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Squamous cell carcinomas (SCCs) are cancers that arise from both stratified squamous and non-squamous
epithelium of diverse anatomical sites and collectively represent one of the most frequent solid tumors. Despite
such heterogeneous anatomical origins, SCCs have unified oncogenic and metabolic features centered around

maintaining redox homeostasis that may ultimately be attractive therapeutic targets.

Squamous Cell Carcinomas Cancer Metabolism Oxidative Stress

| 1. Introduction

Squamous epithelia are comprised of proliferative basal layers and increasingly differentiated suprabasal layers in
the outermost layer of the skin, inner mouth, esophagus, and anogenital regions and may also develop from
squamous metaplasia, a replacement of non-squamous epithelium by squamous epithelium, induced by injury or
other stress conditions in the respiratory and urinary tracts 2. SCCs can arise from both stratified squamous
epithelium and non-squamous epithelium across many anatomical sites including most frequently in the skin, lung,
head and neck, esophagus, and cervix (. In addition, SCCs may develop from non-squamous epithelial tissue
through squamous transdifferentiation (B4l Despite the diverse locations in which they are found, SCCs
commonly originate from proliferative basal cells. In contrast, other cell types of squamous epithelia, such as
transit-amplifying progenitors and terminally differentiated, non-proliferative epithelial cells, are unable to generate

malignant tumors even with the introduction of oncogenic mutations BIZIE],

Recent comprehensive genomic characterizations of common SCCs demonstrate similar mutational landscapes
even across different SCCs including aberrations in TP53, TP63, SOX2, PIK3CA, KEAP1, and NFE2L2 genes &
(L0JL1]112)[13]1141[15]  However, targeted therapies remain limited, and approved RTK inhibitors such as EGFR inhibitor
cetuximab only modestly improve survival in SCC patients and inevitably lead to clinical resistance ZIEI4I5I16][17]
(18] Although with current standards of treatment including surgical resection and radiation of low-risk or early stage
SCCs are highly curable (~95-98%)), locally advanced and metastatic SCCs retain poor five-year survival rates.
These advanced cancers remain difficult to treat, and only highly toxic chemotherapy regimens, such as 5-
fluorouracil and platinum-based agents, are available for these cases. As a result of high cellular heterogeneity and
their intrinsic ability to enter into drug-resistant TGF-beta-mediated quiescent phases, SCCs are also difficult to
treat with monotherapeutic approaches and frequently display chemoresistance 2719 A preponderance of recent
evidence characterizing an SCC-specific convergence of oncogenic signaling and metabolism may suggest a novel

paradigm in the treatment of advanced SCC: synergistically targeting the nexus of oncogenic and metabolic
pathways [16][181[20]
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Reactive oxygen species (ROS) come in many flavors, among which superoxide, hydrogen peroxide, and hydroxyl
radicals are most well studied in the context of cancer, and can be produced from both endogenous and
exogenous sources 21, ROS play a complex and as yet incompletely understood role in cancer, playing both tumor
promoting and tumor suppressive roles depending on ROS levels and stage of tumor progression 22, At moderate
levels, ROS may promote tumor formation, increased proliferation and survival signaling, genomic instability, and
increased motility. Excessive ROS, however, induces arrest, senescence, and death in cancers. Specifically, some
types of ROS can drive DNA damage in normal tissues, which can result in the first mutations that can set a cell on
the path to tumor formation 23, Further, ROS can activate pro-cancer signaling pathways including p38 mediated
MAP kinase activation and hypoxia inducible factor (HIF) stabilization 241231261 Conversely, when left unchecked,
ROS levels can cause cell death through a variety of mechanisms that may be exploited to treat cancer (27,
However, tumor metabolic reprogramming can help to protect cancers from ROS toxicity by driving the production
of the cell’'s primary antioxidant glutathione (GSH), and the NADPH required to recycle oxidized GSH back to its
reduced form [28 Recently, analysis into the composition of cutaneous SCCs (CSCC) revealed distinct
subpopulations within tumors that recapitulate normal keratinocyte populations, basal, cycling, and differentiated,
but have acquired novel oncogenic characteristics including the upregulation of glycolysis and response to ROS
and a downregulation of apoptosis [22. Although the specific contributions of various ROS species and their
regulation in different cellular compartments are undoubtedly relevant in cancer, here we focus on ROS as

damaging agents that necessitate cellular adaptation in SCCs.

