and poor clinical outcomes (Boulton et al.,
2022; Human Protein Atlas, n.d.; Uhlen et al., 2015). However, the precise mechanistic
contributions of Mirol to tumorigenesis and metastasis, especially in TNBC, remained

unknown.

This work begins to fill that gap in knowledge by demonstrating that Mirol may be
a marker of aggressive tumors and a critical driver of tumor initiation and metastatic
competence. Using both in vitro and in vivo models, we show that Mirol loss results in
near-complete abrogation of tumor formation, despite the presence of potent oncogenic
drivers such as PyVMT. Additionally, MDA-MB-231 human breast cancer cell lines with
stable Mirol knockdown have impaired cellular proliferation, migration, and invasion.
Mirol KD in these cells is also associated with altered ERK1/2 phosphorylation and
localization, and aberrant translational control of DUSP6 by 4EHP. These data position
Mirol as having a key role linking mitochondrial trafficking to MAPK signaling and

translational repression, which are two pathways frequently altered in cancer.

Notably, this work also emphasizes the dose-dependent effects of Mirol in our
transgenic mouse model, where even heterozygous loss impairs metastatic potential. This
graded response underscores the biological importance of Mirol expression levels and

suggests that partial inhibition of Mirol may offer therapeutic benefit. This informs us that
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if Mirol were to be targeted therapeutically, it may not require full inhibition to slow or
stop cancer progression, although further experimentation is required to confirm this
assumption. Taken together, these findings move the field forward by establishing a direct,
supportive role for Mirol in breast cancer development and progression, uncovering novel
regulatory interactions between mitochondrial positioning and oncogenic signaling, and
identifying Mirol as a possible therapeutic target and biomarker for aggressive breast

cancer subtypes.

The focus of this work is on the relationship of Mirol-mediated mitochondrial
dynamics and breast cancer tumorigenesis and metastasis. Mirol is a protein that embeds
in the mitochondrial outer membrane and attaches to motor proteins to facilitate subcellular
mitochondrial trafficking (Castro et al., 2018; Modi et al., 2019; Schuler et al., 2017).
Inhibition of Mirol in mouse embryonic fibroblasts and in MDA-MB-231 human breast
cancer cells results in mitochondria sequestered around the nucleus and inhibited
trafficking to the cell periphery (Alshaabi et al., 2021; Nahacka et al., 2021; Schuler et al.,
2017; Shannon et al., 2025). Mitochondrial outputs of adenosine triphosphate (ATP) and
reactive oxygen species (ROS) are not ubiquitously dispersed within cells, and in cells with
impaired Mirol expression, their outputs are unable to reach distant sites and are found to
be pooled around the immobilized mitochondria (Alshaabi et al., 2021). Data published on
The Human Protein Atlas indicates that patients harboring high Miro1l expression in their
tumor tissue have a lower survival rate than those with low Mirol (Uhlen et al., 2015). This
data led us to hypothesize that Mirol-mediated mitochondrial dynamics support breast

cancer tumorigenesis and metastasis.
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The extracellular signal-regulated kinases ERK1 and ERK2 (ERK 1/2), components
of the MAPK pathway, play a central role in orchestrating a wide range of cellular
processes including proliferation, differentiation, survival, and migration. In cancer cells,
the ERK1/2 pathway functions as a critical signaling hub, transmitting extracellular cues
from activated surface receptors to transcriptional regulators in the nucleus (Cook et al.,
2017; Wortzel & Seger, 2011). ERK1/2 activation is initiated in the cytoplasm through
phosphorylation by the upstream kinases MEK1/2, leading to its dissociation from
cytosolic anchoring proteins. Once released and fully activated, ERK1/2 can translocate
into the nucleus via importin7, where it modulates gene expression by interacting with
transcription factors and chromatin-modifying enzymes (Fig.1.3) (Berti & Seger, 2017;

Wortzel & Seger, 2011).

Dysregulation of ERK1/2 signaling is a common feature across many cancer types,
often contributing to tumor growth, therapeutic resistance, and metastasis. In certain
malignancies, including colon and breast cancers, hyperactivation of the ERK/MAPK
pathway results in uncontrolled cellular proliferation and enhanced invasive behavior
(Zhou et al., 2019; Urosevic et al., 2014; Whyte et al., 2009). In the context of breast cancer,
particularly triple-negative breast cancer (TNBC), the ERK1/2 pathway is frequently
activated and is associated with aggressive tumor phenotypes. Regulation of ERK1/2
activity is tightly controlled by negative feedback loops, one of which involves dual-
specificity phosphatases such as DUSP6 (also known as MKP-3). DUSP6 selectively
dephosphorylates active ERK1/2 in the cytoplasm, serving as a key modulator that prevents

excessive signaling (Vargas-Ibarra et al., 2021). The loss or suppression of DUSP6 can
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prolong ERK1/2 activity, thereby enhancing downstream transcriptional programs that
support tumor growth and dissemination. Because of this, both ERK1/2 and DUSP6
represent critical nodes within oncogenic signaling networks and may be influenced by
broader alterations in cellular dynamics such as those driven by mitochondrial positioning.
Importantly, ERK1/2 phosphorylation must be tightly regulated and dynamic; sustained or
constitutive activation does not always correlate with increased proliferation and can, in
some contexts, lead to growth arrest or differentiation (Burch et al., 2004; May & Hill,
2008; Mebratu & Tesfaigzi, 2009; Shannon et al., 2025). The present study builds upon
this framework by examining how Mirol knockdown in MDA-MB-231 cells potentially
alters signaling pathways leading to downstream changes in ERK1/2 activity and DUSP6

expression.

In this study, we find that Mirol knockdown in triple-negative MDA-MD-231
breast cancer cells leads to dysregulation of key components of the MAPK signaling
pathway and translational repression machinery. Specifically, loss of Mirol results in
increased ERK1/2 phosphorylation alongside a significant reduction in DUSP6 protein
levels, despite no measurable decrease in DUSP6 mRNA expression, suggesting
translational repression. We further identify the upregulation of 4EHP, a cap-binding
protein known to mediate miRNA-directed translational silencing; published data shows
4EHP to be responsible for the suppression of DUSP6 translation (Jafarnejad, 2018). These
molecular changes collectively indicate that Mirol influences oncogenic signaling through
a previously uncharacterized axis involving ERK1/2 hyperactivation and 4EHP-mediated

repression of DUSP6. Our data suggests that mitochondrial positioning, regulated by
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Mirol, exerts downstream effects on signaling fidelity and translational control, ultimately

shaping the proliferative and invasive behavior of MDA-MB-231 cells.

Results

To begin our investigation into the role of Miro1 in breast cancer, we first generated
MDA-MB-231, T47d, and MCF7 cell lines with Mirol knockdown (KD) via adenoviral
transduction. The initial goal of utilizing three cell lines was their distinct differences in
metastatic ability. MDA-MB-231 is a highly metastatic triple-negative breast cancer
(TNBC) cell line derived from a pleural effusion. This cell line lacks the expression of
estrogen and progesterone receptor expression and HER2 receptor amplification, making
these cells unable to be targeted by current therapeutic treatments (UK Health Security
Agency - Culture Collections, 2025). T47d is a metastatic cell line that expresses estrogen
and progesterone receptors (ER+, PR+); it was derived from an infiltrating ductal
carcinoma of the breast (American Type Culture Collection, 2024b). MCF7 is a low-to-
non metastatic ER+ cell line derived from a pleural effusion (American Type Culture

Collection, 2024a).

The efficacy of Mirol KD in these cell lines was ~50-60% and the cells had
perinuclear clustering of mitochondria (Supplementary Fig. 3.S1). However, we confirmed
through qPCR that the cells rescued their expression of Mirol after approximately three
days post-transduction. The mechanism by which the cells were able to recover Mirol
expression is unknown and was a limiting factor in our data collection from functional

assays. Additionally, to maintain Mirol KD during that three-day window, reapplication

101



of the adenovirus was required every 24 hours. For these reasons, our preliminary work in
these cell lines was limited to protein and RNA analysis of samples collected within the
knockdown window and immunofluorescent analysis of cells fixed within the knockdown
window. qPCR was performed on every collected sample to confirm an acceptable level of
Miro KD was maintained at the time of sample collection. Spheroid formation assays were
initiated; however, the maintenance of Mirol knockdown could not be confirmed, as daily
reapplication of the adenoviral vector was not compatible with the live-cell imaging
conditions.

