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ABSTRACT
Alexander J. Pfeil: Pyruvate Carboxylase Expression Modulates Primary Mammary Tumor
Growth and Central Carbon Metabolism
(Under the direction of Stephen D. Hursting)

Metabolic reprogramming is a fundamental requirement for triple-negative breast
cancer’s (TNBC) growth and progression, with pyruvate carboxylase (PC) identified as a key
mediator of breast cancer metastasis to the lung. Less is known, however, of PC’s role at the
primary site. This study thus aimed to investigate the impact of PC suppression on primary tumor
growth and if PC expression could inform the use of targeted metabolic therapies to augment
currently used treatments for TNBC. Two separate PC knockdown cell lines revealed PC
suppression to drive both a pro-tumor and anti-tumor effect, revealing a complex relationship
between PC expression and tumor growth. PC suppressed M-Wnt cells in culture produced more
lactate and had reduced rates of oxidative phosphorylation, rendering them more sensitive to
lactate metabolism inhibition. This study highlights a dichotomous role for PC at the primary site

that warrants additional investigation into utilizing PC to inform metabolic-based therapies.
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CHAPTER 1: INTRODUCTION
Breast Cancer Prevalence and Progression

Breast cancer is a major public health concern worldwide and in the United States,
making up 11.7% of the estimated 19.3 million new cancer cases across the globe in 2020[1]. In
the US, breast cancer remains the most commonly diagnosed cancer amongst women, excluding
basal and squamous cell skin cancers, with an estimated 281,000 new cases in 2021 alone[2].
Breast cancer also ranks as the second deadliest cancer amongst women in the US behind lung
cancer, with the 5-year relative survival rate for all breast cancer stages combined currently at
90%][2]. While advances in treatment and early detection have yielded a 5-year relative survival
rate upwards of 99% for localized breast cancer, metastatic breast cancer remains largely
incurable with the 5-year relative survival rate dropping to approximately 25%][3].

Breast cancer is a heterogeneous disease with prognoses and treatment options that vary
greatly between subtypes[4]. Amongst these subtypes, triple-negative breast cancers (TNBC),
defined by negative expression of the estrogen receptor and progesterone receptor and lacking
overexpression of the HER2 protein, have the most aggressive clinical manifestations and
poorest prognoses[5]. The poor outcomes of TNBC patients are attributed to a lack of targeted
therapies coupled with increased instance of metastasis and reoccurrence, with the 5-year relative
survival rate for patients with metastatic TNBC dropping to 12%[6]. As TNBC is generally not
sensitive to molecular or endocrine-based therapies[7], cytotoxic chemotherapy remains the
standard of care. Therefore, investigation into metabolic dependencies of TNBC may aid in

developing new therapeutic targets to augment current insufficient treatment options.



Metabolic Reprogramming in Breast Cancer

A fundamental requirement of rapidly dividing neoplastic cells is a rewiring of
cellular metabolism to support the energetic and biosynthetic needs of cell growth. In the early
20™ century, Otto Warburg made several seminal discoveries in how cancer cells reprogram their
energy metabolism relative to the tissue of origin. Referred to as the Warburg effect, his findings
described the propensity of cancer cells to markedly increase their glucose uptake and
preferentially ferment pyruvate to lactate rather than utilizing mitochondrial oxidative
phosphorylation, even in the presence of adequate oxygen[8, 9]. This metabolic phenotype of
aerobic glycolysis is seen in a multitude of cells during rapid proliferation, from yeast to
lymphocytes, suggesting a fundamental role in enhancing the rate of cellular division[10].
Although Warburg believed this metabolic phenotype (and the primary cause of cancer) to be
due to defective mitochondria, substantial evidence since his discoveries have revealed cancer
cells to possess largely functional mitochondria that still supply the majority of ATP for the
cell[11, 12]. Investigation into what the proliferative advantage that aerobic glycolysis provides
is still ongoing, as the fermentation of pyruvate to lactate is a highly inefficient means by which
to produce ATP relative to complete glucose oxidation through the tricarboxylic acid (TCA)
cycle. Numerous theories have been proposed including increased substrate availability for
biomass production, faster ATP generation kinetics, and maintenance of cellular redox balance
when demand for oxidative equivalents surpasses the need for ATP[13-15]. In order to fuel their
extensive metabolic needs, cancer cells evolve oncogenic alterations that enhance glucose and
amino acid uptake and often render them independent of growth-factor signaling[16]. Common
genetic alterations such as those involved in the phosphoinositide 3-kinase (PI3K)/protein kinase

B (Akt) signaling axis and its negative regulators phosphatase and tensin homolog (PTEN) and



inositol polyphosphate 4-phosphatase type 11 (INPP4B), as well as activating mutations in a
variety of upstream receptor tyrosine kinases results in constitutive glucose utilization
independent of environmental cues[17]. Though glycolytic flux is nearly ubiquitously enhanced
in cancer, mitochondrial function and respiration are still required for tumor growth and play a
vital role in cancer metabolism[18, 19]. In addition to bioenergetic functions, mitochondria
provide substrates necessary for tumor anabolism, mediate redox balance, regulate apoptosis, and
signal oncogenic programing through metabolites and reactive oxygen species (ROS)[20-23].
Mutations to enzymes involved in the TCA cycle including succinate dehydrogenase (SDH),
fumarate hydratase (FH), and isocitrate dehydrogenase result in the production of metabolites
which promote tumorigenesis[24-26]. Thus, reprogramming of both glucose and mitochondrial
metabolism is required during the development and progression of cancers.

In addition to fueling the biosynthetic and energetic needs of aerobic glycolysis and
other metabolic dependencies of proliferating cancer cells, the dysregulated uptake and efflux of
nutrients has a profound effect on the tumor microenvironment (TME)[27]. The TME consists of
a diverse array of malignant and nonmalignant cells that exist in a dynamic intercellular
communication network mediated by metabolites, growth factors, cytokines, and various other
signaling molecules[28]. Found within the TME are stromal cells, immune cells, endothelial
cells and non-cellular components of extracellular matrix such as collagen and fibronectin[29].
Cancer-associated fibroblasts (CAFs) are the most numerous cell population in the tumor stroma,
especially in breast cancers[30]. CAFs possess multiple pro-tumor functions in the TME, with
direct effects on tumor growth, angiogenesis, invasion, and immunosuppression[31-33]. In
addition, CAFs are key mediators of tumor metabolism by supplying energy rich metabolites

such as lactate and pyruvate, fueling the TCA cycle for neighboring cancer cells[34]. In this



“reverse Warburg effect” model, cancer cells secrete hydrogen peroxide into the TME to induce
oxidative stress and aerobic glycolysis in CAFs, resulting in the efflux of lactate that can be
utilized as an anaplerotic carbon source for cancer cell mitochondrial metabolism[35, 36].
Similarly, multiple metabolic sub-populations of tumor cells exist within the TME in part due to
varying access to the tumor vasculature and oxygen levels, with hypoxia resulting from
incomplete vascularization being a common occurrence in solid tumors[37]. Cancer cells lacking
adequate access to oxygen will preferentially uptake glucose to fuel glycolysis and efflux lactate,
which cells in oxygenated zones of the tumor can uptake and utilize for oxidative
phosphorylation[38]. Hence, a major barrier to successful implementation of metabolic-based
therapeutics lies in overcoming the metabolic heterogeneity of the tumor.

In addition to the metabolic reprogramming that evolves throughout primary tumors,
the ability of a tumor to metastasize to other organs is also dependent on metabolic adaptations to
the unique stressors of migration to, and colonization of, a new tissue’s microenvironment[39].
The process of metastasis involves multiple discrete steps including: invasion through the
basement membrane, intravasation into and extravasation from the vasculature, and survival
within the circulatory system and secondary tissue[40]. Though aggressive tumors are thought to
release thousands of cells into the circulation each day, metastasis is a highly inefficient process
with the large majority of these cells dying either in circulation or upon entry into distant
organs[41, 42]. The metabolic reprogramming observed in metastatic cells is diverse, with the
selection of metabolic programs conferring survival advantages throughout the metastatic
cascade differing between tissues of origin and the secondary site[43]. Gene expression analysis
of 20 different cancer types found downregulation of mitochondrial genes to be associated with

the worst clinical outcomes and heightened expression of epithelial-to-mesenchymal transition



signatures[44]. Suppression of mitochondrial oxidative metabolism may promote tumor
metastasis via limiting mitochondrial ROS generation, endowing cells in circulation a resistance
to excess ROS-driven anoikis[45]. In breast cancer, metabolic flexibility is associated with
enhanced metastatic potential, with aggressive breast cancer cell lines displaying increases in
both glycolytic and oxidative metabolism[46]. The most common sites for metastatic spread
from the breast are to the bone, lung, brain, and liver, with each possessing varying levels of
oxygen and nutrient concentrations[47]. Hence, the potential for metastasis likely exists in a
subset of primary tumor cells that have the metabolic flexibility to adapt to these unique
environments who are then subjected to the additional selective pressures of metastatic
spread[48]. Further, breast cancer cell lines with broad metastatic potential enhance both
glycolysis and oxidative phosphorylation, while cell lines with site-selective metastatic potential
primarily enhance either oxidative phosphorylation (lung or bone metastases) or glycolysis (liver
metastases)[46]. Targeting of both metabolic dependencies has thus shown success in mouse
models, with inhibition of either glycolysis or mitochondrial metabolism suppressing metastatic
spread to varying degrees[49-51]. Thus, the study of metabolic reprogramming pertaining to
breast cancer must consider the shared requirements of the primary tumor, the metastatic
cascade, and the unique metabolic requirements of the various secondary organs.
The Role of Pyruvate Carboxylase in Breast Cancer Metabolism

