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The intricate relationship between metabolism and cancer has been a subject of grow-
ing interest in recent years, as metabolic reprogramming is recognized as one of the hall-
marks of cancer [1-3]. Tumor cells exhibit profound alterations in their metabolic pathways
that influence many, if not all, facets of tumor biology, including the growth, proliferation,
and invasion of cancer cells as well as treatment resistance and metastasis [4-8]. These
metabolic changes can be caused by mutations or modifications in the cancer cells, but
the patient’s metabolism also plays an important role. These metabolic alterations create
unique vulnerabilities, which can be exploited for the development of new antitumoral
strategies [9-12].

To this end, this Special Issue of Cancers brings together cutting-edge research on the
metabolic alterations that occur in cancer, offering insights into novel therapeutic strategies
targeting metabolic pathways to deprive cancer cells of the biochemical resources they
have come to depend on.

This Special Issue opens with an article by Banella et al., which introduces a promising
new approach for the treatment of Acute Myeloid Leukemia (AML). AML is a highly ag-
gressive cancer with a poor prognosis, particularly in elderly patients who are often unfit for
intensive chemotherapy. The study investigates the combination of ascorbate (vitamin C)
with buformin, a biguanide that inhibits mitochondrial complex I. This combination lever-
ages the metabolic peculiarities of AML cells, which are known to exhibit highly flexible and
aggressive metabolic phenotypes. Ascorbate induces oxidative stress by interfering with
the glycolytic pathway, while buformin blocks mitochondrial ATP production, effectively
starving the cancer cells of energy. The study shows that this combination has a synergistic
effect, significantly enhancing apoptosis in AML cells, particularly in primary blasts from
elderly patients who are resistant to other treatments. Thus, this metabolic-targeted therapy
offers a potential new avenue for treating a difficult-to-treat population.

Following this, Di Magno et al. present an in-depth review of biguanides, focusing on
their mechanisms of action in cancer beyond their well-known inhibition of mitochondrial
complex I. Biguanides such as metformin and buformin have garnered attention for their
antitumor properties, which are believed to stem from their ability to induce energy stress
in cancer cells. However, the review highlights that the concentrations of biguanides
needed to inhibit complex I in vivo are much higher than what can be achieved in patients
without toxicity. This discrepancy has led researchers to explore alternative mechanisms by
which biguanides exert their effects. Di Magno and colleagues discuss emerging evidence
suggesting that biguanides may affect other metabolic pathways, including redox balance,
AMPK activation, and interference with the tumor microenvironment. They also examine
the ongoing clinical trials investigating the use of biguanides in cancer therapy, emphasizing
the importance of understanding the precise molecular targets of these drugs to maximize
their therapeutic potential.

Li et al. take the exploration of metabolic pathways in a different direction, focusing
on cholesterol metabolism. Their study investigates the role of SMG1, a kinase involved
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in nonsense-mediated RNA decay, in regulating cholesterol homeostasis through p53 al-
ternative splicing. p53, a key tumor suppressor, has multiple isoforms, including p53f3
and p53y, which have distinct roles in cancer metabolism. Li et al. demonstrate that
inhibition of SMG1 increases the expression of these p53 isoforms, leading to altered choles-
terol metabolism in cancer cells. This study is particularly important because cholesterol
metabolism has been implicated in cancer progression, especially in aggressive tumors
that rely on lipid biosynthesis for growth. By uncovering the link between SMGI1, p53
isoforms, and cholesterol metabolism, the authors provide new insights into how metabolic
reprogramming can be targeted in cancer therapy.

In the context of glycolysis, Zheng et al. present a pan-cancer analysis of the gene
SLC2A1, which encodes the glucose transporter GLUT1. Enhanced glycolysis, also known
as the Warburg effect, is a hallmark of cancer metabolism, and SLC2A1 plays a central
role in this process by facilitating glucose uptake into cancer cells. Zheng et al. show that
SLC2A1 is overexpressed in a wide range of cancers and is associated with poor prognosis.
The study also highlights the role of SLC2A1 in modulating the tumor microenvironment,
particularly in relation to immune evasion. SLC2A1 expression was found to correlate with
biomarkers of T-cell exhaustion, such as PD-L1 and CTLA4, suggesting that it may play a
role in suppressing the immune response against tumors. This finding positions SLC2A1
not only as a potential therapeutic target, but also as a biomarker for selecting patients who
might benefit from immunotherapy.

Hypoxia is another critical aspect of the tumor microenvironment that drives metabolic
reprogramming. In their study, Ramirez-Tortosa et al. investigate the role of Hypoxia-Inducible
Factor-1 alpha (HIF-1«) in predicting the response to neoadjuvant chemotherapy in breast
cancer. HIF-1« is a transcription factor that is stabilized under low oxygen conditions and
regulates the expression of genes involved in glycolysis, angiogenesis, and survival under hy-
poxic conditions. The authors found that HIF-1cc expression correlates with a higher likelihood
of achieving a pathological complete response (pCR) following chemotherapy. Additionally,
HIF-1« was associated with more aggressive tumor features, such as higher Ki-67 levels and
hormone receptor negativity. These findings suggest HIF-1ot could as a valuable biomarker for
predicting treatment response and tailoring therapy in breast cancer patients.

Ragni et al. take a broader view of cancer metabolism, focusing on amino acids and
their role in both tumor growth and cancer-associated cachexia. Cancer cells rely on amino
acids not only for protein synthesis but also for energy production and signaling. The
review discusses the potential of targeting amino acid metabolism in cancer therapy, either
by depriving cancer cells of essential amino acids or by supplementing amino acids to
support the host’s metabolism in cases of cachexia. Cachexia is a debilitating syndrome
characterized by extreme weight loss and muscle wasting, often seen in advanced cancer
patients. Ragni et al. argue that while amino acid deprivation can be effective in slowing
tumor growth, it may exacerbate cachexia, highlighting the need for a delicate balance in
designing therapeutic strategies that consider both the tumor and the host.

Cuyas et al. explore the metabolic changes associated with the epithelial-to-mesenchymal
transition (EMT), a process that plays a key role in cancer metastasis and therapy resistance.
Using breast cancer cells, the authors profile the metabolic and mitochondrial alterations
that occur during EMT. They find that EMT is associated with increased mitochondrial
utilization of glycolytic end-products, as well as a shift towards oxidative metabolism.
These changes make EMT cells more resistant to mitochondrial inhibitors, which could
explain why EMT-activated cancer cells are more resistant to conventional therapies. This
study provides important insights into how targeting metabolic vulnerabilities in EMT
cells could enhance the effectiveness of cancer treatments.

The role of obesity in cancer progression is highlighted in a novel study by Iftikhar
et al., who examine how epiploic adipose tissue (EPAT) promotes colorectal cancer (CRC) in
obese individuals. EPAT is a visceral fat deposit attached to the colon, and the authors show
that in obese patients, EPAT creates a tumor-promoting microenvironment that enhances
the migration and growth of colon cancer cells. Using a novel microphysiological system,
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they demonstrate that EPAT from obese individuals releases factors that drive cancer
progression, linking obesity with increased CRC risk. This study opens up new avenues
for exploring how targeting EPAT could mitigate obesity-associated cancer risks.

Daverio et al. review the phenomenon of lactic acidosis in the tumor microenvironment
and how it helps cancer cells resist glucose deprivation. Lactic acidosis arises from the
Warburg effect, where cancer cells produce lactate even in the presence of oxygen. The review
discusses how lactic acidosis rewires cancer metabolism, promoting a switch from glycolysis
to oxidative metabolism, allowing cancer cells to survive in glucose-limited environments.
This metabolic flexibility is a key reason why tumors can resist therapies that target glycolysis,
and the authors suggest lactic acidosis itself as a promising therapeutic target.

Finally, Tambay et al. use metabolomics to identify a distinctive metabolic signature
for hepatocellular carcinoma (HCC). By comparing HCC tissue with adjacent non-tumoral
liver tissue, they identify specific metabolites that are altered in cancer, including changes in
glutathione, succinate, and alanine levels. These findings support the concept of metabolic
reprogramming in HCC and highlight potential biomarkers for early detection and targets
for therapy.

In conclusion, the articles (six research, one communication, and one review paper)
collected in this Special Issue of Cancers highlight the central role of metabolism in cancer
biology. The studies discussed here not only underline the impact of changes in metabolism
in promoting the spread of cancer, but also create new avenues for targeted treatments that
take advantage of the particular metabolic weaknesses in cancer cells. As the field of cancer
metabolism continues to evolve, it holds great promise for improving patient outcomes
through more effective and personalized treatment strategies.

Conflicts of Interest: The author declares no conflicts of interest.
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Simple Summary: Hepatocellular carcinoma is the third most prevalent cancer world-wide. This
study aimed to reveal the metabolic signature of hepatocellular carcinoma compared to adjacent
normal liver cells. To achieve this, metabolites were detected, analyzed, and quantified using
targeted and non-targeted metabolomics. We found distinct metabolite signatures between both
sample types. Targeted metabolomics identified distinct metabolites being specifically altered in
hepatocellular tissue compared to adjacent liver, supporting the concept of metabolic reprogramming
in hepatocellular carcinoma.

Abstract: Background: Hepatocellular carcinoma (HCC) is a major contributor to cancer-related
morbidity and mortality burdens globally. Given the fundamental metabolic activity of hepatocytes
within the liver, hepatocarcinogenesis is bound to be characterized by alterations in metabolite profiles
as a manifestation of metabolic reprogramming. Methods: HCC and adjacent non-tumoral liver spec-
imens were obtained from patients after HCC resection. Global patterns in tissue metabolites were
identified using non-targeted 'H Nuclear Magnetic Resonance (\H-NMR) spectroscopy whereas spe-
cific metabolites were quantified using targeted liquid chromatography-mass spectrometry (LC/MS).
Results: Principal component analysis (PCA) within our 'H-NMR dataset identified a principal
component (PC) one of 53.3%, along which the two sample groups were distinctively clustered.
Univariate analysis of tissue specimens identified more than 150 metabolites significantly altered
in HCC compared to non-tumoral liver. For LC/MS, PCA identified a PC1 of 45.2%, along which
samples from HCC tissues and non-tumoral tissues were clearly separated. Supervised analysis
(PLS-DA) identified decreases in tissue glutathione, succinate, glycerol-3-phosphate, alanine, malate,
and AMP as the most important contributors to the metabolomic signature of HCC by LC/MS.
Conclusions: Together, 'H-NMR and LC/MS metabolomics have the capacity to distinguish HCC
from non-tumoral liver. The characterization of such distinct profiles of metabolite abundances
underscores the major metabolic alterations that result from hepatocarcinogenesis.

Keywords:  liver; metabolomics;

hepatocellular carcinoma; metabolic reprogramming;

liquid chromatography—mass spectrometry; NMR spectroscopy; metabolites

1. Introduction

Cancer is a complex disease characterized by the occurrence of a panoply of cellular
alterations. Indeed, the neoplastic transformation of cells has been described by 10 hall-
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marks, which are attributable to genetic alterations and cellular adaptations to the tumor
environment [1-3]. Metabolic reprogramming has become of major interest in cancer cell
biology. Cancer cells require extensive modifications of cell metabolism to survive and
proliferate in an array of environmental conditions [2]. Metabolic reprogramming has
also been shown to be highly dynamic during carcinogenesis and cancer development,
for example during the epithelial-mesenchymal transition (EMT) within the metastatic
cascade [4,5]. The reprogramming of cell metabolism occurring in cancer cells encompasses
all modifications of biosynthetic and bioenergetic pathways that allow sustained survival,
optimal proliferation, as well as invasion and metastasis. Consequently, the fundamen-
tal implication of cell metabolism in the onset and progression of malignancy questions
whether cancer is a metabolic disease.

Among the most deadly and prevalent malignancies world-wide is hepatocellular
carcinoma (HCC) [6]. HCC is the most frequent primary liver cancer with a median five-
year survival rate of approximately 20% [6]. This results mainly from the lack of strategies
for early detection combined with limited curative therapeutic options, in addition to
its association with chronic liver disease. Since the liver acts as the heart for systemic
metabolism [7,8], it comes as no surprise that metabolic alterations are observed in the
setting of HCC. Indeed, whereas normal hepatocytes are programmed to maintain normal
metabolic homeostasis for the whole body, HCC cells need to maximize the availability of
nutrients and metabolic substrates for their optimal growth and survival.

The Warburg effect is among the most widely accepted and studied metabolic phe-
nomena in cancer cell metabolism. In the 1920s, Otto Warburg observed that cancer cells
metabolized glucose through glycolysis and lactic acid fermentation rather than the mi-
tochondrial pathway [9]. Since then, major studies have demonstrated the importance
of metabolic plasticity and heterogeneity in cancer. For example, the avidity for exoge-
nous glucose in HCC cells has been linked with tumorigenic potential in mice [10]. Lipid
metabolism has also been shown to exhibit major alterations in cancer, where certain tumor
types have enhanced free fatty acid uptake that has in turn been linked to tumor aggressive-
ness [11]. Understanding mitochondrial dysfunction is also of major interest in defining
the deregulation of cancer cell energetics. In HCC, major modifications of the key enzymes
involved in the tricarboxylic acid (TCA) cycle have been reported [12]. Mitochondrial
fission within cancer cells has also been associated with an increase in the expression of
lipogenic genes, with a concomitant decrease in fatty acid oxidation (FAO) genes [13]. Fur-
thermore, alterations in mtDNA due to reactive oxygen species (ROS) accumulation have
been proposed as the cause of mitochondrial dysfunction in hepatocarcinoma cells [14].
Distinct metabolic profiles have also been observed between tumors having high EMT
activity compared to those with low EMT activity [15]. For example, in adrenocortical
carcinoma, high levels of intratumor nucleotides correlate with enhanced EMT activity [15].

The origin of metabolic alterations in cancer cells is thought to arise from genetic
alterations, including those that induce oncogenic signaling, as well as from adaptations to
the cancer cell microenvironment. Hypoxia is a phenomenon not unknown to tumors: the
rapid growth of cells frequently overcomes their vascular network, resulting in limited oxy-
gen and nutrient availability [16]. Hypoxia-inducible factors (HIF) are transcription factors
that respond to oxygen levels and act as major regulators of cell metabolism in addition to
certain signaling pathways, including that of TGF-f through PI3K/Akt/mTOR [11]. The
stabilization of HIF is thought to be key in promoting angiogenesis, invasion, and metas-
tasis [16]. Under hypoxia, HIF1 has been shown to suppress fatty acid oxidation within
mitochondria leading to a decrease in the burden of ROS accumulation from mitochondrial
metabolism [17]. Nutrient availability has also been shown to impact the metabolic pro-
gram of cancer cells: HCC cells have been shown to rewire energy metabolism toward FA
oxidation under glucose deprivation [10]. Interestingly, in murine HCC, obesity has been
linked with a net decrease in FA oxidation within HCC tumors with a resulting increase
in dependence on glucose and glutamine in oxidative phosphorylation [18]. Furthermore,
the downregulation of carnitine palmatoyltransferase II (CPT2) in HCC has been shown to
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limit lipotoxicity from microenvironments characterized by excessive lipids and thus allow
cancer cell growth [18].

Moreover, distinct genetic alterations have distinct consequences on cancer cell metabolism.
For example, p53, a major tumor suppressor often mutated in cancer cells, is an important
regulator of glycolysis and glucose transporters [11]. p53 mutations have been shown to
promote aberrant lipid metabolism by inducing sterol regulatory element binding protein
(SREBP) activity [11]. Mutations of the PTEN tumor suppressor, which is linked to aberrant
Akt activity and thus glucose uptake and metabolism, induce SREBP and subsequent lipid
metabolism in cancer cells [11]. On the other hand, fundamental oncogenes have been as-
sociated with metabolic reprogramming in cancers. Namely, c-Myc, Kras, and mutations of
EGFR have been linked with aberrant glycolysis, glutaminolysis, amino acid metabolism,
and pentose phosphate pathway activities [11]. Oncogenic Ras and Src signaling have also
been shown to promote normoxic activation of HIF1 by inhibiting prolyl hydroxylase do-
main (PHD) proteins, which could at least partially explain the development of anaerobic
metabolism in the presence of oxygen [16]. In HCC, 3-catenin mutations have been shown to
drive CPT2 expression and an increase in FAO [17]. Additionally, transcriptomics of HCC
tissues has identified molecular patterns of metabolism-related gene expression, which have
even proposed metabolism-based molecular classifications of HCC [19-21]. Altogether, the
current state of the literature suggests that metabolism is intimately linked with cancer onset
and progression.

Hence, metabolomics has become a compelling novel tool for understanding cancer
cell biology. Metabolomics has major potential in identifying novel clinical biomarkers for
the screening, diagnosis, and monitoring of cancers and could aid in identifying cancer
risk factors as well as developing novel metabolism-focused targeted therapies [22,23].
Indeed, metabolomics generates robust and highly specific metabolic information, which
makes them potentially very useful in the context of personalized cancer medicine [24].
This study aimed to identify the metabolomic signatures of HCC by highlighting key
changes in the metabolism of hepatocarcinoma compared to adjacent non-tumoral liver
tissue as well as calling attention to the pertinence of metabolic reprogramming in HCC.
To achieve this, both targeted and non-targeted metabolomics modalities were used in
order to offer a comprehensive understanding of HCC metabolomics. Whereas 'H-Nuclear
Magnetic Resonance (‘H-NMR)-based non-targeted analyses allowed the identification of
global patterns within the metabolite profiles of non-tumoral and neoplastic liver tissues,
liquid chromatography/mass spectrometry (LC/MS)-based targeted analyses enabled the
quantification of a specific set of metabolite alterations.

2. Materials and Methods
2.1. Patients and Sample Collection

Patients (1 = 5) undergoing HCC tumor resection were recruited with written informed
consent prior to surgery. For each participant, one specimen of tumoral tissue was collected
and snap-frozen in liquid nitrogen, accompanied by the collection of one specimen of
non-tumoral (normal) liver tissue at distance from the neoplastic foci. The time elapsed
between the collection of samples and their cryopreservation is shown in Table S1. This
research protocol was conducted in accordance with the Declaration of Helsinki and was
approved by the “Comité d’éthique de la recherche du Centre de recherche du CHUM
(CRCHUM)”. All studied HCC tumors presented a trabecular pattern within livers devoid
of underlying cirrhosis. Available clinical data are reported in Table 1.
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Table 1. Clinical data of patients with HCC liver tumors and sample cryopreservation time. Collected
clinical data of patients who participated for metabolomics analyses of HCC and adjacent non-
cirrhotic liver. Time to cryopreservation was observed as the time elapsed between tissue resection
and liquid nitrogen storage.