We identified altered phosphorylation of ERK1/2 (pERK1/2) and vinculin
(pVinculin), as well as potentially altered pERK1/2 localization to the nucleus
(Supplementary Fig. 3.S2 & 3.S3) in Mirol KD cells. Preliminary analyses also examined
the phosphorylation status of FAK and p130Cas; however, the results were inconsistent
and inconclusive, likely due to limitations in antibody sensitivity or specificity. To
facilitate a more focused and in-depth investigation, we generated MDA-MB-231 cells
with stable Mirol knockdown, which serve as the primary model for the studies presented
in this chapter. The T47D and MCF7 cell lines were excluded from subsequent experiments
due to substantial biological and phenotypic differences among the three lines, rendering
each a distinct and independent research undertaking.

Transfection of shMirol and shCtrl plasmids into MDA-MB-231 cells resulted in
two stable KD clones, A3 and A4, each maintaining ~50% Miro1 knockdown (Fig. 3.2D,
E). As observed in our preliminary studies, these cells exhibited perinuclear clustering of

mitochondria (Fig. 3.1). In addition to perinuclear clustering, these cells had a significant
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increase in mitochondrial networking (Fig. 3.2). qPCR analysis confirmed that clones A3
and A4 did not regain Mirol expression, in contrast to earlier cell lines. This stable
knockdown enabled the execution of multi-day functional assays. As previously described
in Chapter 2, in our functional assays, A3 and A4 had significantly reduced cell
proliferation, migration, and invasion in comparison to the controls (Fig. 3.3, 4 & 5). A
significant reduction in proliferation indicates an important mechanism for Mirol in
potentially controlling tumor growth. The significant reduction in cell migration and
invasion implies a potential requirement of Mirol mediated mitochondrial positioning in
these cells’ ability to carry out metastatic processes. Whether these results are a direct result
of Mirol depletion or a downstream result of perinuclear mitochondrial clustering is
currently unknown and will require further experimentation.

To investigate the mechanisms underlying the altered proliferation, migration, and
invasion observed under Mirol knockdown conditions, we first examined phospho-
vinculin (pVinculin) via immunofluorescent staining based on preliminary findings from
the transient Mirol knockdown model. While clone A4 exhibited a significant increase in
pVinculin levels, no such increase was observed in clone A3, rendering the results
inconclusive (Supplementary Fig. 3.S7, 3.S8). In addition, we investigated ERK1/2
phosphorylation and DUSP6 expression. Although western blot analysis did not reveal a
statistically significant change in ERK1/2 phosphorylation (Fig. 3.6), immunofluorescent
staining suggests a potential increase in pERK1/2 levels that may be below the detection
threshold of western blotting, as well as a possible shift in pERK1/2 localization to the

nucleus. (Fig. 3.7 & 8). DUSP6 has high specificity kinase activity for pERK1/2 that can
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regulate ERK1/2 phosphorylation and subcellular trafficking (Vargas-Ibarra et al., 2021;
Jafarnejad, 2018). Our western blotting results indicate an almost-complete depletion of
DUSP6 protein expression in cells with Mirol KD (Fig. 3.6C, D). However, qPCR
determined its mRNA transcript levels were unchanged (Fig. 3.9C, D); this led us to
investigate translational controls for DUSP6. Consistent with reduced DUSP6 expression
observed by western blotting, immunofluorescent staining revealed a significantly
diminished DUSP6 signal in Mirol knockdown cells (Fig. 3.9A, B). Published studies
prompted us to examine 4EHP (eIF4E2), given its role in the translational repression of
DUSP6 (Jafarnejad, 2018). In our MDA-MB-231 cells with Mirol knockdown, western
blot analysis (Fig. 3.6C, E) demonstrated significantly elevated 4EHP levels, which may

underlie the observed reduction in DUSP6 expression.
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Figure 3.1: Perinuclear clustering of mitochondria in Mirol knockdown clones
A3 and A4. MDA-MB-231 cells were transfected with control or Mirol shRNA prior to
fixation on glass slides and immunofluorescence staining. Yellow = DAPI/nucleus,
Magenta = Anti-TOM20 antibody/ mitochondria and Gray = Phalloidin/Actin.
Pseudocolored in Image-J for visual clarity. T47d, and MCF7 cell lines were also

transduced with comparable results (Supplementary Fig.3.S1).
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Figure 3.2: Analysis of mitochondrial subcellular localization and Mirol knockdown

in stable clones A3 and A4. Knockdown of Mirol (shMirol) induces (A) perinuclear

restriction of mitochondria, no change in cell area (B) and increases mitochondrial

networking in MDA-MB-231 cells (C). N = 10 cells/group. (D&E) Mirol mRNA

expression in stable MDA-MB-231 Mirol shRNA clones measure by RT-qPCR (n = 5-6,

* p <0.05, Students t-test).
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Figure 3.3: Analysis of cell proliferation in Mirol knockdown clones A3 and A4.
Stable knockdown of Mirol in MDA-MB-231 clones significantly reduces cell

proliferation (n =5, ** p <0.01, One-way ANOVA with Tukey’s Post Test).
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Figure 3.4: Analysis of cell migration in Mirol knockdown clones A3 and A4. A)
MDA-MB-231 clones with Miro1 knockdown had significantly reduced ability to close the
gap in wound closure migration assays. Open wound area highlighted in cyan. B) Graph
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of percentage of wound closure over time. Error bars represent mean = SEM from three
independent experiments. Statistical analysis was performed using a paired two-tailed t-

test (P <0.05).
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Figure 3.5: Mirol knockdown reduces invasive capacity of MDA-MB-231 cells in
transwell invasion assays. Cells were seeded in Matrigel-coated transwell chambers and
allowed to invade toward serum-containing media. Invaded cells were fixed and stained
with 0.1% crystal violet. Representative images are shown from 12 technical replicates per
cell line. (A, C) MDA-MB-231 cells stably expressing shMirol clones A3 and A4
demonstrated 65% and 41% Miro1 knockdown, respectively, relative to control cells at the
time of assay. (B, D) Both A3 and A4 clones exhibited significantly reduced invasion

through the transwell membrane compared to controls.
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Figure 3.6: Western blot analysis of pERK, tERK, DUSP6, and 4EHP in Mirol
knockdown MDA-MB-231 clones A3 and A4. Fold change in densitometry
measurements of pERK1/2 (A), tERK1/2 (B), DUSP6 (D), and 4EHP (elF4E2) (E).
Densitometry measurements were made from western blots of protein collected from
MDA-MB-231 cell lines with Mirol KD. C) Representative western blots of pERK1/2,

total ERK1/2, DUSP6, and 4EHP, where B-actin served as the loading control.
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Figure 3.7: Immunofluorescent staining of phospho-ERK1/2 in Mirol knockdown
clones A3 and A4. A) Immunofluorescence of phosphorylated ERK ‘2 (pERK1/2) in
MDA-MB-231 cells with stable Mirol KD where Green = pERK1/2, Gray = Phalloidin/
actin, and Magenta = DAPI/ cell nuclei (See supplementary Fig. 3.S4 for the unmerged
images). B & C) Graph of pERK1/2 nuclear and cytoplasmic signal intensity where each
dot represents a single cell’s mean gray value measurement. Error bars represent mean =+
SEM. Statistical analysis was performed using an unpaired two-tailed t-test (*p < 0.05 for

each group).
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Figure 3.8: Immunofluorescent staining of total-ERK1/2 in Mirol knockdown clones
A3 and A4. A) Immunofluorescence of total ERK 2 (tERK1/2) in MDA-MB-231 cells
with stable Mirol KD where Green = tERK1/2, Gray = Phalloidin/ actin, and Magenta =
DAPV/ cell nuclei (See supplementary Fig. 3.S5 for the unmerged images). B & C) Graph
of tERK1/2 nuclear and cytoplasmic signal intensity where each dot represents a single
cell’s mean gray value measurement. Error bars represent mean + SEM. Statistical analysis

was performed using an unpaired two-tailed t-test (*p < 0.05 for A3, ns for A4).