Mitochondria are required for the production of numerous anabolic substrates
necessary for cellular division, with many of the precursors used to synthesize nucleotides,
amino acids, and lipids generated within the mitochondrial TCA cycle[52]. To maintain steady
state levels of TCA cycle intermediates during constant efflux of biosynthetic substrates,

mitochondria require an influx of carbon beyond the entry of the 2-carbon molecule acetyl-coA



following the pyruvate dehydrogenase (PDH) reaction. In a process termed anaplerosis, an influx
of 4- or 5-carbon molecules allows for the refilling of oxaloacetate pools for subsequent
condensation with acetyl-coA and continued flux through the TCA cycle[53]. The primary
anaplerotic reactions that support cancer metabolism are the pyruvate carboxylase (PC)-mediated
conversion of pyruvate to oxaloacetate and the serial conversion of glutamine to glutamate to a-
ketoglutarate via the sequential reactions of glutaminase (GLS) and glutamate dehydrogenase
(GDH)[54, 55]. PC-derived oxaloacetate serves multiple biosynthetic roles dependent on tissue
and energy status, including: conversion to phosphoenolpyruvate via phosphoenolpyruvate
carboxykinase in the gluconeogenesis pathway in the liver and kidneys, de novo fatty acid
synthesis and glyceroneogenesis in adipocytes, and glucose-induced insulin secretion and
glutathione synthesis in pancreatic islet cells[56]. Thus, PC has the potential to mediate
metabolic reprogramming in cancer through the regulation of glucose metabolism, fatty acid
synthesis, and protection from oxidative stress[57]. In most cancers, glutamine serves as the
major anaplerotic carbon source, contributing to up to 90% of oxaloacetate pools[58]. However,
PC is required for glucose-dependent anaplerosis and is the preferred anaplerotic enzyme in
glutamine-independent cells that possess mutations to either SDH or FH, suggesting that both
pathways are able to support mitochondrial metabolism in cancer[59-61].

PC expression is upregulated in multiple cancers relative to normal tissue, including
lung, gallbladder, papillary thyroid cancer, and some breast cancer subtypes[57]. Analysis of the
Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) dataset found
that 16-30% of breast cancer patients demonstrated copy number gains in PC[62]. Importantly,
patients within the METABRIC data set that possessed PC gene amplification had significantly

reduced survival times as compared to the rest of the cohort[62]. Immunohistochemistry staining



from tissue sections collected from 57 breast cancer patients similarly found PC to be highly
expressed in cancerous samples relative to normal breast tissue[63]. In vitro, PC is upregulated in
highly invasive breast cancer cell lines such as MDA-MB-231 relative to less invasive breast
cancer lines[64]. Inhibition of PC in MDA-MB-231 cells via microRNA targeting or small
molecule inhibitors results in diminished proliferation and cell migration in vitro and reduced
tumor growth and metastasis in mouse models[65, 66]. In accordance with its role as one of the
primary anaplerotic enzymes, suppression of PC in breast cancer cells results in lowered glucose
incorporation into downstream metabolites of oxaloacetate, including malate, citrate, aspartate,
and fatty acids[64]. The active metabolite of vitamin D, 1a,25-dihydroxyvitamin D
(1,25(0OH)2D), transcriptionally downregulates PC and promotes oxidative stress and inhibition
of de novo fatty acid synthesis[67, 68]. Further, exogenous oxaloacetate rescued MCF10A-ras
cells from 1,25(0OH)2D induced sensitivity to oxidative stress[67]. The relationship between
oxaloacetate availability and resistance to oxidative stress is likely through maintaining the
substrate pool for the production of NADPH via malic enzyme (ME1), as NADPH is required for
maintaining reduced glutathione for resistance to oxidative stressors[69, 70]. These in vitro
studies suggest that PC-mediated glucose incorporation into oxaloacetate is required for the
sufficient supply of substrates in pathways related to fatty acid synthesis and oxidative stress
resistance in aggressive breast cancer cell lines. Both of these pathways are associated with
metastatic progression and poor prognoses in human breast cancers[71, 72], which may in part
explain the reduced survival of patients with PC gene amplification seen in the METABRIC
analysis described by Shinde et al.[62].

In agreement with the role of PC in the proliferation and migratory potential of

invasive breast cancer cell lines in vitro, PC is required for breast cancer metastasis to the lung in



mouse models. Tail vein injection of 4T1 murine mammary cancer cells with genetic PC
depletion found PC suppression to have no effect on primary tumor size or non-pulmonary
metastasis, but dramatically decreased pulmonary metastasis relative to PC-expressing cells[62].
In vivo 3C glucose tracer analysis revealed breast cancer derived lung metastases to possess
increased PC dependent anaplerosis relative to the primary tumor[73]. These data are well
supported by the literature surrounding the role of PC in lung cancer, in which non-small cell
lung tumors require pyruvate carboxylase for in vivo growth and are less dependent on glutamine
relative to cell lines in culture[74]. The enhanced requirement for PC in the lung relative to other
metastatic sites is likely a product of the lung microenvironment, characterized by higher oxygen
content and increased oxidative stress which directs aerobic utilization of pyruvate[75]. In
contrast, under hypoxic conditions of primary tumors and extrapulmonary metastases, HIF-1a
directs glucose-derived carbons into lactate production rather than through the mitochondria via
expression of hexokinase, lactate dehydrogenase (LDH), and pyruvate dehydrogenase kinase-1
(PDK1)[76]. Interestingly, in cases of clinical PC deficiency, a rare autosomal recessive disorder,
patients commonly present with severe serum lactic acidosis due to the intracellular buildup of
pyruvate and the subsequent conversion and export of lactate[77]. Thus, PC sits at the nexus of
glycolytic and aerobic mitochondrial metabolism, with its downregulation likely supporting
Warburg-like metabolism in hypoxic and glutamine-dependent cells and its upregulation
supporting the growth of tumors in metabolic environments that require aerobic utilization of
pyruvate such as the lung. A deeper understanding of the mechanisms by which PC differentially
affects tumor growth at the primary and secondary site in various organs would help to refine the

contexts in which targeting of PC may be beneficial in cancer therapy.



Cancer Metabolism’s Role in Immune Evasion

Evasion of immune destruction is a hallmark of cancer and has burgeoned the
growth of immunotherapies into the pillars of treatment for several forms of cancer[17]. Though
some cancers show tremendous response to immunotherapies that have revolutionized their
treatment, including hematologic and some solid tumors (e.g. melanoma), many cancers,
including breast, have seen only modest benefits in a subset of patients[78]. One of the major
barriers to treatment efficacy in solid tumors is immunosuppression of the TME through multiple
mechanisms including immune cell exclusion, promotion of intrinsic immune cell inhibitory
pathways, and/or an overabundance of regulatory immune cells[79]. The dysregulated
metabolism of tumors can contribute to an immunosuppressed TME by regulating the
availability of nutrients and presence of metabolic waste products that immune cells are exposed
to upon infiltration[80]. The metabolic demands of activated immune cells are similar to
proliferating tumors cells, with a marked increase in glucose and glutamine consumption
mediated by HIF-1a and MY C signaling seen upon activation of T cells, natural killer (NK)
cells, macrophages, and dendritic cells[81-83]. These parallel metabolic requirements may lead
to competition within the TME for glucose, allowing tumors to metabolically restrict the
activation of cytotoxic CD8* T cells and promote tumor progression[84]. In contrast, T
regulatory (Treg) cells rely primarily on fatty acid oxidation and oxidative phosphorylation to
support their differentiation and function[85, 86]. Thus, glucose deprivation in the TME may
alter the relative proportion of cytotoxic T cells to Treg cells by starving the former while having
minimal impact on the latter. A heightened ratio of Treg cells to CD8* T cells negatively

correlates with survival in breast cancer patients[87].



