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ASSESSING ADAPTIVE CAPABILITIES
IN TRIPLE NEGATIVE BREAST CANCER CELLS
VAN MIGUEL LEOSALA LAGASON
ABSTRACT
Objective: Our previous data suggests dihydrolipoamide S-succinyltransferase (DLST)
as a key player in metabolic diversity within triple negative breast cancer (TNBC) cells.
In metastatic TNBC, cellular stress can come from a multitude of sources, one of them
being nutrient availability. The study aims to see how different TNBC cell lines, which
are heterogenous in their expression of DLST, adapt to nutrient stress, specifically if
there are changes in mitochondrial structure and cell viability.
Method: Two TNBC cell lines were chosen based on previous studies identifying their
dependence or lack thereof on DLST. BT-549 and Hs578T are both epithelial cell lines
that had originated from metastasized tumors. MCF10A is a cell line that was chosen as
non-cancer control. Each cell line was subjected to a 48-hour starvation period post-
seeding where they were measured for a cell viability and stained to analyzed
mitochondrial morphology.
Results: After the glucose starvation period, DLST-dependent BT-549 cells were able to
maintain a higher cell viability percentage at lowering glucose concentrations in
comparison to DLST-independent Hs578T cells. Fluorescent analysis of stained cells
showed significant mitochondrial fragmentation in DLST-independent cells while there

were elongated mitochondria DLST-dependent cells.
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Conclusion: The results support the idea that differences in DLST expression and
dependency, are correlated to adaptive potential in TNBC cell lines. Specifically, DLST-
dependent TNBC cell line BT-549 exhibited adaptive persistence in comparison to

DLST-independent TNBC cell line Hs578T.
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INTRODUCTION
Breast cancer classifications and treatments

Advancements in the early detection of breast cancer and its respective treatment
have improved patient prognosis and lowered the mortality rate by 44% over the past
thirty-three years (Giaquinto et al., 2024). The use of biomarkers and
immunohistochemical analysis, has allowed for the discovery of distinct subtypes of
breast cancer while targeted therapies rose from understanding their biological behaviors
(Zaha 2014). Breast cancer is still one of the most common types of cancer worldwide,
affecting millions of individuals every year and is the leading cancer diagnosis amongst
women. Prevalence on a global scale continually begs the question and need for more
efforts into understanding the disease and expanding the field of breast cancer research.
Tumor behavior and available options for intervention often come down to the presence
or absence of specific receptors found on the surface of breast cancer cells and the
uncontrolled growth that comes from their activation.

The luminal subtypes (luminal A and luminal B) of breast cancers are highly
influenced by steroid hormones due to a high amount of estrogen and/or progesterone
receptors on the surface of the cells. Once steroid hormone-receptor complexes form and
bind to response elements on DNA, an overactivation of genes occur that leads to
cancerous growth (Orrantia-Borunda et al., 2022). Luminal B is known to have a more
severe prognosis than luminal A and is often found through its aggressive metastatic
behavior and increased concentration of proliferation biomarker Ki-67 (Inic et al., 2014).

Together, estrogen receptor (ER) positive and progesterone receptor (PR) positive breast



cancers make up about 65% to 75% of breast cancers (Miah et al., 2019) (Zhang, et al.,
2013).

Inspiration for targeted therapeutic intervention started as far back as the late 19th
century with Beatson and the oophorectomy, believing ovaries act as a “controller” of the
breast itself (Beatson 1896). Even before the discovery of estrogen itself in 1923, this
work was foundational to modern day hormonal therapy. As we began to consider
molecular therapies for luminal breast cancers, steroid hormone receptors became a prime
target with selective receptor modulators and down regulators like tamoxifen and
fulvestrant, respectively. Further innovation came in the form of preventing enzymatic
conversion of androgens with aromatase inhibitors, such as letrozole. These treatments
have benefitted patients and are seen to be more potent when combined with methods to
address innate and acquired endocrine resistances (Goldner et al., 2021). Yet,
mechanisms of tumor resistance can often occur through receptor mutations and
upregulations of alternative pathways, requiring alternative treatment options (Alves et
al., 2023).

Accounting for about 15% to 25% of breast cancers, human epidermal growth
factor receptor 2 (HER2) positive cancers are characterized as faster-growing and more
malignant than those of a luminal subtype (Asif et al., 2016). As a tyrosine kinase
receptor, its activation leads to a cascade of signaling networks that include the
PIBK/AKT/mTOR pathway, MAPK pathway, and JAK/STAT pathway, contributing to,
cell proliferation, metastasis, and tumor resilience through immune evasion (Igbal et al.,

2014). First-line treatments focus on the HER2/neu protein on the surface of HER2



positive cancer cells directly. Monoclonal antibodies such as trastuzumab and
pertuzumab have found success in preventing heterodimerization of the HER2 and thus
signal transduction that would activate the previously mentioned pathways (Stanowicka-
Grada et al., 2023). Early clinical phase trials have also seen success with antibody-drug
conjugates and bispecific monoclonal antibodies which utilize the same monoclonal
antibody technology to deliver cytotoxic drugs to cancer cells or recruit the immune
system to detect cancer, respectively (Verma et al., 2013) (Bedard 2022). Similar to
luminal cancers, HER2 positive tumors can develop primary and acquired resistance to
targeted therapies (Sodergren et al., 2016). In few cases, extended use of monoclonal
antibodies has caused cardiotoxicity, leading to cardiac damage and dysfunction (Sendur
etal., 2013).