113



Control

Actin
DUSP6

Nucleus % .A
e

A3

DUSPS6 Signal Intensity

g — *hkkk
c 200__ | Tkkk 1
g 1 ] P= <0.0001
= ] P= <0.0001
®© .
> ]
= ]
g 1007 E== .
5 e :
3 ]
& ] :
i) ] N=97 N=77 N=175
= 0 I [ [
Control « A3 s A4
C D
—_ ns
g 1.5 ns E 2.5+
g 3
‘w 1.0 .g
o ® 1.5
Q_ —_
& 1 N=3
pd
o %
8 e} 05_
o
% )
a 00— 2 0.0 ,
Control A3 Control

114

Ad



Figure 3.9: Immunofluorescent staining and qPCR analysis of DUSP6 in Mirol
knockdown clones A3 and A4. A) Immunofluorescence of DUSP6 in MDA-MB-231 cells
with stable Mirol KD where Green = DUSP6, Gray = Phalloidin/ actin, and Magenta =
DAPU cell nuclei (See supplementary Fig. 3.S6 for the unmerged images). B) Graph of
DUSP6 signal intensity where each dot represents a single cell’s mean gray value
measurement. Error bars represent mean = SEM. Statistical analysis was performed using
an unpaired two-tailed t-test (*p <0.05 for both groups). C & D) mRNA levels in Mirol

KD cell lines A3 and A4 are unchanged.
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Methods

Generation of MDA-MB-231, T47d, and MCF7 cell lines with Transient
Mirol knockdown

To achieve knockdown of Mirol (RHOT1) expression in human breast cancer cells,
a commercially prepared adenoviral shRNA vector was used (Ad-GFP-U6-h-RHOT]1-
shRNA; Vector Biolabs, SKU: shADV-221196). This construct is based on a replication-
deficient human adenovirus type 5 backbone (dE1/E3) and carries a U6 promoter-driven
short hairpin RNA (shRNA) targeting the human RHOT1 gene (RefSeq: NM_018307).
The targeting sequence used in this construct was 5'-GTGGACGCTCACGACTTATTT-3',
which has been previously validated to achieve approximately 90% knockdown of RHOT1
mRNA in A549 cells (Vector Biolabs, VBLKO-353760). The vector also contains an
enhanced green fluorescent protein (eGFP) reporter gene driven by a separate CMV
promoter, allowing for visualization and assessment of infection efficiency. Adenovirus
was supplied at a titer of 8.80 x 10" PFU/mL in DMEM containing 2% BSA and 2.5%
glycerol, and was stored at —80 °C. All viral transductions were performed using this
preparation, and care was taken to avoid repeated freeze-thaw cycles. A control virus
encoding a non-targeting shRNA and GFP reporter (Ad-GFP-U6-shCtrl) was used in

parallel to account for effects of viral transduction and GFP expression.

Cells were seeded in 6-well plates at a density of 3 x 10° cells per well and allowed
to adhere overnight in complete DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin. Cells were then transduced with shMirol or shCtrl adenovirus at a

multiplicity of infection (MOI) of 50-70. It was found that an MOI less than 50 did not
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produce adequate Mirol KD and an MOI greater than 80 resulted in the cells dying off.
After 24 hours of incubation, viral medium was removed and replaced with fresh complete
growth medium containing the adenovirus. It was found through qPCR that the adenovirus
had to be reapplied every 24 hours for 3 days to maintain sufficient Mirol KD in these cell
lines. Knockdown efficiency of Mirol was assessed by quantitative PCR (qPCR), and only
samples demonstrating a KD of >50% in Mirol expression were included in downstream

experiments.

Generation of MDA-MB-231 cell lines with Stable Mirol knockdown
MDA-MB-231 human breast cancer cells were transfected with shCtrl

(OmicsLink™ shRNA Expression Clone CSHCTROO01-1-mU6; GeneCopoeia, Inc.,
Rockville, MD) or shMirol (OmicsLink™ shRNA Expression Clone, HSH106063-mU6-
a; GeneCopoeia, Inc., Rockville, MD) using the Genelet plasmid miniprep kit (Thermo
Scientific #K0502 #K0503) and the X-tremeGENE HP transfection reagent. The plasmid
DNA contained an mCherry fluorescent cassette, a puromycin resistance cassette, and an
ampicillin resistance gene. Single cells were grown in a 96 well plate to produce colonies,
which were selected via fluorescent imaging and puromycin resistance. The initial colonies
were then assessed for Mirol knockdown via qPCR. Clones that had less than 50% Mirol
knockdown were not considered. Two clones, A3 and A4, were propagated for
experimental use. The Mirol knockdown clones and the control cells containing a

scrambled plasmid were grown in DMEM with 10% FBS and 7 pg/ mL puromycin.
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qPCR for Mirol expression in knockdown cells

RNA was isolated and purified using Qiagen’s RNeasy mini kit (Qiagen ID.
74104). The protocol was carried out as per the manufacturer’s instructions. PCR
amplification of the RNA product was carried out using a Qiagen RT? first strand kit
(Qiagen ID. 330401) in preparation for quantitative PCR; 500 ng RNA was used for each
reaction. The cDNA product was diluted 1:4 for the qPCR reactions. RT?> SYBR Green
Fluor gPCR Mastermix (Qiagen ID. 330513) was added to the diluted product. Each qPCR
reaction set included a negative control reaction without a template. qPCR was performed
using PrimeTime qPCR primers from Integrated DNA Technologies (IDT, Madison, W1,
USA). The qPCR reactions were run with the following thermocycler conditions: (95°C X

10 minutes, 95°C X 15 seconds, 60°C X 1 minute) X40 cycles.

Relative gene expression levels were calculated using the 2*-AACt method. ACt
was determined by subtracting the Ct value of the endogenous control gene (ACTb) from
the Ct value of the target gene for each sample. AACt values were then calculated relative
to a designated calibrator sample (MDA-MB-231 shCtrl cell RNA). Fold changes in gene

expression were determined as 2*-AACt. Data was graphed using GraphPad Prism. n=3

per group.
Target Gene Primer Sequence (5'-3")
RHOTI Forward TCTGTTCTGCTTCTGAGTAATCTAC
RHOTI Reverse CTGATTATGTCTCTGGTCAGTGA
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Wound-healing migration assay

Cells were grown in a 6-well plate; the initial seeding was 3X105 cells in 2 ml
DMEM with 10% FBS, and 7 pg/ ml puromycin for selection. Cells were allowed to grow
to approximately 90% confluency for the experiment. A 1000 pl pipette tip was used to
gently scrape a line of cells off the plate’s surface to produce a wound. The plates were
then loaded into a Lion Heart live-cell imager and were imaged on bright-field setting every
hour for 24 hours. The images were then processed in Imagel] software by creating a
threshold 8-bit image to select the open wound between the cells and a measurement of the
area was taken. The area for each time-point was calculated to a percentage of closure of
the initial wound measurement to account for the inability to make identical wound areas
with the initial scraping of cells. The percentages for each time point were averaged across
replicate experiments for each cell line and graphed in GraphPad Prism to show the
percentage of wound closure over time with SEM. P-value was calculated using a 2-Way
ANOVA test where the source of variation was a row factor for each clone in comparison

to the control. N=3

Transwell invasion assay

Cells were plated in transwell inserts that had a membrane pre-coated with ECM material
and 8um pores (Corning, 354480). FBS-free DMEM was applied in the insert and DMEM
with 10% FBS in was applied in the bottom chamber. The FBS served as the
chemoattractant to stimulate cell invasion. The cells were incubated for 24 hours at 32°C
in 5% CO2. After the 24-hour incubation, the transwell inserts were removed, fixed in 70%