2. Commonalities in Squamous Etiology and Mechanisms of
Carcinogenesis

Epidemiological studies have long demonstrated a strong association between SCCs and a myriad of
environmental risk factors including UV exposure, smoking, alcohol consumption, and human papilloma virus
(HPV) infection, among others (Table 1) BAB1E2 pespite incredible diversity in risk factors causally associated
with SCCs, key mechanistic similarities in major risk factors driving squamous-specific tumorigenesis exist even
across SCCs of different anatomical origin [&. Specifically, induction of ROS is a feature common amongst the
myriad SCC risk factors. Thus, oxidative stress may be one of the key contributors in the oncogenesis of SCCs in

conjunction with other mutagenic events that ultimately drive the acquisition of antioxidant defense strategies.

Table 1. Summary of epidemiological risk factors for SCCs, mechanism of action, and common genetic aberration

associated with such.

SCC Mechanism of

Risk Factor Subtype Action Common Gene Mutations
Alcohol HN, -Acetaldehyde-DNA TP53, NOTCH1, CDKNZ2A, CCND1, PIK3CA, TAF1L
Consumption Esophageal adduct formation
-Oxidative stress
induced DNA
damage
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-Lipid peroxidation
products
-Inhibition of DNA
repair

-Oxidative stress
induced DNA
damage
-Mutations in
guanine base pairs
resulting in G/T
substitutions

Cigarette HN, Lung,
Smoking Esophageal

TP53, TP63, EGFR,
PIK3CA

-DNA damage
resulting in C/T
substitutions
-Production of
Skin reactive oxygen TP53, NOTCH1, 2
(cutaneous) species (ROS). 8- CDKNZ2A, FAT1, CASP8, HRAS, AJUBA, KMT2D
ox0-dG formation;
GI/T transversions
form during DNA
replication.

UV exposure,
UV radiation
(UVA, UVB),

-Viral nuclear
proteins EBNA2,
EBNAS3A, 3B, 3C
HN activate MAPK/Jun, TP53, CDKN2A, CCND1
PI3K/AKT and B-
catenin-signaling
pathways

Infections
EBV

-E6 and E7
oncoproteins
target p53 and pRb
tumor suppressor
functions

HN,
Cervical

TP53,
PIK3CA, FBXW7, NOTCHZ2, RB

HPV

| 3. Metabolic Dependencies in Squamous Cell Carcinomas

3.1. Glucose

Tumors engage in metabolic reprogramming to fulfill cellular bioenergetic and anabolic needs as well as to fuel
antioxidant production and generate redox cofactors. Emerging evidence has identified distinct metabolic
phenotypes characteristic of SCCs. Diverting glycolytic flux into antioxidant-generating pathways, such as the
pentose phosphate pathway (PPP) and de novo serine biosynthesis, remain critical strategies cancers utilize to
combat toxic oxidative stress and may thereby metabolically reprogram to upregulate glycolysis and glucose influx

B3] Goodwin et al. demonstrate that LSCCs are uniquely reliant on glucose uptake mediated by significantly
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elevated glucose transporter 1 (GLUT1) with high GLUT1-expressing SCC patients exhibiting decreased survival
(341 This addiction to glucose renders LSCCs exquisitely vulnerable to glycolytic inhibition in vitro and in vivo while
glucose remains dispensable for lung ADCs. Furthermore, multiple studies have identified higher F18-
fluorodeoxyglucose (8F-FDG) uptake via 18F-FDG PET imaging in patients with LSCC tumors as compared to

ADC tumors as well as higher risk of risk of recurrence and lower survival in tumors with high uptake of 18F-FDG
[34][35][36][37][38]