. Grade g Underlying Liver Time to Cryopreservation

Sexe  Age Tissue Type (Edmonson-Steiner) Sub-Type Condition (m)

Patient 1 F 52 HCC 2 Trabecular Normal liver 25
Non-tumoral 25

Patient 2 M 73 HCC 2 Trabecular Normal liver 30
Non-tumoral 32

Patient 3 F 47 HCC 1 Trabecular Normal liver 28
Non-tumoral 30

Patient 4 M 57 HCC 2 Trabecular Normal liver 28
Non-tumoral 40

Patient 5 M 67 HCC 2 Trabecular Normal liver 45
Non-tumoral 47

2.2. Metabolite Extraction for Targeted LC/MS-Based Metabolomics

Water-soluble metabolites were extracted from tissue specimens using liquid-liquid ex-
traction. Samples were homogenized in ice-cold metabolite extraction buffer (80% methanol,
2 mM ammonium acetate, pH 9.0; 20 uM [13C10,15N5]-AMP as an internal standard) using
a Cryolis-cooled Precellys 24 Dual system (Bertin, France) with CK14 ceramic beads, for
2 x 25 s at 6000 rpm separated by a 15-second rest. Homogenates were centrifuged at
20,000x g for 10 min (4 °C); 183 uL of supernatant was transferred to 10 x 75 mm glass
tubes and diluted with 367 uL of extraction buffer. Diluted supernatants were mixed and
incubated on ice for 10 min. Then, 250 uL of water and 880 pL of chloroform:heptane
(3:1) solution were added and samples were mixed thoroughly, followed by a 15-minute
incubation on ice. Sample preparations were then centrifuged for 15 min at 4500x g (4 °C)
and 500 pL of the aqueous/upper phase was transferred to polypropylene tubes for the
concentration of extracted metabolites. Organic solvents were removed in a refrigerated
CentriVap (Labconco, Kansas City, MO, USA; 90 min, 10 °C) and the remaining liquid
(100 uL) was freeze-dried overnight. Prior to LC/MS processing and analysis, 40 uL
of water was added to each sample followed by rapid 5-minute centrifugation (4 °C);
re-suspended concentrated metabolite extracts were transferred to HPLC vials.

2.3. Metabolite Extraction for Non-Targeted 1 H-NMR-Based Metabolomics

For 'H-NMR metabolomic profiling, extraction of liver specimen metabolites was
performed by dual-phase methanol:water:chloroform (2:1:2) extraction. Tumor and non-
tumoral specimens were ground and homogenized in 600 uL of extraction buffer (2:1
methanol:water) with ceramic beads in a Precellys Homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France). Then, 400 uL of chloroform was added to each sam-
ple, followed by a 15-minute incubation (4 °C). Samples were centrifuged for 15 min at
15,000 g (4 °C). The upper polar phase was collected and dried overnight under nitrogen
flow. Prior to 'TH-NMR processing and analysis, dried tissue extracts were dissolved in
600 pL of D20-prepared phosphate buffer solution (pH 7.4) containing 0.4 mM of sodium
trimethylsilyl-(2,2,3,3-d4)-propionate (TSP) as an internal reference, and re-suspended
samples transferred to 5 mm NMR tubes.

2.4. Targeted LC/MS Metabolite Detection and Data Acquisition

Liver specimen metabolites and standard analyte solutions were separated by liquid
phase chromatography using a Nexera X2 Ultra-High-Performance Liquid Chromatogra-
phy (UHPLC) system (Shimadzu, Kyoto, Japan) at 40 °C with 3 uL injections on a Poroshell
120 EC-C18 2.1 mm x 75 mm x 2.7 um UHPLC column (Agilent Technologies, Santa
Clara, CA, USA) following a Poroshell 120 EC-C18 2.1 mm X 5 mm x 2.7 um UHPLC
guard column (Agilent Technologies, USA). To perform this, gradient elution with an initial
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mobile phase was used, consisting of 95%: 10 mM tributylamine and 15 mM acetic acid
in water, pH 5.2; 5%: acetonitrile:water (95:5, v/v) fortified with 0.1% formic acid; this
was performed at a flow rate of 0.75 mL/min. Standard and sample metabolites were
detected using negative electrospray ionization on a SCIEX 4000 Qtrap mass spectrometer
(Framingham, MA, USA). MS/MS parameters were optimized for each metabolite and
quantified using SCIEX MultiQuant 3.0.2 (Framingham, USA) according to calibration
curves (0.15 to 12,000 pmol per injection) of pure analytes purchased from Sigma Aldrich
(Oakville, ON, Canada), prepared in water. Values were normalized per mg of tissue.

2.5. Non-Targeted ' H-NMR Metabolite Detection and Data Acquisition

The detection of liver sample metabolites for "H-NMR analysis was performed on
an Ascend 700 MHz spectrometer (Bruker, Billerica, MA, USA) coupled to an AVANCE
NEO console equipped with a 5-millimeter triple resonance probe (Bruker, USA) at 298 K.
For each sample, a one-dimensional 'H-NMR spectrum was acquired with water peak
suppression using a nuclear Overhauser enhancement spectroscopy (NOESY) presaturation
pulse sequence; 128 scans; 65,000 data points; an acquisition time of 2.4 s; a relaxation delay
of 4 s; a mixing time of 10 milliseconds; and a spectral width of 20 ppm.

2.6. TH-NMR Spectral Processing and Analysis

After acquisition of 'H-NMR spectra for each specimen, free induction decays were
multiplied by an exponential function equivalent to a 0.3 Hz line-broadening factor before
applying Fourier transform. The spectra were phased and the baseline was corrected and
referenced to the TSP peak (at 0 ppm) using TopSpin 4.0.5 (Bruker, USA). One-dimensional
spectra ranging from 0.5 to 9.5 ppm were binned by intelligent adaptive bucketing and
the corresponding spectral areas were integrated using the NMRProcFlow tool (https:
/ /www.nmrprocflow.org/; accessed on 18 February 2020). The spectral region from 4.5
to 5 ppm was removed as this corresponded to residual water within samples. Total
spectral areas were calculated using the remaining buckets and followed by constant sum
normalization.

2.7. Statistical Analysis

Various statistical methods were used to analyze metabolomic datasets from LC/MS
and 'H-NMR metabolite profiling modalities. For both datasets, all samples were nor-
malized according to each original specimen’s wet weight, then metabolites/variables
were mean-centered and divided by the square root of their standard deviation (Pareto
scaling) prior to subsequent statistical analysis. To obtain a reduced dimensionality view
of the metabolomic profiles of HCC and non-tumoral liver samples, principal component
analysis (PCA) and partial least squares—discriminate analysis (PLS-DA) were performed
using MetaboAnalyst 5.0 (https://metaboanalyst.ca/; accessed on 2 September 2022). PCA
allowed the identification of global trends in metabolite signatures between study groups
and of clusters and possible outliers within the metabolic data matrices in an unsupervised
analytical manner. As a supervised statistical analysis, PLS-DA allowed the maximization
of the covariance between the observed abundances of metabolites in liver samples and the
sample type (tumoral and non-tumoral samples). In PLS-DA, the number of components
was determined by “Leave One Out Cross-Validation” which yielded goodness-of-fit (R,)
and predictability (Qy) of the regression. Loadings plots obtained from PLS-DA allowed
the identification of metabolites greatly contributing to the metabolomic discrimination of
liver samples between both study groups. The most weighted metabolites in this statistical
classification of the analyzed samples were identified using the variable importance in
projection (VIP) method. Student’s ¢ test was used to measure statistical differences in
specific metabolite concentrations between both sample groups. Statistical differences were
considered significant when p < 0.05.
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3. Results
3.1. TH-NMR Profiling Identifies a Distinct Metabolomic Signature of HCC

To establish the metabolite makeup of HCC, we compared the global metabolomic pro-
file of all liver specimens (tumoral and non-tumoral) using non-targeted "H-NMR. Through
intelligent processing methodologies, a total of 450 metabolomic features were analyzed and
subsequently compared between all samples. To reduce the dimensionality of the H-NMR
dataset and identify major trends in metabolomic feature abundance between samples, an
initial Principal Component Analysis (PCA) was performed (Figure 1A,B). The PCA identi-
fied a primary principal component (PC1) explaining 56.5% of metabolic data variability
within the 10 studied samples and a second principal component (PC2) explaining 22.3% of
data variability (Figure 1A). Interestingly, the identification of individual samples (red: HCC
tumors; blue: non-tumoral livers; shaded area: 95% confidence interval for each group)
within the PCA scores plot revealed a distinct clustering of both groups along the primary
principal component. The PCA loading plot represents all analyzed metabolomic features
and their importance in positioning samples within the scores plot. As seen in Figure 1B, a
select population of features corresponded to those whose abundances were characteristic
of non-tumoral tissue, whereas the abundance of a more important proportion of liver
metabolites was characteristic of HCC tumors. Observations made through PCA were fur-
ther studied using PLS-DA to identify the metabolic discrimination of both sample groups
using their respective metabolomic datasets (Figure 1C,D). PLS-DA cross-validation for
one component revealed validation metrics with a goodness-of-fit of 0.855 and a model
predictability of 0.716 (accuracy = 1.0) and, for two components, revealed a goodness-of-fit
of 0.927 and a model predictability of 0.623 (accuracy = 0.9). In this supervised analysis of
liver specimen metabolomic profiles, which maximizes covariance between the observed
changes in metabolomic features and both study groups, the primary component explained
56.3% of data variability, whereas the second component explained 16.0% (Figure 1C). The
PLS-DA loading plot represents all analyzed metabolomic features and their importance
in positioning samples within the PLS-DA scores plot (Figure 1D). Interestingly, for both
PCA and PLS-DA scores plots, non-tumoral liver samples were circumscribed within a
relatively small region of the scores plots, whereas HCC tumor samples were much sparser
within the plots and their 95% confidence interval region (Figure 1B,D). In Figure 1E, a
volcano scatter plot shows the identified metabolomic features being significantly altered,
either increased (red) or decreased (blue), in HCC compared to non-tumoral samples. Fea-
tures that remained unaltered in hepatocarcinoma samples are identified in gray. For the
visualization of the global metabolomic pattern of each studied sample, Figure 1F depicts
a heatmap of the relative abundance of all 450 analyzed metabolite features. Clearly, this
depiction shows that the identification of the metabolomic signatures of HCC tumors is
completely distinct from those of non-tumoral liver.

3.2. Targeted HCC Metabolomics Identify Altered Amino Acid and TCA Cycle Profiles

Our initial non-targeted analysis of liver tissue metabolomics revealed distinctive
metabolite signatures between HCC and non-tumoral liver tissues. This interesting finding,
which showcased the capacity of liver metabolomics to successfully discriminate between
HCC and non-tumoral liver through metabolite profiling, prompted us to study changes in
the tissue abundance of specific metabolites; hence, 26 metabolites from distinct metabolic
pathways were chosen for targeted screening of liver specimen metabolomics. Firstly,
diverse amino acids were quantified in all samples having been analyzed through 'H-NMR
profiling. The non-essential amino acid arginine, an important intermediate of the urea
cycle, was the only significantly altered amino acid between the two groups. Indeed,
the concentration of arginine was higher in HCC (23.1 & 4.5 pmol/mgiissye) compared
to non-tumoral specimens (12.5 £ 1.2 pmol/mgggssue) (p < 0.05, Figure 2A). As seen in
Figure 2B-D, no changes in aspartate, alanine, or leucine concentrations were observed in
HCC tissues compared to their paired non-tumoral samples. The amino acid glutamine
was marginally decreased in HCC specimens (Figure 2E), which was accompanied by
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an increase in glutamate abundance in certain tumor samples (Figure 2F), though not
reaching statistical significance. In addition, we quantified lactate, the product of pyru-
vate fermentation following glycolysis: its tissue abundance was unchanged in tumors
compared to control specimens (Figure 2G). Five intermediates of the tricarboxylic acid
(TCA) cycle pathway were also measured in each sample to unveil potential disturbances
in mitochondrial metabolism in hepatocarcinoma. The levels of (iso)citrate (Figure 2H) and
a-ketoglutarate (Figure 2I) remained similar between HCC and non-tumoral tissue samples.
On the other hand, succinate was significantly decreased from 2.29 4 0.39 nmol/mgjissue
in controls to 0.59 + 0.15 nmol/ mggisgue in HCC samples (p < 0.01, Figure 2J). Fumarate,
another TCA cycle intermediate, was lower in tumors (191.9 £ 18.2 pmol/mgjissye) in
comparison to non-tumoral specimens (346.2 + 26.7 pmol/mgiissue) (p < 0.01, Figure 2K). A
similar change was observed for malate, the level of which was greatly reduced in HCC
(1.11 £ 0.078 nmol/mgyisse) compared to surrounding liver tissue (0.36 £ 0.097 nmol/ mggigsye,
p <0.001, Figure 2L).
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Figure 1. 'H-NMR profiling of HCC compared to paired non-tumoral liver tissue. Non-targeted
metabolomics was performed by "H-NMR after metabolite extraction. Processed spectra and binning
with intelligent adaptive bucketing of 450 bins (metabolomic features) were integrated and analyzed
with principal component analysis (PCA): PCA scores plot (A), PCA loadings plot (B). Metabolomic
profiles between both sample groups were compared using partial least squares—discriminate analysis
(PLS-DA): PLS-DA scores plot (C), PLS-DA loadings plot (D). Volcano scatter plot (E) of significantly
altered (p < 0.05) features (increased, red; decreased, blue; unchanged, gray) in HCC specimens
compared to non-tumoral specimens. Heatmap depiction (F) of the differential abundance of the
450 analyzed spectral features in all samples (red, HCC; blue, non-tumoral liver).
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Figure 2. Targeted identification of amino acids and TCA cycle metabolites in hepatocellular carci-
noma specimens and adjacent normal liver. HCC (red) and non-tumoral liver (blue) specimens were
analyzed through targeted LC/MS metabolomics to characterize the tissue abundances of arginine
(A), aspartate (B), alanine (C), leucine (D), glutamine (E), and glutamate (F) amino acids, as well as
lactate (G), (iso)citrate (H), a-ketoglutarate («KG, (I)), succinate (J), fumarate (K), and malate (L).
*p <0.05,**: p <0.01, ***: p < 0.001.

3.3. Metabolic Reprogramming of HCC Encompasses Major Changes in Energy Metabolism and
the Glycerol-3-Phosphate/Dihydroxyacetone Phosphate Pathway

We then studied key metabolic intermediates at the crossroad between glycolysis and
lipid metabolism such as dihydroxyacetone phosphate (DHAP) and glycerol-3-phosphate
(glycerol-3P) as well as those involved in energy metabolism, such as ATP and the NADH
cofactor. Interestingly, both DHAP and glycerol-3P were significantly lower in HCC
samples compared to adjacent non-tumoral tissues (Figure 3A,B). Taken together, the
calculated ratio of glycerol-3P-to-DHAP was significantly lower in HCC compared to
non-tumoral samples (24.9 + 6.7 vs. 71.7 £ 7.3, respectively; p < 0.01, Figure 3C). The
concentration of NADH was found to be 0.18 4 0.018 nmol/mggssue in non-tumoral
specimens and 0.048 + 0.012 nmol/mgyissye in HCC specimens, which represents a 3.75-
fold decrease in HCC samples (p < 0.001, Figure 3D). Though the oxidized form of NADH,
NAD (Figure 3E), was only marginally lower in tumors, the calculated NADH/NAD
ratio (Figure 3F) was significantly lower in HCC (p < 0.05). Given this important change
in NADH, we studied ATP and its metabolites ADP and AMP to further understand
the state of energy storage and metabolism in HCC. As shown in Figure 3G, AMP was
significantly lower in HCC (467.0 £ 168.9 pmol/mgjissue) compared to non-tumoral liver
(1289.5 + 103.8 pmol/mggissue, p < 0.01). A similar trend was observed for ADP, which was
nearly three-fold lower (105.6 & 31.8 pmol/mgiissue) in HCC samples (p < 0.01, Figure 3H).
Importantly, as shown in Figure 31, ATP could not be detected (0.00 £ 0.00 pmol/mg4issue)
in HCC tumors in opposition to non-tumoral liver specimens (57.5 & 10.3 pmol /mgtissue)
(p < 0.001). Finally, the calculated energy charge remained similar between both groups
(Figure 3J).
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Figure 3. Metabolites and the glycerol-3-phosphate/dihydroxyacetone phosphate pathway in hep-
atocellular carcinoma specimens and adjacent normal liver. HCC (red) and non-tumoral (blue)
specimens were analyzed through targeted LC/MS metabolomics to characterize the tissue abun-
dances of dihydroxyacetone phosphate (DHAP, (A)), glycerol-3-phosphate (Gro-3P, (B)), and the
resulting Gro-3P/DHAP ratio (C), NADH (D), NAD (E), the NADH/NAD ratio (F), AMP (G), ADP
(H), and ATP (I). The adenylate energy charge was calculated as follows: [ATP + 1/2ADP]/[ATP +
ADP + AMP] (J). * p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

3.4. Perturbations of Oxidative-Stress-Related Metabolites Glutathione and NADPH in
Hepatocarcinoma Compared to Adjacent Non-Tumoral Tissue

Oxidative stress is thought to be a key component contributing to tumorigenesis as well
as cancer progression. As such, we quantified glutathione, an important mediator of cellular
redox homeostasis, in all liver specimens. The reduced form of glutathione, GSH, had a
concentration of 3.20 £ 0.66 nmol/mgtssye in non-tumoral specimens and was significantly
depleted in HCC tumors (0.24 + 0.10 nmol/mggssue, p < 0.01, Figure 4A). Though the
oxidized form of glutathione, GSSG, was relatively unchanged in HCC (Figure 4B), the
calculated GSH/GSSG ratio plummeted 13.4-fold from 6.69 & 1.15 in the non-tumoral liver
to 0.50 + 0.25 in HCC (p < 0.01, Figure 4C). Additionally, as glutathione recycling from
GSSG to GSH requires NADPH, we quantified the abundance of the latter as well as its
oxidized form NADP. NADPH marginally decreased in HCC (Figure 4D) whereas NADP,
as depicted in Figure 4E, was significantly lower in HCC tumors (p < 0.05). Nonetheless, the
NADPH/NADP ratio increased in tumors, though without reaching statistical significance
(Figure 4F). Adenosine, cAMP, and GMP abundances remained similar between both study
groups (Figure 4G-I). Altogether, targeted LC/MS metabolomics allowed the identification
of major changes in the tissue abundance of diverse metabolic intermediates in HCC,
supporting the global metabolite signature of hepatocarcinoma having been identified
using non-targeted 'H-NMR profiling.
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Figure 4. Oxidative stress-related metabolites glutathione and NADPH in hepatocellular carcinoma
specimens and adjacent normal liver. HCC (red) and non-tumoral (blue) specimens were analyzed
through targeted LC/MS metabolomics to characterize the tissue abundances of reduced glutathione
(GSH) (A), oxidized glutathione (GSSG) (B), the GSH/GSSG ratio (C), NADPH (D), NADP (E), the
resulting NADPH/NADP ratio (F), as well as adenosine (G), cyclic AMP (cAMP), (H), and GMP (I).
* p < 0.05,%: p < 0.01.