ETOH, stained with 0.1% crystal violet, and washed in distilled water. Cells remaining on
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the top of the membrane were removed with a sterile cotton tipped applicator prior to
staining so their presence would not obstruct the imaging of the invaded cells on the bottom
of the membrane. The invaded cells were imaged on a Lion Heart cell-imager on the color
bright field setting at 40X magnification. Cell counts were done using BioTek Gen5
Software and those cell numbers were graphed and analyzed in GraphPad Prism. P-values

were determined via two-tailed un-paired Student T-tests. N = 3 experimental replicates

Proliferation assay

Cells were grown in a 6-well plate; the initial seeding was 3x10* cells in 2 ml
DMEM with 10% FBS, and 7pug/ ml puromycin for selection. Each following day, one well
of the 6-well plate was trypsinized and the number of cells in the solution was counted
using a hemocytometer. The measurements were averaged over five repeat experiments
and graphed to show cell number over time and SEM in GraphPad prism. P-value was
calculated using a 2-Way ANOVA test where the source of variation was a row factor for

each clone in comparison to the control. N = 5 experimental replicates.

Western blotting

Protein extraction: cells were washed with 1X PBS. Collection was performed
using cell scrapers and a RIPA buffer supplemented with 1 mini-protease tablet (Thermo
Scientific), 2mM NazVOy4, and 25mM NaF for the stabilization of phosphorylated proteins.
The collected solution was centrifuged at 1000 rpm for 10 minutes. The supernatant was
collected and the pellet discarded. Extracted protein was stored at 4°C until use in western

blotting experiments. Protein concentrations were determined using a Bradford assay to
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ensure equal loading across all samples. Lysates were mixed with Laemmlli buffer
containing DTT and denatured prior to electrophoresis. Samples were resolved by SDS-
PAGE at 200 V for 50 minutes. on 4-12% Tris SDS-PAGE gradient gels (Invitrogen) and
transferred to polyvinylidene fluoride (PVDF) membranes (GE Health Care Life Science)
for immunoblotting. Membranes were blocked with 5% bovine serum albumin (BSA) in
1X Tris-Buffered saline containing 0.2% tween (TBST) at 4°C overnight. The following
day, the membranes were washed in TBST for 1 hour, changing the TBST every 20
minutes.

Immunoblotting was performed using the following primary antibodies:

. o Molecular
Target Protein Dilution Weight Source/ Catalog #
Phospho-Vinculin (Tyr100) 1:1000 124 kDa Invitrogen, 441074G
Total-Vinculin 1:1000 124 kDa Invitrogen, 14-9777-80

Phospho-ERK ¥; (P-p44/42
MAPK)

Cell Signaling Technology,

11000 4244kDa 1o

Tota-ERK 1/2 (p44/42 MAPK)  1:1000  42,44kDa  CCll Signaling Technology,

91028
DUSP6 (MKP3) 1:1000 42 kDa Invitrogen, MA531988
elF4E2 (4EHP) 1:500 28 kDa Genetex, GTX103977
Actin 1:2000 42 kDa Invitrogen, MA-511869

Primary antibodies were washed off of the membranes with 1X TBST for 1 hour, changing
the TBST every 20 minutes. The membranes were then incubated in secondary antibody:
mouse (GE Health Care), or rabbit (GE Health Care) for 1 hr. Following secondary
antibody incubation, membranes were washed with TBST for 1 hr and enhanced
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chemiluminescent substrate (Thermo Scientific) was used to detect conjugated secondary
antibodies. Images were acquired using a GE imaging system configured for
chemiluminescence detection. An initial exposure of 30 seconds was followed by an
interval series capturing seven sequential images. To ensure clear visualization of the
molecular weight marker, an additional image was captured using a manual 1-minute

exposure setting. Images were analyzed using Image] and GraphPad Prism software.

Immunofluorescent staining

Cells were plated on glass cover slips in 6-well plates. The cells were allowed to grow for
2-3 days until ~60 confluency. Cells were fixed with 4% paraformaldehyde (PFA) in 1X
phosphate-buffered saline (PBS) for 10 minutes at room temperature. Cell membranes
were permeabilized using Triton X-100 in 1X PBS (PERM buffer) for 10 minutes at room
temperature, followed by washing with 1X PBS. Fixed cells were then incubated overnight
in 1.5% BSA in 1X PBS to block nonspecific binding. Fixed cell samples of MDA-MB-
231 cells with and without Mirol KD were stained with an antibody that conjugates to the
proteins of interest (see table below) to determine expression and localization. Secondary
labeling was performed using Alexa Fluor 594—conjugated phalloidin (1:400, Invitrogen,
Cat# A12381) and Alexa Fluor 488—conjugated secondary antibody (1:500, Invitrogen,
Cat# A11008). Cell nuclei were visualized with DAPI (0.5 pg/mL, Thermo Fisher
Scientific, Cat# 62248). Fluorescent imaging was performed using a Nikon AIR-ER
confocal microscope. Z-stacks were acquired and processed in Image] to generate

maximum intensity projections. Brightness and contrast settings were standardized across
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all images to ensure calibrated comparison of pixel intensity. The primary antibodies used

were as follows:

Target Dilution Source/ Catalog #

TOM20 1:250 Abcam, ab180735
Phospho-Vinculin (Tyr100) 1:250 Invitrogen, 441074G
Total-Vinculin 1:250 Invitrogen, 14-9777-80

Cell Signaling Technology,
Phospho-ERK % (P-p44/42 MAPK) 1:250

9101S

Cell Signaling Technology,
Total-ERK 1/2 (p44/42 MAPK) 1:250

91028
DUSP6 (MKP3) 1:50 Invitrogen, MA531988
Actin 1:100 Invitrogen, MA-511869
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Discussion

This study aimed to investigate the role of Mirol in the regulation of key signaling
pathways involved in breast cancer progression, with a particular focus on triple-negative
breast cancer (TNBC) cells. Through stable knockdown of Mirol in MDA-MB-231 cells,
we found that mitochondrial dynamics mediated by Mirol have significant influence on
cellular functions associated with tumorigenesis and metastasis, including proliferation,
migration, and invasion. Our findings demonstrate that loss of Mirol not only impacts
mitochondrial positioning and networking but also results in significant dysregulation of
signaling and regulatory proteins such as ERK1/2, DUSP6, and 4EHP. These results build
upon prior studies implicating Mirol in cancer cell motility and expand its functional
relevance to include the modulation of intracellular signaling cascades that control

oncogenic phenotypes.

The perinuclear clustering of mitochondria observed in MDA-MB-231 Mirol
knockdown (KD) cells are consistent with previous reports demonstrating similar
phenotypes in mouse embryonic fibroblasts (MEFs) (Schuler et al., 2017; Alshaabi et al.,
2021; Shannon et al., 2025). In addition to perinuclear clustering, these cells had a
significant rise in mitochondrial networking (Fig. 3.2). Mitochondrial fusion can serve as
a damage control mechanism wherein mitochondria swap cellular components; increased
fusion can also be stimulated by cell stress (Tondera et al., 2009; Youle & Van Der Bliek,
2012). Published research also shows that constitutively active (GTP-bound) Miro-1
(Miro-1/V13) causes perinuclear clustering and formation of elongated, thread-like

mitochondria in COS-7 cells, implicating Miro-1 in both mitochondrial trafficking and
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fusion dynamics (Fransson et al., 2006). Additionally, research shows that KD of Mirol
and Miro2 together in MEFs, resulted in perinuclear mitochondrial clustering, inequal
mitochondrial distribution during mitosis, and a significantly reduced number of mitotic
events (Lopez-Doménech et al., 2018). Miro2 (RHOT?2) is a close paralog of Mirol
(RHOT1), and like Mirol, it regulates mitochondrial trafficking and anchoring through
interactions with motor/adaptor proteins (Fransson, 2006). However, Mirol plays a more
dominant role in positioning mitochondria at sites of high metabolic demand (such as the
leading edge of migrating cells), while Miro2 has been reported to function more
redundantly or in tissue-specific contexts, with distinct expression patterns and subtle
differences in signaling outputs (Fransson, 2006). Importantly, in our Mirol KD cell lines,
mitochondrial motility is not compensated by Miro2, as the organelles remain immobilized

in the perinuclear region.