In addition to the competition for glucose, infiltrating immune populations must
adapt to an acidic microenvironment with high levels of lactate mediated by glycolytic tumors
and stromal cells[88]. Though lactate concentrations in the blood and healthy tissues typically
range from 1.5-3.0mM, tumors can produce up to 20 times more lactate than normal tissues,
resulting in TME lactate concentrations as high as 30mM|[89, 90]. Lactate is an
immunosuppressive metabolite to both innate and adaptive immune cells, driving anergy and
reduced cytotoxic function in CD8* T-cells, inhibition of antigen presentation by dendritic cells,
and polarization of tumor associated macrophages (TAMs) toward a “wound healing” M2-like
phenotype[91-93]. These immunosuppressive effects are deleterious to immune surveillance in
cancer, with LDHA suppression in melanoma cells leading to impaired growth of tumors in
immune-competent C57BL/6 mice, yet having no effect in immunodeficient mice[94]. The
export of lactate via the monocarboxylate transporter (MCT) family is accompanied by the
export of H* ions, resulting in acidification of the TME which can independently drive
immunosuppression[95]. Lowering in vitro conditions to pH levels similar to that found in the
TME establishes an anergic state in human and mouse CD8* T cells[96]. The inhibitory immune
checkpoint V-domain immunoglobulin suppressor of T cell activation (VISTA) mediates the
suppression in T cell activity in response to reduced pH[97]. Though prolonged incubation in
high lactate concentrations leads to cell death in up to 60% of CD8* T cells, similar incubations
in an acidic environment without lactate had no such effect, suggesting TME acidification alone
is insufficient to fully explain lactate-mediated immunosuppressive effects[98]. The combination
of high lactate levels and reduced pH is correlated with limited efficacy of immunotherapies and
poorer clinical outcomes[99]. Inhibition of lactate production and pH buffering restores cytotoxic

T-cell function, reduces Treg activation markers, and increases the efficacy of immunotherapy[94,
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100]. Interestingly, PC may play a role in the development of drug resistance to lactate
metabolism inhibitors such as AZD3965, an MCT1 specific inhibitor. Chronic exposure of
human lymphoma and colon carcinoma to AZD3965 resulted in increased expression of PC and
PDH, allowing for the re-oxidation of lactate to pyruvate and subsequent entry into the
mitochondria to overcome energy deprivation caused by the suppression of glycolysis following
MCT1 inhibition[101].

There are currently two immunotherapy agents that have been approved by the FDA
for treatment of TNBC in combination with chemotherapy: pembrolizumab and atezolizumab.
Both of these drugs belong to the class of immunotherapies termed immune checkpoint
inhibitors (ICI) and specifically target the programmed cell death protein 1 (PD1) and its ligand
(PDL1Y), respectively. PD1 is an inhibitory receptor expressed by all T cells during activation as
well as B cells and some myeloid cell populations[102]. PD1 engagement by its ligands is
critical for maintenance of peripheral tolerance but compromises anti-tumor immunity[103]. The
cytoplasmic tail of PD1 contains two tyrosine-based structural motifs which recruit inhibitory
phosphatases that downregulate both T cell receptor signaling and co-stimulatory CD28-
mediated PI3K signaling[104]. Metabolic reprogramming is an important component of PD1-
mediated suppression of T cell effector functions, with ligated PD-1 suppressing PI3K-AKT-
MTOR signaling to impair glucose and glutamine utilization while promoting fatty acid
oxidation via upregulation of AMPK[105, 106]. ICI’s thus rescue the effector function of tumor-
infiltrating lymphocytes (TILs) in part by acting as a metabolic therapy through restoration of
glycolysis and anabolic mitochondrial pathways. As the nutrient milieu of the TME may also
augment or abate such pathways, combination therapies involving metabolic inhibitors with

ICI’s may offer a novel approach to enhancing treatment efficacy. Importantly, the shared
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metabolic requirements of tumor cells and activating TILs may complicate such approaches,
highlighting the need for further study into the relationship of various metabolic pathways and
anti-tumor immunity.

Project Goals

PC is now recognized as a crucial regulator of breast cancer metabolism and
pulmonary metastatic potential. Modulation of PC expression likely results in downstream
effects on the TME through its inverse relationship with lactate production, exemplified by the
severe serum lactic acidosis seen in patients with PC deficiency. As lactate can serve as both a
metabolic fuel and a potent immunosuppressive metabolite, this study investigated the potential
role of PC in modulating the relationship between ICI and metabolic therapies targeting lactate.
Though the effect of PC in pulmonary metastasis is well documented, the role of PC in the
metabolic reprogramming of primary tumors has not been fully elucidated. Hence, the effect of
in vitro PC suppression on central carbon metabolism and mitochondrial function was also
assessed to delineate the role of PC in directing the metabolic reprogramming seen in primary
mammary tumors.

This project adds to the growing body of literature surrounding the role of PC in
breast cancer metabolism; testing the hypothesis that downregulation of PC in the primary tumor
shunts a greater proportion of carbon through lactate dehydrogenase rather than into anabolic and
energetic pathways that branch from the mitochondrial TCA cycle. In contrast to the oxygenated
TME found in the lung, this metabolic phenotype is likely advantageous in primary mammary
tumors and non-pulmonary secondary tumors in part by forming a pro-tumor microenvironment

mediated by lactate. By identifying other pro-tumor mechanisms driven by PC suppression, this
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project will also inform future investigations into targeted therapeutic approaches to enhance the

efficacy of currently used chemo- or immunotherapies.
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CHAPTER 2: METHODS

Cell Lines and Reagents

Whnt-1 oncogene-driven murine mammary cancer cells (M-Wnt) were used as the
parental cell line for each knockdown. M-Wnt cells transduced with lentiviral particles
containing a doxycycline-inducible short hairpin RNA (ShRNA) targeting PC construct
(Smartvector) were a kind gift from Dr. D. Teegarden (Purdue University, Indiana). VVectors
encoding shRNA constitutively targeting PC (ShPC-B, C, as well as a scramble construct, Sh-
Scr) were purchased from Genecopoeia’s ShRNA construct product pipeline. These vectors were
co-transfected into HEK293T cells along with a psPAX2 packaging construct and a PMD1.G
viral envelope construct (both purchased from Addgene) to produce viral particles. After 24
hours, transfected HEK293T cell media was collected with a Luer-lock syringe, filtered through
a 0.45-micron syringe filter, and added directly to M-Wnt cells. Addition of lentivirus-containing
media from transfected HEK293T cells onto M-Wnt cells was repeated once more at 48 hours
post-transfection. After 48 hours of viral infection, successfully infected M-Wnt cells were
selected for with 1mg/mL hygromycin for at least 96 hours or until all untransduced control cells
died. PC knockdown was confirmed with RT-qPCR.

Reverse siRNA transfection of M-Wnt cells using 10nM ON-TARGETplus
SMARTDpool PCx siRNA (Drahmacon, Lafayette, CO) was used as an orthogonal approach to
suppress PC expression (Si-PC). 10nM Ambion silencer negative control siRNA cat#4390843
(ThermoFisher Scientific, Waltham, MA) was used as a negative control (Si-Scr).

Lipofectamine3000-RNAIMAX reagent (Invitrogen, Carlsbad, CA) was used for the

14



SIRNA transfection. Each siRNA and the lipofectamine were diluted separately in Gibco Opti-
MEM and then mixed and incubated at room temperature for 15 minutes. The siRNA-
lipofectamine mixtures were then added to a resuspension of M-Wnt cells in HPLM at a
concentration of 150,000 cells/mL and seeded for RT-gPCR and flow cytometry the following
day.

Cell lines were maintained at 37°C and 5% CO2 in Gibco RPMI 1640 Medium
supplemented with 10% fetal bovine serum (FBS), 2mM glutamine, and 501U/mL
penicillin/streptomycin. For all in vitro assays, cells were seeded and collected in Gibco Human
Plasma-Like Medium supplemented with 10% FBS and 501U/mL penicillin/streptomycin to
resemble the natural metabolite concentrations of in vivo biological systems.

Animal Studies

All mouse studies were approved by the Institutional Animal Care and Use
Committee of the University of North Carolina at Chapel Hill. Mice were housed in a climate-
controlled Division of Comparative Medicine facility with ad libitum access to water and diet.
Once tumors were palpable, tumor size was measured thrice weekly with digital calipers and
tumor volume was calculated by length x width?/2. All mice were euthanized by COz inhalation
followed by cervical dislocation.