3.5. Ability of Targeted LC/MS to Characterize HCC and Metabolites Contributing to the HCC
Metabolomic Signature

Given the identification of significant differences in the abundance of the many metabo-
lites from various metabolic pathways between HCC and non-tumoral tissue, as observed
in Figures 24, we analyzed our LC/MS metabolomics dataset using multivariate and
descriptive statistics. The metabolomic profiles of all studied samples were analyzed
through PCA, as shown in the scores plot in Figure 5A. Using the 26 quantified metabo-
lites, unsupervised PCA identified a primary principal component (PC1) that explained
45.2% of metabolite quantification variability between the ten liver specimens; a second
observed principal component (PC2) encompassed 16.8% of metabolomic data variability.
Then, the labeling of positioned samples within the PCA scores plot according to their
respective groups (red: HCC tumors; blue: non-tumoral liver; shaded area: 95% confidence
interval for each group) allowed the identification of two well-segregated clusters along
the primary principal component (PC1) that corresponded to both study groups (HCC
and non-tumoral samples). Further decomposition of the PCA revealed that lactate and
glutamate tended to be more abundant in HCC tumor samples, whereas higher levels
of GSH, succinate, alanine, glycerol-3P, and AMP were rather distinctive of non-tumoral
specimens (Figure 5B). Furthermore, we analyzed our LC/MS dataset using supervised
PLS-DA (Figure 5C-E). PLS-DA cross-validation for one component revealed validation
metrics with a goodness-of-fit of 0.827 and a model predictability of 0.669 (accuracy = 0.9)
and revealed a goodness-of-fit of 0.968 and a model predictability of 0.707 (accuracy = 0.9)
for two components. As shown in the scores plot of Figure 5C, PLS-DA component anal-
ysis revealed a component one explaining 44.6% and a component two explaining 12.3%
of the observed variability of liver metabolomics. Given that PLS-DA is optimized to
maximize the relationship between the observed variance of metabolite quantities and the
descriptor sample group (tumor vs. non-tumoral), samples were clearly separated without
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Scores Plot

any overlap between both groups along component one of the scores plot (Figure 5C).
All studied metabolites and calculated metabolite ratios were depicted in a loadings plot
(Figure 5D). In addition, as shown in Figure 5E, PLS-DA attributed variable importance in
projection (VIP) scores to all studied features. Metabolites and ratios having a VIP greater
than 1.000 were considered significant contributors to the metabolomic discrimination of
liver specimens as either belonging to the HCC or the non-tumoral group. Namely, the
decreased abundance of GSH, glycerol-3P, succinate, alanine, malate, and AMP, as well
as the decrease in GSH/GSSG and glycerol-3P/DHAP ratios were the most discriminant
features of the HCC metabolomic signature. The GSH/GSSG ratio had a VIP score of 3.155,
and those of GSH, glycerol-3P, succinate, alanine, malate, the glycerol-3P/DHAP ratio, and
AMP were 2.351,1.998, 1.795, 1.319, 1.282, 1.281, and 1.236, respectively.
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Figure 5. Ability of targeted LC/MS liver metabolomics to discriminate hepatocellular carcinoma
specimens and adjacent normal liver. Targeted metabolomics of HCC and paired non-tumoral liver
specimens were performed by LC/MS after metabolite extraction for a set of 26 chosen metabo-
lites. Metabolomic profiles of liver specimens were compared using the specific tissue abundance
(nmol/mgyissue) Of all metabolites. Metabolomic profiles were analyzed using principal component
analysis (PCA): PCA scores plot (A), PCA scores plot with identification of metabolite positioning
(B). Metabolomic profiles between both sample groups were compared using partial least squares—
discriminate analysis (PLS-DA): PLS-DA scores plot (C), PLS-DA loadings plot (D), and attributed
variable importance in projection (VIP) scores (E) to important metabolites in the PLS-DA model.
Relative abundance of the important metabolites was classified as increased (red) or decreased (blue)
in HCC samples compared to non-tumoral liver tissue.

4. Discussion

The phenomenon of altered metabolism within cancer cells emerged nearly one cen-
tury ago. Nevertheless, much mystery still remains concerning the implication of metabolic
reprogramming in cancer pathophysiology from onset to progression. Indeed, changes in
biosynthetic metabolism and bioenergetics within cancer cells have yet to be demonstrated
effective for cancer management, especially for HCC. From a metabolic point of view, the
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detection and treatment of neoplastic liver lesions are hindered by the important metabolic
function of the normal liver. Targeting metabolism in HCC will need to be specific to
pathways preferentially expressed in liver cancer cells and preferably absent or of low
importance in functional, normal hepatocytes. The quest for discovering such metabolic
targets for anti-neoplastic treatment begins with a better understanding of HCC patho-
physiology. Although some studies have reported metabolomics analyses of fluids from
HCC patients, the metabolomics of HCC tissue itself has yet to be better characterized and
validated [25-27]. Nevertheless, metabolomics has become a crucial tool for characterizing
cancer cell metabolic behavior [22,28]. This study characterized the metabolomic profiles
of human HCC compared to adjacent non-tumoral liver tissue through the identification of
metabolite signatures from liver specimens. To achieve this, complimentary metabolomics
techniques were performed: non-targeted 'H-NMR profiling detected all extracted tissue
metabolites within samples whereas targeted metabolomics, through LC/MS, quantified
the abundance of a specific ensemble of metabolites.

Our initial analysis of liver tissue metabolomics was performed through a non-targeted
approach using five HCC samples and their paired non-tumoral adjacent tissues. The 'H-
NMR dataset enabled the detection of 450 metabolomic features, many of which were
altered in HCC compared to adjacent liver tissue. Indeed, PCA, which aimed to reduce
data dimensionality, revealed a PC1 explaining 56.5% of data variability. Further identifica-
tion of samples in the PCA plot showed that the clusters of both groups, that is HCC or
non-tumoral tissues, were clearly separated along the PC1 axis. This suggests that the main
factor explaining changes in the abundance of all liver tissue metabolites is attributed to the
type of tissue (HCC vs. non-tumoral). Similar observations were made using supervised
PLS-DA statistical analyses. HCC and adjacent non-tumoral tissues also showed distinct
profiles of metabolomic heterogeneity. Whereas non-tumoral liver samples were well
circumscribed within a smaller 95% confidence interval region, samples belonging to the
HCC group were scattered within a large 95% confidence interval region. These findings
highlight the significance of inter-individual heterogeneity in HCC, which seems to be
accordingly much greater than in normal livers [29,30]. Indeed, tumor heterogeneity is
an important concept in cancer biology, and our untargeted metabolomics calls attention
to cell metabolism as a key component of inter-tumoral heterogeneity in HCC; therefore,
untargeted metabolomics has a powerful ability to discriminate whether a given sample is
neoplastic or not. PCA of the targeted metabolomics dataset, which quantified 26 specific
metabolites within the studied samples, revealed in turn a PC1 explaining 45.2% of data
variability. This result is interesting, as specifically measuring only 26 metabolites within
liver tissue, rather than detecting all metabolites, had a discriminative capacity nearly
matching that of TH-NMR profiling. Indeed, both groups, HCC and adjacent non-tumoral
tissues, were separated along the PC1, confirming with non-targeted metabolomics that
metabolomic variations are a major hallmark of HCC. Distinct clustering of both groups
was also clear along component one of the PLS-DA. Altogether, these findings highlight
that changes in the metabolic program of hepatocytes occurring during hepatocarcino-
genesis are so important that the study of the metabolite landscape within liver tissue is
powerful enough to identify HCC. This discriminative ability of metabolomics has also been
described by various groups in lung cancer compared to chronic obstructive pulmonary
disease and pancreatic cancer compared to pancreatitis [31-33]. Furthermore, Kowalczyk
et al. also discussed the ability of specific metabolites to precisely discriminate between
subtypes of lung cancer [34].

Additionally, the heatmap depiction and volcano scatter plot of the 450 detected
metabolomic features represented in Figure 1 highlight the presence of distinct metabolite
patterns between non-tumoral and HCC tissues; hence, a specific population of metabolites
is abundant in the normal liver whereas a large population of different metabolites tend
to accumulate in HCC. Moreover, according to our targeted metabolomics analysis, the
most significant alterations observed between the two groups were lower levels of specific
metabolites in HCC. This is different to what was observed in 'H-NMR, where many
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detected metabolites had increased levels in tumors: this could be explained by the fact that
the chosen metabolites in the LC/MS targeted approach are indeed those that characterized
the population of metabolomic features that specifically decreased in HCC tumors shown
by 'H-NMR. The important proportion of metabolites that were shown to be increased
in HCC tumors compared to non-tumoral tissues by 'H-NMR could potentially be waste
products and metabolic by-products, which could emerge from rapid and likely inefficient
metabolism in cancer cells [35]. Regarding the identity of the metabolites within this pop-
ulation, the profiling of liver sample metabolomic profiles using an initial non-targeted
"H-NMR approach aimed to establish global changes in metabolite signatures between
the two study groups, that is non-tumoral liver and HCC tumors, rather than specifically
identify the detected metabolites within the dataset. Ulterior identification of such metabo-
lite populations could reveal additional metabolic intermediates that belong to the class of
oncometabolites, that is, metabolites that are either specific to cancer cells or are greater in
abundance within tumoral tissues. An important example of such a phenomenon is the
oncometabolite 2-hydroxyglutarate, which is abundant in isocitrate dehydrogenase-mutant
cancers including glioma and acute myeloid leukemia [22,36].

Furthermore, our targeted metabolomics approach allowed the quantification of spe-
cific metabolites from an array of pathways central to cell and energy metabolism. First,
arginine was the only significantly altered amino acid found in HCC, in which its abun-
dance increased. This could possibly be explained should the urea cycle metabolism be
shown to be decreased within HCC tumors, which is known to be highly functional in the
normal liver [7]. Arginine is the final substrate of the urea cycle, its breakdown by arginase
leading the release of urea and ornithine. As such, decreased urea cycle activity within
HCC cells, in addition to increased arginine consumption, are plausible explanations for
this increase in tissue arginine within tumors compared to adjacent tissue. Interestingly,
contrary to the increase in arginine tissue abundance found in HCC, arginine levels have
been shown to be decreased in the sera of HCC patients [37]. Together with metabolomic
data from Morine et al. and He et al., our findings are complementary in highlighting the
important metabolic changes occurring in HCC from the identification of metabolites in
liver samples [26,27]. Indeed, our study not only shows that HCC metabolomics has a
distinct profile to non-tumoral liver, as suggested in other studies, but "H-NMR analysis has
also proven that non-cirrhotic liver exhibits very limited metabolomic variability between
individuals, highlighting the importance of studying liver tissue metabolomics in HCC
among other liver diseases.

Concentrations of important metabolic intermediates of the TCA cycle, such as succi-
nate, fumarate, and malate, were found to be significantly lower in HCC samples compared
to adjacent non-tumoral tissue. This finding could be linked with various aspects of hepa-
tocarcinogenesis. Indeed, this decrease could be explained by the increased turnover of
TCA cycle metabolites within HCC cells, namely those exhibiting oxidative metabolism.
This turnover can in turn support biosynthetic demands for the genesis of lipids, pro-
teins, and nucleic acids, as well as cellular energy. Another explanation of this interesting
finding could be that HCC tumors exhibit increased hypoxic features, hypoxia being a
well-known characteristic of cancer. As such, the presence of hypoxia as well as mitochon-
drial dysfunction within HCC cells could yield a decrease in the flux of cytosolic carbons
through mitochondria and the TCA cycle. Though there exists insufficient evidence to
support severe hypoxia in HCC, altered oxygen availability is bound to occur in HCC cells
when tumor expansion surpasses its inherently irregular angiogenetic program [38,39].
Mitochondrial dysfunction, on the other hand, has been suggested to occur in HCC as a
result of mtDNA mutations and copy number variations [14,40]. In a similar perspective,
decreased glycerol-3-phosphate and DHAP could be explained by such a phenomenon.
Indeed, decreased glycerol-3-phosphate shuttle activity and, as such, decreased flux of high
energy electrons toward mitochondria, could be explained by increased tissue hypoxia in
HCC tumors. Additionally, DHAP and glycerol-3-phosphate can be used as important
bioenergetic and biosynthetic precursors, for example, lipid synthesis within cancer cells,
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which could explain their decreased abundance in tumors compared to adjacent liver.
Nevertheless, an important finding of our targeted metabolomic analysis of HCC and
adjacent liver tissues suggests an imbalance in the TCA cycle as a hallmark of the metabolic
landscape of hepatocarcinoma. Interestingly, various studies have suggested succinate
as an oncometabolite in other tumor types such as paraganglioma, pheochromocytoma,
and renal cell carcinoma [41-43]. On the other hand, our current metabolomic analysis
does not identify succinate, another important TCA cycle intermediate, as a significant
oncometabolite in HCC as its abundance statistically decreases within the studied cancer
tissues. In fact, the decrease in the abundance of succinate was among the most important
features of the metabolomic profile of HCC according to the VIP analysis of the LC/MS
dataset. This observation remains to be explained.

Our targeted metabolomic analysis also revealed a major perturbation in energy
metabolites in tumors. Indeed, energy-related metabolites ATP, ADP, and AMP as well as
the NADH cofactor and the resulting NADH/NAD ratio were all consistently decreased
in hepatocarcinoma samples compared to adjacent liver tissue samples. These findings
suggest an unbalanced utilization of energy metabolites by HCC cells, and that bioenergetic
substrates such as ATP become limiting in such tumors. Strikingly, HCC seems devoid of
ATP reserves, which is pertinent in the context of metabolic reprogramming as a response to
rapid cell proliferation, a highly energy-demanding cellular process. Compared to previous
metabolomics analyses performed on murine HCC cells, certain findings within this study
overlap with those from cellular metabolomics, such as decreased glycerol-3P, NADH, NAD,
and NADP [10]. Inversely, in murine HCC tissues, ATP, ADP/AMP, and NADH/NAD
have been previously found to be decreased, opposing the findings within the human
cohort [10]. Indeed, comparisons between cell cultures, murine liver tissue, and actual
human liver tissue remain challenging, given their completely different natures. Murine
hepatocarcinogenesis occurs in a highly regulated and reproductive environment, whereas
HCC in patients is a multi-factorial disease occurring in a much less controlled manner.

Moreover, decreased reductive potential, characterized by a pronounced drop in the
GSH/GSSG ratio, was the most important feature of the metabolomic signature of HCC
tumors per VIP analysis. In fact, GSH was among the most significantly altered metabolites
in HCC, its abundance being markedly lower in tumors than in adjacent non-tumoral tissue.
The oxidized form of NADPH, NADP, was also significantly lower in HCC. Given that
both GSH and NADPH are major agents involved in the control of cellular oxidative stress,
and consequently redox homeostasis, these findings suggest that oxidative stress is likely
exacerbated in HCC and that it surpasses the reductive capacity of HCC cells. Decreased
GSH and NADP have also been reported previously in murine HCC, which only further
highlight the possibility that oxidative stress could be a vulnerability of HCC [10].

Given the important findings of the reported metabolomics analyses of HCC compared
to adjacent normal liver tissues, considered with previous findings of metabolomics in HCC
and cirrhosis, studying paramount changes in metabolism occurring during liver disease
and hepatocarcinogenesis is bound to lead to paramount discoveries for improving the
clinical management of HCC [26,27]. Together with other LC/MS studies of HCC, the main
overlapping metabolites considered as altered pathways in liver tumors include alanine,
arginine, lactate, succinate, NADH, and NADP metabolites [26,27]. Likewise, convincing
evidence of the molecular analysis suggests metabolic reprogramming in HCC [19-21]. As
such, collaboration within the research community on HCC, with a multi-omics approach,
is fundamental in the identification of holistic metabolism-based HCC classifications.

5. Conclusions

In conclusion, this study combining non-targeted and targeted metabolomics has
revealed that the metabolite signatures of HCC and adjacent non-tumoral liver are con-
stitutionally distinct. Through non-targeted 'H-NMR analysis, we identified that HCC
tumors exhibit much greater metabolomic variability than adjacent non-cancerous liver,
which can be likely attributed to the high degree of heterogeneity observed in such cancers.
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Through targeted LC/MS analysis, on the other hand, we specifically identified a number
of metabolic intermediates that are found in lower concentrations in HCC tissues, such as
ATP and GSH. Overall, these findings are paramount for the global objective to delineate
HCC metabolism and pathophysiology. They could ultimately pave the way for the iden-
tification of precision biomarkers of this disease as well as, potentially, novel targets for
HCC therapeutics.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Simple Summary: The role of epiploic adipose tissue (EPAT), understudied fat appendages attached
to the colon, in obesity-facilitated colorectal cancer (CRC) is unexamined. In our novel microphysio-
logical system, EPAT obtained from obese individuals, unlike EPAT from lean, attracts colon cancer
cells” intrusion and enhances their migration and growth. Conditioned media from this model
mediated gene expression in colon cancer cells that are linked to metabolic and tumorigenic remodel-
ing. This EPAT-mediated transcriptional signature defines transcriptomes of human colon cancer.
These findings highlight a tumor-promoting role of EPAT, a metabolic tissue, in the colon of obese
individuals and establishes a platform for exploration of involved mechanisms and development of
effective treatments.

Abstract: The obesity epidemic is associated with increased colorectal cancer (CRC) risk and pro-
gression, the mechanisms of which remain unclear. In obese individuals, hypertrophic epiploic
adipose tissue (EPAT), attached to the colon, has unique characteristics compared to other fats. We
hypothesized that this understudied fat could serve as a tumor-promoting tissue and developed a
novel microphysiological system (MPS) for human EPAT-dependent colorectal cancer (CRC-MPS). In
CRC-MPS, obese EPAT, unlike lean EPAT, considerably attracted colon cancer HT29-GFP cells and
enhanced their growth. Conditioned media (CM) from the obese CRC-MPS significantly increased the
growth and migration of HT29 and HCT116 cells (p < 0.001). In HT29 cells, CM stimulated differential
gene expression (hOECgg;) linked to cancer, tumor morphology, and metabolism similar to those in
the colon of high-fat-diet obese mice. The hOECgg; signature represented pathways found in human
colon cancer. In unsupervised clustering, hOECgg; separated transcriptomes of colon cancer samples
from normal with high significance (PCA, p = 9.6 x 107'1). These genes, validated in CM-treated
HT29 cells (p < 0.05), regulate the cell cycle, cancer stem cells, methylation, and metastasis, and are
similarly altered in human colon cancer (TCGA). These findings highlight a tumor-promoting role of
EPAT in CRC facilitated with obesity and establishes a platform to explore critical mechanisms and
develop effective treatments.

Keywords: obesity; epiploic adipose tissue (EPAT); colon cancer

1. Introduction

The obesity epidemic affects half a billion individuals worldwide [1]. Obesity is
directly associated with increased colorectal cancer (CRC) risk, progression, recurrence,
resistance to therapy, and mortality [2,3]. CRC, the second leading cause of cancer-related
deaths worldwide, is initiated and driven by complex intracellular and extracellular re-
modeling [4,5]. We have demonstrated that colonic tumorigenesis augmented by obesity is
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mediated by increased lipid metabolism in colonic cells and surroundings [6-8]. Under-
standing these obesity-driven tumorigenic processes will promote further exploration of
critical mechanisms and the development of more effective treatments.

Emerging findings revealed that epiploic adipose tissue (EPAT), visceral fat appendages
attached to the colon, is linked to obesity-mediated systemic pathobiology [9]. Adult indi-
viduals have about 50-100 of these EPAT appendages, which are ~1.5 cm thick and 3.5 cm
long [10]. EPAT provides blood supply for the colon, supports colonic absorption, and
delivers nutrition to the colon during starvation [11,12]. It has been speculated that EPAT
is involved in host-microbe interactions and may be regulated by paracrine factors [13]. In
obese individuals, EPAT is enlarged and is linked to colonic pathobiology such as divertic-
ulitis and epiploic appendagitis [14,15]. Recently, Krieg et al. assessed abdominal fat in a
large number of obese individuals undergoing gastric bypass surgery and demonstrated
unique characteristics of EPAT compared to other adipose tissue [9]. Given these lines
of evidence, we hypothesized that this understudied fat serves as a tumor-promoting
tissue in the colon of obese individuals. In order to study the role of EPAT in colorectal
cancer progression, it was necessary to establish a novel model since neither in vitro nor
in vivo models specific to this fat are available. A recently developed microphysiological
system (MPS) appeared to be suitable for studying the role of adipose tissues in obesity
processes [16-18]; thereby, we utilized this platform to establish a novel MPS specific for
EPAT-dependent colorectal cancer.

