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Reactive oxygen species (ROS) are important signaling molecules in cancer. The level of ROS will determine
physiological effects. While high levels of ROS can cause damage to tissues and cell death, low levels of ROS can
have a proliferative effect. ROS are produced by tumor cells but also cellular components that make up the tumor

microenvironment (TME).
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| 1. Introduction

Reactive oxygen species (ROS) include superoxide, hydrogen peroxide and hydroxyl radicals. While ROS can be
damaging to lipids, proteins and DNA, in recent years their role as important intracellular and extracellular signaling
molecules has become evident [ The mitochondria are the major source of ROS within a cell and play an
essential role in regulation of proliferative, apoptotic and metabolic pathways ZEIH4, |t is established that the
hallmarks of cancer include metabolic reprogramming as well as a tumor promoting microenvironment 2. At the
interface of both of these important biological events are ROS which are produced by cancer cells as well as
cellular components in the microenvironment BIIEIE Understanding how the crosstalk between both extracellular
and intracellular ROS not only within the tumor but also with regards to cells that make up the tumor

microenvironment (TME) will be critical to our understanding of the process of tumorigenesis.

| 2. Role of Reactive Oxygen Species (ROS) in Tumorigenesis

The majority of endogenous ROS produced in cells result from metabolic reactions occurring within the
mitochondria or peroxisome. However, there is a subset of ROS that are also produced by nicotinamide adenine
dinucleotide phosphate (NAPDH) oxidases (NOX) which are a family of transmembrane proteins that transport
electrons across biological membranes and catalyze the conversion of oxygen into superoxide. Superoxide is then
further reduced by superoxide dismutases (SODs) to produce H,O,. ROS can also be produced from

cyclooxygenases, lipoxygenases and thymidine phosphorylase 9.

ROS play an important role in tumorigenesis and affect multiple biological processes such as cell proliferation,
genomic instability, inflammation, resistance to apoptosis and metabolic reprogramming. Increased levels of ROS

are observed in a number of cancer cell lines 111, In a tumor cell, ROS are primarily generated by the mitochondria.
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Mitochondria produce superoxide (O»¢) from one-electron reduction of oxygen through the mitochondrial electron
transport chain (ETC) 22, within the mitochondria, ROS are generated at a number of different sites, the most
important being complexes I, Il and Il 234 Complex | and Il generate O, in the mitochondrial matrix while
complex Il produces O,¢ in both the matrix and intermembrane space 13181, O,e generated in the mitochondrial
matrix is converted to H,O, by superoxide dismutase protein 2 (SOD2) 4. Complex Ill-generated intermembrane
space O,e can travel to the outer mitochondrial membrane and into the cytosol where it is converted into H,O, by
superoxide dismutase protein 1 (SOD1) (8. Given access to the cytosol, it is thought that complex lll-generated

ROS are responsible for affecting cellular signaling (21,

As mentioned previously, ROS levels are often elevated in cancer, however, high levels of ROS can have
deleterious effects therefore, cells have evolved mechanisms in order to maintain a proper balance of ROS. These
mechanisms include peroxide scavenging systems (peroxidases) which control H,O, levels by reducing H,0, to
H,0 29, Production of mitochondrial ROS are also regulated by the availability of O,, the rate of electron flux
through the ETC, the concentration of given electron carriers and the mitochondrial membrane potential 121211,
Finally, the localization of mitochondria within the cell has an important effect on influencing cell signaling pathways
as clustering of mitochondria to discrete areas of a cell can preferentially affect adjacent signaling pathways 22231,
Together these mechanisms allow for balance of the effects of ROS which can be exploited by tumor cells in order

to drive cells preferentially towards a proliferative state.