For the pilot study utilizing doxycycline-inducible ShPC M-Wnt cells, 10 female
C57BL/6 mice (Charles River Labs, Wilmington, MA) were injected in the 4" mammary fat pad
with 50,000 doxycycline-inducible ShPC M-Wnt cells. Mice were randomized to the control or
treatment group (n=5) with the treatment group having ad libitum access to water supplemented

with 150ug/mL of doxycycline. Doxycycline supplementation began once tumors were palpable.
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4 weeks following injection, mice were euthanized and tumors were excised, measured, weighed,
and flash frozen.

In subsequent mouse studies, 50,000 of the constitutive ShPC knockdown cell lines
were injected into the 4" mammary fat pad of female C57BL/6 mice (Charles River Labs,
Wilmington, MA). In the study utilizing the ShPC-B and Sh-Scr cell lines, mice were
randomized to receive either Sh-Scr or ShPC-B cell line injection and then further randomized
into 4 treatment groups per condition (n=15). Scramble and ShPC-B injected mice were
randomized to control or treated with FX11 (2mg/kg), anti-PD1 antibody (200ug/mouse), or a
combination of FX11 and anti-PD1 antibody. Once tumors were palpable, mice underwent daily
injections intraperitoneally with FX11 or its control (10% DMSO, 40% PEG300, 5% Tween, and
45% saline) and every three days with anti-PD1 antibody or its control (isotype control at 200
ug/mouse). 4 weeks following injection, mice were euthanized and tumors were excised,
measured, weighed, and flash frozen ex vivo.

Gene Set Enrichment Analysis

The Omega E.Z.NA Total RNA Isolation Kit (BioTek, Winooski, VT) was utilized
for extraction of total RNA from excised tumors following homogenization in TRIzol reagent.
The isolated RNA was labeled and hybridized to a Clariom S HT array (ThermoFisher) and then
processed by the UNC Functional Genomics Core. Gene expression data was analyzed with TAC
4.0 software correcting for batch effects (Affymetrix, Santa Clara, CA). Gene Set Enrichment
Analysis (GSEA) utilizing the Hallmarks gene set was utilized for pathway enrichment
analysis[107]. Mouse Gene Symbol Remapping to Human Orthologs (Version 7.2) was selected
from the GSEA-MSIGDB file servers and ran with the default criteria and 1,000

permutations[108].
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Lactate-Glo Assay

The Lactate-Glo Assay Kit (Promega, Wisconsin, USA) was utilized to detect
intracellular and extracellular lactate concentrations in vitro. Control and PC knockdown M-Wnt
cells were seeded in 6¢cm plates at a concentration of 400,000 cells per plate in HPLM. Following
24 hour incubation, HPLM was replaced with fresh media plus the respective experimental
conditions (treatment group receiving 25uM FX11 and control group receiving 0.05% DMSO)
for an additional 24 hours. Culture media for determination of extracellular lactate
concentrations was deproteinated with 3KD spin filters for 20 mins at 16,000 RCF and then
diluted 1:75 in PBS. Deproteinated media was then snap frozen in liquid nitrogen and stored at -
80°C. For determination of intracellular lactate, cells were lysed in 200uL of 600mM HCI,
neutralized with 200uL 1M tris base, diluted 1:1 in PBS, and frozen at -80°C. Remaining assay
protocol was performed per supplier’s instructions. Luminescence values were measured on a
Cytation 3 Cell Imaging Reader (BioTek, Winooski, VT). Lactate concentrations were
normalized to 1,000,000 cells per condition with cell counting via trypan blue exclusion.

MTT Cell Viability Assay

Control and PC knockdown M-Whnt cells were seeded at 2,500 cells per well in a 96
well plate in HPLM for 24 hours. Following incubation, cells were treated for an additional 24
hours with new HPLM supplemented with the respective experimental conditions (treatment
group receiving FX11 at doses ranging from 6.25uM to 100uM and the control group receiving
concordant concentrations of DMSO). Media was then aspirated and cells were washed with
PBS and stained with 100uL of MTT solution (0.5mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide in cell culture media without FBS). Cells were covered and

incubated in MTT solution for 90 minutes. MTT reagent was then replaced with 100uL of
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DMSO and plates were shaken for 15 minutes. Absorbance was measured using a Cytation 3
Cell Imaging Reader (BioTek, Winooski, VT) at 595 and 690nm. Absorbance values at 690nm
were subtracted from absorbance values at 595nm. Cytotoxicity was calculated relative to
untreated control.

MRNA Analyses

In vitro gene expression analysis was conducted on ShPC M-Wnt cells to confirm
PC knockdown and determine further transcriptional changes. RNA was isolated from in vitro
ShPC M-Wnt cells using the Omega E.Z.N.A HP Total RNA Isolation Kit (BioTek, Winooski,
V/T) according to manufacturer’s instructions. cDNA was then synthesized using the ABI High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher, Waltham, MA) and incubation in a
thermocycler. cDNA was combined with Universal SYBR Green super-mix (BioRad, Hercules,
CA). Mouse primer sequences were obtained from PrimerBank[109] and purchased from IDT
(IDT, Coralville, IA). RT-gPCR was used to determine relative expression as calculated by
2~84¢t a5 previously described[110].

Flow Cytometry

All flow cytometry was performed using a CytoFlex cytometer (Beckman Coulter,
Brea, CA). ShPC M-Wnt cells were seeded at a concentration of 300,000 cells per well in a 6-
well plate overnight in HPLM. Cells were harvested using PHEM buffer and stained for 30
minutes in MitoTracker Red dye (Invitrogen M7512) diluted 1:2,000 in PBS + 2mM EDTA and
2% bovine serum albumin (BSA). Following 30 minutes of staining, cells were strained through
a FACS filtered tube and data was acquired on the CytoFlex cytometer. 15,000 single cell live
events were collected for each sample. Cells stained in PBS buffer without addition of

MitoTracker Red were used as controls to confirm staining.
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Media Exchange Assays

To investigate the potential effects of PC-knockdown-mediated changes to media
composition, Sh-Scr cells were seeded in collected culture media of the ShPC cell lines as well
as fresh HPLM. Sh-Scr, B, and C cells were seeded at 1,000,000 cells per plate in a 10cm plate
and incubated for 48 hours in HPLM. Sh-Scr cells maintained in RPMI were then resuspended
and seeded in the 48 hour culture media of the various cell lines.

Extracellular Flux Analysis

Cellular Oxygen Consumption Rate (OCR) was determined using a XF96 Seahorse
Metabolic Flux Analyzer (Agilent Seahorse Technologies, Santa Clara, CA). ShPC M-Wnt cells
were seeded into a XF96 Seahorse cell cultures plate at a density of 5,000 cells per well in
HPLM for 24 hours. Following incubation, HPLM was replaced with the respective experimental
conditions (treatment group receiving 25uM duroquinone and control group receiving
concordant concentration of ethanol) for an additional 24 hours. 1 hour prior to analysis, cells
were incubated in assay media (serum-free RPMI-1640 media with 210mM glucose, 2mM
glutamine, and 1mM pyruvate, without bicarbonate, pH 7.4) in a Non-COz2 incubator.
Oligomycin (1.0uM), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP; 1.0uM),
and rotenone/antimycin A (0.5uM) were added sequentially as OCR was measured. OCR data
was normalized by total protein amount using a bicinchonic acid protein assay (Thermo Fisher,
Waltham, MA).

High-Resolution Respirometry

An established substrate-uncoupler-inhibitor-titration (SUIT) protocol for high-
resolution respirometry (HRR) was utilized with in vitro M-Wnt cells (SUIT-001 O2 ce-pce

DOO4, https://www.bioblast.at/index.php/SUIT-001_02_ce-pce_D004). Cells were trypsinized,
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counted, and re-suspended in Mir05 buffer (Oroboros Instruments, Innsbruck, Austria).
1,000,000 cells were injected into 2mL pre-calibrated Oxygraph-2k chambers (O2k, Oroboros
Instruments, Innsbruck, Austria). Experiments were performed at 37°C under constant stirring
with oxygen concentrations maintained between 100 and 200uM. Reoxygenation was performed
via addition of 5uL of catalase (112,000U/mL dissolved in Mir05, Sigma C9322) and titration of
hydrogen peroxide (50 wt. % in H20, Sigma 516813) until desired oxygen concentration was
reached. Residual oxygen consumption (ROX) was measured after permeabilization with
digitonin and subtracted from oxygen flux as a baseline for all respiratory states to obtain
mitochondrial respiration. Specific flux was expressed as oxygen consumption per million cells
(pmol-s~*-million cells). For determination of flux control ratios (FCR), respiration values were
normalized to the internal reference state NSg, achieved following addition of N- and S-coupled
substrates and titration of carbonyl cyanide p-(tri-fluromethoxy)phenyl-hydrazone (FCCP) until
complete uncoupling of the mitochondrial membrane potential was achieved. DatLab Software
(V7.4, Oroboros Instruments) was utilized for data acquisition and post-experimental analysis.