Further investigation into the mechanism driving the increased networking in our
shMirol cells is needed. In both normal and cancer cells, peripheral mitochondrial
localization is known to support localized ATP production, actin remodeling, and reactive
oxygen species (ROS) signaling; these processes are critical for cell migration and invasion
in cancer (Alshaabi et al., 2021; Schuler et al., 2017; Senft & Ronai, 2016). The inhibition
of these processes in Mirol KD clones, as evidenced by impaired wound closure and
reduced transwell invasion, suggests that spatial restriction of mitochondrial function
directly interferes with the metastatic potential of MDA-MB-231 cells. However, whether
these phenotypes are exclusively due to impaired mitochondrial positioning or also involve

signaling and/or broader metabolic or structural dysfunction remains an open question.
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At the molecular level, we identified significant alterations in proteins involved in the
MAPK signaling pathway, particularly involving ERK1/2 and its negative regulator
DUSP6. Although western blotting did not reveal significant differences in ERK1/2
phosphorylation, immunofluorescence analysis suggested a notable increase in pERK1/2
levels and a shift toward nuclear localization in Mirol KD cells. Future experiments will
include nuclear fractionation assays to further investigate the altered localization of
ERK1/2 through western blotting. This spatial redistribution may have functional
consequences, as ERK1/2 translocation to the nucleus is associated with the activation of
transcription factors driving proliferation and survival (Berti & Seger, 2017; Wortzel &
Seger, 2011). Notably, total ERK1/2 expression remained relatively unchanged, indicating
that the observed differences are likely due to post-translational regulation rather than

altered transcription or translation of the MAPK components themselves.

A particularly compelling finding was the near-complete depletion of DUSP6 protein
expression in Mirol KD clones, despite no measurable change in DUSP6 mRNA levels.
This dissociation between transcript and protein abundance strongly suggests that DUSP6
is subject to translational regulation in response to Mirol loss. DUSP6 is a dual-specificity
phosphatase that selectively inactivates ERK1/2 by dephosphorylation, and its suppression
could enhance or prolong ERK activation in the absence of Mirol (Gao et al., 2020;
Shannon et al., 2025; Vargas-Ibarra et al., 2021). While immunofluorescence supported the
reduction in DUSP6 protein, we identified also 4EHP (elF4E2) as a potential upstream
effector of this suppression. 4EHP is a cap-binding translational repressor known to inhibit

the translation of specific mRNAs, including DUSP6, in coordination with other RNA-
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binding proteins (Jafarnejad, 2018). Elevated 4EHP expression in Mirol KD cells,
confirmed by western blotting, provides a mechanistic link between Mirol loss and
translational suppression of DUSP6. These findings suggest that Mirol depletion or the
inhibition of mitochondrial localization may influence the post-transcriptional regulatory
pathways in cancer cells, thereby altering signaling outcomes without changing gene

expression profiles.

Although the data point to a novel connection between Mirol and MAPK pathway
regulation in breast cancer cells, there are limitations to consider. For example, the
heterogeneity observed between the A3 and A4 clones in terms of pVinculin and ERK
localization highlights potential variability in knockdown efficiency, cellular context, or
clonal adaptation. While clone A4 showed a significant increase in pVinculin, this was not
observed in clone A3, complicating interpretation. Furthermore, although
immunofluorescent staining revealed trends not captured by western blotting, the
qualitative nature of these findings would benefit from higher-throughput or quantitative

approaches such as subcellular fractionation.

Overall, these findings emphasize the importance of mitochondrial positioning as a
regulator of not only bioenergetics but also intracellular signaling in cancer cells. Mirol,
by tethering mitochondria to motor proteins, may act as a gatekeeper that enables spatially
confined signaling domains, influencing the timing, strength, and location of signaling
events that drive aggressive tumor behavior. This work supports the emerging view that
mitochondria are not just powerhouses of the cell but dynamic participants in signal

transduction, with trafficking defects potentially rewiring oncogenic pathways.
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In conclusion, our data supports a model in which Mirol-mediated mitochondrial
dynamics contribute to breast cancer progression by regulating both functional cellular
behavior and the molecular signaling networks that govern those behaviors. The stable
knockdown of Mirol in MDA-MB-231 human breast cancer cells impaired key phenotypes
of malignancy and revealed clues to a potential mechanism involving the translational
suppression of DUSP6 by 4EHP. These findings not only deepen our understanding of
mitochondrial signaling in cancer but also identify potential vulnerabilities that could be
therapeutically targeted in Mirol-high tumors. Future studies should further explore the

downstream targets of ERK activation and other 4EHP-regulated mRNAs in this context.
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Supplemental Figure 3.S1: Immunofluorescent staining of TOM20 to visualize
mitochondrial localization in shCtrl and shMirol cells with transient Mirol KD.
Magenta = Tom20/ mitochondria, Grey = Phalloidin/ actin, Yellow = DAPI/ cell nuclei.
For MCF7, Gray = GFP selective marker for the shRNA plasmid.
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Supplemental Figure 3.S2: Immunofluorescence and western blot analysis of
pVinculin in MDA-MB-231 cells with transient Mirol KD. A) Immunofluorescence of
phosphorylated Vinculin in shCtrl and shMirol MDA-MB-231 cells where Green =
pVinculin and Magenta = DAPI/cell nuclei. B) Graph of pVinculin signal intensity where
each dot represents a single cell’s mean gray value measurement. Error bars represent mean
+ SEM. Statistical analysis was performed using an unpaired two-tailed t-test (*p < 0.05).
C&D) Densitometry graph and representative western blot image of phospho-Vinculin
(pVinculin) over total-Vinculin (tVinculin) where B-actin served as the loading control.
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Error bars represent mean = SEM from six independent experiments. Statistical analysis
was performed using a paired two-tailed t-test (ns).
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Supplemental Figure 3.S3: Immunofluorescence and western blot analysis of
PERK1/2 in MDA-MB-231 cells with transient Mirol KD. A) Immunofluorescence of

phosphorylated ERK %2 (pERK1/2) in transduced shCtrl and shMirol MDA-MB-231 cells
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where Green = pERK1/2, Gray = GFP/ cytoplasm, and Magenta = DAPI/ cell nuclei. B)
Graph of pERK1/2 signal intensity where each dot represents a single cell’s mean gray
value measurement. Error bars represent mean + SEM. Statistical analysis was performed
using an unpaired two-tailed t-test (*p < 0.05). C & D) Densitometry and representative
western blot of pERK1/2 over tERK1/2 where B-actin served as the loading control. Error
bars represent mean = SEM from three independent experiments. Statistical analysis was
performed using a paired two-tailed t-test (ns).
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Supplemental Figure 3.S4: Immunofluorescence of phosphorylated ERK % in shCtrl
and stable shMirol MDA-MB-231 cells where Green = pERK1/2, Grey = phalloidin/
actin, and Magenta = DAPI/ cell nuclei.
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Supplemental Figure 3.S5: Immunofluorescence of total ERK %2 in shCtrl and stable
shMirol MDA-MB-231 cells where Green = tERK1/2, Grey = phalloidin/ actin, and
Magenta = DAPI/ cell nuclei.
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Supplemental Figure 3.S6: Immunofluorescence of DUSP6 in shCtrl and stable
shMirol MDA-MB-231 cells where Green = DUSP6, Grey = phalloidin/ actin, and
Magenta = DAPI/ cell nuclei.
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Supplemental Figure 3.S7: Immunofluorescent analysis of phospho-Vinculin in stable

Mirol KD cell lines A3 and A4.