2. Materials and Methods
2.1. Human Samples

Human epiploic adipose tissue (EPAT) samples were obtained from local patients
undergoing surgery unrelated to colonic inflammation and cancer from the larger New
Orleans metropolitan area. Patients (ages 16-67) were a mix of female and male, African
American and Caucasian, with Body Mass Index (BMI), as calculated (kilograms/ meters?),
ranging from 17.6 to 40.7. The de-identified patient samples used in this study were
approved by the institutional review board (IRB, protocol number 867) at Tulane University,
which waived the requirement for informed consent for sample collection.

Publicly available transcriptomes from human colon cancer patients comprised control
(n =23) and colonic tumor samples (1 = 198) (GSE4183; GSE141174). Additionally, publicly
available TCGA transcriptomic data was obtained from colon cancer patients (normal colon
(n =41) and tumor (n = 457)). These data were acquired using NCBI's GEO2R.

2.2. Mouse Model for High-Fat Diet Obesity and Colonic Tumorigenesis (Transcriptomic Data)

C57BL/6] mice (6 weeks old) were housed at Tulane University School of Medicine
according to the guidelines of the Tulane Institutional Animal Care and Use Committee
(protocol number 1161). One group of mice was maintained on a standard chow diet
(RD), and the other on a high-fat chow diet (HFD) (60% kcal/fat) (D12492, Research Diets,
New Brunswick, NJ). In addition, colonic tumors were induced in experimental mice by
a single azoxymethane (AOM, Sigma, St. Louis, MO, USA) intraperitoneal injection of
10 mg/kg, followed by three separate 5-day cycles of 2.5% dextran sulfate sodium (DSS,
MP Biomedicals, San Diego, CA, USA) added to drinking water, as we described before [8].
Transcriptomic analysis was performed after RNA-seq from the colons of these mice (n =3
for each group) and is available through NCBI's Sequence Read Archive (SRP093363) [8].

2.3. Cells

Human colon cancer cells HT29 (ATCC, Manassas, VA, USA), GFP-tagged HT29
(Genecopoeia, Rockville, MD, USA), and HCT116 (ATCC, Manassas, VA) were propagated
in complete McCoy’s 5A media (Sigma, St. Louis, MO) containing 10% fetal bovine serum
(FBS) (Peak Serum, Wellington, CO, USA). EPAT-derived stromal cells (ESC) from human
EPAT were isolated by collagenase digestion of tissue, vigorous washing, and selection via
cell adherence [19,20]. ESC were propagated using DMEM containing 10% fetal bovine
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serum and 10% penicillin/streptomycin (Gibco, Waltham, MA, USA). Cancer cells were
serum-starved overnight prior to experimental procedures and were serum-starved for
three days to synchronize cells in the cell cycle prior to treatments.

2.4. Epiploic Colonic Microphysiological System (CRC-MPS) and Conditioned Media

EPAT was obtained from obese or lean patients undergoing abdominal surgery unre-
lated to colonic diseases (inflammation or cancer). From EPAT, isolated adipose stromal
cells (ESC) were used to sandwich CRC-MPS (containing EPAT-isolated adipocytes and
human colonic cells) (Figure 1A). Fresh EPAT was physically minced, and 200 pL of their
cell suspension was used for each CRC-MPS well. HT29-GFP cells, cultured independently,
were trypsinized, and 200,000 cells were added to each CRC-MPS well. Two ESC sheets are
needed for each CRC-MPS well. On the first ESC sheet, grown on a 6-well plate, EPAT and
HT29-GFP cells were added. A second ESC monolayer was grown on a thermosensitive
polymer (poly(N-isopropylacrylamide), Nunc UpWell 6-well dish, 174902). 3D-printed
plungers loaded with a hydrogel (12% Gelatin B, ~225 bloom, G9382, Sigma, St. Louis, MO)
were gently pressed onto the ESC monolayer, and incubated at room temperature, then at
4 °C, allowing the ESC layer to be lifted off the plate. The plunger carrying these ESC was
then placed on top of EPAT and HT29-GFP cells that were added to the first ESC monolayer
to create a sandwich (Figure 1A). Colon cancer cell status in CRC-MPS was assessed daily
under the microscope, and GFP signal from acquired images was quantified by pixel area
per field of view. These CRC-MPS, kept in DMEM and 10% FBS at 37 °C, were maintained
for 5 days. Their 24 h growth media, diluted 1:5 with serum-free McCoy’s 5A media, was
used as a conditioned media (CM) to treat colon cancer cells. Two cell lines were used to
increase rigor and reproducibility.
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Figure 1. (A) Cross-sectional model of Epiploic (EPAT) Colorectal Cancer Microphysiological System
(CRC-MPS). (B) Representative images of CRC-MPS with HT29-GFP cells and EPAT obtained from
obese (BMI 34.2) or lean (BMI 24.2) individuals vs. HT29-GFP grown with EPAT-derived stromal
cells (ESC) only (48 h). Graphs represent the intensity of GFP pixels from CRC-MPS images, three
independent wells for each EPAT, obtained from three obese or three lean individuals relative to
ESC (Scale bar = 100 pm, BMI = Body Mass Index). (C) All individual values from CRC-MPS were
normalized to matched ESC-only GFP signal, then normalized to lean average. Box and whisker plot
represents the median, 25% and 75% quartiles, and highest and lowest values of each group. Thick
dark grey bar within the box and whisker plot reports confidence interval (CI, 95%) with range in
brackets above each box.

2.5. BrdU and EdU Staining and Migration Assays

Human colon cancer cells were grown on coverslips incubated with SEM, oleic acid, or
conditioned media from ESC alone or obese CRC-MPS and in the presence of BrdU (10 uM,
Sigma, St. Louis, MO, USA). We visualized and quantified as we described before [7]. A
parallel experiment utilizing EdU to visualize the proliferation of cells was performed
according to the manufacturer’s instructions (C10639, Invitrogen, Waltham, MA, USA).
Colon cancer cell migration confluency disruption and transwell assays were performed as
described before [7].
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2.6. RNA Isolation and cDNA Synthesis

RNA isolation (miRNeasy kit, Qiagen, Germany) and cDNA synthesis (SuperMix
synthesis system, Thermo Fisher, Waltham, MA, USA) were performed according to the
manufacturers’ protocols, as we described before [8].

2.7. Quantitative PCR

c¢DNA generated from human colon cancer cells and colonospheres was utilized for
qPCR as previously described [8]. Independent experiments were performed 3 times by dif-
ferent investigators. The primers for amplification of human cDNA were: for hRSNATII1 (F: 5'-
GGTTCTTCTGCGCTACTGCT-3/, R: 5-TGCTGGAAGGTAAACTCTGGATT-3'), hTRIB2 (F:
5-AGCTGGTGTGCAAGGTGTT-3/, R: 5-GAGCAGACAGGCAAAAGCAC-3'), hCENPE
(F: 5-AGCCTGCAAGAAACCAAAGC-3/, R: 5-TCTGTCGGTCCTGCTTTTTCT-3'), hBC-
CIP (F: 5-ATGTACCAGCAGCTTCAGAAAGA-3', R: 5'-AGTAGCACTTCCCACATGGC-
3’), ANNMT (F: 5-TGATTGACATCGGCTCTGGC-3/, R: 5-TCTGGACCCTTGACTCTGTTC-
3’),and hOAS1 (F: 5'-CTCCTGGATTCTGCTGACCC-3', R: 5-GTGCAGGTCCAGTCCTCTTC-
3'). The relative levels of mRNA were determined by the comparative Ct method using
actin and GAPDH as housekeeping controls as previously described [7,8].

2.8. RNA Sequencing and Differential Expression

RNA sequencing (RNAseq) of experimental colon cancer cells was accomplished as
described previously [7,8]. Transcriptomic data and differentially expressed genes (DEGs)
were analyzed by using Ingenuity Pathway Analysis (IPA, Qiagen, Germany). Principal
component analysis (PCA) and unsupervised hierarchal clustering were performed as we
described before [7,8].

2.9. Statistical Analysis

All experiments were repeated independently by the same or different researchers,
and data are represented as mean + S.D. for a series of experiments. Investigators were
blinded during experimentation. Student’s unpaired t-test or one-way analysis of variance
(ANOVA) and a Student-Newman-Keuls post-test were each calculated as we described
before [7,8]. Confidence intervals (95%) were calculated for human samples as well.

3. Results and Discussion

The role of EPAT in homeostasis and pathobiology of the colon is understudied, pri-
marily due to the lack of models and challenges in obtaining biopsies. We established
a novel microphysiological system (MPS) utilizing human EPAT and colonic cells sand-
wiched between tissue-engineered sheets of EPAT-derived stromal cells (ESC) (Figure 1A).
It is important to highlight that in this EPAT-dependent colorectal cancer model (CRC-
MPS), which is stable in culture for a week, wholesale EPAT tissue is used, not isolated
nor differentiated adipocytes. As human white adipose tissue sandwiched between sheets
of stromal cells maintained physiologic tissue characteristics [16], the CRC-MPS provides
a reliable ex vivo model to study EPAT-mediated processes in colonic cells. EPAT was
obtained from obese (Body Mass Index (BMI) > 29.9) and lean (BMI < 24.9) patients un-
dergoing surgery unrelated to colonic inflammation or cancer. Initially, in this CRC-MPS,
we utilized HT29-GFP cells, as a reporter and stable colon cancer cell line, to establish
a reliable model. In the CRC-MPS model, we found significantly increased growth of
HT29-GFP cells when co-cultured with obese EPAT compared to the control, represented by
HT29-GFP sandwiched between the ESC sheets alone (Figure 1B). When co-cultured with
EPAT obtained from lean individuals, HT29-GFP growth remained unaffected compared to
ESC alone (Figure 1B). Further, confidence intervals (CI, 95%) and a box and whisker plot
demonstrated a 4.895-fold increase in colon cancer HT29-GFP cell growth by obese EPAT
(relative to lean) normalized to ESC-only negative controls (CI, obese: (3.79, 5.21), lean:
(0.68, 1.16)) (Figure 1C). Moreover, this finding was supported using conditioned media
(CM) from obese CRC-MPS and two colon cancer cell lines (HT29 and HCT116). Specifically,
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this CM significantly stimulated BrdU or EdU incorporation into newly synthesized DNA
in both HT29 and HCT116 cells relative to CM from ESC alone (Figure 2A,B). Addition-
ally, we noticed in the CRC-MPS model that HT29-GFP cells were closely associated with
obese—relative to lean—EPAT (Figure 1A). We assessed this migratory signal in CM from
the obese EPAT to colon cancer cells using HT29 and HCT116 cells in confluency disruption
and transwell migration assays. After the confluency disruption of HT29 cells, CM presence
led to a smaller distance between their migratory fronts (Figure 2C). Further, it increased
HCT116 colon cancer cell migration from the upper chamber to the lower chamber of
transwells (Figure 2D). These findings revealed the important role of EPAT in augmenting
colon cancer cell growth and migration with obesity (directly and indirectly). Utilization of
two colon cancer cell lines may limit interpretation; hence, different colonic cells will be
considered in further expansion of the CRC-MPS. Further, metabolic remodeling has a pro-
found effect on the transcriptomes of colonic cells compared to underlying mutations [21];
thus, we speculate that parental gene mutations will have a secondary effect on metabolic
remodeling, requiring further exploration of critical mechanisms driving tumorigenesis.
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Figure 2. (A) Representative images and quantification of BrdU incorporation during DNA synthesis

in HT29 cells treated with conditioned media (CM) from CRC-MPS (obese) vs. CM from ESC. Oleic
acid (OA) treatment represents positive control and serum-free media (Con) represents negative
control (24 h, n = 3, *** p < 0.0001, * p < 0.05 vs. Con; #### p < 0.0001, # p < 0.05 vs. OA, scale
bar = 50 um). (B) Representative images and quantification of EAU incorporation during DNA syn-
thesis in HCT116 cells treated with CM from CRC-MPS (obese) vs. CM from ESC. Oleic acid (OA)
treatment represents positive control and serum-free media (Con) represents negative control (24 h,
n =3 wells in 2 independent experiments, **** p < 0.0001, *** p < 0.001 vs. Con; #### p < 0.0001 vs.
OA, scale bar = 50 um). (C) Representative images and quantification of confluency disruption of
HT29 monolayers via scratch assay (24 h, n = 3, *** p < 0.0001 vs. Con; #### p < 0.0001 vs. ESC, scale
bar 200 = um). (D) Transwell migration assay of HCT116 cells, with CM from CRC-MPS (obese), ESC,
fetal bovine serum (FBS) as a positive control, and serum-free media as a negative control (Con) (24 h,
n=3,***p <0.0001 vs. Con, scale bar 100 = um).

Next, we sought to determine how EPAT mediates growth and migratory behavior
by systematically surveying the gene expression in colon cancer cells (RNA-seq). We iden-
tified 867 differentially expressed genes (DEGs) altered in HT29 cells by CM from obese
CRC-MPS (>11.51-fold change, FDR < 0.05 and meeting stringent differential expression
and statistical thresholds of log, fold-change > 11.5| and an adjusted p-value < 0.001).
These DEGs, representing a transcriptional signature mediated by human obese EPAT
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in colon cancer cells (hOECggy), are linked to cancer, gastrointestinal diseases, metabolic

processes, and growth (Figure 3A). Moreover, the pathways representing hOECgs; were

compared with pathways representing transcriptomes of the colon of high-fat-diet (HFD)
obese mice and colonic tumors of HFD obese mice with AOM /DSS-induced tumors. In this

mouse model, we demonstrated that HFD obese mice had increased colonic tumor burden

and pathways associated with metabolic and tumorigenic remodeling [8]. We found that

pathways representing hOECgs; were similar to the pathways in the colon of HFD obese

mice in colonic tissue (Figure 3B, IPA) and tumors (and when compared to the colon of mice
fed with a regular diet) (Figure 3C, IPA). Further, we determined the significance of these
hOECgs; pathways in human colonic tumorigenesis using publicly available transcriptomic
data from tumor tissue samples obtained from two colon cancer patient cohorts. Pathways
representing hOECgg; were similar to those characterizing human colon cancer (GSE4183,
GSE141174) (Figure 3D, IPA). Next, we determined the significance of hOECgs7 in human
colonic tumorigenesis using publicly available transcriptomes from a large patient popula-
tion (TCGA). Principal component analysis (PCA) and unsupervised hierarchal clustering
showed that hOECgg; separated the transcriptomes of human colon cancer samples from
normal with a high degree of significance (p = 9.6 x 10~11) (TCGA, Figure 3E,F). These
findings demonstrated the importance of EPAT-mediated gene expression in colonic cells
in obesity-augmented metabolic and tumorigenic remodeling.
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Figure 3. (A) Top diseases representing differentially expressed genes (DEGs) in colon cancer HT29
cells mediated by CM from CRC-MPS from obese patients relative to control (p < 0.05, IPA). (B,C) Top
canonical pathways representing these DEGs compared to DEGs from colon and colonic tumors
(AOM/DSS) of HFD obese mice (1 = 3 for each group, FC > |1.51, FDR < 0.05, IPA). In (B), Column
1 contains pathways representing DEGs in HT29 cells treated with CM from CRC-MPS (vs. ESC),
and Column 2 contains pathways in HFD obese mouse colon (vs. RD colon). In (C) Column 1
contains pathways representing DEGs in HT29 cells treated with CM from CRC-MPS (vs. ESC),
and Column 2 contains pathways in HFD obese mouse tumors (AOM/DSS model vs. RD normal
colon). (D) Shared pathways representing DEGs from HT29 cells treated with CM from CRC-MPS
(Column 1) and human colon cancer relative to normal colon (Column 2, GSE4183, n = 23; Column 3,
GSE141174, n = 198; fold change > 11.51, FDR < 0.05, IPA). (E,F) Unsupervised hierarchical clustering
and heatmap showing hOECgg; signature separating transcriptome of colon cancer samples from
normal. Orange boxes highlight normal samples. Principal Component Analysis (PCA) of hOECgsy
signature and significance of PCA index score (TCGA), normal colon (n = 41), and tumors (1 = 457).

Finally, we validated selected obese EPAT-mediated DEGs for expression in HT29
cells treated with CM from obese CRC-MPS vs. ESC (Figure 4A). Transcriptional levels of
these genes were similarly altered in the human colon cancer samples relative to normal
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(TCGA, Figure 4A). These genes regulate diverse cellular functions, and limited data
implicated them in cancer. Specifically, SNAII is linked to the epithelial-to-mesenchymal
transition (EMT), while TRIB2 is associated with colon cancer stem cells [22,23]. Further,
several of these genes regulate the cell cycle and migration, such as CENPE, a kinesin-
like motor protein required for stable spindle microtubule capture, and BCCIP, which
modulates CDK2 kinase activity [24,25]. OAS1 was recently detected in pancreatic and
breast cancer [26,27]. Moreover, NNMT regulates methylation and has been linked to
gastric and colon cancer [28]. Next, we analyzed the distribution of these genes’ expression
according to the BMI status of colon cancer patients, utilizing cancer stage subsets based on
clinical parameters associated with tumor dissemination [29]. In boxplots corresponding to
significant and close-to-significant differential gene expression, we found increased levels
of TRIB2 and CENP2 corresponding with obesity (BMI > 30) and lymph node metastasis
(Figure 4B). Similarly, increased NNMT levels correspond to obesity in late stages of solid
colonic and metastatic tumors (lymph nodes, perineural invasion, and distant metastasis)
(Figure 4B). These findings demonstrated that in obese individuals, EPAT mediates the
expression of genes in colonic cells associated with growth, cancer stem cells, and epigenetic
changes (methylation). Further, increased levels of several of these genes regulating cancer
stem cells, migration, and methylation, corresponding to obesity, are linked to metastasis,
which establishes a platform to determine novel biomarkers representing obese EPAT-
mediated colorectal tumorigenesis.
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Figure 4. (A) Validation of DEGs in HT29 cells treated with CM from CRC-MPS (obese) and ESC
(24 h) by qPCR. The following transcripts were assessed: SNAI1, TRIB2, OAS1, CENPE, BCCIP, and
NNMT (qPCR, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001). Similar significant alterations of these
transcripts were found in colon cancer patient tissue (grey box plots) (TCGA: normal colon (1 = 41)
and tumors (n = 457)). (B) Transcriptomic data of samples from colon cancer patients that included
both weight and height information (TCGA) were further classified by BMI (obese: BMI > 30, nn = 84,
and non-obese: BMI < 30, 1 = 198). Selected genes were analyzed for expression levels (logy TPM) in
various clinical cancer stage subsets associated with tumor dissemination (Box plots).