Statistical Analysis

Data was analyzed using GraphPad Prism 9 software (GraphPad Software inc., San
Diego, CA). Statistical analysis was determined using Student’s t-test for comparisons of two
groups and one-way analysis of variance (ANOVA) for comparisons of three or more groups. A
three-way ANOVA was used for mouse studies comparing response of FX11, anti-PD1, or the
combination of the two in Sh-Scr versus ShPC-B tumors. P-values less than 0.05 were
considered significant. Significance of Hallmark gene sets was determined by a false discovery
rate (FDRq) value of less than 0.05. Error bars are presented as mean + standard error of mean

(SEM).
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CHAPTER 3: RESULTS
Pyruvate carboxylase suppression results in enhanced primary tumor growth

Though PC is required for pulmonary metastasis from mammary tumors in mouse
models, the role of PC in the metabolism and growth of primary tumors is not fully understood.
To investigate the effects of PC knockdown at the primary site, we first utilized a primary tumor
model of TNBC with a doxycycline-inducible ShRNA construct targeting PC transduced into M-
Whnt cells (ShPC). C57BL/6 mice were injected in the fourth mammary fat pad and randomized
to treatment with or without doxycycline once tumors were palpable.

In contrast to previously described literature, PC knockdown of 60% expression
relative to the control group resulted in increased primary tumor mass (Fig. 1A-B). Other groups
have shown suppression of PC via small-molecule inhibition or genetic targeting to either
diminish[65] or have no growth effect[62] on primary tumors in vivo, respectively. To
investigate potential mechanisms underlying this novel pro-growth phenotype, transcriptomic
analysis via isolated RNA from excised tumors was conducted to determine gene expression
changes caused by PC suppression. Gene Set Enrichment Analysis (GSEA) was used to identify
broad biological processes that were most affected by loss of PC. By ranking tumor-derived gene
expression values within predefined gene lists by their relative expression between PC
knockdown and control transcriptomes, GSEA allows for identification of pathways that were
upregulated in one condition over the other. The Hallmarks gene sets contained 50 well-defined
biological pathways with limited redundancy[107]. Of the 50 gene sets, 8 represent

immunological pathways that encompass broad innate and adaptive immune processes. All 8 of
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these pathways were found to be downregulated in the PC knockdown tumors relative to control,
in addition to 2 gene sets involved with fatty acid metabolism (Fig. 1C). Based on the potential
of this immunosuppressive signature to drive the pro-growth effect of PC knockdown, we next

set out to determine potential metabolic mediators of the observed immunosuppression.
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Figure 1: PC knockdown results in increased tumor mass and an immunosuppressed gene
expression signature. Relative PC expression from isolated RNA of excised tumors (n = 5 per
group) was assessed between mice treated with or without doxycycline (A). Ex vivo tumor mass
at study termination (B). Significant normalized enrichment scores (NES) from the Hallmarks
gene sets at FDRq of p < 0.05 (C). FDRq denoted by bubble size. All data presented with error
bars representing means + standard error of means (SEM). *p-values of < 0.05. ****p-values <
0.0001.
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PC suppression enhances sensitivity of M-Wnt cells to inhibition of lactate metabolism

To investigate the mechanism and potential targets of PC knockdown-induced
immunosuppression, we generated multiple constitutive PC knockdown M-Wnt cell lines via
ShRNA targeting PC constructs (ShPC-B and ShPC-C), as well as a non-targeting ShRNA
control (Sh-Scr). We first utilized the ShPC-B cell line as it reproducibly generated the strongest
PC knockdown of ~95% relative to control (Fig. 2A). As inherited PC deficiency commonly
results in serum lactic acidosis and lactate is a potent immunosuppressive metabolite in the TME,
we hypothesized lactate to be a key mediator of the immunosuppressive effect seen in the gene
expression analysis. Hence, we assessed the effect of PC knockdown on lactate production in M-
Wht cells and if suppression of PC promotes sensitivity to inhibition of lactate metabolism.
Knockdown of PC resulted in increased intracellular lactate concentrations relative to control
(Fig. 2B). Treatment of control and ShPC-B cells with FX11, an LDHA specific inhibitor,
significantly reduced intracellular lactate concentrations in the ShPC-B cells but had minimal
effect on control cells (Fig. 2B). Further, ShPC-B cells showed increased cytotoxic sensitivity to
FX11 across a range of doses, with treatment of 25uM FX11 showing the largest difference

between PC knockdown and control (Fig 2C).
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Figure 2: PC knockdown sensitizes M-Whnt cells to lactate dehydrogenase inhibition.
Relative PC expression of the ShPC-B cell line relative to Sh-Scr (A). Intracellular lactate
concentrations (uM) in Sh-Scr and ShPC-B cells with and without treatment of 25uM FX11 per
million cells (B). Cytotoxicity of FX11 at doses ranging from 6.25-100uM (C). All data
presented are the mean of 3 biological replicates with error bars representing means + SEM. *p-
value < 0.05, **p-values < 0.01.
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PC knockdown of 95% expression is deleterious to mammary tumor growth

Given these findings that FX11 inhibits lactate production and is more cytotoxic in
the ShPC-B cell line relative to control, we next tested the hypothesis that FX11 can be used to
rescue the immunosuppressed TME observed in a mouse model and potentiate a response to ICI.
C57BL/6 mice were orthotopically injected into the fourth mammary fat pad with either Sh-Scr
or ShPC-B cell lines and randomized to receive either control injections, FX11 (2mg/kg), anti-
PD1 antibody (200ug/mouse), or a combination of the two. We assessed the potential for toxicity
of the FX11, anti-PD1 antibody, or combination treatment via bodyweight measurements and did
not observe any differences amongst groups (Fig. 3B). PC knockdown of 95% expression
resulted in reduced tumor mass relative to control in all treatment conditions (Fig. 3A), a direct
contrast to the enhanced pro-growth effect seen in the doxycycline-inducible ShPC model that
achieved a PC knockdown of 60% expression. All three treatment conditions did not alter the
deleterious effect of PC knockdown, with no significant differences between the control and

treatments in both the Sh-Scr and ShPC-B tumors (Fig. 3A).
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Figure 3: PC knockdown of 95% expression is deleterious to mammary tumor growth
irrespective of metabolic and/or ICI therapies. Tumor mass weighed ex vivo following
treatment of control injections, FX11, Anti-PD1 antibody, or a combination of the two treatments
(A). Body mass of mice (n = 15 per group) at study termination (B). A three-way ANOVA was
utilized to determine significant differences between groups, with no significant differences
observed in body mass and only the effect of PC knockdown resulting in significant differences
in tumor mass in all conditions. All data presented with error bars representing means * standard
error of means (SEM). *p-values of < 0.05.
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To further investigate the contrast between the reduced tumor growth seen in the
ShPC-B cells and the enhanced tumor growth seen in the doxycycline-inducible ShPC cells, we
next utilized the ShPC-C cell line. The ShPC-C cells had a consistent PC knockdown of ~80%
expression relative to the Sh-Scr line (Fig. 4A). The two knockdowns resulted in distinct effects
on tumor growth relative to control, with the ShPC-B cells again resulting in significantly
reduced tumor growth while the ShPC-C cells recapitulated the pro-growth effect we first

identified in the doxycycline-inducible model (Fig. 4B).
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Figure 4: Distinct effects on tumor growth from two PC knockdown cell lines. In vitro
relative PC expression of the ShPC-B and ShPC-C cell lines relative to Sh-Scr (A). Tumor mass
weighed ex vivo at study termination (n=6 per group) (B). All data presented with error bars
representing means + standard error of means (SEM). **p-values < 0.01. ***p-values < 0.001,
****p-values < 0.0001.
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Mitochondrial oxygen flux is variably altered by degree of PC suppression

Following these finding that the different knockdowns of PC can result in either a
protumor or antitumor effect, we next set out to identify potential determinants of the
dichotomous role of PC at the primary site. As PC catalyzes one of the primary anaplerotic
reactions that maintains TCA cycle flux, we investigated potential functional and transcriptional
mitochondrial differences between the PC knockdown cell lines. We hypothesized that PC
suppression would alter mitochondrial metabolism and specifically the capacity of the cell to fuel
oxidative phosphorylation. Utilizing extracellular flux analysis, we found both PC knockdown
cell lines to have a reduced basal oxygen consumption rate (OCR) relative to control (Fig. 5A),
with the ShPC-B knockdown resulting in a 13% reduction in OCR and the ShPC-C knockdown
resulting in a larger 25% reduction. Following injection of the protonophore FCCP to achieve
maximal ETC flux, i.e. flux that is no longer limited by complex VV-mediated reductions to the
protonmotive gradient, the OCR of both knockdowns was again reduced relative to control (Fig.
5B). This decrease in maximal oxygen consumption indicates that the reductions in basal OCR
following PC suppression are not driven by complex V’s capacity to reduce the protonmotive

gradient during oxidative phosphorylation.
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Figure 5: PC suppression reduces cellular respiration to varying degrees. Basal oxygen
consumption rate of ShPC cells relative to Sh-Scr (A). Maximal oxygen consumption rate
following injection of the protonophore FCCP to collapse the mitochondrial membrane potential
(B). Data presented with error bars representing means + standard error of means (SEM). **p-
values < 0.01. ***p-values < 0.001.