(A) Immunofluorescence of pVinculin in shCtrl and stable shMirol MDA-MB-231 cells
where Green = pVinculin, Grey in Control and A4 = phalloidin/ actin, Grey in A3 = GFP/
cytoplasm, and Magenta = DAPI/ cell nuclei. (B) Graph of pVinculin signal intensity where
each dot represents a single cell’s mean gray value measurement. Error bars represent mean
+ SEM. Statistical analysis was performed using an unpaired two-tailed t-test (*p < 0.05,

ns).
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Supplemental Figure 3.S8: Analysis of total-Vinculin in stable Mirol KD cell line A3.
(A) Immunofluorescence of tVinculin in shCtrl and stable shMirol MDA-MB-231 cells
where Green = tVinculin, Grey = phalloidin/ actin, and Magenta = DAPI/ cell nuclei. (B)
Graph of tVinculin signal intensity where each dot represents a single cell’s mean gray
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value measurement. Error bars represent mean = SEM. Statistical analysis was performed
using an unpaired two-tailed t-test (*p = ns). The clone A4 was excluded from this analysis
due to poor staining.
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CHAPTER 4: SUMMARY AND FUTURE DIRECTIONS

The initiation of this project was driven by a growing body of evidence implicating
mitochondrial dynamics as critical determinants of cancer cell behavior as thoroughly
discussed in chapter one (Grasso et al., 2020; Yu et al., 2019; Zhang et al., 2020; Zhao et
al., 2013). In the context of breast cancer, mitochondria have long been recognized for their
role in energy production and redox signaling; however, some studies have highlighted
their importance in cell migration, invasion, and therapy resistance (Agarwal et al., 2019;
Zhao et al., 2013). Proper distribution of mitochondria within the cell ensures localized
ATP supply and ROS signaling to energy-demanding regions, such as the leading-edge
during cell motility. This localization is tightly regulated by a complex transport system
involving microtubule-based motor proteins and outer mitochondrial membrane adaptors,
including the Rho-GTPase Mirol(Canty et al., 2023; Hollenbeck & Saxton, n.d.; Lopez-

Doménech et al., 2018; Majstrowicz et al., 2021).

Prior research in both neuronal and cancer models had identified Mirol as a key
mediator of mitochondrial trafficking through its interaction with TRAKI1/2 and
kinesin/dynein motor complexes. Beyond its role in positioning, Mirol is also involved in
inter-organelle communication, calcium buffering, and mitophagy (Castro et al., 2018;
Modi et al., 2019; Xu et al., 2016). Notably, Mirol was shown to facilitate mitochondrial
transfer across tunneling nanotubes (TNTs), and its overexpression in stem cells enhanced

mitochondrial donation and survival in oxidative stress models (Babenko et al., 2018).
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These findings suggested that Mirol might play broader roles in supporting cellular

resilience and adaptability traits that are highly relevant to cancer progression.

In parallel, emerging data linked Mirol expression to poor overall survival in breast
cancer patients, as reported by The Human Protein Atlas (Uhlen et al., 2015). This raised
the possibility that Mirol could contribute not only to metabolic reprogramming but also
to metastatic capacity, possibly through its influence on mitochondrial localization at the
leading edge, redox signaling, or even horizontal mitochondrial transfer in the tumor

microenvironment.

Despite these associations, the functional role of Mirol in breast cancer has not
been thoroughly examined and its mechanistic contribution to tumor initiation and
progression remained unclear. There is also limited understanding of whether Mirol’s
influence on cancer phenotypes stems purely from its trafficking role or whether it involves
other signaling or regulatory pathways. These gaps in knowledge formed the foundation

for this project.

To address these questions, we developed both in vitro and in vivo models, including a
novel transgenic mouse with mammary epithelial-specific Miro1l deletion and concomitant
oncogene activation. We hypothesized that Mirol-mediated mitochondrial dynamics

support breast cancer tumorigenesis and metastasis.

The objective of this study was to elucidate the role of the mitochondrial outer

membrane GTPase Mirol (RHOT]1) in breast cancer progression and metastasis, with a
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particular emphasis on its regulation of mitochondrial positioning, tumor cell phenotypes,
and downstream signaling pathways. We demonstrated that stable knockdown of Mirol in
MDA-MB-231 triple-negative breast cancer (TNBC) cells led to a marked reduction in cell
proliferation, migration, and invasion. Mechanistically, Mirol knockdown altered ERK1/2
phosphorylation dynamics and subcellular localization, coinciding with suppressed protein
expression of the phosphatase DUSP6 and increased expression of the translational
repressor 4EHP. These findings suggest that Mirol modulates both MAPK signaling and
translational control in TNBC cells, specifically the repression of DUSP6 translation via
4EHP. This loss in DUSP6 protein expression could underlie the increase of ERK1/2
phosphorylation and nuclear localization observed. These results align with recent findings
in Mirol-deficient MEFs, where loss of Mirol similarly resulted in reduced proliferation,
aberrant ERK1/2 phosphorylation dynamics, and dysregulated cell cycle progression
without changes in DUSP6 expression or oxidation, further implicating Mirol as a critical
regulator of MAPK signaling and cell fate decisions through redox-independent

mechanisms (Shannon et al., 2025).

In vivo, orthotopic injection of Mirol-deficient MDA-MB-231 cells into the mammary
fat pads of immunocompromised mice resulted in significantly reduced tumor formation
compared to controls, further supporting a critical role for Mirol in promoting breast

cancer tumor growth.

In our transgenic mouse model, which combines Mirol knockout with PyVMT-driven
mammary epithelial tumor initiation, wild-type mice containing both alleles of the Miro1l

gene developed tumors at all mammary gland sites, consistent with the aggressive
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phenotype of the PyVMT oncogene. In contrast, Mirol knockout mice, in which exon 2 of
Mirol is deleted from both alleles, failed to develop any detectable mammary tumors,
indicating a critical requirement for Mirol in tumor initiation. Notably, heterozygous mice
developed primary tumors; however, they exhibited a significant reduction in pulmonary
metastases compared to wild-type controls, suggesting a dose-dependent role for Mirol in

promoting both tumorigenesis and metastatic dissemination.

Together, these findings establish Mirol as a central regulator of breast cancer
progression, acting at the intersection of mitochondrial dynamics, oncogenic signaling, and
translational control. Using stable knockdown of Mirol in MDA-MB-231 triple-negative
breast cancer cells, we demonstrate that loss of Mirol significantly reduces cellular
proliferation, migration, and invasion, which are key phenotypes of malignant cells. /n
vitro, we show that Mirol knockdown alters ERK1/2 phosphorylation dynamics, enhances
its nuclear localization, and disrupts the expression of key signaling regulators.
Specifically, DUSP6 protein levels are markedly decreased in Miro1-deficient cells, while

4EHP, a translational repressor of DUSP6, is upregulated.

These findings suggest that Mirol modulates ERK1/2 signaling through a post-
transcriptional mechanism involving the translational repression of DUSP6, although the
precise molecular basis of this regulatory relationship remains to be elucidated. As DUSP6
is a cytoplasmic phosphatase responsible for attenuating ERK 1/2 activity, its loss in Mirol -
deficient cells likely contributes to sustained MAPK pathway activation and aberrant
subcellular distribution of ERK signaling. This dysregulation may alter transcriptional

programs, stress response pathways, and ultimately cell fate decisions. The measured
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increase in ERK1/2 phosphorylation further supports the notion of disrupted signaling
dynamics and may underlie the marked reduction in cell proliferation seen in Mirol

knockdown cells.

We found that phosphorylation of vinculin was increased in some but not all of our
Mirol KD cell lines. In normal cells, phosphorylation acts as a molecular switch that
activates vinculin, promotes its integration into focal adhesions, enhances cytoskeletal
coupling, and regulates cell migration and mechanical signaling (Tang & Gerlach, 2017;
Zhang et al., 2004). In the context of our findings, this may help explain the pronounced
reduction in cell migration and invasion observed in Mirol knockdown cells, potentially
stemming from impaired focal adhesion turnover or disrupted cytoskeletal coupling as a
consequence of mislocalized mitochondrial support. However, the variability in these
effects across our Mirol KD cell lines introduces complexity and suggests that the
relationship between Mirol, focal adhesion dynamics, and cytoskeletal behavior may be
influenced by signaling pathways unique to each cell line. As such, additional studies are
warranted to fully elucidate these mechanisms and their contribution to the migratory

deficits observed.