This distinct metabolic feature, rather than a characteristic isolated to LSCCs specifically, is a convergent
phenotype intrinsically associated with SCCs as a whole. Hsieh et al. reveal that head and neck, lung, esophageal,
and cervical SCCs are the highest GLUT1-expressing cancers and critically rely on GLUT1-mediated elevated
glucose influx to fuel antioxidant production, ultimately indicating a squamous lineage-specific convergent
phenotype B2 The essential contribution of GLUT1 overexpression to antioxidant production is demonstrated by
the clear association of GLUT1 overexpression with resistance to radiation therapy, which primarily exerts cytotoxic
effects via direct genomic damage and indirect free radical generation, in oral, cervical, and head and neck SCCs
(401[41]142] ' By redirecting enhanced glucose flux driven by GLUT1 overexpression into the PPP, a major cellular
source of the NADPH used to recycle oxidized GSH, and the de novo serine biosynthesis pathway, which can
provide the glycine component of glutathione and mitochondrial NADPH, SCCs generate elevated NADPH and
GSH to ultimately maintain redox homeostasis and heighten antioxidant defenses (Eigure 1) B243] |nhibiting GSH
metabolism via buthionine sulfoxamine treatment attenuated ESCC progression in vivo and enhanced cell killing in
conjunction with thioredoxin inhibition in HNSCC cell lines 4443 |nhibition of the PPP via glucose-6-phosphate
dehydrogenase (G6PD) blockade induced cell death in HNSCC cell lines by precipitating ER stress and
accumulation of ROS 28], Moreover, integrative transcriptomic and metabolomic analyses in vivo of lung ADC and
SCC tumors reveal a distinctive metabolic signature of SCCs characterized by enhanced glucose catabolism into

glycolysis, Krebs cycle, and pentose phosphate, GSH, and serine biosynthesis 471,
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Figure 1. Schematic overview of metabolic pathways critical in driving antioxidant production in SCCs. Enhanced
glucose uptake fuels NADPH and GSH synthesis via the pentose phosphate pathway and de novo serine
biosynthesis, respectively. Cysteine and glutamate are necessary to synthesize the GSH precursor y-
glutamylcysteine. SLC7A11 and SLC1A5 are functionally coupled to drive cystine import.

HPV-positive HNSCCs may be the exception to this metabolic commonality. HPV oncoproteins E6 and E7 have
traditionally been thought to increase glucose uptake and glycolysis by inhibiting p53, interacting with c-Myc,
binding PKM2, and enhancing both HIF1 and HK2 expression, among other mechanisms 284950511 However,
recent evidence demonstrates that HPV-positive HNSCCs exhibit comparatively decreased glycolysis and lower
expression levels of genes involved in glycolysis B2E8IB4 - Although the conflicting functions of HPV in
carbohydrate metabolism warrants further investigation, emerging evidence suggests that HPV-associated cancers

may need to be considered as metabolically distinct from their counterparts.
3.2. Glutamine

While redox homeostasis is accomplished primarily through glycolytic upregulation in SCC-specific metabolic
programs, SCCs may also exploit amino acid transport to drive antioxidant anabolism and impart metabolic
flexibility under glucose limiting conditions. Flores et al. suggest that lactate dehydrogenase A (LDHA) and aerobic
glycolysis may be dispensable in CSCCs as LDHA abrogation demonstrates no effect on tumor initiation or
progression despite reduced glucose uptake and glycolytic intermediates B2, However, they further demonstrate
that LDHA-deficient tumors exhibited increased compensatory glutamine uptake, glutaminase activity, and
reductive glutamine metabolism. This result demonstrates the flexibility by which SCCs maintain redox
homeostasis and implicates the importance of maintaining intracellular antioxidant pools in SCCs. Glutamate and
cysteine are essential precursors in de novo glutathione synthesis. ASCT2 (SLC1A5) mediates the influx of

glutamine in exchange for cysteine efflux while cystine-glutamate antiporter xCT (SLC7A11) couples cystine import
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with glutamate export. Tumors may functionally couple these amino acid transporters to balance both intracellular
cysteine and glutamate necessary for GSH synthesis (Eigure 1) B8I571. Suggestive of this molecular dependence is
the observation that HNSCC and ESCCs are addicted to glutamine, the uptake of which is mediated by
upregulated ASCT2 expression in HNSCC and necessary for GSH synthesis 2859, Furthermore, high ASCT2
expression is associated with decreased survival in both OSCC and HNSCC patients 2289, work by Momcilovic et
al. demonstrate that suppression of glycolysis by chronic mTOR inhibition elicits an adaptive upregulation of
glutaminolysis via the GSK3 signaling axis in LSCC and HNSCCs, thereby not only defining a unifying metabolic
signature of SCCs but also highlighting the metabolic plasticity by which SCCs sustain antioxidant anabolism 64,