Mitochondrial ROS can stimulate multiple signaling pathways. Perhaps the most well-known is the requirement of
mitochondrial ROS for the stabilization of hypoxia-inducible transcription factors (HIFs) under hypoxia [24123]126][27]
HIF stabilization leads to initiation of a broad transcriptional program including regulation of genes important for
angiogenesis (28, In order for angiogenesis to occur proliferation of endothelial cells is required 22, To that end,
HIF upregulates the expression of vascular endothelial growth factor (VEGF). VEGF is a soluble growth factor that
binds to VEGF receptors and activates signaling pathways important to endothelial cell proliferation B9, The
mitogenic effects of VEGF are mediated most commonly through the activation of the extracellular-signal-regulated
kinase/mitogen-activated protein kinase (ERK/MAPK) pathway which is a potent stimulator of cell proliferation E11,
Mitochondrial ROS are also critical in the activation of T-cells B2, Reduced levels of complex lll-generated
mitochondrial ROS in mice leads to the inability for sustained T-cell activation despite stimulation with CD3 or
CD28 [22, Furthermore, a study demonstrated that mitochondria translocate to the immunological synapse in a T-
cell line, and mitochondrial H,O, is required for T-cell receptor (TCR) signal transduction through MAPK signaling
(331 Together, this data suggests that mitochondrial ROS augment TCR signal transduction after antigen stimulation
required for T-cell stimulation and proliferation. Together, mitochondrial ROS play an important role in stimulating

physiological cell proliferation and can be exploited by a tumor to promote survival and growth.

Tumors produce high levels of ROS 14, Initially it was felt that high levels of ROS contributed to tumorigenesis by
oxidative damage to DNA leading to genomic instability 4. However, studies also demonstrated increased protein
expression of cellular antioxidants in cancer cells B2, Thus, cancer cells have the ability to maintain elevated
mitogenic signaling without incurring substantial oxidative damage. Indeed, oncogenes and/or tumor suppressor

loss in cancer cells lead to ROS production. For example, a study in which oncogenic H-RasG12V was
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overexpressed in 3T3 fibroblasts demonstrated increased production of ROS required for mitogenic signaling €.
Furthermore, mouse embryonic fibroblasts transformed by the loss of p53 tumor suppressor as well as expression
of oncogenes Akt, H-RasG12V or KrasG12D demonstrated that mitochondrial ROS are required for anchorage-
independent growth in soft agar [&. Mitochondrial DNA mutations in several genes important for the function of the
ETC are present in a number of human cancers B4, These mutations also lead to increased levels of mitochondrial
ROS production 38139401 | oss of mitochondrial transcription factor A (TFAM) in a mouse model of K-ras driven
lung cancer demonstrated reduced tumor growth 8. TFAM is necessary for mitochondrial DNA replication. When
TFAM is absent oxidative phosphorylation is impaired and hence levels of mitochondrial ROS are decreased &,
Furthermore, this study demonstrated that mitochondrial ROS are required for anchorage independent growth in
numerous cancer cell types [8 Taken together, the production of ROS by tumor cells plays an important role in
driving tumorigenesis however, ROS production by other non-tumor infiltrating cells as well as the overall oxidative

state of the local TME has profound effects on tumor biology (Figure 1).

Angiogenesis Survival, Growth, Metabolism and other _ ‘
cellular processes Proliferation

Figure 1. The mitochondria are the major contributor to cellular reactive oxygen species (ROS) levels while

oxidative enzymes (e.g., NAPDH oxidases, cyclooxygenases, lipooxygenases and thymidine phosphorylase) also
contribute to cellular ROS pooles. Mitochondrial ROS have many effects on cellular biology including, Mitogen-
activated protein kinase (MAPK) (e.g., extracellular-signal-regulated kinase (ERK), p38 MAPK, Jun N-terminal
kinase (JNK)), induction of transcription factors (e.g., nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB), hypoxia-inducible transcription factors (HIF), activator protein 1 (AP-1), nuclear respiratory factor (NRF),
heat shock factor 1 (HSF-1)) and deregulation of protein phosphatases (e.g., phosphatase and tensin homolog

(PTEN)). This leads to enhancement of angiogenesis in the case of HIF, survival, growth, altered metabolism and
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other cellular processes through MAPKSs, transcriptional factors and protein phosphatase and immune cell function

and regulation.