The concordance between in vitro and in vivo findings reinforces the functional
relevance of Mirol in supporting tumor growth and progression; as shown in both our
xenograft model and our transgenic mouse model, the loss or KD of Miro1 significantly
inhibits tumor formation. This suggests that the molecular and cellular disruptions
observed in cultured cells translate to physiologically meaningful impairments in tumor

development within a living organism.
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By demonstrating its essential role in both primary tumor development and metastatic
spread, this work provides compelling evidence that Mirol may be a functional driver of
malignancy. However, while these studies highlight the mechanistic importance of Mirol
in tumor biology, they also raise important questions regarding the broader implications of
mitochondrial trafficking in cancer. The following section highlights key future directions
designed to further elucidate the molecular mechanisms by which Mirol contributes to

breast cancer pathogenesis.

Future Directions In-Vitro

Having established a foundational framework for understanding Miro1’s role in breast
cancer, this work opens several promising avenues for future investigation. Below, we

outline some of the most compelling directions for continued research.

Mirol Loss vs. Mitochondrial Mispositioning: Identifying the Primary Driver

One important future direction is to distinguish whether the observed phenotypic and
signaling changes are directly attributable to the loss of Mirol itself or are secondary to
impaired mitochondrial positioning. As discussed in chapter one, while Mirol is a well-
characterized regulator of mitochondrial trafficking, it also participates in other cellular
processes such as calcium sensing, organelle tethering, and mitophagy (Castro et al., 2018;

Modi et al., 2019; Xu et al., 2016). To distinguish between the direct effects of Mirol loss
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and those secondary to disrupted mitochondrial positioning, future studies could employ
shRNA strategies that specifically impair mitochondrial trafficking without altering Miro1
expression. For instance, targeting motor adaptors such as TRAK1/2 would allow selective
disruption of mitochondrial transport to evaluate whether mislocalization alone reproduces
the phenotypes observed in Mirol-deficient cells. Complementarily, re-expression of
TRAK1/2 in trafficking-deficient systems could help determine whether restoring
mitochondrial positioning is sufficient to rescue tumorigenic behaviors, thereby clarifying
the extent to which Mirol’s function in cancer is dependent on its role in organelle
trafficking versus its other cellular activities. These experiments would clarify whether
Mirol acts solely through its role in organelle positioning or through additional signaling

pathways relevant to breast cancer progression.

mTORCI1 Activity and Translation Initiation in the Context of Mirol Deficiency

Another key future direction is to investigate the involvement of the mTOR signaling
pathway in the regulation of translational machinery downstream of Mirol. The mTORC1
complex is a central regulator of protein synthesis and controls cap-dependent translation
by phosphorylating 4E-BP1, a translational repressor that inhibits eIF4E activity (Laplante
& Sabatini, 2009). Upon phosphorylation, 4E-BP1 releases eIF4E, allowing it to form the
elF4F complex with e[F4A1 and elF4G, thereby promoting translation initiation (Laplante
& Sabatini, 2009; Pelletier et al., 2015; Qin et al., 2016). Given that Mirol knockdown was

associated with altered expression of 4EHP and translational repression of DUSP6, which
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points to altered translational mechanisms in our cell lines, it is critical to examine whether
mTORCI activity is modulated in this context and how it impacts the availability or
function of translation initiation factors such as e[F4A1 and its associated proteins such as
EIF4F and EIF4G (Fig. 1.5). Future studies could assess the phosphorylation status of 4E-
BP1 in Mirol-deficient cells. This would help clarify whether Mirol exerts indirect control
over oncogenic translation programs via modulation of mTOR signaling and its

downstream effectors.

MNK1/2 as Translational Effectors Downstream of Mirol Loss

Another important avenue for future investigation is the role of MNK1/2 (MAPK-
interacting kinases 1 and 2) in mediating the translational effects observed following Miro1
knockdown. MNK1/2 are downstream effectors of the MAPK pathway and are directly
activated by phosphorylated ERKI1/2 (Joshi, 2014). Once activated, MNKI1/2
phosphorylate eIF4E at Ser209, a modification known to enhance the selective translation
of mRNAs involved in cell growth, survival, and metastasis (Topisirovic et al., 2004).
Given that Mirol depletion alters ERK1/2 phosphorylation and is associated with changes
in translational regulation, it will be critical to determine whether MNK1/2 activity is
correspondingly affected. Future studies could examine MNK1/2 phosphorylation status,
Ser209 phosphorylation of elF4E, and the resulting impact on the translation of known
elF4E-sensitive transcripts. These experiments would help clarify whether the Miro1-ERK
axis influences tumor progression through MNK 1/2-dependent modulation of translational

output.
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Identifying Additional 4EHP-Regulated Transcripts Relevant to Breast Cancer

Progression

Further investigation is warranted to identify additional mRNA targets that are
translationally repressed by 4EHP and may play functional roles in breast cancer
progression. While our current findings highlight DUSP6 as a key 4EHP-regulated target,
4EHP is known to repress a broader set of transcripts, particularly those with long,
structured 3’ UTRs containing miRNA-binding sites (Jafarnejad, 2018). If information on
which transcripts are inhibited by 4EHP is unavailable publicly, ribosome profiling and
transcriptome-wide RNA immunoprecipitation (RIP) or cross-linking
immunoprecipitation followed by high-throughput sequencing (CLIP-seq) could be
employed to uncover the full repertoire of 4EHP-bound and translationally silenced
mRNAs in breast cancer cells when Mirol is lost. Candidate genes emerging from these
studies could be further prioritized based on their relevance to tumor growth, migration,

immune evasion, or therapeutic resistance.

Mitochondrial Fusion as a Downstream Consequence of Mirol Knockdown

Our data indicates that Mirol knockdown results in a more fused, reticular
mitochondrial network, suggesting a shift toward mitochondrial fusion or reduced fission
activity. A key future direction will be to investigate how Mirol loss influences the
molecular machinery governing mitochondrial fission and fusion, specifically DRP1,

MFN1/2, and OPA1, and whether this altered network state contributes to the observed
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impairments in tumor cell proliferation and invasion. Given that increased mitochondrial
fusion inhibits migration and invasion in breast cancer, it will be critical to determine
whether the increase in mitochondrial networking is a compensatory adaptation to
trafficking defects or a direct contributor to the inhibited migration and invasion
phenotypes seen in out KD cell lines (Zhao et al., 2013). Live-cell imaging, mitochondrial
morphology quantification could clarify these relationships. Understanding the
mechanistic link between Mirol, mitochondrial architecture, and breast cancer cell
behavior may reveal new opportunities to therapeutically target mitochondrial dynamics in

aggressive tumors.

Additionally, published work shows that in both non-cancerous human embryonic
kidney cells (HEK293) and cancer-derived human osteosarcoma cells (U20S) lines, loss
of Mirol disrupts the recruitment of Centromere Protein F (CENP-F) to mitochondria
during mitosis, impairing their attachment to microtubule tips and preventing proper
redistribution toward the cell periphery (Kanfer et al., 2015). As a result, mitochondria
remain clustered near the nucleus, potentially leading to unequal inheritance and impaired
re-establishment of the mitochondrial network in daughter cells, thus potentially disrupting
their energy balance, signaling, and overall homeostasis (Kanfer et al., 2015). An important
future direction will be to investigate whether impaired mitochondrial distribution during
mitosis contributes to the reduced proliferation observed in Mirol KD cells. Improper
segregation of mitochondria may compromise daughter cell viability or metabolic
competence, thereby limiting their ability to continue dividing. To directly assess this, live-

cell imaging of Mirol KD cells through mitosis could be used to track mitochondrial
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inheritance and correlate it with the survival and proliferative capacity of individual

daughter cells.