In about 10% to 15% of emerging breast cancers diagnoses are tumors that are not
defined by the presence of ER, PR, or HER2 on their surface, but rather the lack thereof
(Karim et al., 2023). TNBC poses an interesting challenge in comparison to the other
subtypes. Without consistently identifiable receptors in each case of TNBC, our inability
to apply receptor-based methodology establishes a need to research into the biological
behavior and mechanisms that make TNBC unique and successful. It is understood that a
mutation in the BRCAL gene and its protein product can compromise DNA repair and
lead to genomic instability that is commonly found in both hereditary and sporadic of
cases of TNBC (Arun et al. 2024). First line treatments can often default to chemotherapy
but often lead to a poor prognosis yet still retain a relatively high chance of relapse.

Attempts to address the molecular pathway of the BRCA1 gene with Poly (ADP-ribose)



polymerase inhibitors are promising with their synthetic lethality but encounter tumor
resistance in 40% to 70% of patients (Kim et al., 2022). Discovery of epidermal growth
factor receptors on the surface of TNBC cells provides considerable potential for
therapeutic inhibitors but is limited by their presence in only 60% of TNBC cases
(Nielsen 2004).

In the same manner that distinguishes breast cancer types from each other, no two
instances of breast cancer, even within classifications, are the same, leading to a highly
heterogenous disease (Takaoka et al., 2017). This heterogeneity, specifically within
breast cancer subtypes, has influenced what current treatments are available. The
inconsistencies amongst cancers within the “triple negative” subtype make it difficult to
identify a consistent biomarker. This challenge begs the question for further investigation
and understanding of the biological mechanisms that underlie TNBC.

Cancer metabolism — target of interest

Cellular respiration and the processes that allow cancer cells to meet their
metabolic demands, especially in metastatic conditions, can provide insight to what
contributes to their ability to maintain and grow. It has been shown that cancer cells can
reprogram energy producing pathways in order to meet the demands of cell growth and
movement (Patrick et al., 2012). TNBC in particular challenges clinicians with a lack in
receptor-targeted therapeutic options, unlike the other types of breast cancers. Matched
with its aggressive malignancy, there are relatively high rates of recurrence and poor

overall prognosis for patients (Bianchini et al., 2016). Early studies have shown that 5



TNBC relies on aerobic glycolysis as a dominant source of energy production (Pelicano
et al., 2014). More recent studies on metastatic TNBC have shown that there is a
prominent switch from aerobic glycolysis to mitochondrial oxidative phosphorylation
(OXPHOS) after analyzing patient-derived xenografts (Evans et al., 2021). OXPHOS
dependency has continually grown to become a hallmark trait in spreading cancers. This
has opened other opportunities to investigate dependency on other metabolic
mitochondrial pathways in TNBC, such as the tricarboxylic acid (TCA) cycle, a major
macromolecule contributor to OXPHOS.
Mitochondrial fission and fusion

Though they are classically known as the powerhouse of the cell, the
mitochondria are highly dynamic in their structures and can take many different
morphologies (Olichon, et al., 2002). With the mitochondria’s involvement in a multitude
of metabolic pathways, it has been linked to cell migration, cell cycle apoptosis, the
production of ROS, and cell cycle apoptosis (Adebayo et al., 2022). In particular, the
inner mitochondrial membrane folds in on itself to form cristae and is prominently known
as the location that holds the enzyme complexes for OXPHOS (Zick et al., 2009). Like in
many aspects of nature, structure can often influence function, especially how well or
poorly that function takes place.

The efficiency of cellular respiration an overall growth and metastatic potential is
influenced by mitochondrial structures (Blagov et al., 2024). Mitochondria contribute to
this by undergoing changes in their structure by fusion and fission. In the case that a cell

experiences stress, mitochondria can sustain damage, leading to a loss of efficiency or



overall function (Davis et al., 2014). Fusion relieves the effects of stress by providing
complementation between damaged mitochondria, allowing one to compensate for the
other and creating an elongated mitochondrion. In contrast, fission acts as a quality
control mechanism, encouraging autophagy of damaged, fragmented mitochondria, and
signaling the creation of new, healthy mitochondria. Fission also has a role of managing
apoptosis when the cell undergoes considerable stress (Youle et al., 2012). During
nutrient starvation, cells no longer have the available nutrients and macromolecules at
their disposal. Thus, the amount of CAMP begins to increase, leading to the activation of
protein kinase A. Once activated, a group of GTPases determine whether mitochondrial
fusion or fission occurs. Optic atophy 1 and dynamin-related protein 1 have been
identified as genes and proteins of interest for fusion and fission, respectively (Baek et
al., 2023). Therefore, analyzing mitochondrial structure, especially within cells that
experience pressure from the make up of their microenvironment, provides insight to
regulatory processes that can contribute to maintenance, growth, and proliferation.

A lack of balance between fission and fusion have been linked to a multitude of
diseases such as cancer (Chan, 2009). Unimpeded fusion has been shown to create
hyperfused amounts of mitochondria. These mitochondrial networks have been shown to
have a higher OXPHQOS capacity and persistence against autophagy in prolonged
conditions of nutrient deficiency (Youle et al., 2012) (Gomes et al., 2011) (Sheng et al.,
2014). Mice and cell culture studies have shown that fusion also reduces ROS production
in TNBC, limiting any signaling to apoptotic pathways and encourages actin cytoskeleton

reformation to promote cell migration. Those same models have shown that increased



mitochondrial fission shows the opposite and leads to more ROS production,
reorganization of actin cytoskeleton structures that encourages apoptotic pathways, and
prevention of TNBC migration (Humphries et al., 2023) (Shen et al, 2021).