3.3. Lactate and the Tumor Microenvironment

The metabolic reprogramming of the tumor microenvironment and the associated metabolic crosstalk between
stroma and cancer cells also contributes to antioxidant defenses and tumor aggressiveness. Recent evidence
demonstrates the cigarette smoke-induced metabolic reprogramming of cancer-associated fibroblasts (CAFs)
towards a highly glycolytic phenotype. The highly glycolytic phenotype induces metabolic coupling and enhances
the aggressiveness in HNSCCs, implicating oxidative stress in not only altering squamous metabolism but also
shifting tumor stroma into a pro-oncogenic metabolic environment 2. Additionally, CAFs may facilitate the
glycolytic switch of HNSCCs by secreting HGF, which in turn induces bFGF secretion from HNSCCs to promote
fibroblast proliferation [£3l. Paracrine signaling and metabolic crosstalk within the tumor microenvironment results in
concomitant increases in glycolysis in both tumor-associated stroma and tumor cells, thereby acidifying the
extracellular space via monocarboxylate transporter-mediated lactate excretion 84l This acidic milieu promotes
immune evasion and drives tumor invasion especially at the tumor-stroma interface by increasing matrix
metalloprotease (MMP) expression and rewiring of the transcriptome involved in the expression of an alternative
splicing-dependent tumor invasion program 82188 Attenuated tumor EMT and invasion upon glycolytic inhibition in

HNSCC in recent studies implicate glycolysis in facilitating metastasis EZI[68],

Given the metabolic rewiring that SCCs undergo to redirect glucose flux into antioxidant generating pathways,
lactate from the microenvironment and utilized as a respiratory substrate may serve to maintain energy
homeostasis in response to decreased glucose flux into the TCA cycle. Faubert et al. demonstrate that NSCLCs,
especially those with highest 8F-FDG uptake and papillary, solid, and squamous histology, preferentially uptake
and utilize circulating lactate, not glucose, to fuel the TCA cycle as demonstrated by elevated lactate-to-3PG
labeling ratios 9. Identification of monocarboxylate transporters MCT1 and MCT4 as prognostically significant and
generally highly expressed in many SCC subtypes further indicates the essential contribution of lactate transport in
SCC oncogenicity B2IO7Z273174]  Rather than primarily a waste product of glycolysis to be eliminated, lactate
serves as a critical carbon shuttle and respiratory fuel enabling energetic resilience in metabolically fluctuating
conditions and facilitating the diversion of glucose flux into essential anabolic pathways. Thus, the degree to which

cancers redirect glucose utilization may determine the propensity by which lactate is catabolized.

Concomitant increases in MCT4, which exports lactate, and glycolysis in cigarette smoke-exposed CAFs and

MCT1, which facilitates lactate uptake, and mitochondrial metabolism in HNSCCs demonstrates the essential
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metabolic coupling driving resistance to cell death and enhanced migration ©2. Furthermore, glucose deprivation in
CESCCs, and the associated mitochondrial impairment and increase in ROS, resulted in MCT1 and CD147
upregulation and MCT1-CD147 heterocomplex accumulation, thereby increasing lactate uptake to combat
oxidative stress and inducing migration toward more metabolically favorable environments in a lactate-independent
manner 2781, Thus, MCT1 may not only permit SCCs to tolerate fluctuations in glucose availability by increasing
lactate uptake but also dictate tumor invasiveness. However, the non-catabolic respiratory contribution of lactate to
macromolecular biosynthetic pathways cannot be discounted, and lactate utilization may be dependent not only on
alterations in glucose metabolism but also on oxygen status as lactate oxidation occurs in well-oxygenated regions

such as lung tumors, which are well-perfused [72],

Rather than a universally one-dimensional idiosyncrasy of all cancers, the Warburg effect represents a complex,
multi-faceted feature that cancers in different contexts utilize uniquely to fulfill various cellular needs, which may
help explain the diversity in explanations for this phenomenon. In the SCC context, however, these data taken
together reveal the remarkable coordination and adaptation in the uptake and utilization of glucose, glutamine, and
lactate to fuel anabolic antioxidant generation while maintaining energy homeostasis, ultimately driving squamous-

specific metabolic flexibility.
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