Though extracellular flux analysis of intact cells lends valuable insight into cellular
energetics, the ability of extracellular flux analysis to assay changes to mitochondrial ETC
dynamics is limited. Hence, we next used high-resolution respirometry (HRR) to understand the
effects of PC knockdown on ETC intrinsic function at the complex level. Oxygen flux was
analyzed in permeabilized cells following sequential titrations of the NADH-linked (N-linked)
substrates pyruvate, malate, and glutamate, the succinate dehydrogenase-linked (S-linked)

substrate succinate, inhibitors of ETC complexes | (rotenone) and 111 (antimycin A), and the

protonophore FCCP to assess respiratory coupling control of various electron transfer pathways
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(Fig. 6A). In contrast to the reduction of basal and maximal OCR seen in extracellular flux
analysis, the PC knockdown cell lines did not exhibit reduced oxygen flux across all pathway
control states, with ShPC-B, in fact, showing increased levels of oxygen flux relative to Sh-Scr
(Fig. 6B). The flux control ratios (control state specific OCR normalized to the maximum flux
state achieved following addition of N- and S-linked substrates and titration of FCCP) were
unchanged in both PC knockdown cell lines, indicating that PC suppression does not result in
changes to intrinsic ETC flux control (Fig. 6C). These findings suggest that PC knockdown does
not reduce basal oxygen consumption through driving intrinsic mitochondrial dysfunction or
reprogramming of coupling controls, but likely results in reduced flux of intermediates through
the TCA cycle to fuel the ETC and hence oxidative phosphorylation. In addition, ShPC-B cells

appear to respond to PC knockdown by increasing efficiency of its ETC system.
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Figure 6: PC suppression does not reduce mitochondrial oxygen flux dynamics when
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permeabilization and pyruvate (P) and malate (M) titrations. Oxidative Phosphorylation
(OXPHOQOS, P) achieved with saturating concentrations of adenosine diphosphate (ADP).
Electron transport capacity (ET) following complete chemical uncoupling of the inner
mitochondrial membrane with FCCP. Specific oxygen flux of the ShPC cells relative to Sh-Scr
(pmol-s~t-million cells) (B). Flux control ratio (FCR) normalized to the internal reference state
NSk, achieved following addition of N- and S-coupled substrates and titration of FCCP until
complete uncoupling of the mitochondrial membrane potential was achieved (C). Data presented
are the means of 8 biological replicates with error bars representing means + standard error of
means (SEM). *p-values < 0.05. **p-values < 0.01.
PC knockdown results in varying degrees of ETC transcriptional changes

To further investigate the potential for PC suppression to induce changes to
mitochondrial metabolism, we next set out to determine in vitro gene expression differences
between the two knockdown cell lines. Relative gene expression of subunits of the electron
transport chain (ETC) was determined to identify potential changes to the oxidative
phosphorylation machinery in the face of PC suppression. PC knockdown of ~95% expression in
the ShPC-B cell line resulted in downregulation of subunits that comprise complex | (Nd4fal0
and Nd4fal0), Il (Sdhb), and V (Atp5cl), while ShPC-C only resulted in downregulation of
Atp5cl, though to a lesser degree than ShPC-B (Fig. 7A-F). We next utilized flow cytometry to

quantify the mitochondrial mass in the PC knockdown and scramble cells. ShPC-C had increased

mitochondrial mass while ShPC-B had no significant difference relative to control (Fig. 7G).
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Figure 7: PC knockdown cell lines possess varying degrees of mitochondrial gene
expression and mass changes relative to control. Relative gene expression of complex I, 11,
and V subunits in the ShPC-B and ShPC-C cell lines relative to Sh-Scr (n = 5 per group) (A-D).
Relative fluorescent intensity of Sh-Scr versus ShPC-B and ShPC-C following staining with
MitoTracker Red diluted 1:2,000 in PBS (n =5 per group) (E). One-way ANOVA used to
determine statistical significance (p < 0.05). All data presented with error bars representing
means * standard error of means (SEM). *p-values < 0.05.
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The decrease in relative expression of multiple subunits of the ETC in response to
PC knockdown in the ShPC-B cell line appeared in contrast to the findings of enhanced ETC
efficiency seen in the HRR analysis. To investigate the hypothesis that the degree of PC
knockdown drives varying degrees of alterations to ETC gene expression rather than these
findings being an experimental artefact of the construct, we utilized on orthogonal approach to
suppress PC expression via siRNA targeting. The Si-PC cells exhibited a knockdown similar to
that of the ShPC-B cells, with approximately 92% reduced PC expression relative to control
(Fig. 8A). The ETC gene expression changes of the Si-PC cells were similar to those seen in the
ShPC-B cells, with decreased expression of subunits of complex I, 11, and V relative to control
(Fig. 8B-G). Mitochondrial mass was not statistically different in both the ShPC-B and Si-PC

cells relative to their respective controls (Fig. 8H).
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Figure 8: PC knockdown via small interfering RNA recapitulates mitochondrial gene
expression and mass changes of short hairpin RNA construct. Relative gene expression of
complex I, I, and V subunits in Si-PC M-Wnt cells relative to Si-Scr M-Wnt cells (n = 6 per
group) (A-E). Relative fluorescent intensity of Si-Scr versus Si-PC M-Wnt cells following
staining with MitoTracker Red diluted 1:2,000 in PBS (n = 6 per group) (F). All data presented
with error bars representing means + standard error of means (SEM). *p-values < 0.05. **p-
values < 0.01. ****p-values < 0.0001.
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To test whether the observed effects of in vitro PC knockdown were driven by
intrinsic adaptation to loss of PC or through indirect mechanisms that result from changes to
substrate efflux, we seeded the Sh-Scr cells in the cell culture media from the PC knockdown
cell lines and again measured changes in ETC gene expression and mitochondrial mass. Sh-Scr
cells were seeded in 48 hour culture media from Sh-Scr, ShPC-B, or ShPC-C before being
collected for RT-gPCR and flow cytometry. None of the conditions resulted in changes to ETC

gene expression or mitochondrial mass (Fig. 9A-E).
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Figure 9: PC knockdown-mediated alterations to media composition does not drive the
changes to mitochondrial ETC gene expression or mass. Relative gene expression of complex
I, 11, and V subunits in Sh-Scr cells seeded in the culture media of the ShPC-B or ShPC-C cell
lines following a 48 hour incubation relative to controls cells seeded in their own culture media
(n =4 per group) (A-D). Relative fluorescent intensity following staining with MitoTracker Red
diluted 1:2,000 in PBS (n = 4 per group) (E). All data presented with error bars representing
means = standard error of means (SEM).
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS

PC is emerging as a key mediator of the metabolic reprogramming that mammary
tumors evolve to utilize in supporting their growth, progression, and survival. Specifically, PC
plays a critical role in breast cancer metastasis to the lung, supporting anaplerosis and the aerobic
utilization of pyruvate required for adaptation to the oxygenated pulmonary microenvironment.
At the primary site and non-pulmonary metastases, downregulation of PC likely supports aerobic
glycolysis with enhanced carbon flux through LDH rather than anaplerotic entry into the
mitochondrial TCA cycle; however, a complete understanding of the role of PC expression in
primary tumor growth is currently lacking. In this study, a primary tumor model of TNBC was
utilized to identify the metabolic and microenvironmental consequences of PC knockdown to
further understand how PC expression can inform metabolic and immune-based therapies. In the
pilot study utilizing a doxycycline-inducible ShRNA construct to target PC, an increase in
primary tumor mass was observed when PC was suppressed by ~60% expression relative to
control. This finding represents a novel relationship between PC expression and primary tumor
growth, as previous literature utilizing pharmacological or genetic approaches to suppress PC
activity have found either no growth effect or a deleterious growth effect in murine breast cancer
models[62, 65].