Identifying and understanding what molecular interactions are involved with the
OPAL gene and resultant protein could be crucial to understanding metastatic potential.
Prohibitins (PHB) are a group of highly conserved proteins that are expressed in multiple
areas within the cell, including the nucleus, cytosol, and especially the mitochondria
(Signorile et al., 2019). Though their presence can be found throughout the cell, the
highest concentrations of PHBs are found within the mitochondria, along with most of
their activity (Merkwith et al., 2009). PHBs carry a variety of functions, one of the most
important being its part in OXPHOS. PHB1 and PHB2 form a PHB complex. This
complex inhibits the m-AAA protease (Steglich et al., 1999) and OMA1 protease
(McBride et al., 2010) from carrying out pro-apoptotic activity. The physical contact of
the PHB complex with the proteases stabilizes itself and leads to the eventual
stabilization of OPAL (Ban et al., 2017). With OPAL stabilized, cristae formation is
incited allowing respiratory chain supercomplexes to properly form (Cogliati et al.,
2013). Immunoblot analysis of PHB2 deficient cells has shown to produce unstable
OPA1 isoforms. Fluorescent staining revealed an increase in fragmented mitochondria as
a result. Introduction of functional OPA1 isoforms to PHB2 deficient cells were able to
rescue them from defunct mitochondrial morphology and pro-apoptotic signaling

(Merkwith et al., 2008). Though much has been documented about the behaviors of



OPAL and PHB2, additional research is required to elucidate any activity of OPAL and
PHB2 with the components of metabolic pathways like the TCA cycle.
Introduction to DLST

The discovery of DLST can be traced to early studies on cellular respiration and
specifically mitochondrial function. In the mid to late 20th century, the a-ketoglutarate
dehydrogenase complex was discovered to consist of three subunits (Koike et al., 1973).
DLST is one those three components that support the overall ability for the complex to
irreversibly convert a-ketoglutarate to succinyl-CoA in the TCA cycle (Berg et al., 2002).
As a transferase, it plays an important role in the transfer of succinyl units to a CoA
substrate (Trefley et all, 2020). With improvements to our research techniques and tools,
researchers were able to characterize its function and interactions with other
biomolecules. Studies on those interactions have shown even shown differences in the
expression of DLST and metabolic dependencies (Shen et al., 2021). As our
understanding in DLST develops, so does its role in pathogenesis, tumor metabolism, and
aggressive migration.

Heterogeneity in DLST-dependency within TNBC cells

In a recent study that aimed to compare the predictive capabilities of DLST and
its 2 other subunits, dihydrolipoamide dehydrogenase and oxoglutarate dehydrogenase,
DLST levels were able to reliably predict patient prognosis (Shen et al., 2021).
Specifically, it was found that high levels of DLST anticipated cancer recurrence and
poor overall survival in TNBC patients. The use of cell line models and protein analysis

via western blotting, showed a lack of consistency in DLST protein expression amongst



TNBC cell lines. After standardizing base DLST levels using MCF10A, a
nontumorigenic breast epithelial cell line, a collection of TNBC cell lines was found with
differing levels of expression. To better understand TNBC pathogenesis, DLST knock-
down testing was performed on both ER positive breast cell lines and TNBC cell lines via
shRNA. All ER positive cell lines exhibited limited growth under DLST depletion.
However, certain TNBC cell lines were found to be severely impacted by the DLST
knock-down, while others were not. DLST-dependent TNBC cell line BT-549 had higher
transcription and protein levels of DLST than that of Hs578T. DLST depletion in BT-549
cells showed a significantly lower growth rate. TNBC cell lines of those lower with
DLST expression, like Hs578T, experienced little change in their growth rates, making
their metabolic potential independent of DLST expression. The same study found that
zebrafish xenografts with transplanted with BT-549 cells were seen to have less tumor
burden and invasion under DLST depletion (Shen et al., 2021). Further
immunofluorescent staining of those cell lines showed that the knock-down had also
induced mitochondrial reactive oxygen species (ROS). At homeostatic levels, ROS act as
secondary messengers in many biomolecular pathways, yet excessive and imbalanced
amounts of ROS can degrade DNA, proteins, and lipids, leading to cell death or even
altered cell function (Shields et al., 2021). Further understanding of DLST and the effects
on cell structure and function have the potential to uncover novel molecular interactions.
DLST influence on cellular pathways
Amongst energy-producing pathways, it is recognized that TCA cycle

predominantly takes place within the mitochondrial matrix (Alabduladhem et al., 2022).



Our previous studies have compared the functionality between DLST-dependent and
independent cell lines by replacing glucose with galactose, to encourage to TCA cycle
usage over glycolysis within the cytoplasm (Robinson, 1992). Our evaluation showed
that DLST-dependent cell lines were able to maintain homeostatic levels of ATP without
being significantly affected. Cell lines with a lower expression or dependency on DLST
were found with lower levels of ATP when grown in galactose supplemented media.
(Shen et al., 2021). This demonstrates that TNBC cell lines carry out and utilize on the
TCA cycle in different capacities, showing that cell line dependency on DLST and
sensitivity to microenvironment change is heterogeneous.

DLST-depletion via knock-down also showed changes in other pathways, aside
from the TCA cycle. Metabolomics profiling showed other redox regulating pathways
being altered in DLST-dependent cell line BT-549. This included the metabolism of
cysteine and methionine. Cysteine levels decrease while there was an increase in other
metabolites such as, methionine, cystine, and S-adenosyl-L-methionine. The pentose
phosphate pathway was also seen to have been disturbed. Concentrations of 5-
phosphoribosyl-1-pyrophosphate decreased while, D-erythrose-4-phosphate, glucose-6-
phosphate, and 6-phospho-D-gluconate levels increased (Shen et al., 2021). This
influence on cellular metabolites suggests that DLST may play an important role in
maintaining energy producing pathways, redox balance, and cellular viability, especially

when under stress.
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OBJECTIVES

In malignant tumors, the change in microenvironments often places intense stress
on cells. This stress can come in the form of leaving the initial primary site, enduring the
pressure of traveling through blood vessels, and reaching a secondary destination where it
will not only have to adjust to new surroundings, but as well as avoid components of the
immune system (Massagué et al., 2016). What accompanies the change in environments
is also challenges of energy demand, macromolecule availability, and potential redox
imbalance (Anderson et al., 2014). Yet, TNBC can persist. Thus far, the difference in
adaptive capabilities within TNBC cell lines, specifically under nutrient stress remains
relatively undetermined.