3. Cancer-Associated Fibroblasts, ROS and the Tumor
Microenvironment (TME)

The TME includes not only tumor cells but tumor lymphatics, tumor vessels, extracellular matrix, non-cancer
stromal cells as well as chemical modulators (i.e., chemokines, cytokines, growth factors) and microbial
populations. The extracellular matrix (ECM) and stroma include interstitial matrix as well as the basement
membrane, and can act as a storage site for many growth factors and chemokines that can stimulate
tumorigenesis. Non-cancer stromal cells include endothelial cells, pericytes, immune cells, activated adipocytes,
mesenchymal stem cells (MSCs), normal fibroblasts and CAFs. Normal fibroblasts are responsible for ECM
turnover and tissue homeostasis. They are fundamental in the processes of wound healing and senescence.
Unlike normal fibroblasts, CAFs can be found at the margins of tumors or infiltrating into a tumor. Activated
fibroblasts that are found in association with cancer cells are known as CAFs and play key roles in cancer initiation,
progression and metastasis 4142l CAFs are further subdivided into fibroblasts and myofibroblasts. Alpha-smooth

muscle actin (a-SMA)-positive myofibroblasts are noted to be the major population of CAFs present in tumors 43!,

The major role of CAFs is to augment tumorigenesis ¥4, Infiltrating CAFs are more proliferative than normal
fibroblasts and activate specific signaling pathways important for the promotion of tumor growth (421481471 CAFs
residing at the margins of tumors but not within are characterized by their ability to promote cancer progression in
vivo 481, These CAFs are known to secrete factors such as CXCL12 which can go on to activate pro-tumorigenic
pathways such as AKT in adjacent epithelial cells ¥2. CAFs are present in almost all solid tumors. In certain tumors
such as breast, pancreatic and prostate, CAFs can account for up to 80% of the tumor mass as they are
responsible for the excessive growth of fibrous or connective tissue (desmoplasia) 2. A high percentage of CAFs
within cancer tissues is associated with poorer prognosis, increased infiltration of tumor-associated macrophages
and epithelial to mesenchymal transition (EMT) B2,

Desmoplasia is a marker of tumor progression and generates mechanical forces which can limit the lymphatic and
blood supply to a tumor through compression of vessels in turn creating a hypoxic environment 5. Furthermore,
these mechanical forces can cause conversion of fibroblasts to myofibroblasts L. As previously mentioned,
hypoxia stimulates the production of mitochondrial ROS and cancer cells produce higher levels of ROS than
normal tissues which can influence CAF function 52 CAFs can derive from epithelial, endothelial, hematopoietic
stem cells, pericytes or adipocytes as well as resident fibroblasts present in stromal tissue [B3IB4I55I56I57I58]59] A
large proportion of CAFs identified in aggressive adenocarcinomas express smooth-muscle a-actin (a-SMA) and,
therefore, are called myofibroblasts (2. Myofibroblasts’ major function is in wound healing and repair and in tumors
these cells can act as drivers for deranged chronic wound healing. Several studies have demonstrated that ROS
can be a driver for myofibroblast differentiation. Several studies reported the importance of ROS in the fibroblast to
myofibroblast transition (Figure 2A). Transforming growth factor beta 1 (TGF-f1) as well stromal cell-derived factor

1 (SDF-1) and others play a major role in driving the transition from fibroblast to myofibroblast. It is well known that
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mitochondrial-ROS are required for TGF-B1 activation. Indeed, when fibroblasts were exposed to a pharmacologic
inhibitor of mitochondrial-ROS, TGF-B1 expression levels were reduced 61, Fibroblast to myofibroblast conversion
can also be induced with SDF-1 in an ROS-dependent manner B89 Fyrthermore, fibroblasts exposed to chronic
oxidative stress can also differentiate into myofibroblasts 289, Fibroblasts isolated from mouse models of oxidative
stress in which key antioxidant transcription factors were depleted demonstrated a conversion to myofibroblasts
which could be reversed with the long-term treatment with exogenous antioxidants 2621, Additionally, decreased
ROS levels due to upregulation of antioxidant enzymes such as glutathione peroxidase 3 and thioredoxin
reductase | within fibroblasts from prostate cancer inhibits differentiation into myofibroblasts [63l. Taken together
these observations demonstrate that ROS can promote myofibroblast differentiation in human tumors.