Here, we demonstrated a tumor-promoting role of human EPAT in obesity-facilitated
colorectal cancer utilizing our novel model. Emerging findings demonstrated that EPAT in
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obese individuals differs from mesenteric, omental, and subcutaneous fats in methylome,
transcriptome, and proteome [9]. Further, EPAT has uniquely altered pathways in obese
individuals with insulin resistance compared to insulin sensitivity [9], suggesting its sys-
temic metabolic role. This adipose tissue is understudied due to lack of a mouse model and
the difficulty of obtaining human EPAT tissue biopsies. Our novel ex vivo model will allow
us to further elucidate mechanisms of EPAT-mediated processes in the colon. Utilization
of wholesale EPAT tissue gives us an advantage for future understanding of the EPAT
cell landscape (adipose, non-adipose, and stromal cells) and their released mediators in
processes involving the colon. As the initial utilization of colon cancer cells in this model
can be extended to human organoids, it is important to keep in mind that the complexity of
colonic tissue is underrepresented, primarily as other non-colonic cells are not considered.

Moreover, our findings revealed that EPAT may indirectly and directly augment tu-
morigenic processes in colonic cells, in part, by impacting the tumor microenvironment.
Onogi and Ussar suggested a possible role of EPAT in the regulation of host-microbe
interaction [13]. In the small intestine, microbiota translocate to mesenteric adipose tis-
sue, which promotes M2 macrophage activation [30]. Therefore, it is plausible that in the
colon, interactions between EPAT and microbiota may be one of the mechanisms driving
tumorigenesis in obesity. Moreover, microbiota and obesity facilitate inflammatory signal-
ing in the colon, which may be essential for EPAT function, as studies have shown that
inflammation is required for physiological adipose tissue remodeling [31]. Additionally,
released mediators from EPAT (adipocytes and non-adipocytes), such as TNF and leptin,
as well as metabolites, such as fatty acids [8,9,32,33], may further drive tumorigenesis in
the colon. Together, EPAT and microbiota axes could create a microenvironment that is
further augmented with obesity in promoting tumorigenesis in the colon. Along with
these complex changes in the colonic environment, EPAT may directly affect colonic cells,
such as their gene expression and epigenetic changes. We found that methylation via
NNMT is augmented in colonic cells by EPAT. Further, EPAT-mediated growth of colon
cancer cells may be, in part, due to CENPE- and BCCIP-dependent cell cycle dysregula-
tion. Our findings further revealed that EPAT may affect cancer stem cells, in part, via
TRIB2, which can lead to resistance to therapy and tumor recurrence in colon cancer pa-
tients. Moreover, EPAT may accelerate the metastatic characteristics of colon cancer cells
by promoting EMT and the spread of cancer cells. It is possible that EPAT drives EMT
through increased expression of SNAI1, which may involve loss of FOXO3 in colonic cells
mediated by obesity. In the colon, loss of FOXO3 is one of the mechanisms by which
obesity mediates metabolic reprogramming linked to tumorigenic processes [6,34,35]. In
renal cell carcinoma, loss of FOXO3 facilitates EMT by increasing SNAI1 [36]. Moreover,
increased expression of genes regulating cancer stem cells, migration, and methylation
(TRIB2, CENP2, NNMT) corresponded to metastatic tumors in obese colon cancer patients.
Therefore, it is tempting to speculate that EPAT may aid escaped metastatic colon cancer
through lymph nodes to distant organs. These findings highlight the critical role of EPAT
in obesity-facilitated colonic tumorigenesis, thus establishing a platform to identify novel
markers and to develop effective treatment options.

4. Conclusions

The obesity epidemic, affecting half a billion individuals worldwide, is associated
with increased CRC risk, progression, recurrence, resistance to therapy, and mortality [1,3].
Further, CRC incidence has been on the rise globally among young adults, mainly due
to this epidemic [37,38]. This poses an urgent, unmet demand to understand the mech-
anisms driving obesity-mediated tumorigenesis in the colon. Here, we demonstrated
that fat outpouchings attached to the colon, known as EPAT, have a tumor-promoting
role in obesity-facilitated colonic tumorigenesis, especially in metastatic processes. These
findings provide conceptual advances in our understanding of how obesity facilitates
CRC. Establishing this platform will further drive the exploration of critical mechanisms
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of EPAT-mediated processes in colonic cells and identify novel biomarkers needed for the
development of effective treatment options for CRC.
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Simple Summary: Epithelial-to-mesenchymal transition (EMT) is a cellular program that enables
epithelial cells to transition toward a mesenchymal phenotype with augmented cellular motility.
Although EMT is a fundamental, non-pathological process in embryonic development and tissue
repair, it also confers biological aggressiveness to cancer cells, including invasive behavior, tumor-
and metastasis-initiating cancer stem cell activity, and greater resistance to all the cancer treatment
modalities. Whereas alterations in the metabolic microenvironment are known to induce EMT, it is
also true that the EMT process involves a very marked metabolic remodeling. However, whether there
is a causal or merely an ancillary relationship between metabolic rewiring and the EMT phenomenon
has not yet been definitively clarified. Here, we combined several technology platforms to assess
whether the accompanying changes in the metabolic profile and mitochondria functioning that take
place during the EMT process are independent or not of the non-tumorigenic versus tumorigenic
nature of epithelial cells suffering a mesenchymal conversion. Understanding the metabolic basis of
the non-tumorigenic and tumorigenic EMT provides fundamental insights into the causation and
progression of cancer and may, in the long run, lead to new therapeutic strategies.

Abstract: Epithelial-to-mesenchymal transition (EMT) is key to tumor aggressiveness, therapy resis-
tance, and immune escape in breast cancer. Because metabolic traits might be involved along the EMT
continuum, we investigated whether human breast epithelial cells engineered to stably acquire a
mesenchymal phenotype in non-tumorigenic and H-Ras"12-driven tumorigenic backgrounds possess
unique metabolic fingerprints. We profiled mitochondrial-cytosolic bioenergetic and one-carbon (1C)
metabolites by metabolomic analysis, and then questioned the utilization of different mitochondrial
substrates by EMT mitochondria and their sensitivity to mitochondria-centered inhibitors. “Upper”
and “lower” glycolysis were the preferred glucose fluxes activated by EMT in non-tumorigenic and
tumorigenic backgrounds, respectively. EMT in non-tumorigenic and tumorigenic backgrounds
could be distinguished by the differential contribution of the homocysteine-methionine 1C cycle to
the transsulfuration pathway. Both non-tumorigenic and tumorigenic EMT-activated cells showed
elevated mitochondrial utilization of glycolysis end-products such as lactic acid, 3-oxidation sub-
strates including palmitoyl-carnitine, and tricarboxylic acid pathway substrates such as succinic acid.
Notably, mitochondria in tumorigenic EMT cells distinctively exhibited a significant alteration in the
electron flow intensity from succinate to mitochondrial complex III as they were highly refractory to
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the inhibitory effects of antimycin A and myxothiazol. Our results show that the bioenergetic/1C
metabolic signature, the utilization rates of preferred mitochondrial substrates, and sensitivity to
mitochondrial drugs significantly differs upon execution of EMT in non-tumorigenic and tumorigenic
backgrounds, which could help to resolve the relationship between EMT, malignancy, and therapeutic
resistance in breast cancer.

Keywords: metabolism; mitochondria; phenotypic screening; breast cancer; therapy resistance;
complex IIT

1. Introduction

Epithelial-to-mesenchymal transition (EMT), a developmental program that primes
cells for subsequent cell fate conversion, was proposed as a key requirement for invasion
and metastasis to distant organs more than 10 years ago [1-7]. This conceptual framework
has been challenged by fate-mapping studies suggesting that EMT might be dispensable
for metastatic outgrowth [8-10]. Indeed, cancer cells can metastasize via stable hybrid E/M
phenotypes possessing higher stem-like tumor initiation properties and metastatic potential
as compared to cells on either end of the EMT spectrum [11-14]. However, the evidence sup-
porting a role for EMT in conferring therapeutic resistance is clear and compelling [15-21].
The correlation of lower survival with an activated EMT program in patients with residual
disease is now viewed as the consequence of the capacity of EMT cells to resist a broad
spectrum of therapeutic interventions such as hormonal therapy, chemotherapy, radio-
therapy, and many targeted therapies including immunotherapy [22-27]. Accordingly,
the successful therapeutic manipulation of EMT has tremendous clinical potential, and
different approaches have been proposed to reprogram EMT, including the unlock of fully
differentiated mesenchymal states, promotion of (re)epithelial differentiation, and targeting
of EMT markers [24-27]. These strategies might involve inhibition of both cell-autonomous
EMT drivers (e.g., growth factor signaling, epigenetic reprogramming, transcription factors,
and microRNAs) and non-cell autonomous EMT-driving factors such as non-malignant
stromal cells and non-cellular elements [24-27]. However, pharmacological inhibition
of EMT-associated effectors at the molecular level remains challenging, and none of the
aforementioned strategies have translated into approved therapies.

A growing number of studies have provided examples of how specific metabolic traits
might represent integral parts of the EMT program [28-40]. A causal relationship between
metabolic rewiring and EMT induction has been mostly explored in cancers with genetic de-
ficiencies in metabolic enzymes such as fumarate hydratase (FH), isocitrate dehydrogenase
(IDH), and succinate dehydrogenase (SDH) [30,32,34]. Genetic approaches to identifying
the metabolic determinants of the EMT process have revealed the requirement of repro-
grammed gluconeogenesis (via suppression of the gluconeogenesis rate-limiting enzyme
fructose-1,6-bisphosphatase [41] and the key glycolytic enzyme phosphofructokinase-1 [42])
and nucleotide (via promotion of the pyrimidine-degrading enzyme dihydropyridine dehy-
drogenase [43]) pathways to support the mesenchymal phenotype. We previously reported
that EMT-activated cells acquire the ability to metabolize high-energy nutrients such as gly-
colysis end-products and ketone bodies to support mitochondrial energy production [29].
Given that mitochondria are increasingly recognized as key signaling regulators of cell fate
in physiological and pathological conditions [44], it is reasonable to suggest that shifts in
mitochondrial function and dynamics might mechanistically resolve the causative versus
bystander nature of the established correlation between metabolic reprogramming and
EMT [45-50]. Moreover, metabolic targeting of EMT might be possible if the vulnerabilities
in the distinct utilization of cellular metabolites between the epithelial and mesenchymal
cellular state can be identified. Indeed, an underexplored possibility is that the mechanistic
coupling between metabolism, (re)programming, and EMT also involves resistance to
metabolic poisons with well-characterized mechanisms of action.
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Here, we aimed to provide a comprehensive metabolomic and mitochondrial fin-
gerprinting of the EMT phenomenon in human breast cells. We performed targeted
metabolomics characterization coupled to functional mitochondrial phenotyping of the
human breast EMT in non-tumorigenic and oncogenic H-Ras"!2-driven tumorigenic back-
grounds (Figure 1). One phenotypic dimension was based on targeted analyses of metabo-
lites representative of the catabolic/anabolic status of mitochondrial nodes and of the
methionine/folate one-carbon (1C) cycle. A second phenotypic dimension was based on
mitochondria-focused functional assays (MitoPlate™) that measures the rate of electron
flow into and through the electron transport chain (ETC) from 31 different mitochondrial
substrates that produce NAD(P)H or FADH, as well as the mitochondrial sensitivity to
a panel of 22 diverse mitochondria-centered inhibitors. We provide evidence that non-
tumorigenic and tumorigenic EMT cell fate conversion is accompanied by a conspicuous
but distinctive rewiring of metabolic and mitochondria functioning.

Non-tumorigenic EMT

Tumeorigenic EMT
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Figure 1. Metabolic fingerprinting of non-tumorigenic and tumorigenic EMT: a metabolomic and
mitochondrial phenotyping approach. HMLE/HMLER cells induced for EMT upon loss of E-cadherin
and their parental counterparts (HMLE/HMLER) were simultaneously subjected to quantitative
screening for bioenergetic (1 = 30) and 1C (n = 14) metabolites and qualitative phenotyping of
multiple mitochondria energy substrates (n = 31, at low millimolar concentrations (2-5 mmol /L))
and mitochondrial drugs (n = 22) using the Mitoplate™ S-1 and I-1 assays, respectively. (ShRNA:
small hairpin RNA; KD: knock-down).

2. Materials and Methods
2.1. Cell Lines and Culture

HMLEshControl pypEshECad VL ERSCntol and HMLERSMES cells were gifts from
Prof. Robert A. Weinberg (Whitehead Institute for Biomedical Research, Cambridge, MA).
Cells were cultured in a 1:1 mixture of MEGM (Mammary Epithelial Bullet Kit, ref. H3CC-
3150; Lonza, Basel, Switzerland) and DMEM/F12 supplemented with 10% fetal bovine
serum (FBS), insulin (10 pg/mL), hydrocortisone (0.5 ug/mL), hEGF (10 ng/mL), 1% L-
glutamine, and penicillin/streptomycin (Sigma, Madrid, Spain). All cells were tested for
mycoplasma contamination using a PCR-based assay prior to experimentation and were
intermittently tested thereafter.

2.2. Mammosphere Culture and Mammosphere-Forming Efficiency (MSFE)

For mammosphere formation, single cell suspensions of HMLERS“0l and HMLERShFead
cells were seeded at 1000 cells/cm? in six-well ultralow attachment plates (Corning Inc.,
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New York, NY, USA). Mammosphere medium consisted of serum-free F12/DMEM con-
taining 5 mg/mL insulin, 0.5 mg/mL hydrocortisone, 2% B27 supplement (Invitrogen
Ltd., Carslbad, CA, USA), and 20 ng/mL epidermal growth factor (Sigma, Madrid, Spain).
The medium was made semi-solid by the addition of 0.5% methylcellulose (R&D Systems,
Minneapolis, MN, USA) to prevent cell aggregation. The tumorsphere-forming efficiency
(TFE) was calculated after 7 days using the following equation:

# of tumorspheres (large diameter > 50 um) per well
TFE(%) = 1
(%) # of cells seeded per well x 100

2.3. Flow Cytometry

Cells were washed once with phosphate-buffered saline (PBS) and then harvested with
0.05% trypsin/0.025% EDTA into single cell suspensions. Detached cells were washed with
PBS containing 1% FBS and 1% penicillin/streptomycin (wash buffer), counted and resus-
pended in the wash buffer (10° cells/100 uL). Combinations of fluorochrome-conjugated
monoclonal antibodies obtained from BD Pharmingen against human CD44 (PerCP-Cy™ 5.5,
Mouse anti-human, ref. No. 560531) and CD24 (PE Mouse Anti-Human, ref. No. 555428)
or their respective isotype controls (PerCP-Cy™ 5.5 Mouse IgG2b, k Isotype Control, ref.
No. 558304; PE Mouse IgG2a, k Isotype Control, ref. No. 556653) were added to the cell
suspensions at concentrations recommended by the manufacturer and incubated at 4 °C in
the dark for 30-40 min. Labeled cells were washed in the wash buffer to eliminate unbound
antibodies, then fixed in PBS containing 1% paraformaldehyde, and then analyzed no
longer than 1 h post-staining on a Becton Dickinson Accuri C6 flow cytometer. Data were
analyzed using Accuri C6 Flow software.

2.4. Targeted Metabolomics and Data Analysis

For targeted metabolomic experiments, HMLEshControl pyp EshECad pppfp ERshCntrol)
and HMLERShE®d cells were plated in 6-well plates with normal growth medium, which
was replaced after 18 h with complete fresh medium; cells were then incubated under
standard cell culture conditions for additional 48 h (n = 5 biological replicates in triplicate).
Quantitative measurement of up to 30 selected bioenergetic metabolites representative of
the catabolic and anabolic status of mitochondria-related metabolic nodes was performed
by employing a previously described GC-EI-QTOF-MS method [51-54]. Quantitative
measurement of up to 14 selected metabolites representative of the methionine/folate
bi-cyclic 1C metabolome was performed by employing a previously described UHPLC-
ESI-QqQ-MS/MS method [55-57]. To measure energy metabolism-related metabolites, cell
pellets were resuspended in 200 nL methanol/water (8:2) and D4-succinic acid and then
lysed with three cycles of freezing and thawing using liquid N; and sonicated with three
cycles of 30 s. Samples were maintained in ice for 1 min between each sonication step.
Proteins were precipitated, samples were centrifuged, and supernatant was collected. After
metabolite extraction, samples were dried under N; and derivatized to rapidly form silyl
derivatives using methoxyamine hydrochloride dissolved in pyridine (40 mg/mL) and N-
methyl-N-trimethylsilyl trifluoroacetamide. We used a 7890A gas chromatograph coupled
with an electron impact source to a 7200 quadrupole time-of-flight mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA). For measuring 1C metabolites, extraction was
carried out by resuspending the cell pellets in 200 pL of methanol /water (8:2) containing
1% ascorbic acid (m/v) and 0.5% 3-mercaptoethanol (v/v). Cells were lysed using the same
lysis procedure described above; after protein precipitation, samples were centrifuged, and
the supernatants were dried under Nj and then resuspended in ultrapure water containing
50 mmol/L ammonium acetate and 0.2% formic acid. The analysis was performed with an
ultra-high pressure liquid chromatography-quadrupole time-of-light mass spectrometer
(Agilent Technologiesm, Santa Clara, CA, USA). Raw data were processed, and compounds
were detected and quantified using the Qualitative and Quantitative Analysis B.06.00
software (Agilent Technologies), respectively. Multivariate analysis was applied to pattern
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recognition, including supervised PLS-DA. The relative magnitude of observed changes
was evaluated using VIP scores. Statistical significance was set at p < 0.05. MetaboAnalyst
4.0 program (available on the web: http:/ /www.metaboanalyst.ca/ accessed on 1 June
2022) was used to generate scores/loading plots, heatmaps, and multivariate random forest
analyses [58].

2.5. Mitochondrial Function Phenotyping

Mitochondrial activity was measured in triplicate using 96-well MitoPlate™ S-1 plates
(Cat. #14105, Biolog, Hayward, CA, USA). Wells containing the different cytoplasmic and
mitochondrial metabolic substrates (1 = 31) were rehydrated with a solution containing
mitochondrial assay solution (MAS) (Biolog cat. #72303), redox dye MC (Biolog cat. #
74353), and 30 pg/mL saponin (Sigma, cat. #84510) in sterile water. Cells were washed
with PBS and resuspended in 1x Biolog MAS and added to each well at a final cell density
of 30,000 cells/well. Metabolism of substrates was assessed by monitoring colorimetric
change of the terminal electron acceptor tetrazolium redox dye at a wavelength of 590 nm
on a kinetic microplate reader (2 h).

2.6. Mitochondrial Drug Phenotyping

Responsiveness to mitochondria-centered drugs was measured using 96-well Mito-
Plate™ I-1 plates (Cat. #14104, Biolog, Hayward, CA, USA) following the manufacturer’s
instructions. Briefly, wells containing the different mitochondrial inhibitors were rehy-
drated with a solution containing redox dye MC, 30 ug/mL saponin, and 96 mmol/L
succinate (Sigma, cat. #52378) for 1 h at 37 °C. Cells were washed with PBS (1x) and
resuspended at a density of 10° cells/30 pL using 1x Biolog MAS and added to each well.
The MitoPlate™ I-1 plate was then loaded on a microplate reader for kinetic reading every
2 h. Alternatively, we omitted the saponification step and cells were cultured for 48 h in
white DMEM medium before assessing cell viability by monitoring colorimetric changes at
590 nm for 2 h.