This study means to build upon our previous research and study the adaptive
capabilities of TNBC cell lines. Ultimately, we seek to better understand the molecular
interactions of DLST and how heterogeneity of DLST-dependence between TNBC cell
lines can influence cell growth, viability, and mitochondrial morphology. For this study,
we hypothesize that DLST-dependent TNBC cell lines, such as BT-549, will adapt to
nutrient stress with a higher percentage of viable cells and less fragmented mitochondria
over the starvation period. We also predict that DLST-independent TNBC cell line
Hs578T will have lower percentage of viable cells over the starvation period and more
fragmented mitochondria. This would be consistent with the previous studies and the

current evidence of DLST (Shen et al., 2021). profound text of my dissertation goes here.
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METHODS
Selection of Cell Lines

Two TNBC cell lines were chosen based on previous studies identifying their
dependence or lack thereof on DLST. BT-549 and Hs578T are both epithelial cell lines
that had originated from metastasized tumors. These two cell lines pose as ideal
candidates for comparison because of their differing base levels of DLST that was
discovered by western blot analysis and determination of their dependency on it via
knock-down testing (Shen et al 2021). MCF10A was chosen as the third cell line, acting
as a nontumorigenic control. MCF10A was also the original cell line that was used for
relative comparison of DLST protein expression in the western blot analysis. BT-549 had
shown to have a relative DLST protein expression level that was closer to MCF10A and
higher than Hs578T. Hs578T contains relatively lower levels of DLST in comparison to
MCF10A and BT-549. DLST depletion via knock-down showed significantly lower
growth rates, increased apoptosis and necrosis signaling in BT-549 cells, suggesting their
dependency on DLST. Those same metrics showed minimal effect in Hs578T cells,
showing little evidence of DLST-dependency (Shen et al., 2021).

Determination of Starvation Period

Prior to any cell seeding and cultivation, a set starvation time and nutrient
conditions must be established. The intention was to create an experimental condition
that mimicked a change in the microenvironments after TNBC had migrated from its
primary tumor, subjecting the cells to acute starvation and cellular stress. The period of

this stress should be long enough to encourage metabolic remodeling from aerobic

12



glycolysis to OXPHOS without large alterations in protein expression. Prolonged periods
of starvation would lead to mass apoptotic signaling and end in a lack of tangible data for
comparison and analysis. BT-549, Hs578T, and MCF10A are all adherent cell lines and
require time to properly attach to plate surfaces, each with duplication times of 21-hours
to 26-hours. Serum starvation studies noted experiences with 24-hour. 48-hour, and 72-
hour starvation periods (Rashid et al., 2018) (Zeidler et al., 2017). In our experiments,48-
hours was able to satisfy all the previously stated conditions. It ensured proper adherence
of the cells to the seeded surfaces. There would also be sufficient time in growth media
that corresponds to their doubling time and allow for proliferation without the risk of
contact inhibition due to confluency.
Cell Culture

Three cell lines were received from the American Type Culture Collection
(wwwe.atcc.org), seeded onto 75 cm? U-shape cell culture flasks, and cultured at 37 °C
supplemented with 5% CO.. MCF10A cells were cultured in DMEM/F12 medium with a
glucose concentration of 3.151 g/L (SH30023.FS, Hyclone) and supplemented with 5%
horse serum (26-050-088, Fisher Scientific), 20 ng ml* epidermal growth factor (E4127,
Sigma), 100 ng ml ! cholera toxin (C8052, Sigma), 10 ng ml* insulin (19278, Sigma),
and 500 ng ml"* hydrocortisone (H4001, Sigma) (Imbalzano et al., 2009). Hs578T cells
were cultured in DMEM medium with a glucose concentration of 4.500 g/L
(MT10013CV, Corning) and supplemented with 10% fetal bovine serum (FBS, F0926,
Sigma), as recommended by the ATCC. BT-549 cells were cultured in RPMI 1640

medium with a glucose concentration of 2.000 g/L (MT10040CV, Corning) and
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supplemented 10% FBS, as recommended by the ATCC. Following typical cell passage
protocols, all cell lines were maintained, and trypsinized to prevent confluency, and
contact inhibition. A hemocytometer was used to determine the concentration of cells per
milliliter prior to seeding for experimentation.

Cell Viability Assay

In a 96-well clear-bottom, black plate, a total of 10 columns contained that
adjusted complete growth media that corresponded to each cell line. Glucose-containing
media was diluted with non-glucose containing media to make a gradient of glucose
concentrations in eight columns, along with two columns that contained glucose free
media. The highest glucose concentrations started with a 4.500 g/L and were serially
diluted by half each time to as low of a concentration of 0.035 g/L.

One of the glucose-free columns was assigned to contain only growth media
without cells, totaling a volume of 100 microliters. This column will serve as a negative
control whose fluorescence will be used to calculate cell viability. The remaining
glucose-free column and the eight columns of media with differing glucose
concentrations were seeded with 5,000 cells (50 cells per microliter), totaling a volume of
100 microliters. 200 microliters of sterile water were added to each well on the edge of
the plate. Wells on the edge of the plate were void of any media and cells to prevent the
effects of evaporation and inconsistencies in measuring fluorescence (Mansoury et al.,
2021).