High RO%

Low ROS
Transcriptional Regulation | Immune Deregulation
Differentiation Apoptosis

Praoliferation Tumorigenesis Autophagy

Angiogenesis
Metastasis

Figure 2. (A) Reactive oxygen species (ROS) generated by the mitochondria and/or exogenous sources within a
tumor cell affect tumor immunity to promote a more tumorigenic environment. Mitochondrial ROS (mMROS) can
stimulate differentiation of cancer-associated fibroblasts (CAFs) and ROS produced by the tumor cell can facilitate
uptake of exosomes through caveolin-1 inhibition leading to metabolic reprogramming of certain CAFs. ROS can
also affect the function of tumor-infiltrating T-cells depending on the level of mMROS. Myeloid-derived suppressor

cells (MDSCs) and tumor-associated Macrophages (TAMs) also produce ROS that can affect the function of other
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immune cells and ROS can affect regulatory T-cell function as well. (B) The amount of ROS corresponds to
differing effects on biological function. While cytostatic levels of ROS lead to maintenance of biological processes,
cytotoxic levels of ROS lead to cell death as well as immune deregulation. Tumor promotion through ROS occurs
when ROS reach super-physiological or cytostatic levels while avoiding levels conducive to cell death. As

mentioned previously, oxidative stress can arise from tumor cells.

ROS can also affect proliferation and migration of CAFs. As discussed previously, CAFs exist as a heterogeneous
population with different populations expressing certain markers differentially. While ao-SMA myofibroblasts
represent the majority of CAFs there are other markers that have been used to detect subtypes of fibroblasts .
However, it is unclear whether these subtypes truly represent distinct sub-populations of fibroblasts. Studies have
suggested that ROS can play a role in impacting fibroblast subtype €. One subtype of fibroblast that may be
affected by ROS are platelet-derived growth factor beta (PDGF-f3) fibroblasts. ROS play an important role in PDGF
signaling through the inhibition of phosphatases B4IE3I68I67] The activation of PDGF signaling stimulates fibroblast
growth and motility. Interestingly, a study demonstrated that upon PDGF stimulation of normal human fibroblasts,
NOX4 and DUOX4, two enzymes responsible for increasing levels of ROS within cells, modulate cell cycle entry
[68] Together these studies indicate that in PDGF-B fibroblasts ROS could play an integral role in affecting fibroblast
proliferation and migration. Another fibroblast marker that could potentially be affected by ROS is Caveolin-1 (CAV-
1). Studies demonstrate that when fibroblasts and tumor epithelial cells are co-cultured in the presence of oxidative
stress, CAV-1 is degraded in fibroblasts which can be prevented by the treatment of antioxidant and autophagy
inhibitors BIATL Taken together, these studies suggest that ROS produced by fibroblasts play an important role
in CAF activation and differentiation. However, ROS and other metabolic byproducts are also produced in large
guantities by tumor cells and could also play a role in CAF function. ROS produced by CAFs, as mentioned

previously, could also augment tumorigenesis.

H,0, is produced from tumor epithelial cells and can diffuse into other tissues and cells. H,O, is also implicated in
intracellular signaling pathway activation. Certain studies focused on understanding how H,O, affects the tumor
microenvironment (TME) and stroma. In these studies, breast cancer cells were co-cultured with CAFs to
demonstrate the effect of tumor-generated H,O, on CAFs. Interestingly, tumor H,O, led to a reduction in
mitochondrial function, increase in glucose uptake and increase ROS in CAFs 7972 Fyrthermore, co-cultured
cancer cells demonstrated increased mitochondrial activity and decreased GLUT1 expression along with
decreased glucose uptake 9. This cross-talk between tumor cells and CAFs could be abrogated with the addition
of catalase 9. Finally, fibroblasts co-cultured with breast cancer cells displayed Caveolin-1 (CAV-1)
downregulation and increased expression of markers for myofibroblasts 9. This suggests that tumor cells produce

ROS which can directly reprogram CAFs to potentially create a more pro-tumorigenic microenvironment.

Caveolins, such as CAV-1, are unique proteins which are found on multiple cell types and help to form caveolae
which are plasma membrane invaginations. CAV-1 expression is mediated by self-digestion or autophagy 31741,
Human CAFs will usually display reduced CAV-1 expression as compared to normal fibroblasts. Reduced CAV-1
expression is associated with increased glycolysis and reduced mitochondrial function and this decrease in CAV-1

expression is thought to be mediated by tumor cell oxidative stress induced autophagy BIZ4IZS] Fibroblast-
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mediated degradation of CAV1 can be abrogated with antioxidants and autophagy inhibitors [ CAv-1
expression has not only been implicated in the induction of a metabolic switch but also in autophagy/mitophagy
activity and remodeling of the microenvironment . Interestingly, CAV-1 expression in lung cancer cells is
differentially affected by different types of ROS. For example, hydroxyl radical up-regulates CAV-1 while O, and
H,0, down-regulated CAV-1 expression. It should also be noted that degradation of CAV-1 leads to increased