To identify potential drivers of this pro-growth phenotype, the transcriptomes of
excised tumor samples were analyzed utilizing GSEA. The Hallmarks gene set was chosen from
the Molecular Signatures Database (MSigDB) as it contains 50 well defined gene sets aimed at

identifying specific biological states with limited redundancy[107]. GSEA of transcriptomic data
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offers valuable insight into phenotypic differences between groups, as analyzing changes to
multiple genes along a pathway offers greater functional insight compared to curating a list of
individual differentially expressed genes. All 8 immunological pathways included in the
Hallmarks gene sets were found to be downregulated in PC knockdown tumors relative to
control. In addition, 2 pathways involved in lipid metabolism, adipogenesis and fatty acid
metabolism, were found to be downregulated by PC suppression. Although PC’s role in lipid
metabolism via replenishing oxaloacetate-derived carbons lost to citrate export for fatty acid
synthesis has long been recognized[111], PC-mediated regulation of a broad array of pathways
necessary for innate and adaptive anti-tumor immunity has not been described in the literature.
The downregulation of these Hallmark gene sets including interferon alpha and gamma response,
tumor necrosis factor-a (TNF-a) signaling, inflammatory response, and IL-2 signaling is
characteristic of a “cold” or non-T-cell-inflamed TME[112]. Such TME’s possess low levels of
T cell infiltration, molecular signatures of dysregulated immune activation, and lower responses
to immunotherapies[113, 114].

To investigate potential mediators of the diminished immune signaling observed in
PC knockdown tumors, multiple constitutive PC knockdown cell lines utilizing ShRNAS were
generated to manipulate lactate metabolism in the context of PC suppression. The connection of
PC and lactate metabolism has a strong clinical basis, as individuals with inherited PC deficiency
frequently present with severe lactic acidemia[115]. Indeed, lactate production in vitro was
increased following PC knockdown of ~95% expression relative to control. In addition, PC
knockdown cells showed an increased sensitivity to LDH inhibition, with increased cytotoxicity
and a decrease in intracellular lactate concentrations at a dosage with minimal effect on control

cells. The increased lactate production seen in inherited PC deficiency and our knockdown
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model suggests that the flux of glucose-derived carbons through central carbon metabolism with
limited PC activity cannot be fully supported by PDH-mediated incorporation of acetyl-coA into
the TCA cycle or by other biosynthetic pathways that branch from glycolysis, thus requiring
carbons to be shunted into lactate production. Increased flux through LDH is potentially
advantageous in the setting of primary mammary tumors through multiple mechanisms,
including: enhanced NAD™ regeneration independent of the ETC to support the reductive nature
of anabolism[14], acidifying the TME via increased co-transport of H* ions to create a pro-tumor
environmental niche[116], and increasing extracellular lactate concentrations to drive
immunosuppression of innate and adaptive immune populations[117].

As we hypothesized that the lactate-induced immunosuppression observed in our
pilot study was driving the pro-growth effect of PC knockdown, we next investigated the
potential to take advantage of the increased lactate production of PC knockdown tumors via a
combination treatment approach utilizing FX11 and anti-PD1 therapy. Lactate metabolism
inhibition is a promising area of metabolic-based cancer therapeutics, with clinical trials
currently underway for the use of the MCT1 inhibitor AZD3965 in advanced solid tumors and
diffuse large B cell lymphomas[118, 119]. In addition, LDH has been proposed as a prognostic
marker for ICI therapies, with high pretreatment LDH levels correlating with shortened
progression free survival in non-small cell lung cancer patients treated with 1CIs[120]. Given
lactates deleterious effects on CD8* T-cell activation and effector functions, high lactate in the
TME is likely a major barrier to effective ICI response in solid tumors[121]. Indeed, therapeutic
approaches combining lactate metabolism inhibition and I1ClIs have shown success in multiple
murine cancer models[122-124]. We thus tested the hypothesis that reduced PC expression could

be a marker for tumors that will see the greatest response to such a treatment approach. In
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contrast to our pilot study, the ShPC-B cell line with a PC knockdown of ~95% expression
resulted in reduced primary tumor mass relative to control. All three treatment groups, FX11,
anti-PD1, and the combination, resulted in no changes to tumor mass in both control and PC
knockdown conditions. The deleterious growth effect of the ShPC-B knockdown makes
evaluation of the potential for this combination treatment approach difficult. Future
investigations utilizing a more physiologically relevant downregulation of PC expression with a
reduced magnitude of impact on tumor growth would better inform the utility of combining LDH
inhibition and ICI in the context of PC suppression.

Given the dichotomous primary tumor results of the pilot and treatment study, we
next utilized the ShPC-C cell line with a PC knockdown of 80% to monitor tumor growth
without treatment and confirm if a pro-growth tumor phenotype is reproducible with PC
knockdown M-Wnt cells. Indeed, the ShPC-C tumors recapitulated the pro-growth effect seen in
the inducible ShPC model while ShPC-B tumors again showed reduced primary tumor mass.
Thus, there appears to be heterogeneity in primary mammary tumor responses to PC modulation
in both our models and the literature, with different cell lines and means of PC suppression
having resulted in deleterious, neutral, or pro-growth effects. A possible contributor to this
heterogeneity could be the degree of PC suppression, with PC knockdown of 95% relative
expression or pharmacologic ablation of activity being detrimental to cellular metabolism and
reducing tumor growth while PC suppression in the range of 60-80% may drive advantageous
metabolic reprogramming and an immunosuppressed TME that enhances tumor growth.
Additional mouse studies utilizing orthogonal means to suppress PC activity to varying degrees
will be needed to delineate a potential correlation between PC expression and primary tumor

growth. Further, this heterogeneity highlights a need for future investigations into the role of PC
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in breast cancer to consider differences between PC suppression at the magnitude of intrinsic
metabolic reprogramming in the tumor versus that seen following pharmacologic inhibition of
the enzyme. Awareness of this distinction will be required to form and reproduce successful in
vivo models for translational studies of therapeutic targets.

To elucidate potential mechanisms by which PC suppression can have variable
effects on mammary tumor growth, we next investigated genomic and functional changes to the
mitochondria of ShPC-B and ShPC-C cells in culture. Depletion of PC results in reduced glucose
incorporation into TCA cycle intermediates downstream of oxaloacetate, including malate and
citrate[64]. Hence, we tested the hypothesis that perturbations to the influx of carbons through
the TCA cycle would result in reduced flux through the ETC and reduce the capacity of ShPC
cells to undergo oxidative phosphorylation. Utilizing extracellular flux analysis and oxygen
consumption rate as a proxy of ETC flux, PC suppression resulted in lowered basal and maximal
OCR, with the ShPC-C cells experiencing a larger drop in basal and maximal OCR relative to
ShPC-B. It is important to note that the media utilized in these assays contains hyper-
physiological concentrations of glucose, pyruvate, and glutamine, though only glutamine is able
to bypass the PC knockdown-mediated suppression of incorporation of 4-carbon units into the
TCA cycle. Maximal OCR measurements following FCCP injections were taken to observe the
capacity of the ETC without the constraint of complex VV-mediated reductions to the
electrochemical proton gradient. The difference between basal OCR and maximal OCR is thus a
proxy for the level of flux control that complex V has on oxidative phosphorylation, which is a
key regulatory mechanism of mitochondrial bioenergetics[125]. Reductions in maximal OCR

following PC suppression revealed that the basal OCR in PC knockdown cells is not simply
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limited by the flux control of the phosphorylation system when substrates are at basal
concentrations, but that the capacity of the ETC is diminished.