After the initial seeding, the plate was placed in a 5% CO2 humidified incubator

at 37°C for 48-hours. After the 48-hour starvation period, cells were stained following the
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CellTiter-Blue® Cell Viability Assay (G8080, Promega) protocol. 20 microliters of
CellTiter-Blue were added to each well and incubated for 4-hours. The use of an
indicator dye allowed us to measure the metabolic capacity of the cells, specifically on
how well they can retain their metabolic activity post-starvation period. The reagent
contains high amounts of resazurin, which by itself is poorly fluorescent dye. However, it
can be reduced to resorufin in metabolically active cells. Resorufin emits light at 590
nanometers in which fluorescence can be measured and used to determine cell viability
(Gloeckner et al., 2001). Fluorescence values were recorded by CLARIOstar Plus
microplate reader and analyzed to convey cell viability percentages.
Fluorescence Staining and Imaging

All cell lines were seeded onto sterile coverslips and cultured in three different
glucose concentrations, a starting glucose concentration determined by the concentration
of the base medium that was used, a 1:10 dilution, and 1:20 dilution. DMEM/F12
(SH30023.FS, Hyclone) medium has a D-glucose concentration of 3.151 grams per liter
(9/L). MCF10A cells were seeded onto sterile coverslips in the following glucose
concentrations, 3.151 g/L, 0.315 g/L, and 0.158 g/L. DMEM medium has a D-glucose
concentration of 4.500 g/L. Hs578T cells were seeded onto sterile coverslips in the
following glucose concentrations, 4.500 g/L, 0.450 g/L, and 0.225 g/L. RPMI 1640
medium has a D-glucose concentration of 2.000 g/L. BT-549 cells were seeded onto
sterile coverslips in the following glucose concentrations, 2.000 g/L, 0.200 g/L, and 0.100

g/L.
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After the 48-hour starvation period, the cells were treated with MitoTracker™
Red CMXRos (M7512, Thermofisher), according to the instructions provided by the
manufacturer. The dye enters the mitochondria by diffusion and covalently binds to
proteins in the mitochondria, activating the fluorescence in the probe. After 30 minutes of
incubation, the cells were thoroughly washed with Dulbecco's Phosphate Buffered Saline
(SH30028LS, Corning), and were fixed with 4% paraformaldehyde (158127, Sigma) at
room temperature for 10 minutes. Once fixation was complete, the paraformaldehyde was
removed, and the coverslip was washed again with Dulbecco's Phosphate Buffered
Saline. Cells were then mounted onto glass slides (12-550-15, Fisher Scientific) using
VECTASHIELD® Antifade Mounting Medium (H-1000-10, Vector Laboratories).
Images were taken using RVL-100-G microscope (ECHQO) under 60X magnification with

immersion oil (MXA22203, Nikon).
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RESULTS
TNBC cell lines with elevated DLST maintain cell viability

Previous studies have shown that human TNBC cell lines express inequal
dependence on DLST and how high levels of DLST can predict poor overall patient
outcomes (Shen et al., 2021). Our starvation studies support the idea that DLST
influences metabolic activity and holds a key role in maintaining metabolic potential,
especially when under nutrient stress (Figure 1, Figure 2 Figure 3).

The MCF10A cells, though non-tumorigenic, have protein and transcript levels of
DLST that have been used as a relative comparison to TNBC cell lines (Shen et al.,
2021). After the starvation period, MCF10A cells treated with 4.5000 g/L showed a
significant, higher cell viability compared to cells treated with lower glucose
concentrations or a glucose free condition, with viability decreasing by approximately
14% (p = 0.0330), 17% (p = 0.0203), 33% (p = 0.0022, and 37% (p = 0.0010),
respectively in the 0.1406 g/L, 0.0703 g/L, 0.0351 g /L glucose and glucose-free
conditions.

The BT-549 cells express levels of DLST that are higher than that of Hs578T and
closer to that of MCF10A and are characterized as DLST-dependent (Shen et al., 2021).
After the starvation period, BT-549 cells treated with 4.5000 g/L showed a significant,
higher cell viability compared to cells treated with lower glucose concentrations or a
glucose free condition, with viability decreasing by approximately 16% (p = 0.0325),
44% (p = 0.0001), 47% (p < 0.0001),respectively in the 0.2812 g/L, 0.0351 g¢/L, and the

glucose free condition (Figure 2).
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The Hs578T cells express comparatively lower levels of DLST than that of
MCF10A and BT-549 and is designated as DLST-independent (Shen et al., 2021). After
the starvation period, Hs578T cells treated with 4.5000 g/L glucose showed a significant
higher cell viability compared to cells treated with lower glucose concentrations or a
glucose-free condition, with viability decreasing by approximately 51%, (p = 0.0006),
71% (p = 0.0002), (79% p < 0.0001), (81%, p < 0.0001), 87% (p < 0.0001) respectively
in the 0.2812 g/L, 0.1406 g/L, 0.0703 g/L, 0.0351 g/L, and the glucose-free condition

(Figure 3).
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Figure 1. MCF10A Cell Viability Bar graph depicting calculated cell viability percentage across serially diluted
glucose concentrations and a glucose-free condition. Bars represent the mean + SEM, with individual data points overlaid.
Statistical significance (p < 0.05) was determined using unpaired t-test against the control group (4.500 g/L). Significance was
discovered in the 0.1406 g/L (p = 0.0330), 0.0703 g/L (p = 0.0203), 0.0351 g/L (p = 0.0022), and the glucose-free (p = 0.0010)
conditions.