Linking Miro1 Deficiency to Senescence Through Perinuclear ROS

Accumulation

Another important avenue for future investigation is the potential induction of cellular
senescence in response to Mirol knockdown. Our findings suggest that altered
mitochondrial positioning and increased mitochondrial networking may lead to excessive
ROS accumulation in perinuclear regions, potentially bombarding the nucleus with
oxidative stress. This spatial mislocalization of mitochondria could promote DNA damage
and activate stress response pathways that drive cells into a senescent state. To investigate
this possibility, future studies should examine established markers of cellular senescence,
including senescence-associated [(-galactosidase (SA-B-gal) activity and yH2AX foci
formation, a well-characterized indicator of double-stranded DNA breaks, in Mirol-
deficient cells (Ivashkevich et al., 2011). Supporting this possibility, published work
demonstrated that mitochondrial clustering near the nucleus in Mirol-deficient MEFs led
to increased nuclear ROS exposure and activation of DNA damage response machinery
observed as increased phosphorylation of H2AX (Alshaabi et al., 2021). These results
provide compelling evidence that disrupted mitochondrial positioning could directly
contribute to oxidative stress—induced senescence by initiation of DNA damage control

mechanisms.
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Determining whether Mirol loss induces senescence in TNBC cell lines through ROS-
mediated nuclear damage would deepen our understanding of mitochondrial-nuclear
crosstalk and may uncover a novel mechanism through which mitochondrial dynamics

influence tumor progression and therapeutic responses.

Future Directions In-Vivo

When we first generated our transgenic mouse model with mammary epithelial-specific
Miro1 knockout in the context of PyVMT-driven tumorigenesis, our initial expectation was
that tumors would form but fail to metastasize, based on prior evidence linking Mirol to
cell migration and invasion. However, to our surprise, Mirol knockout mice did not
develop any mammary tumors at all, indicating that Mirol is not only involved in
metastatic progression but is also essential for tumor initiation. This unexpected outcome
shifted the utility of the model, making it more suitable for studying the early events of
tumor onset rather than later stages of dissemination. These findings underscore a critical
role for Mirol in the earliest steps of breast tumorigenesis and provide a strong rationale
for further investigation into the molecular mechanisms linking mitochondrial trafficking

to oncogenic transformation.

Characterizing the Intermediate Phenotype of Mirol Heterozygous Mice
Although the complete Mirol knockout in our transgenic model prevents tumor
formation, the heterozygous mice provide a valuable opportunity to investigate the role of

partial Mirol loss in metastatic progression. These mice consistently form mammary
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tumors in response to PyVMT expression but exhibit a significant reduction in pulmonary
metastases compared to their wild-type counterparts. This suggests that even partial
reduction of Mirol is sufficient to impair key steps in the metastatic cascade, such as local
invasion, intravasation, or colonization of distant organs. Future studies leveraging this
model could involve detailed histological and molecular analyses of primary tumors and
metastatic tissue. Immunohistochemistry and immunofluorescence on sectioned tumor and
metastatic tissues using probes for senescence markers or for proteins identified as relevant
through in vitro assays, could provide deeper insight into the mechanisms underlying the
impaired metastatic potential observed in Mirol-deficient models. This system offers a
unique in vivo platform to dissect how Mirol dosage influences the metastatic potential of
breast cancer cells and may reveal therapeutic windows where partial inhibition of Mirol

function is sufficient to suppress metastasis without affecting normal tissue homeostasis.

Spatially Defined RNA Analysis of Transgenic Mouse Tissues

RNA analysis of these tissue samples by qPCR is a critical next step for characterizing
transcriptional changes associated with Mirol loss. Although we attempted to isolate RNA
from laser capture micro dissected mammary gland tissues, the yield was insufficient for
downstream analysis. Future studies should focus on optimizing RNA extraction protocols
from these small, spatially defined tissue regions to enable robust quantification of mRNA
expression. Successful implementation of this approach would allow for high-resolution
comparison of gene expression profiles across specific cellular compartments in Mirol-

deficient versus control mice.
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Generation of a Conditional Mouse Model for Mammary Tumor Induction with
Delayed Miro1l Deletion

A valuable future direction involves generating a transgenic mouse model that enables
temporal control of Miro1 deletion after tumor initiation, in order to investigate its role in
tumor maintenance and metastatic progression. While our current model demonstrates that
Mirol is essential for tumor initiation in the context of PyVMT-driven mammary
tumorigenesis, it does not distinguish whether Mirol is also required for the continued
growth or dissemination of established tumors. To address this, the Cre recombinase and
IRES sequence could be removed from the existing MIC mouse model through targeted
genomic editing, or alternatively, a transgenic line carrying the desired TetO-PyVMT
cassette without IRES and Cre could be obtained, potentially from The Jackson Laboratory
or another collaborator, resulting in a system that retains only tetracycline-rtTA inducible
PyVMT expression. The MMTV-rtTA system enables site-specific tumor induction by
driving rtTA expression specifically in mammary epithelial cells. A tamoxifen-inducible
Rosa26-CreERT?2 allele could then be incorporated to enable temporal control of Mirol
deletion at specific time points following tumor initiation. A potential schematic for this
model would include the genetic components: MMTV-rtTA (Tet-On), Tet-O-PyVMT
(MTP), Mirol™F| and Rosa26-CreER™ (CreER) (Fig. 4.1). The Cre-recombinase—
estrogen receptor fusion protein (CreERT?2) is expressed from a ubiquitously active allele
but remains inactive in the cytoplasm until administration of tamoxifen. Upon tamoxifen
binding, CreER translocates to the nucleus, where it mediates site-specific recombination

at LoxP sites (Ventura et al., 2007).

158



—
TetOn — MMV H A  |—>

—>
MTP —  Tet0 H PWMT |——»

MiroT""  —— Miro1 Exon 1 | LoxP | Miro1 Exon2 | LoxP | Miro1 Exon3 | Miro1 Exon 4 ——

CreER ——  CreER? =—p

Figure 4.1. Schematic of the proposed transgenic mouse model enabling temporal
control of Mirol deletion following inducible mammary tumor initiation. This model
incorporates three transgenes: (1) MMTV-rtTA (Tet-On) to initiate rtTA expression when
in the presence of hormones expressed in mammary tissue. (2) TetO-PyVMT (MTP) to
initiate mammary epithelial tumorigenesis upon tetracycline administration and rtTA

expression; (3) Miro1/F!

, with LoxP sites flanking exon 2 to permit conditional deletion
of Mirol; and (4) a ubiquitously expressed CreERT? cassette, which encodes a tamoxifen-
inducible Cre recombinase. In the absence of tamoxifen, CreERT? remains inactive in the
cytoplasm. Upon tamoxifen administration, CreERT? translocates to the nucleus and
excises the floxed Mirol allele, resulting in Mirol loss. This system provides temporal
control over both tumor initiation and Mirol deletion, allowing for selective deletion of
Mirol1 after tumor formation to investigate its role in tumor maintenance, progression, and
metastasis.

Although Mirol deletion in this model would occur systemically, tamoxifen is
administered after mammary tumors are established, allowing us to specifically assess the

role of Mirol in tumor maintenance and progression, rather than in tumor initiation. To

account for potential off-target effects of systemic Mirol deletion, appropriate control
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cohorts will include mice that undergo global Mirol deletion in the absence of tumor
initiation. This temporal control helps isolate the tumor-intrinsic consequences of Mirol
loss. From a translational perspective, systemic deletion more closely mimics the effect of
a systemic therapeutic targeting Mirol, which would affect both tumor and non-tumor
tissues. This model enables assessment of both tumor-intrinsic effects and potential
systemic tolerability.

This approach would allow for precise interrogation of whether Miro1 supports tumor
maintenance, intravasation, colonization of distant organs, or resistance to therapy. Such a
model would provide critical insight into the therapeutic potential of targeting Mirol in
established disease and help determine whether its function is limited to tumor initiation or

extends throughout the metastatic cascade.
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