2.7. Statistical Analysis

Results from targeted metabolomics were compared by one-way ANOVA with Dun-
nett’s multiple pair-wise comparison tests using a significance threshold of 0.05. Other
calculations including comparisons with the Mann-Whitney U test and /or correlations
were made using GraphPad Prism software 6.01 (GraphPad Software, San Diego, CA,
USA).

3. Results

To avoid the confounding effects of significant differences in genetic backgrounds
when employing non-EMT versus EMT-like cancer cell lines, or the possibility of gen-
erating “artificial phenotypes” by forced overexpression of EMT-driving transcription
factors, we took advantage of two well-characterized models of EMT generated from
mammary epithelial cells [59]. The experimental system is based on primary human
mammary epithelial cells (HMECs) with sequential retroviral-mediated expression of the
telomerase catalytic subunit (generating HMEC/hTERT cells), SV40 large T and small t
antigens (generating HMLE cells), and the oncogenic H-Ras allele H-RasV!? (generating
HMLER cells). Non-tumorigenic HMLE and tumorigenic HMLER cells were modified by
short hairpin RNA-mediated inhibition of CDH1 encoding E-cadherin, triggering EMT
and resulting in the stable acquisition of a mesenchymal phenotype with significantly
increased drug resistance [59,60]. Before using the pairs of HMLEShControl /1 EshECad
(hereinafter named HMLE/HMLE-EMT) and HMLERShControl /F{MT ERSECad (hereinafter
named HMLER/HMLER-EMT) for targeted metabolomic characterization and functional
mitochondrial phenotyping of the breast EMT program in non-tumorigenic and tumori-
genic backgrounds, we aimed to confirm the presence of their originally described EMT-like
phenotypic traits [59-61] (Figure 2).
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Figure 2. Mesenchymal and tumorigenic traits in HMLE/HMLER cells induced to undergo EMT.
(A) Left: Representative phase contrast microphotographs of HMLE and HMLER cells modified by
shRNA-mediated inhibition of the human CDH1 gene. Scale bar, 100 um. Right: Representative flow
cytometry plots of CD44 and CD24 expression in HMLE/HMLE-EMT and HMLER/HMLER-EMT
pairs (n = 3). Red dashed line indicates the distribution of the CD44*CD24~/1°% subpopulation;
percentage is indicated for each model. (B) Representative light microscope microphotographs of
tumorspheres formed by HMLER and HMLER-EMT cells growing in sphere medium for 7 days (10X
and 20X magnifications). MSFE was calculated as the number of tumorspheres (diameter > 50 um)
formed in 7 days divided by the original number of cells seeded and expressed as percentage
means + SD (1 = 5 in triplicate).

37



Cancers 2022, 14, 6214

When expanded in adherent conditions, phase contrast images confirmed that HMLE
and HMLER cells grew in monolayer culture as tightly packed epithelial clusters with typi-
cal cobblestone morphology. Knock-down of E-cadherin in HMLE-EMT cells resulted in a
more elongated shape and cell scattering in cell subpopulations that acquired a spindle-like
morphology (Figure 2A). Fluorescence-activated cell sorting (FACS) using CD44 and CD24
as markers revealed that HMLE-EMT cultures likewise contained a distinct subpopulation
of cells carrying the CD44*CD241°"/~ antigenic phenotype associated with so-called mes-
enchymal cancer stem cells (CSC) [62,63]. An extreme elongated fibroblast-like morphology
and almost complete loss of cell-cell contacts was observed in a majority of HMLER-EMT
cells. This gaining of a mesenchymally transdifferentiated phenotype was accompanied by
notorious acquisition of the CD44*CD241°/~ antigenic phenotype (Figure 2A). Because an
increase in the proportion of HMLE cells that display a mesenchymal morphology has been
reported to occur upon serial passaging (>8 weeks) [64], all the metabolomic/mitochondrial
characterizations were carried out with HMLE/HMLE-EMT and HMLER/HMLER-EMT
pairs cultured for less than 6 weeks to prevent spontaneous conversion of epithelial to
mesenchymal cells during prolonged culture. The tumorigenicity of HMLER cells was
originally confirmed by the Weinberg group following subcutaneous or orthotopic injec-
tion into the mammary glands of immunocompromised mice [61]. To verify an enhanced
tumorigenic behavior of HMLER-EMT cells, we compared the capabilities of HMLER
and HMLER-EMT cells to form multicellular “microtumors” in non-adherent and non-
differentiations conditions (i.e., tumorspheres), a property associated with the presence
of mammary stem/progenitor cells with tumor-initiating capacity [65,66]. HMLER-EMT
cells showed a highly-significant increase (>30-fold) in the tumorsphere-forming capacity
relative to HMLER parental cells (Figure 2B).

3.1. Carbon Metabolites in the Upper and Lower Chains of the Glycolytic—Gluconeogenic Reaction
Pathway Are Differentially Affected by EMT in Non-Tumorigenic and Tumorigenic Background

We utilized an in-house targeted metabolomics platform coupling gas chromatography
to quadrupole time-of-flight mass spectrometry and an electron impact source (GC-EI-
QTOEF-MS) to simultaneously measure up to 30 selected metabolites representative of
the catabolic and anabolic status of mitochondria-related metabolic nodes [51-54]. The
metabolites included representatives of glycolysis and the mitochondrial tricarboxylic
acid (TCA) cycle, in addition to other biosynthetic routes such as the pentose phosphate
pathway, amino acid metabolism, and de novo fatty acid biogenesis.

We performed a quantitative, comparative assessment of metabolites in HMLE-EMT
and HMLER-EMT cells and in HMLE and HMLER parental counterparts (Table S1). A
schematic view of the mean fold-change is presented in Figure 3 (left panels). Analysis
of significant metabolic changes occurring post-EMT revealed that the levels of glucose-
6-phosphate and fructose 1,6-bisphosphate were significantly higher in HMLE-EMT cells
than in HMLE controls. Likewise, we found a significant increase in phosphoenolpyruvate
accompanied by decreases in fructose 1,6-bisphosphate, succinate, and citrate in HMLER-
EMT cells as compared with HMLER control cells (Table S1; Figure 3, left panels).

To better analyze our findings, we embedded the metabolic data from pre-/post-EMT
pairs into a partial least squares discriminant analysis (PLS-DA) model to use the power of
metabolite abundance in group discrimination and prevent type 2 statistical errors when
analyzing data at the specific metabolite level. Metabolite-based clustering obtained by
PLS-DA using two-dimensional score plots revealed a clear, non-overlapping differen-
tiation of both HMLE-EMT and HMLER-EMT cells from HMLE and HMLER controls
(Figure 3, middle panels). To identify the metabolites with the most relevant changes
post-EMT, we calculated the variable importance of projection (VIP) scores as a measure of
the variable’s degree-of-alteration associated with the acquired EMT status: a higher VIP
score was considered more relevant in mesenchymal versus epithelial status classification.
When VIP scores > 1.5 in the PLD-DA model were chosen to maximize the difference of
metabolic profiles between post-EMT and epithelial parental counterparts, all “6-carbon”
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metabolites connecting glucose to glyceraldehyde-3-phosphate (G3P) in the upper chain
of the glycolytic—gluconeogenic reaction pathway (i.e., glucose-6-phosphate, fructose-6-
phosphate, and fructose 1,6-bisphosphate) showed the most relevant post-EMT changes
in the non-tumorigenic HMLE /HMLE-EMT pair (Figure 3, right panels). The “3-carbon”
metabolites connecting G3P to pyruvate in the lower chain of the glycolytic-gluconeogenic
pathway (i.e., 3-phospho-glycerate, phosphoenolpyruvate, and pyruvate) showed the
greatest impact by EMT in the tumorigenic HMLER/HMLER-EMT pair (Figure 3, right
panels).
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Figure 3. Bioenergetic fingerprints of non-tumorigenic and tumorigenic EMT (I). Left panels: Bioen-
ergetic metabolites from non-tumorigenic HMLE-EMT and tumorigenic HMLER-EMT mesenchymal
cells were extracted and quantitatively analyzed by GC-EI-QTOF-MS and compared with those in
non-tumorigenic HMLE and tumorigenic HMLER parental counterparts. Significantly increased and
decreased metabolites (EMT vs. epithelial controls) are shown using brown-red and light blue-dark
blue color scales, respectively. Middle panels: Two-dimensional score plots of the partial least square
discriminant analysis (PLS-DA) models of the GC-EI-QTOF-MS-based bioenergetic metabolomic
profiling of HMLE/HMLE-EMT and HMLER/HMLER-EMT cells. The X and Y axes represent the
combinations of the different bioenergetic metabolites analyzed, showing the maximum separation
between groups. Right panels: Key bioenergetic metabolites separating the metabolomic profiles of
HMLE/HMLE-EMT and HMLER/HMLER-EMT cells based on variable importance in projection
(VIP) in PLS-DA analysis described in the middle panels. The VIP score, which is calculated as a
weighted sum of the squared correlations between PLS-DA components and the original variable,
summarizes the contribution of the metabolites” importance in the PLS-DA model. The number
of terms in the sum depends on the number of PLS-DA components found to be significant in
distinguishing the classes.

We next constructed two-dimensional PLS-DA models to simultaneously view how
the clusters of HMLE, HMLER, HMLE-EMT, and HMLER-EMT cells behaved based on the
similarity of their patterns of bioenergetic/anabolic metabolites. Whereas parental HMLE
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and HMLER cells grouped separately but closely, the EMT process was associated with
changes in metabolite levels in such a manner that data samples from non-tumorigenic
HMLE-EMT and tumorigenic HMLER-EMT cells mapped far apart (Figure 4, top panels).
We then generated PLS-DA variable loading plots to evaluate how strongly each metabolic
trait influenced a principal component. Taking a value >0.4 to indicate strong loading,
phosphoenolpyruvate, fumarate, and 3-phosphoglycerate explained the separation between
the groups in principal component 1, whereas leucine, 6-phospho-gluconate, and fructose-
1,6-bisphosphate explained the separation between the groups in principal component 2

(Figure 4, top panels).
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Figure 4. Bioenergetic fingerprints of non-tumorigenic and tumorigenic EMT (II). Top panels: PLS-
DA showing four clusters and loading plots based on targeted bioenergetic metabolite profile data
derived from HMLE/HMLE-EMT and HMLER/HMLER-EMT cells. Bottom panels: Heatmap
visualization, hierarchical analyses, and random forest analysis, of the bioenergetic metabolome
of HMLE/HMLE-EMT and HMLER/HMLER-EMT cells. Rows: metabolites; columns: samples;
color key indicates metabolite expression value (blue: lowest; red: highest). The list of the first
15 bioenergetic metabolites highlighted by their mean decrease accuracy value is presented for each
cell model. Mean decrease accuracy is the measure of the performance of the model without each
metabolite. A higher value indicates the importance of such metabolite in predicting each cell line
group; removal of that metabolite causes the models to lose accuracy in prediction.
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To further explore the metabolites discriminating between epithelial and EMT states,
the standardized metabolite concentrations were represented in a heatmap for unsupervised
clustering. Changes in catabolic and anabolic metabolites segregated epithelial cells from
EMT-activated cells irrespective of their background (Figure 4, bottom panels). Indeed,
epithelial-to-EMT sample variation was clearly discernible, and the grouped metabolic
differences (upper and bottom clusters) were also visible. To evaluate how much accuracy
the model loses by excluding each metabolite, we constructed a mean decrease accuracy
plot to infer which metabolites were more important for the successful epithelial versus
EMT classification. Results showed that 3-hydroxybutyrate, fructose 6-phosphate, fructose
1,6-bisphosphate, phosphoenolpyruvate, and 6-phosphogluconate exhibited the highest
values of mean decrease accuracy (or mean decrease Gini score), and therefore were of
greater importance in the epithelial versus EMT model (Figure 4, bottom panels). Using
a metabolite—-metabolite Pearson correlation approach, we noted the occurrence of two
distinct EMT-related clusters formed from the pool of quantified metabolites in the heat
map (Figure S1, left panel).

3.2. One Carbon (1C) Metabolites Informing SAM/SAH (re)Methylation and/or Transsulfuration
Activities Are Differentially Affected by EMT in Non-Tumorigenic and Tumorigenic Backgrounds

We applied a second inhouse targeted metabolomics platform using ultra-high pres-
sure liquid chromatography coupled to an electrospray ionization source and a triple-
quadrupole mass spectrometer (UHPLC-ESI-QqQ-MS/MS) [55-57] to quantitatively ex-
amine how the folate/methionine bicyclic 1C metabolome might be altered by EMT in
non-tumorigenic and tumorigenic breast epithelial cells.

A quantitative, comparative assessment of 1C metabolite concentrations in HMLE-
EMT and HMLER-EMT cells and in HMLE and HMLER parental counterparts is shown in
Table S2, and a schematic view of the mean fold changes in 1C metabolite concentrations is
presented in Figure 5 (left panels). Analysis of significant 1C metabolic changes occurring
post-EMT revealed that the EMT process caused a significant build-up of methionine and
homocysteine, accompanied by decreases in 5-adenosyl-methionine (SAM), 5-adenosyl-
homocysteine (SAH), and cystathionine in HMLE-EMT cells when compared with HMLE
control cells. Conversely, a significant elevation of SAM, SAH, and cystathionine, was
found in HMLER-EMT cells when compared with HMLER control cells (Table S2; Figure 5,
left panels). Sample clustering patterns provided by PLS-DA showed a clear separation
of both HMLE-EMT and HMLER-EMT cells from HMLE and HMLER controls (Figure 5,
middle panels). Considering VIP scores > 1.5 in the PLD-DA model to maximize the
difference in 1C metabolic profiles between post-EMT and epithelial parental cells, SAM
and homocysteine showed the most relevant post-EMT alterations in the non-tumorigenic
HMLE/HMLE-EMT pair, and SAH, cysteine, SAM, and NADH were the subset of 1C
metabolites most strongly affected by EMT in the tumorigenic HMLER/HMLER-EMT pair
(Figure 5, right panels).

Two-dimensional PLS-DA models simultaneously informing about the behavior of
HMLE, HMLER, HMLE-EMT, and HMLER-EMT clusters based on the similarity of their 1C
metabolite patterns revealed that the EMT process associated with changes in 1C metabolite
levels in such a manner that data samples from non-tumorigenic HMLE-EMT and tumori-
genic HMLER-EMT cells apparently mapped far apart (Figure 6, top panels). Loading
plots >0.4 to weigh how strongly each 1C metabolic trait influenced a principal component
revealed that homocysteine and serine largely explained the separation between the groups
in principal component 1, whereas SAH, NADH, and cysteine explained the separation
between the groups in principal component 2 (Figure 6, top panels). Unsupervised hierar-
chical clustering analysis revealed that variations in 1C metabolites segregated epithelial
versus EMT cells irrespective of their non-tumorigenic/tumorigenic background (Figure 6,
bottom panels). Similar to the bioenergetic/anabolic metabolites, epithelial-to-EMT sample
variation was clearly discernible in terms of 1C metabolites, and the grouped metabolic
differences (upper and bottom clusters) were also discernible. SAH, cystathionine, and cys-
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and, therefore, were of greater importance in the epithelial versus EMT model (Figure 6,
bottom panels). Two distinct EMT-related clusters formed from the pool of quantified 1C
metabolites in the heat map were observed when using a metabolite-metabolite Pearson
correlation approach (Figure S1, right panel).
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Figure 5. Homocysteine-methionine 1C metabolism fingerprints of non-tumorigenic and tumorigenic
EMT (I). Left panels: Homocysteine-methionine 1C metabolites from non-tumorigenic HMLE-EMT
and tumorigenic HMLER-EMT mesenchymal cells were extracted and quantitatively analyzed by
UHPLC-ESI-QqQ-MS/MS and compared with those of non-tumorigenic HMLE and tumorigenic
HMLER parental counterparts. Significantly increased and decreased metabolites (EMT vs. epithelial
controls) are shown using brown-red and light blue-dark blue color scales, respectively. Middle
panels: Two-dimensional score plots of the partial least square discriminant analysis (PLS-DA) mod-
els of the UHPLC-ESI-QqQ-MS/MS-based homocysteine-methionine 1C metabolomic profiling of
HMLE/HMLE-EMT and HMLER/HMLER-EMT cells. The X and Y axes represent the combinations
of the different 1C metabolites analyzed, showing the maximum separation between groups. Right
panels: Key 1C metabolites separating the homocysteine-methionine 1C metabolomic profiles of
HMLE/HMLE-EMT and HMLER/HMLER-EMT cells based on variable importance in projection
(VIP) in PLS-DA analysis described in the middle panels. The VIP score, which is calculated as a
weighted sum of the squared correlations between PLS-DA components and the original variable,
summarizes the contribution of the metabolites” importance in the PLS-DA model. The number
of terms in the sum depends on the number of PLS-DA components found to be significant in
distinguishing the classes.
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Figure 6. Homocysteine—-methionine 1C metabolism fingerprints of non-tumorigenic and tu-
morigenic EMT (II). Top panels: PLS-DA showing four clusters and loading plots based on tar-
geted homocysteine-methionine 1C metabolite profile data derived from HMLE/HMLE-EMT and
HMLER/HMLER-EMT cells. Bottom panels: Heatmap visualization, hierarchical analyses, and
random forest analysis of the homocysteine-methionine 1C metabolome of HMLE/HMLE-EMT and
HMLER/HMLER-EMT cells. Rows: metabolites; columns: samples; color key indicates metabolite
expression value (blue: lowest; red: highest). The list of the first 15 homocysteine-methionine 1C
metabolites highlighted by their mean decrease accuracy value is presented for each cell model. Mean
decrease accuracy is the measure of the performance of the model without each metabolite. A higher
value indicates the importance of such metabolite in predicting each cell line group; removal of that
metabolite causes the models to lose accuracy in prediction.

3.3. Mitochondrial Functioning in the Breast Cancer EMT Program Involves Changes in the
Utilization of Pathway-Specific Substrates

We next employed MitoPlate™ technology, a novel phenotypic metabolic array, to
measure the rates of production of NADH and FADH, from 31 potential mitochondrial
energy substrates (https:/ /www.biolog.com/products-portfolio-overview /mitochondrial-
function-assays/ 1 December 2022) (Figure 7).
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Figure 7. Mitochondrial functioning of non-tumorigenic and tumorigenic EMT. (A) Mitochondrial
phenotyping of HMLE/HMLE-EMT and HMLER/HMLER-EMT cells using mitochondrial func-
tion assays with Biolog MitoPlate S-1 (1 = 3). (B) Top: Representative heatmap of the metabolic
substrate consumption (2 h) of fatty acids, glycolysis, amino acids, and TCA cycle intermediates in
HMLE/HMLE-EMT and HMLER/HMLER-EMT cells (1 = 3). Bottom: Representative reduction
dynamics of the dye over time measured as absorbance at 590 nm for 2 h at 5-min intervals (1 = 3).
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By using saponin-permeabilized cells and a redox dye added to 96-well microplates
containing triplicate samples of a panel of substrates (Figure 7A), we assayed the mitochon-
drial function of HMLE/HMLE-EMT and HMLER/HMLER-EMT pairs by measuring the
rates of dye reduction from electrons flowing through the ETC from substrates whose oxida-
tion produces NADH (e.g., pyruvate, L-malate, x-ketoglutarate, D-isocitrate, L-glutamate,
D-B-hydroxy-butyrate) or FADH, (e.g., succinate, x-glycerol-3-P). Cytoplasmic substrates
included glucose, glycogen, glucose-1-P, glucose-6-P, gluconate-6-P, glycerol-P, and lactic
acid; TCA cycle substrates included pyruvic acid, citric acid, isocitric acid, aconitic acid,
a-ketoglutaric acid, B-hydroxybutyric acid, glutamic acid, glutamine, alanine—-glutamine,
serine, ornithine, tryptamine, and malic acid; and other mitochondrial substrates included
acetyl-carnitine + malic acid, octanoyl-carnitine + malic acid, palmitoyl-carnitine + malic
acid, pyruvic acid + malic acid, amino-butyric acid + malic acid, ketoisocaproic acid + malic
acid, leucine + malic acid.