0¢

BT-549

*kk
|
150 = *k
% [
o - |
o~ o o
> 1T
pol || o % B2 e
2 &L T | o o
o l hd
S (@)
— 50—
Q
o .
0

] I
O N > o Y \2] O O
\Y Q° Q" [\ QO Q° - t’v. e

Glucose Concentration (grams/Liter)

Figure 2. BT-549 Cell Viability Bar graph depicting calculated cell viability percentage across serially diluted glucose
concentrations and a glucose-free condition. Bars represent the mean = SEM, with individual data points overlaid. Statistical
significance (p < 0.05) was determined using unpaired t-test against the control group (4.500 g/L). Significance was
discovered in 0.2812 g/L (p = 0.0.0325), 0.0351 g/L (p = 0.0001), and the glucose-free (p = <0.0001) conditions.
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Figure 3. Hs578T Cell Viability Bar graph depicting calculated cell viability percentage across serially diluted glucose
concentrations and a glucose-free condition. Bars represent the mean = SEM, with individual data points overlaid. Statistical
significance (p < 0.05) was determined using unpaired t-test against the control group (4.500 g/L). Significance was discovered
in the 0.2812 g/L (p = 0.0002), 0.1406 g/L (p = 0.0001), 0.0703 g/L (p = < 0.0001), 0.0351 g/L (p = < 0.0001), and the
glucose-free (p = < 0.0001) conditions.



Mitochondrial structure is maintained in DLST-dependent TNBC cell line\
Our previous studies have shown that knock-down studies of DLST have shown

increased mitochondria dysfunction DLST-dependent TNBC cell lines. We sought to
understand how stress would affect mitochondria, as changes in function often goes in
tandem with structural integrity and morphology. Under nutrient stress, we observed
differences in how well different TNBC cell lines could adapt based on their expression
of DLST. Using ECHO, we able to take images of mitochondrial structure under
differing levels of nutrient stress. Our images showed that MCF10A maintained highest
frequency of elongated mitochondria and elaborate mitochondrial networks amongst all
cell lines under acute nutrient stress (Figure 4, Figure 5, Figure 6, Figure7, Figure 17). In
contrast, Hs578T had predominantly fragmented mitochondria in all three glucose
concentrations, increasing in their circularity and decreasing in their overall length
(Figure 8, Figure 9, Figure 10, Figure 11, Figure 17). BT-549 cells contained elongated
mitochondria at a high frequency in all three glucose concentrations (Figure 12, Figure
13, Figure 14, Figure 15, Figure 17). Even at their assigned highest concentration 3.151
g/L for MCF10A, 4.500 g/L for Hs578T, and 2.000 g/L for BT-549, Hs578T had a lower
frequency of cells with elongated mitochondria and the highest percentage of fragmented

mitochondria (Figure 16).
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Figure 4. Comparative MitoTracker Red Fluorescence staining and imaging of MCF10A cells Each image
represents the most common cell type observed in each glucose concentration, A (3.151 g/L), B (0.315 g/L), and C (0.158
g/L), along with an approximation of its overall percentage on their respective slides. Each image was taken at 60X
magnification with immersion oil.
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Figure 5. MitoTracker Red Fluorescence staining and imaging of MCF10A cells at 3.151 g/L. Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 3.151
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A and B).
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Figure 6. MitoTracker Red Fluorescence staining and imaging of MCF10A cells at 0.315 g/L Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 0.315
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A, B, and C).
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Figure 7. MitoTracker Red Fluorescence staining and imaging of MCF10A cells at 0.158 g/L. Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 0.158
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A and B).
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Figure 8. Comparative MitoTracker Red Fluorescence staining and imaging of BT-549 cells Each image
represents the most common cell type observed in each glucose concentration, A (2.000 g/L), B (0.200 g/L), and C (0.100
g/L), along with an approximation of its overall percentage on their respective slides. Each image was taken at 60X
magnification with oil.
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Figure 9. MitoTracker Red Fluorescence staining and imaging of BT-549 cells at 2.000 g/L Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 2.000
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A, B and C).
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Figure 10. MitoTracker Red Fluorescence staining and imaging of BT-549 cells at 0.200 g/L. Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 0.200
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A, B, and C)
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Figure 11. MitoTracker Red Fluorescence staining and imaging of BT-549 cells at 0.100 g/L. Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 0.100
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A, B, and C).
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Figure 12. Comparative MitoTracker Red Fluorescence staining and imaging of Hs578T cells Each image
represents the most common cell type observed in each glucose concentration, A (4.500 g/L), B (0.450 g/L), and C (0.225
g/L), along with an approximation of its overall percentage on their respective slides. Each image was taken at 60X
magnification with oil.
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Figure 13. MitoTracker Red Fluorescence staining and imaging of Hs578Tcells at 4.500 g/L Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 4.500
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A, B, and C).
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Figure 14. MitoTracker Red Fluorescence staining and imaging of Hs578Tcells at 0.450 g/L Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 0.450
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A, B, and C)
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Figure 15. MitoTracker Red Fluorescence staining and imaging of Hs578Tcells at 0.225 g/L Representative cell
types were chosen to describe the mitochondrial makeup of the entire coverslip seeded with a glucose concentration of 0.225
g/L. Each image was taken at 60X magnification with immersion oil and highlights elongated or shattered mitochondria with
their respective frequencies in percentages (A, B, and C).
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Figure 16. Comparative MitoTracker Red Fluorescence staining and imaging of dominant cell types in their
base glucose concentrations Each image represents the most common cell type observed in their base/highest glucose
concentration, A (MCF10A at 4.500 g/L), B (BT-549 at 2.000 g/L), and C (Hs 578T at 4.500 g/L), along with an
approximation of its overall percentage on their respective slides. Each image was taken at 60X magnification with oil.
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Figure 17. Comparative MitoTracker Red Fluorescence staining and imaging of all three cell lines in all nutrient
conditions Images and percentages from each cell line at each glucose condition, Base (left column) 1:10 (middle column),
and 1:20 (right column) are placed side-by-side. From the topmost row to bottom most row: MCF10A (top), BT-549 (middle),
and Hs578T (bottom).