To further probe the mechanisms by which PC suppression reduces both basal
respiration and the capacity of the ETC, we utilized HRR of permeabilized cells following an
established substrate-uncoupler-inhibitor titration (SUIT) protocol[126]. In contrast to
extracellular flux analysis, HRR allows for highly sensitive measurements of oxygen
consumption in a greater diversity of respiratory states at saturating concentrations of ETC
substrates. Permeabilization of the plasma membrane results in the loss of endogenous substrates
and thus allows for subsequent determination of complex level activity in multiple coupling
states via sequential titrations of N-linked substrates, S-linked substrates, complex | and 111
inhibitors, and FCCP. The four coupling states achieved include: leak respiration measured prior
to stimulation of complex V phosphorylation through absence of ADP, oxidative
phosphorylation measured following addition of kinetically-saturating concentrations of ADP,
inorganic phosphate, and fuel substrates, ETC capacity measured following titration of FCCP to
collapse the electrochemical proton gradient, and residual oxygen consumption measured
following loss of endogenous substrates after plasma membrane permeabilization. In contrast to
the findings of extracellular flux analysis, ShPC-C cells had no changes to oxygen consumption
in any of the examined respiratory states. ShPC-B cells had a significant increase in oxygen
consumption relative to control cells in all conditions and relative to ShPC-C cells in the
maximum flux state of PGMSe and S-linked respiration in the ET state, Se. In addition, the flux
control ratio (FCR) was consistent between both knockdown cell lines and control, indicating
that PC suppression does not induce intrinsic ETC changes to complex-level flux control at

saturating substrate concentrations.
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The differential findings of oxygen consumption in extracellular flux analysis versus
HRR is compatible with our hypothesis that PC suppression results in reduced flux of carbons
through the TCA cycle, driving a reduction in oxidative phosphorylation. In HRR, N- and S-
linked substrates are added to permeabilized cells at kinetically-saturating concentrations, with
both malate and glutamine capable of directly entering the mitochondria from the extracellular
space and generating reducing equivalents for the ETC independent of PC. Extracellular flux
analysis measures OCR within intact cells that, while cultured in media with super-physiological
concentrations of glutamine, glucose, and pyruvate, are still dependent on cellular substrate
availability and utilization to fuel the ETC. Hence, HRR is a measure of solely mitochondrial
metabolism independent of cellular substrate status whereas OCR in extracellular flux analysis is
tightly controlled by cellular metabolism and PC activity. The increase in oxygen consumption
of the ShPC-B cells in HRR suggests that PC knockdown can affect intrinsic ETC dynamics
independent of substrate availability. The consistency in FCRs between knockdown and control
cells indicates that the ShPC-B cells increased the efficiency of electron transport within their
ETC without altering the relative contribution of the N- and S-linked substrates.

To further probe the differences in ETC alterations driven by the two PC knockdown
lines, relative expression of multiple subunits of complexes I, 11, and V was also determined.
Interestingly, ShPC-B cells showed downregulation of a number of ETC complex subunits
despite possessing higher oxygen flux relative to control cells as measured by HRR. ShPC-C
cells possessed downregulation of a single subunit of complex V and to a significantly lower
magnitude than seen in the ShPC-B cells. As the total surface area of inner mitochondrial
membrane per cell could potentially explain these changes to gene expression, we utilized flow

cytometry with cells stained for mitochondrial mass and found the ShPC-C cells to possess
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greater mitochondrial mass relative to control. The ShPC-B cells showed no significant
difference in mitochondrial mass, suggesting the downregulation in ETC subunits is not a
function of mitochondrial size. As the profound expression changes in the ShPC-B cells were
unexpected given the changes to oxygen consumption, we utilized an orthogonal approach to
severely diminish PC activity to determine if the expression changes were related to the degree
of PC knockdown and not an artifact of the lentivirus-transduced cell line. Utilizing Si-RNA
transfection to achieve a PC knockdown of 92% expression, the gene expression changes seen in
the ShPC-B line were largely recapitulated with downregulation of the selected subunits in
complexes I, Il, and V. The similar results from the orthogonal means of PC knockdown
suggests that PC knockdown of greater than 90% results in distinct changes to the gene
expression of ETC subunits.

As the varying degree of PC knockdown could also affect the concentrations of
metabolites in the extracellular space, ETC gene expression values were analyzed following the
culture of Sh-Scr cells in media conditioned by 48 hours of growth with the knockdown cell
lines. These comparisons were made to distinguish if any changes to ETC gene expression or
mitochondrial mass were mediated specifically by intrinsic PC activity or indirect metabolic
perturbations to substrate availability. None of the genes analyzed nor mitochondrial mass were
found to be modulated by the different medias.

Importantly, screening of a limited number of ETC subunit expression values is
insufficient to understand the totality of effect that changes to the ETC have on the function of
the mitochondria. Control over the flux of electrons and phosphorylation of ATP is widely
shared among the subunits of each complex, with no one enzyme being rate-limiting and the

distribution of control altering as environmental conditions change[127]. Further, the complexes
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of the ETC are encoded by both nuclear and mitochondrial genes, with complex | composed of
38 nuclear-encoded subunits and 7 mitochondrial-encoded subunits. Thus, these comparisons of
only a few nuclear-encoded mitochondrial genes from each complex provides evidence that the
degree of PC knockdown may determine distinct changes to the ETC expression programming.
However, extrapolation of the ultimate bioenergetic consequences of these changes would be
misguided. A potential explanation for the lack of changes to ETC gene expression in the ShPC-
C cells could be made from the observed increase in mitochondrial mass. It is possible that these
cells do experience downregulation of the subunits examined if normalized to total mitochondrial
mass, but that a concomitant increase in mitochondrial size via mitochondrial biogenesis
regulation makes the expression data appear neutral. Future investigations analyzing a greater
number of both nuclear- and mitochondrial-encoded genes and their protein content, normalized
to mitochondrial mass, would allow greater insight into the functional consequences of PC
knockdown-induced changes to the ETC.
Future Directions

Taken together, this project reveals important nuance to the effects of PC
knockdown on primary mammary tumor growth and metabolic reprogramming. The differential
findings of the ShPC-C line resulting in enhanced tumor growth and immunosuppression versus
the ShPC-B line reducing tumor growth highlights the need for further investigation into the
mechanisms driving such a dichotomous role for PC at the primary site. Future mouse studies
utilizing orthogonal means to suppress PC activity to the level of the ShPC-B knockdown via
genetic or pharmacological approaches would be beneficial in delineating if there exists a
threshold of PC activity that tumors require before their growth is adversely affected. In addition,

re-attempting the combination treatment approach of FX11 and anti-PD1 therapy with PC
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knockdown cell lines that enhance tumor growth would better inform the utility of targeting the
enhanced lactate production and immunosuppression induced by certain degrees of PC
suppression. Together, these future directions may reveal two separate approaches by which to
use PC expression to inform adjuvant therapeutic options: 1) In tumors with enhanced PC
expression and hence increased risk for metastatic spread to the lung, targeting of PC directly via
a small molecule inhibitor could diminish both primary tumor growth and metastatic spread. 2)
Tumors with reduced PC expression may be especially sensitive to a combination treatment
approach of FX11 and anti-PD1 relative to other mammary tumors with a decreased reliance on
lactate metabolism.

In addition to further investigations into the in vivo therapeutic targets of PC
knockdown cell lines, additional in vitro studies are needed to better understand the metabolic
reprogramming that underlies the enhanced lactate production and reduced oxidative
phosphorylation following PC suppression. Though the HRR and extracellular flux analysis
results are congruent with the hypothesis that decreased anaplerotic refilling of TCA cycle
intermediates is driving these effects, metabolomic analysis is needed to directly recognize any
changes to the concentrations of TCA cycle substrates. Rescue experiments utilizing cell-
permeable precursors of TCA cycle intermediates such as dimethyl a-ketoglutarate aimed at
returning basal OCR to control levels in extracellular flux analysis would also be helpful for such
ends. Metabolomic analysis would also help to identify other pathways that are likely affected by
PC suppression, including fatty acid metabolism and amino acid synthesis pathways such as
those for serine, glycine, and aspartate. Such pathways may underlie the dichotomous primary
tumor growth effects seen following PC knockdown, as the differences in mitochondrial function

and gene expression examined in this study are insufficient to explain such findings.
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CHAPTER 5: CONCLUSIONS

PC’s role in the metabolic reprogramming that drives breast cancer growth and
metastatic potential is a growing area of interest. Though enhanced PC activity is required for
pulmonary metastasis in mammary tumor models, the impact of varying degrees of PC
expression at the primary tumor is not well understood. This gap in knowledge must be
reconciled prior to effective targeting of PC in cancer therapeutics, where targeted therapies
based on metabolic signatures hold promise in improving current standards of care for TNBC in
particular. This study thus aimed to assess the impact of PC suppression on primary mammary
tumor growth and if the resulting metabolic reprogramming could inform the use of metabolic
therapies as adjuvants to immune-checkpoint inhibition.

Taken together, this project provides insight into a variable role of PC in primary
mammary tumor growth while identifying important alterations to central carbon and
mitochondrial metabolism following PC suppression. Namely, PC knockdown of 60-80%
expression resulted in enhanced primary tumor growth and a transcriptomic signature of
immunosuppression, while PC knockdown of 95% expression was deleterious to tumor growth.
In vitro assays further revealed reduced PC-mediated anaplerosis to increase lactate export and
render cells more sensitive to LDH inhibition. Extracellular flux analysis found both PC
knockdown lines to have reduced OCR relative to control, likely as a function of reduced TCA
cycle intermediates. HRR and ETC gene expression analysis found important mitochondrial
differences between the two knockdowns, though these differences are not sufficient to attempt

to explain the dichotomous effects on primary mammary tumor growth. These findings should be
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considered for future investigations into identifying circumstances in which targeting PC or its

downstream metabolic effectors may be beneficial in the treatment of TNBC.
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