The electrons donated to complex I or complex II travel to the distal end of the ETC
where a tetrazolium redox dye acts as a terminal electron acceptor and changes from color-
less to a purple formazan upon reduction. Thus, each of the 96 assays concurrently run in
the MitoPlate S-1™ provides different information as substrates follow different metabolic
routes using various transporters to enter the mitochondria, and different dehydrogenases
to produce NADH or FADH,. Heatmap analysis of the metabolic substrate consumption
in HMLE/HMLE-EMT and HMLER/HMLER-EMT pairs is presented in Figure 7B. Results
revealed a significant augmentation in the utilization of TCA cycle substrates such as
cis-aconitic acid, fumaric acid, and succinic acid, in both non-tumorigenic HMLE-EMT
and tumorigenic HMLER-EMT cells. Both HMLE-EMT and HMLER-EMT cells utilized
other substrates including lactic acid and malic acid-containing combinations such as malic
acid + the fatty acid ester palmitoyl—carnitine and malic acid + pyruvic acid, with the latter
particularly utilized by mitochondria of HMLER-EMT cells.

3.4. Execution of the EMT Program in a Tumorigenic Background Promotes Resistance to
Mitochondrial Complex III Inhibitors

Finally, we explored whether and how EMT execution modified the sensitivity of
HMLE/HMLE-EMT and HMLER/HMLER-EMT pairs to mitochondrial-centered poisons.
To do this, we used the MitoPlate™ I-1, which can measure the sensitivity of mitochondria
to 22 diverse mitochondrial inhibitors that directly or indirectly inhibit the ETC. These
included complex I inhibitors (rotenone, pyridaben, phenformin), complex II inhibitors
(malonate and carboxin), complex III inhibitors (antimycin A and myxothiazol), uncoupling
agents (trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) and 2,4-dinitrophenol),
ionophores (valinomycin and calcium chloride), and other chemicals (gossypol, nordihy-
droguaiaretic acid, polymyxin B, amitriptyline, meclizine, berberine, alexidine, diclofenac,
celastrol, trifluoperazine, and papaverine).

We first omitted the saponification step to convert a mitochondrial function assay into
a conventional chemotherapeutic screen, and we measured the effects of the agents (each
at four graded concentrations) via assessment of tetrazolium dye-based cell viability 48 h
after initiation of drug treatment. After normalization of the optical density at 590 nm
(purple color) obtained with each agent to those of the (no-drug) positive-control wells
included in the MitoPlate™ I-1 plate, a qualitative overview of the fold change results
showed that several mitochondrial agents (e.g., amitriptyline, alexidine, diclofenac, celas-
trol) indiscriminately reduced viability of all cell types irrespective of the non-EMT/EMT
phenotype or non-tumorigenic/tumorigenic background when compared with no-drug
controls (Figure 8A). To quantify the occurrence of EMT-related changes in responsive-
ness to mitochondrial agents, we also calculated a comparison score as the absolute ratio
between the EMT and non-EMT parental counterparts (Figure 8B).
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Figure 8. Responsiveness of non-tumorigenic and tumorigenic EMT to mitochondrial-centered drugs.
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Representative phenetic maps of HMLE/HMLE-EMT and HMLER/HMLER-EMT cells growing in
the presence of graded concentrations of mitochondria-centered drugs during 48 h, generated after
normalization of the optical density values of each drug concentration at 590 nm (purple color) to
those of the positive-control wells included in the MitoPlate™ I-1 plates (A) or calculating the absolute
ratio between the optical densities at 590 nm of HMLE (=1.0) vs. HMLE-EMT and HMLER (=1.0)
vs. HMLER-EMT cells (1 = 3) (B,C) Representative phenetic maps of the 2 h (top) and 4 h (bottom)
mitochondrial activity in saponin-permeabilized HMLE/HMLE-EMT and HMLER/HMLER-EMT
cells in the presence of succinate and complex I, II, and III inhibitors (1 = 3).

Non-tumorigenic HMLE-EMT cells were slightly more sensitive than HMLE controls
to the anti-emetic meclizine, whereas HMLER-EMT cells were (at least 1.5-fold) more
sensitive than epithelial HMLER counterparts to the natural phenol gossypol, the phe-
nolic lignan nordihydroguaiaretic acid (NDGA), and the antipsychotic phenothiazine
trifluoperazine. Remarkably, HMLER-EMT cells were significantly more resistant than
HMLER counterparts to the complex III inhibitors antimycin A and myxothiazol, and to the
ionophore valinomycin. HMLER-EMT cells were also partly resistant to the FDA-approved
drug papaverine, an inhibitor of mitochondrial complex I that was highly cytotoxic against
HMLE, HMLE-EMT, and HMLER cells.

As resistance phenotypes to complex III inhibitors in 48 h lasting cytotoxic assays
can be argued to arise from adaptive metabolic reprogramming leading to activation of
pro-survival processes, we decided to directly assess mitochondrial function in saponin-
permeabilized cells using succinate as substrate (Figure 8C). A metabolic substrate that
feeds complex II such as succinate will result in a strong flow of electrons via succinate
dehydrogenase, which is expected to be inhibited by complex II and III (antimycin A and
myxothiazol) inhibitors but not complex I blockers. A saponin concentration of 30 pug/mL
has been shown to efficiently permeabilize cell membrane and abolish glucose metabolism
without promoting any significant alteration of the mitochondrial metabolism of substrates
such as malate and succinate [67]. Validation of the assay in the presence of succinate
confirmed a lack of activity of the complex I inhibitors rotenone and pyridaben regardless
of the presence or absence of the EMT phenotype. When compared to HMLER parental
cells, HMLER-EMT mitochondria were slightly more resistant to the highest concentrations
of the complex II inhibitors malonate and carboxin and highly refractory to complex IIT
blockade by antimycin A and myxothiazol (Figure 8C).

4. Discussion

The coupled cell fate decision-making processes of metabolism and EMT can be
viewed as a key contributor to cancer therapy resistance, tumor immune evasion, and
metastasis [68,69]. Our present analysis reveals significant differences in bioenergetic/1C
metabolic signatures, utilization of preferred mitochondrial substrates, and sensitivity to
mitochondrial drugs when EMT is executed in non-tumorigenic and tumorigenic back-
grounds.

We first explored whether the use of central cytosolic/mitochondrial metabolic nodes
differ between human breast epithelial cells engineered to acquire a mesenchymal pheno-
type in the absence or presence of the H-Ras¥!? oncogene—a well-recognized driver of the
cancer metabolic landscape [70,71]. Targeted analysis revealed that “upper” and “lower”
glycolysis appear to work at different rates upon EMT activation in non-tumorigenic and
H-RasV!2-driven tumorigenic backgrounds. Indeed, 6-carbon molecules in the “upper”
chain of the glycolytic-gluconeogenic reaction pathway, which connects glucose to G3P,
were those most affected by EMT activation in a non-tumorigenic background. Because the
concentration of fructose-1,6-bisphosphate mirrors glycolytic flux [72], our data support a
scenario wherein the metabolic reprogramming accompanying EMT in a non-tumorigenic
background likely involves changes in upper glycolytic enzymes controlling both glycolytic
flux and metabolite levels. Conversely, 3-carbon molecules in the “lower” reaction chain
in the same glycolytic pathway—also known as the “trunk pathway” connecting G3P to
pyruvate—were the most significantly affected upon EMT activation in a tumorigenic back-
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ground. Because enzyme steps in lower glycolysis do not control pathway flux but carry
a higher flux than any biochemically-possible alternative [73], the massive accumulation
of phosphoenolpyruvate in tumorigenic EMT cells might reflect their ability to decouple
ATP production from phosphoenolpyruvate-mediated phosphotransfer [74], which can act
through feedback mechanisms to inhibit glycolysis, thereby allowing for the high rate of
glycolysis to support anabolic metabolism.

Examination of the homocysteine-methionine 1C cycle, a metabolic sensor system
controlling methylation-regulated pathological signaling [75-77], revealed differential
changes upon EMT activation in non-tumorigenic and tumorigenic backgrounds. The
demethylation pathway generates the universal methyl group donor SAM and the methy-
lation inhibitor SAH, whereas the remethylation pathway converts homocysteine back
into methionine by receiving a methyl group from the folate cycle or from choline /betaine
metabolism via methionine synthase or via betaine-homocysteine methyltransferase, re-
spectively. Homocysteine is the sulfur-containing precursor that is ultimately channeled
to the transsulfuration pathway via conversion to another sulfur-containing amino acid,
cysteine, through cystathionine. Accordingly, the evident accumulation of homocysteine in
non-tumorigenic HMLE-EMT cells should result from a decrease in its utilization, from
altered remethylation to methionine and/or impaired transsulfuration activity [76,77].
The impairment in remethylation and transsulfuration pathways that accompanies non-
tumorigenic EMT was characterized not only by the accumulation of homocysteine, but
also by the depletion of SAM, cystathionine, and cysteine. Intriguingly, a completely differ-
ent functioning of the homocysteine-methionine 1C cycle appears to occur when EMT is
activated in a H-Ras¥12-driven oncogenic background. The observed increase in SAM, SAH,
and cystathionine in HLMER-EMT cells strongly suggests an augmented transmethylation
activity of SAM, whose elevation is known to increase the catalytic activity of cystathionine-
-synthase—the first and rate-limiting enzyme in the transsulfuration pathway [78]. The
differential activation and maintenance of methylogenesis and SAM:homocysteine ratios
might underlie dynamic and reversible changes in the DNA methylome of EMT cells,
an epigenetically conserved mechanism contributing to cellular transformation, tumoral
progression, and therapy resistance [79-81]. Because the transsulfuration pathway is a
highly plastic emergency response mechanism for maintaining cysteine pools and redox
homeostasis in harsh tumor microenvironments, it is tempting to speculate that its function-
ing may enable tumorigenic EMT cells to circumvent nutrient scarcity and high oxidative
stress, and to evade drug-induced cell death [76,77,82]. Nonetheless, we acknowledge that
one major limitation of the steady-state metabolomic approach employed here is that it
does not allow us to discern whether the observed changes in metabolites are causally
associated with changes in production or utilization. Metabolic flux experiments utilizing
13C-labeled carbon, glutamine, serine, and methionine tracers will be needed as a next
step to elucidate the nature of the observed changes within the glycolytic pathway and the
methionine-homocysteine 1C cycle in non-tumorigenic and tumorigenic EMT cells.

We next performed functional mitochondrial phenotyping to test epithelial and EMT-
activated cells for their ability to utilize bioenergetic substrates. We observed that lactate
could support mitochondrial energy production in non-tumorigenic and tumorigenic EMT
cells but not in their epithelial counterparts. For many years, lactate had been seen as
a metabolic waste product of glycolytic metabolism; however, an ever-growing body of
evidence has revealed novel roles of lactate in the tumor microenvironment, either as a
signaling molecule or as a metabolic fuel [83-86]. In the latter regard, tumorigenic EMT cells
were notably capable of utilizing not only lactate as a mitochondrial fuel but also the glycol-
ysis end-product pyruvate when simultaneously provided with an additional exogenous
substrate such as malic acid. Indeed, not only were high-energy glycolysis end-products
utilized at significantly higher rates in EMT cells than in non-EMT cells, but the same
was true for the mitochondrial B-fatty acid oxidation (FAO) substrate palmitoyl-carnitine.
Mitochondrial FAO has recently been described as a druggable metabolic “gateway” that
is activated for EMT cell-state transitions to occur [87]. Previous findings using intact
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cells revealed that EMT is accompanied by a metabolic infrastructure that enables the
scavenging and catabolization of high-energy nutrients such as pyruvate and lactate and
the ketone body (and mitochondrial 3-oxidation substrate) 3-hydroxybutyrate, supporting
mitochondrial energy production [88]. We confirm that the mitochondrial phenotype of the
EMT phenomenon might constitute an efficient adaptive strategy through which lactate
and pyruvate can effectively substitute for glucose as efficient mitochondrial substrates,
thereby providing a bioenergetic advantage in hostile microenvironmental conditions in-
volving nutrient starvation. Although it is well established that tumor cells can take-up and
oxidize lactate as a fuel under metabolically stressful circumstances when glucose becomes
limited [89,90], there is controversy as to whether lactate must first be converted to glucose
via gluconeogenesis. The Biolog MitoPlate S-1™ assay directly measures electron flow
into and through the ETC from various mitochondrial substrates that produce NADH and
FADH,; under conditions of saponin permeabilization. Notably, saponin permeabilizes
only the plasma membrane, leaving the intracellular membranes of the mitochondria intact
while equilibrating the intracellular spaces with incubation medium [67,91]. Our findings,
therefore, support the notion that lactate could be imported and converted into pyruvate
inside mitochondria to directly feed the TCA cycle in EMT cells.

Finally, we used a modified version of the MitoPlate I-1™ assay to carry out cyto-
toxic screenings and test the notion that mitochondria-centered metabolic reprogramming
is necessary for the survival of EMT cells. With the exception of a slightly augmented
sensitivity to meclizine, an antiemetic that indirectly attenuates mitochondrial respira-
tion by targeting cytosolic phosphoethanolamine metabolism [92,93], EMT activation in
a non-tumorigenic background had no phenotypic (cell viability) consequences in terms
of altered responsiveness to mitochondrial poisons. By contrast, tumorigenic EMT cells
showed enhanced sensitivity to several agents, including gossypol, a naturally occurring
mitochondrial aldehyde dehydrogenase inhibitor extracted from a cotton plant [94,95],
the phenolic lignan NDGA, which promotes mitochondrial depolarization by targeting
glutathione oxidation [96-99], and the antipsychotic trifluoperazine, an inhibitor of mito-
chondrial permeability transition [100]. Intriguingly, we found an unanticipated resistance
to the mitochondrial complex III inhibitors antimycin A and myxothiazol upon EMT ac-
tivation in a tumorigenic background. Mitochondrial complex I and II donate electrons
to ubiquinone, resulting in the generation of ubiquinol and the regeneration of the NAD*
and FAD cofactors, whereas complex III oxidizes ubiquinol back to ubiquinone. This raises
the question of how tumorigenic EMT phenomena circumvent the cytotoxic effects of
blockade of mitochondrial ubiquinol oxidation imposed by complex III inhibitors. Because
mitochondrial thioredoxin reductase (TrxR2) can reduce cytochrome c to promote resistance
to complex III inhibition upon both antimycin A and myxothiazol treatment [101], it is
possible that the complex IlI-bypassing function of TrxR2 might play a cytoprotective role
in tumorigenic EMT cells. However, it has recently been reported that the essential function
of mitochondrial complex III for tumor growth is ubiquinol oxidation and not its ability to
proton pump or donate electrons to the downstream electron carrier cytochrome c [102].
In this line, we found that tumorigenic EMT cells show enhanced utilization of succinate,
which might be consistent with an enhanced complex II activity and an over-reduction
of the ubiquinone pool, thereby driving electrons backwards into complex I in a process
known as reverse electron transport (RET). In the latter regard, it should be noted that a
significant alteration in the electron flow intensity from succinate to mitochondrial complex
IT and IIT was indirectly confirmed in saponin-permeabilized tumorigenic EMT cells, in
which the mitochondria functioning exhibited partial resistance to respiratory complex
IT inhibitors and a highly significant refractoriness to complex III inhibitors. Whether
succinate-energized mitochondria enabling an enhanced NADH/NAD" cycling, the acti-
vation of RET, and/or changes to the structure and organization of the ETC can explain
the augmented resistance to complex III inhibition in tumorigenic EMT cells requires fur-
ther study [103]. Because altered sensitivity to ionophores perturbing ion homeostasis
affects not only mitochondrial functions but also other cellular processes ranging from
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vacuolar function, through translation to stress responses [104], the acquired resistance of
tumorigenic EMT cells to valinomycin is likely pleiotropic and multi-faceted.

5. Conclusions

Metabolic rewiring, mitochondria functioning, and EMT cooperate to regulate cell fate
in non-cancer scenarios such as induced pluripotency [105]. The close cooperation between
EMT induction and an active form of RAS is sufficient to trigger malignant transforma-
tion of mammary epithelial cells including the acquisition of stem cell-like traits [106,107].
The interdependence of metabolism and EMT also suggests that repurposed metabolic in-
hibitors could be considered as novel therapeutic interventions for blocking EMT-associated
metabolic traits that can trigger cancer recurrence [108]. Our present description of a dis-
tinctive landscape of metabolic traits in non-tumorigenic and tumorigenic EMT suggests
not only context-specific supportive bioenergetic roles, but likely also instructive roles in
determining and maintaining cell fate decisions. Moreover, our findings strongly opine
that yet undefined links between metabolism and EMT could compromise the efficacy of
metabolic therapies in breast cancer. Accordingly, mitochondrial phenotypes should be
carefully evaluated when aiming to use mitochondria-targeting drugs to target EMT-driven
biological aggressiveness and therapeutic resistance in breast cancer.
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Simple Summary: Standard neoadjuvant chemotherapy, based on taxanes and anthracyclines, makes
conservative treatment of breast cancer possible and it allows for the evaluation of the tumor response
in terms of achieving pathological complete response. Whereas hypoxia participates in carcinogenesis,
resulting in less differenced tumor cells and poorer prognosis, HIF-1x could be predictive of the
tumor response to treatment. Nonetheless, very few studies have evaluated the predictive value of
HIF-1a in breast cancer in patients receiving neoadjuvant chemotherapy.

Abstract: To demonstrate the value of hypoxia-inducible factor-1 (HIF-1e) in predicting response in
patients with breast cancer receiving standard neoadjuvant chemotherapy (NAC). Methods: Ninety-
five women enrolled in two prospective studies underwent biopsies for the histopathological diagno-
sis of breast carcinoma before receiving NAC, based on anthracyclines and taxanes. For expression
of HIF-1x, EGFR, pAKT and pMAPK, tumor samples were analyzed by immunohistochemistry in
tissues microarrays. Standard statistical methods (Pearson chi-square test, Fisher exact test, Kruskal-
Wallis test, Mann-Whitney test and Kaplan-Meier method) were used to study the association of
HIF-1oc with tumor response, survival and other clinicopathologic variables/biomarkers. Results:
HIF-1o expression was positive in 35 (39.7%) cases and was significantly associated to complete
pathological response (pCR) (p = 0.014). HIF-1o expression was correlated positively with tumor
grade (p = 0.015) and Ki-67 expression (p = 0.001) and negativity with progesterone receptors (PR)
(p = 0.04) and luminal A phenotype expression (p = 0.005). No correlation was found between HIF-1«
expression and EGFR, pAKT and pMAPK. In terms of survival, HIF-1x expression was associated
with a significantly shorter disease-free survival (p = 0.013), being identified as an independent
prognostic factor in multivariate analysis. Conclusions: Overexpression of HIF-1« is a predictor of
PCR and shorter DFS; it would be valuable to confirm these results in prospective studies.