DISCUSSION

The inconsistencies amongst TNBCs have also provided difficulty to researchers
and clinicians due to a lack of reliable markers in comparison to their cousins, luminal
and HER?2 breast cancers. Yet, heterogeneity in metabolic activity is a defining feature
within TNBC. It poses as an interesting target of further study and novel therapeutic
approaches. Chemotherapy is amongst first-line options when it comes to treating TNBC.
However, effectiveness of chemotherapy on TNBC can be difficult to predict due to the
diversity in their biomolecular and metabolic makeups (Emens et al., 2018). Early studies
of TNBC have deemed it as a highly glycolytic cancer (Hussein et al., 2011) with
aberrant mitochondria (Pelicano et al., 2014). Newer studies with TNBC cells that are
resistant to chemotherapy and TNBC cells that have migrated from the original tumor
show an increase in OXPHOS activity (Echerverria et al., 2019). DLST and its role
within cell maintenance and growth is yet to be fully understood, along with the TCA’s
role within TNBC. However, discovering TNBC cell line heterogeneity, in respect to
DLST expression and dependence, shows a promising biomarker that has influenced this
projects direction and objective to understand adaptive properties within TNBC cell lines
(Shen et al., 2021).

In this project, we subjected two TNBC cell lines (BT-549 and Hs578T) and one
non-tumorigenic epithelial cell line of mammary gland origin (MCF10A) to cellular
stress by nutrient starvation to identify if differences in DLST dependence can affect

cellular adaptation and regulation of mitochondrial morphology. MCF10A showed the
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highest resilience to maintain cell viability amongst all three cell lines and established a
consistent, nontumorigenic control for comparison. A shallow decreasing trend was
recorded with the largest difference between adjacent columns at approximately 12%.
Between the highest glucose concentration and the glucose-free condition, there was an
approximate 37% difference in average MCF10A cell viability. When comparing the
other glucose concentrations to the control, 4.5000 g/L, MCF10A cells were found to
have a significant difference in all concentrations from 0.1406 g/L to the glucose-free
condition.

BT-549 showed capacity to maintain high redox activity across a broad spectrum
of nutrient stress conditions, showcasing a strong resilience to maintain its redox
capabilities like MCF10A. There was a decreasing trend in percentages as the conditions
approached the glucose-free condition, noting its largest loss in viability between
adjacent columns occurred with an approximate 21% from 0.1406 g/L to 0.0703 g/L. The
overall difference in average cell viability between the highest glucose concentration and
the glucose-free condition was approximately 47%. In contrast to MCF10A, BT-549 cell
viability did show an overall increase in cell viability, but more instances of wider SEM,
denoting variability or experimental errors. A deviation from uniformity was observed at
0.2812 g/L, where a significant difference was detected, followed by lower glucose
concentrations that did not reach significance until 0.0351 g/L. Potential outlying factors
during seeding, incubation, or fluorescence measurements may have influenced cell

viability, contributing to greater variability and outliers within the error range. Thus, the
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threshold of a significant difference, could potentially start as high as 0.2812 g/L,
although it is more likely to occur at a lower concentration.

As glucose concentrations began to wane, MCF10A, BT-549 and Hs578T cells
were all able to maintain similar levels of cell viability over 90% until 0.5625 g/L, where
Hs578T cells showed the steepest loss in redox potential and average cell viability at
approximately 60% between two adjacent concentrations, 0.5625 g/L to 0.2812 g/L.
Overall, a decreasing trend in cell viability was also recorded with an approximate 81%
decrease between the highest glucose concentration and the glucose-free condition.
Hs578T cells were seen to have a significant difference from the control concentration
from 0.2812 g/L to the glucose-free concentration.

Overall, MCF10A cells had the highest cell viability percentages at the lower
ends of the nutrient spectrum, with smaller recorded drops between adjacent columns and
the lowest overall difference in average cell viability percentages between the highest
glucose concentration and glucose-free condition. BT-549 cells fell in between that
MCF10A and Hs578T, while Hs578T displayed the demonstrated a considerable
sensitivity to cellular stress induced by glucose starvation, exhibiting the most
pronounced decline in viability amongst all three.

Transitioning to imaging studies, noticeable differences were found in the
regulation of mitochondrial structure within TNBC cell lines. MCF10A retained a high
frequency of elongated mitochondria. Similarly, BT-549 cells showed high amounts of
elongated mitochondria across the glucose concentrations as well. On the other hand,

increasing cellular stress in Hs578T cells led to a higher frequency in shattered
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mitochondria across all nutrient conditions, showing a higher sensitivity to nutrient stress
and a stark difference between the elaborate mitochondrial fusion seen in MCF10A and
BT-549.

Combining the data that has been collected about cell viabilities and
mitochondrial structures, certain key points become prominent. DLST-dependent BT-549
cells and their metabolic properties are reminiscent to that of MCF10A, as both were able
to retain similarly high frequencies of viable cells and elongated mitochondria. Elongated
mitochondria contain extensive cristae structure which can save and even increase
mitochondrial activity when under cellular stress (Youle et al., 2012) (Gomes et al.,
2011). These similarities found in their adaptive potentials exhibits that BT-549 cells
remained the property of non-cancerous cells. Oppositely, Hs578T cells had a higher
frequency of mitochondria that were physiologically and structurally defunct,
establishing its lack of reliance on DLST and altered metabolism that is different to that
of MCF10A and BT-549.