exosomal uptake into cells [Z8],

Exosomes are a subtype of extracellular vesicles (EVs) deriving from intraluminal endosomal vesicles. Exosomes
are made up of a lipid bilayer and contain proteins, mRNAs, lipids, miRNAs and free metabolites which are
released into the cytosol of target cells after internalization 7. Cancer-derived EVs are able to transform non-
malignant cells in the tumor microenvironment in order to promote tumorigenesis 879 EVs, therefore, provide a
mechanism for cellular crosstalk. Indeed, studies show that exosomes have the ability to reprogram recipient cells
and are able to modulate proliferation, survival and immune effector status in recipient cells B9, More recently,
Zhao et al., demonstrated that exosomes isolated from prostate and pancreatic cancer patient-derived CAFs can

inhibit mitochondrial oxidative phosphorylation in cancer cells increasing glycolysis and reductive carboxylation 81,

Exosomes are taken up into cells through different pathways and the process by which exosomes are taken up into
cells is controversial. Recently, a study demonstrated that exosomes derived from glioblastoma (GBM) cells are
internalized through non-classical, lipid-raft dependent endocytosis 8. The authors then demonstrate that the lipid
raft associated protein, CAV-1, negatively regulates the uptake of exosomes 8. Previously, it was mentioned that
tumor cells induce oxidative stress which leads to the autophagic degradation of CAV-1 [BIZ4. Together, these
studies suggest a pathway by which tumor cells produce ROS which signal to fibroblasts and lead to the
degradation of CAV-1 and, therefore, increased exosomal uptake. The effect of increased exosomal uptake could
then lead to increased influx of metabolites and metabolic reprogramming of the fibroblast to a more pro-
tumorigenic CAF (i.e., myofibroblast) (Figure 2A). Indeed, Zhao et al. demonstrated that exosomes isolated from
pancreatic and prostate cancer CAFs contained high amounts of glutamine, lactate and acetate as well as many

other amino acids and metabolites suggesting a role for exosomes in anapleurosis and lipogenesis 811,

Autophagy is a pathway by which cytoplasmic organelles or components are sequestered into an autophagosome
and delivered to lysosomes for degradation. Autophagy is essential for survival, differentiation, development and
metabolism and is involved in many disease states, such as cancer. Autophagy can be stimulated by cellular stress
including ROS (8283l ROS are able to regulate autophagy both directly and indirectly [B4I8386] ROS-induced
autophagy has been demonstrated to protect against oxidative damage suggesting an ROS-dependent negative
feedback loop to regulate oxidative stress within cells [7. Defective autophagy is observed in multiple tumors
which supports a tumor suppressive role [B8I8IR0  However, studies also show that autophagy has tumor-
promoting functions which implies autophagy function is context dependent in cancer 122 Aside from cancer
type, this context-dependent functioning likely applies to cells present in the TME as well. There is now evidence
that ROS can provide cross-talk between CAFs and tumor cells through autophagy that can create a more pro-
tumorigenic environment. A previous study performed in a xenograft model of breast cancer demonstrated that

HIF-1a-dependent activation of autophagy in stromal cells enhances tumorigenicity 23, Given the effect of
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mitochondrial ROS on HIF-1a, it can be surmised that ROS in stromal cells may modulate tumorigenicity of cancer

cells through induction of autophagy. Another study explored CAFs isolated from ovarian cancer tissues as well as

normal fibroblasts from benign tissue and found that CAFs are resistant to oxidative stress and this process is

mediated through autophagy [24. CAFs could act as central mediators of oxidative stress within the TME and help

to give tumor cells the ability to circumvent the cytotoxic effects of elevated TME ROS levels. Tumor cells can also

affect the cells of TME through autophagy and mitophagy, which is the selective degradation of mitochondria by

autophagy. Several studies demonstrated that tumor cells can induce increased metabolism in CAFs which also

induces autophagy and mitophagy allowing for the recycling of important biomolecules and metabolic precursors

[95][96] |t would be expected that the byproduct of this would also be generation of ROS in CAFs which could also

help reprogram them to a more pro-tumorigenic fibroblast.
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