Cell viability and fluorescence analysis provides researchers with valuable
information to behaviors on a molecular level, but not without their own drawbacks.
Cellular metabolism studies are one of many ways to study cell viability. CellTiter-
Blue® and other assays that measure redox potential are highly sensitive, effective and
cheap. Yet, it indirectly measures for cell viability. Reduce mitochondrial potential is not
entirely discriminated from an entire lack of viability (Ghasemi et al., 2021). Combined
with the idea that these measurements are not denoting the capabilities of a singular cell

but rather a population of cells, fluorescence measurements may not entirely show the
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entire image. Though they may be of the same classification, the rate in which certain
components of the dye are reduced is not the same amongst all cells within the same well
and in adjacent wells, making it difficult to establish an entirely equitable incubation
condition (Ghasemi et al., 2021). MitoTracker staining uses a fluorescent probe with
lipophilic properties, allowing it to pass the plasma membrane of mitochondria with ease.
However, previous studies have shown the challenges to using MitoTracker. The probe
specifically targets mitochondria and their ability to maintain mitochondrial membrane
potential (Xiao et al., 2016). Our project subjects each cell line to nutrient stress that
could lead to potential damage. Though this condition and its effect is sought after in our
specific project, there is evidence that shows that mitochondria temporarily lose their
membrane potential during the action of fission and fusion (Dong et al., 2022), events
that are upregulated under cellular stress. Though MitoTracker is an effective reagent
used by many, the representative population of mitochondria within cells is expansive,
but not all-encompassing. Mitochondria are also one of many different organelles that
have a membrane potential that MitoTracker could be attracted to. Endoplasmic
reticulum and lysosomes have a high membrane potential the probe seeks (Klier et al.,
2022). This contributed to indiscriminate staining and additional background signal.
Despite this, MitoTracker is widely used amongst researchers, and there is room for it to
be better understood to ensure that there are no artificial changes to mitochondrial

structure as a result of using this probe.
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CONCLUSION

The study aimed to understand the adaptive capabilities of TNBC cell lines in
respect to their levels of DLST expression. Ultimately, we sought to add to our
understanding of DLST and compare the molecular behaviors based on DLST-
dependency within TNBC and how it impacts or contributes to cell maintenance and
growth in TNBC. First, we identified two TNBC cell lines that would be prime
candidates for comparison based off their relative dependency of DLST (Shen et al.,
2021). After, we chose two modalities in which we could compare the TNBC cell lines
in, cell viability and mitochondrial morphology. MCF10A, BT-549, and Hs578T were
then examined after undergoing glucose starvation and cellular stress for 48-hours,
mimicking acute conditions that would come from movement cells away from the
primary tumor and a change in microenvironment.

Each cell line was measured of their ability to maintain oxidative potential and
turn the resazurin in the indicator dye, CellTiter-Blue®, into resorufin. The fluorescent
values were recorded and calculated to convey cell viability Hs578T cells were not as
capable at adapting to increasing stress conditions, showing lower percent of viable cells
at higher glucose levels than the noncancerous control. BT-549 more closely resembled
that of MCF10A than that of Hs578T. Higher cell viability percentages were seen in BT-
549 across the entire gradient of decreasing glucose concentrations. Imaging studies of
the cells stained with MitoTracker™ Red CMXRos, post-starvation period, showed more
elaborate and elongated mitochondrial structures in BT-549 and signs of mitochondrial

fragmentation in Hs578T. Both cell viability and mitochondrial structure tests confirm
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our hypothesis that DLST-dependency correlating to how well the TNBC cell lines can
adapt when under cellular stress.

When comparing TNBC cell lines to one another, BT-549’s DLST-dependency
becomes more apparent when under nutrient stress, especially in fluorescence analysis.
This is within our expectations as defined by our previous western blot analysis that
showed BT-549 will levels of DLST that are closer to MCF10A and higher than that of
Hs578T, and DLST-depletion studies showing affected growth rate in BT-549 and not
Hs578T (Shen et al., 2021). In addition, there is room to introduce DLST-depleted TNBC
cell lines to the same nutrient stress to compare how the data would differ amongst what
was recorded and discussed in this project. The data from this project has acknowledged
that DLST and DLST-dependency has value as a predictor of adaptive capabilities and
metabolic potential. Furthermore, it supports the notion set by our previous study that
DLST has potential as a promising biomarker for TNBC.

The theoretical ceiling for what can come from this project bring light to higher
magnification confocal and more effective staining techniques that reduces background
signal. 100X imaging would provide a more comprehensive picture to the mitochondria,
opening more opportunities for analysis. In this experiment, fluorescent staining has
allowed us to see mitochondrial elaboration and mitochondrial fragmentation in respect
to comparative, qualitative analysis. However, advancements in super-resolution imaging
such as structured illumination microscopy and stimulated emission depletion have
allowed for better visualization of mitochondrial elaboration identification of cristae

structure. To complement this, open-source machine learning has potential to provide
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means to in providing quantitative data such as cristae density and mitochondrial lengths
with a high level of precision (Segawa et al., 2020).

For future application, this project establishes quantitative and qualitative metrics
that can be used in comparative manners when cell models undergo stress to incite
adaptation. Our study design establishes supportive metrics that can be paired with a
multitude of other tests to paint a clearer picture of the metabolic activity, biomolecular
interactions, and energetic pathways that occur within cells. This can include protein
extraction, western blotting, and fluorescent studies that depict ROS production. Pairing
other means to measure cell viability, such as those that measure cell growth, would
further enhance how understanding of adaptive potentials and simulate metastatic
conditions. Additional information such as unbiased metabolomics would allow for us to
see what other redox maintaining pathways are affected and how significant the
metabolite differences may be. Notably so, the starvation conditions set by this project
are best defined as “acute” and “short-term”. Ultimately, this project not only identifies
heterogeneity within TNBC cell lines and DLST-dependence but also opens a variety of
possibilities in the understanding DLST behavior and its potential as an in-vitro
biomarker with translational benefits to be considered within in-vivo and clinical

applications.
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