Keywords: hypoxia-inducible factor 1; breast cancer; neoadjuvant chemotherapy; prognostic factor;
pathological complete response
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1. Introduction

Standard neoadjuvant chemotherapy (NAC), based on a schedule of anthracyclines
and taxanes, is the treatment of choice for locally advanced breast tumors and inflammatory
carcinomas [1]. The administration of NAC not only makes conservative treatment possible,
but also precision medicine according to its efficacy [1] and the evaluation of the pathologic
response of the tumor in terms of achieving pathologic complete response (pCR) with
rates ranging from 3% to 48% and a partial response with a rate of 61.2% [2,3]. It has been
shown that pCR is a prognostic factor for disease-free survival (DFS) and overall survival
(OS) [4,5], probably because it reflects the eradication of micrometastatic disease [5]. For
this reason, predictive markers of response identification have been a topic of study for a
long time; estrogen (ER) and progesterone receptors (PR) and human epidermal growth
receptor 2 (HER2) status are the best known of these markers.

Multiple factors affect cancer development [6,7]. When a situation of hypoxia devel-
ops in the tumor microenvironment during the process of neoplastic progression, cells
with more aggressive tumor phenotypes, higher mutation rates and increased metastatic
potential are selected [8]. The HIF-1« (hypoxia-inducible factor 1«) transcription factor
seems to be the key molecular complex in the cellular response to hypoxia [8,9]. Further-
more, the synthesis of HIF-1a can be regulated for other mechanisms, independent of
tissue oxygenation, across activation of the phosphatidylinositol 3-kinase (PI3K/AKT) and
mitogen-activated protein kinase (Ras/Raf/MAPK) pathways [10,11]. These pathways can
be activated by receptors with tyrosine kinase activity, such as the epidermal growth factor
receptor (EGFR) [12].

Several studies have examined the role of HIF-1«x as a prognosis factor in breast cancer
and have associated HIF-1«x overexpression with shorter DFS and OS [13]. However, little
is known about the predictive value of HIF-1«x response in breast cancer. To date, few
published papers have demonstrated the relation between HIF-1x overexpression and
PCR after treatment with NAC based on anthracyclines and taxanes. The objectives of
our study were to demonstrate the value of HIF-1x in predicting response in patients
diagnosed with breast cancer and given an NAC schedule of anthracyclines and taxanes, to
study the relation between HIF-1x overexpression and other clinicopathologic variables of
well-established predictive value and, finally, to study the intracellular signaling pathways
involved in HIF-1x regulation and to analyze the potential prognostic value of HIF-1«x.

2. Materials and Methods
2.1. Patients and Treatment Management

The study included 95 patients diagnosed with stage II-III breast cancer who re-
ceived neoadjuvant chemotherapy at Complejo Hospitalario de Jaén. All patients were
participants in two prospective phase 2 studies. In study A, 73 patients received 3 cycles
of epirubicin (90 mg/m?) and cyclophosphamide (600 mg/m?), followed by 6 cycles of
paclitaxel (150 mg/ m?2) and gemcitabine (2500 mg/ m?), with or without trastuzumab
(2 mg/kg/week, with a loading dose of 4 mg/kg) in accordance with HER?2 status [14]. In
study B, 22 patients received 4 cycles of doxorubicin (60 mg/m?) and cyclophosphamide
(600 mg/ m?) followed by 4 cycles of docetaxel (100 mg/ m?) [15]. Previous axillar status to
chemotherapy was firstly evaluated using sonography. Suspicious cases were confirmed
by needle core biopsy. All women underwent surgery after cytostatic treatment. Modified
radical mastectomy or conservative surgery was performed according to surgeons’ criteria.
Patients with cNO were submitted to axillary intraoperative study through sentinel lymph
node biopsy. Axillary lymphadenectomy was performed in cN+ patients. Patients who
underwent conservative surgery also received radiotherapy. All patients with hormone-
receptor-positive tumors were treated with hormonal therapy for 5 years. The median
follow-up of patients was 7.4 years. The patients’ characteristics are shown in Table 1.
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Table 1. Clinicopathologic characteristics of patients.

Characteristics

Number of Cases (%)

Age at diagnosis (years)

<40 9 (20%)
4049 8 (40%)
50-59 18 (18.9%)
>60 0 (21.1%)
Mean 20 (21.1%)
Range 27-74
Pretreatment tumor size (cm)
1-19 4(4.2%)
2-29 22 (23.2%)
3-39 22 (23.2%)
4-49 17 (17.9%)
>4.9 23 (24.2%)
Not measurable 7 (7.4%)
Histological type
Ductal infiltrating 72 (75.8%)
Lobular infiltrating 9 (9.5%)
Inflammatory 6 (6.3%)
Mucinous 6 (6.3%)
Mixed 2 (2.1%)
Histological grade
1 20 (21%)
2 37 (39%)
3 34 (35.8%)
Not evaluable 4 (4.2%)
Clinical TNM at diagnosis
T
T1 6 (6.3%)
T2 62 (65.3%)
T3 16 (16.8%)
T4 8 (8.4%)
Tx 3(3.2%)
N
NO 34 (35.8%)
N1 46 (48.4%)
N2 15 (15.8%)
N3 0 (0%)
Nx 0 (0%)
M
MO 95 (100%)
M1 0 (0%)
Clinical stage
A 32 (33.7%)
1B 31 (32.6%)
IITA 21 (21.1%)
IIB 8 (8.4%)
Not evaluable 3(3.2%)
ER
>10% 69 (72.6%)
<10% 25 (26.3%)
Not evaluable 1(1.1%)
Count > 3 71 (74.7%)
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Table 1. Cont.

Characteristics Number of Cases (%)
Count <3 23 (24.2%)
Not evaluable 1(1.1%)

PR
>10% 54 (56.8%)
<10% 40 (42.1%)
Not evaluable 1(1.1%)
Count > 3 58 (61.1%)
Count <3 36 (37.1%)
Not evaluable 1(1.1%)
HER2
Positive 20 (21.1%)
Negative 72 (75.8%)
Not evaluable 3(3.1%)
Ki-67
>20% 38 (40%)
<20% 56 (58.9%)
Not evaluable 1(1.1%)
Phenotype
Basal 13 (13.7%)
HER2 20 (21%)
Luminal A 31 (32.6%)
Luminal B 28 (29.5%)
Not evaluable 3(3.2%)
Type of surgery
Conservative 38 (40%)
Not conservative 56 (58.9%)
Not evaluable 1(1.1%)
Pathological response (M&P)
Grade 1 8 (8.4%)
Grade 2 22 (23.1%)
Grade 3 28 (29.5%)
Grade 4 17 (17.9%)
Grade 5 (pCR) 20 (21.1%)

Abbreviations: ER, estrogen receptor; PR, progesterone receptor.

2.2. Histology and Response Pathological Evaluation

Histological examinations were performed on slides stained by hematoxylin-eosin
from those that were paraffin embedded. Histological grade was determined according
to the modified Bloom-Richardson classification [16]. pCR was defined as the absence of
invasive carcinoma in the breast and lymph nodes according to the Miller-Payne criteria.
Additionally, the single presence of carcinoma in situ was equally considered as pCR [17].

2.3. Tissue Microarray Construction

Hematoxylin-and-eosin-stained sections from core biopsies (pretreatment) and surgi-
cal specimens (post-treatment) were marked on individual paraffin blocks. Two tissue cores
(1.5 mm in diameter) were obtained from each specimen. Additionally, other tissues, both
non-neoplastic and neoplastic samples, were included as controls following the Kononen
methodology [18]. A hematoxylin-and-eosin-stained section was reviewed to confirm the
presence of morphologically representative areas of the original lesions.
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2.4. Immunohistochemistry

The immunohistochemical analysis was blinded. The sections of tissue were deparaf-
finized with xylene and hydrated in gradient alcohols. After the deparaffinization of
tissue sections, antigen retrieval was performed with the PTLink module (Dako, Glostrup,
Denmark) using Dako pH Antigen Retrieval fluid (Dako) followed by several washes
in water. They were then placed onto an Autostainer Plus Link (Dako, Demark) where
the remainder of the immunohistochemical staining was performed using Envision FLEX
(DAKO). Briefly, sections were first placed in washing buffer followed by blockade of
endogenous peroxidase with 3% hydrogen peroxide for 5 min. Then, the primary antibody
ER (rabbit monoclonal antibody, prediluted, clone SP1 Master Diagnostica), PR (rabbit
monoclonal antibody, prediluted, clone Y85 Master Diagnostica), Ki-67 (rabbit monoclonal
antibody, prediluted, clone SP6 Master Diagnostica), HIF-1« (mouse monoclonal antibody,
diluted 1:50, Becton-Dickinson Biosciences, Palo Alto, CA, USA), pAKT (rabbit monoclonal
antibody, diluted 1:25, clone 736E11 Cell Signaling Technology, Beverly, MA, USA) and
PMAPK (rabbit monoclonal antibody, diluted 1:100 clone 20G11 Cell Signaling echnology)
were applied for 30 (ER), 20 (PR), 30 (Ki-67), 120 (pAKT) and 60 (pMAPK) minutes at
room temperature, except HIF-1x, which was applied overnight at 4 °C. Sections were
then treated with immunodetection solution consisting of biotinylated secondary antibody
for 30 min. Diluted 1:50 liquid 3,3’-diaminobenzidine (Dako) was used as a chromogenic
agent and sections were counterstained in Meyer’s hematoxylin. As a negative control, the
primary antibody was replaced by a non-immune serum.

HER?2 status was determined using the Dako HERceptest (Dako Denmark A/S,
Glostrup, Denmark) as well as a fluorescence in situ hybridization test in biopsy spec-
imens with a 2+ score via IHC analysis. EGFR expression was determined using the Dako
EGFR pharma (Dako Denmark A /S, Glostrup, Denmark).

2.5. Evaluation of Immunohistochemical Staining

For ER and PR, two approaches were used. All red method scoring was used for
assessing staining intensity and the percentage of positive cells. The total score is obtained
by adding the staining score and intensity score. Any score between 0 and 2 is considered
ER or PR negative; any score above 2 is considered ER or PR positive [19]. A case was
considered positive when staining for ER and PR was found in 10% or more of tumor
cells [20]. Tumors were considered to have high rates of proliferation according to the
Ki-67 labeling index if 20% of cell nuclei stained positive for Ki-67 [21]. HER2-positive
cases were defined as having membrane staining score of +3 or +2 with gene amplification
by FISH [22].

HIF-1oc was scored only according to the presence (1+) or absence (0) of nuclear
expression: at least 5% of cells had to be stained to be considered positive [13,23]. However,
pAKT and pMAPK were scored according to the presence (1+) or absence (0) of nuclear
and/or cytoplasmic expression: the cutoff value was 10% [24]. For EGFR, all cells that
exhibited some membrane staining were considered positive.

2.6. Statistical Analysis

Statistical analysis was carried out using SPSS version 27.0 software (SPSS Inc.,
Chicago, IL, USA) (SPSS IBM Statistics 27.0 for Windows). The Pearson chi-square test/Fisher
exact test was used to study the association between pCR and HIF-1« with clinicopathologic
variables. The association between protein expression and pCR was studied using non-
parametric tests (Kruskal-Wallis/Mann-Whitney) and the Pearson chi-square test/Fisher
exact test. Multivariate logistic regression was used to examine the predictors of pCR. The
relation between the expressions of different proteins was studied using the Fisher exact
test. Finally, survival was analyzed using the Kaplan—-Meier method, with determination
of significance using the long rank test. Multivariate analysis was carried out using Cox
regression analysis. Data analysis is reported according to REMARK guidelines [25].

Probability (p) values of less than 0.05 were considered statistically significant.

60



Cancers 2022, 14, 5393

3. Results
3.1. Relation between HIF-1a Expression and pCR

Out of 95 samples analyzed, HIF-1x expression was determined in 88 (92.6%). Of
these, 35 (39.72%) were considered positive (Figure 1). The relation between HIF-1 and
PCR was examined by studying the HIF-1« variable, both quantitatively as a percentage
(%) and qualitatively as a dichotomy (>5%). A statistically significant relation was found
between HIF-1a expression and pCR: patients whose tumors overexpressed HIF-1x were
more likely to achieve pCR (Table 2).

(b)

(d)

Figure 1. Evaluation of immunohistochemical staining. (a) For HIF-1«, moderate staining of nuclei
and slight staining of some cytoplasmic areas, >5% in tumor cells. 40x. (b) For pAKT, mild-to-
moderate nuclear and cytoplasmic staining, >10% in tumor cells. 40x. (c) For pMAPK, strong
nuclear staining and mild-to-moderate cytoplasmic staining, >10% in tumor cells. 40x. (d) For EGFR,
negative membrane staining. A staining positive control for EGFR of lung cancer was inserted in the
image 40x.
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Table 2. Relation between HIF-1a expression and pCR.

Number of Cases (%)

pCR No pCR P
HIF-1o < 5% 6 (33.3%) 47 (67.1%) 0.014°
HIF-1a > 5% 12 (66.7%) 23 (32.9%)
HIF-1a% 18 (20.5%) 70 (79.5%) 0.017"
x = 10.42; SD = 9.53 x = 5.05;SD = 7.52

a Fisher exact test. P Mann-Whitney U test. Abbreviations: pCR, pathological complete response; X, mean; SD,
standard deviation. Italic means the relation is significant.
3.2. Relation between HIF-1a Expression and Biological Markers

A positive relationship between HIF-1x expression and Grade (p = 0.015) and Ki-67
(p = 0.001) was identified. HIF-1x expression was negatively correlated with PR (p = 0.049)
and Luminal A phenotype (p = 0.005) (Table 3).

Table 3. Relation between HIF-1a expression and clinicopathological variables.

Variable HIF-1x < 5% HIF-1x > 5% p
Grade 1 15 (83.3%) 3 (16.7%) 0.015 2
Grade 2 22 (62.8%) 13 (37.2%)
Grade 3 13 (41.9%) 18 (58.1%)
Ki-67 < 20% 29 (80.6%) 7 (19.4%) 0.001°
Ki-67 > 20% 23 (45.1%) 28(54.9%)
HER2 — 43 (63.2%) 25 (36.8%) 0.593 P
HER2 + 10 (55.6%) 8 (44.4%)
ER < 10% 10 (43.5%) 13 (56.5%) 0.080°
ER > 10% 43 (67.2%) 21 (32.8%)
ER count < 3 9 (42.9%) 12 (57.1%) 0.072°
ER count > 3 44 (66.7%) 22 (33.3%)
PR < 10% 8 (48.6%) 19 (51.4%) 0.049 ®
PR > 10% 35 (70%) 15 (30%)
PR count < 3 6 (47.1%) 18 (52.9%) 0.044°
PR count > 3 37 (69.8%) 16 (30.2%)
Phenotype Basal 5 (41.7%) 7 (58.3%)
HER2 10 (55.6%) 8 (44.4%)
Luminal A 26 (86.7%) 4 (13.3%) 0.005°
Luminal B 12 (46.2%) 14 (53.8%)

2 Pearson chi-square. ° Fisher exact test. Abbreviations: ER, estrogen receptor; PR, progesterone receptor. Italic
means the relation is significant.

3.3. Relation between HIF-1a Expression and pATK, pMAK and EGFR

In 95 samples analyzed, pAKT expression was determined in 81 (85.3%) patients
and it was considered positive in 57 (70.37%) (Figure 1). Using pMAPK, expression was
determined in 74 (77.9%) patients and it was considered positive in 61 (82.43%) (Figure 1).
For EGFR, expression was determined in 88 (92.6%) patients: of these, none were considered
positive because there was no membrane staining of any tumor cells (Figure 1). No relation
was found between the expression of these proteins and HIF-1cx (Supplementary Table S1).

3.4. Predictive Factors of Response to Treatment—Multivariate Analysis

For the resulting model consisting of the variables Ki-67, HIF-1a« and molecular
phenotype, only basal phenotype was an independent predictive factor of pCR (p = 0.001)
(Supplementary Table S2).

3.5. Sulvival Analysis—Prognostic Markers

In univariate analysis, the markers associated with shorter DFS were: HIF-1ox positive
(p = 0.013) (Figure 2), Ki-67 positive (p = 0.002), basal phenotype (p = 0.001), pAKT negative
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(p = 0.009) and ER negative (p = 0.024, p = 0.010). As for OS, markers associated with
decreased survival were HIF-1« positive (a trend that did not reach statistical significance,
p = 0.08), Ki-67 positive (p = 0.022), basal phenotype (p = 0.007), pAKT negative (p = 0.007)
and ER negative (p = 0.001).

1,0 -
L
—
0,87 { l
_ ]
2
>
S
* 06
Q
>
-
© +
5 .
.
£ 0,
-
O
~<5%
I 15=5%
0,24 ~4= <§%- censored
~t+=>=5%-cecensored
HIF1-¢ p=0.013
0,07
T T : . 3 :
) 3 a 6 8 10

Figure 2. Kaplan-Meier curves of disease-free survival of patients stratified by HIF-1a expression.

In multivariate analysis with correlation of ER, grade, Ki-67, pCR, HIF-1x and pAKT,
it was shown that pCR and the expression of Ki-67, HIF-1a and pAKT were independent
predictors of DFS, while ER and pAKT were independent prognostic factors of OS (Table 4).

Table 4. Multivariate analysis (Cox regression) of prognostic factors for DFS and OS.

DFS os
HR 95% CI p-Value HR 95% CI p-Value

Grade 1vs. 2vs. 3 - - 0.560 - - 0977
Ki-67 > 20% vs. <20% 0.8 1.8-35.5 0.006 0.260
ER > 10% vs. <10% - - 0.072 32 1.3-7.7 0.008
pCRvs. no pCR 0.2 0.0-0.6 0.009 - - 0.06
HIF-1x > 5% vs. <5% 25 1.0-6.2 0.047 - - 0.295
PAKT > 10% vs. <10% 2.4 1.0-5.9 0.039 24 1.0-5.7 0.046

Abbreviations: DFS, disease-free survival; ER, estrogen receptor; HR, Hazard ratio; OS, overall survival; Italic
means the p-value is significant.

4. Discussion

To date, just a few studies have demonstrated the existence of statistically significant
relations between the expression of HIF-1x and pCR in breast cancer after neoadjuvant
chemotherapy based on anthracyclines and taxanes [26-28]. In our study, more than a
third of patients were considered HIF-1c positive. These results concur with other findings
reported in the literature from studies using the same cutoff point as in our study [13,23,29].
However, the rate of positivity in the studies that examined HIF-1« in breast cancer ranges
from 1% to 80.2%, probably due to the use of different cutoff points and assessment
systems [11].
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Among the studies where the predictive value of HIF-1x in breast cancer is evaluated,
very few have investigated the relation between the expression of HIF-1ax and pCR or
the predictive value of the molecule in breast cancer patients going under neoadjuvant
chemotherapy based on anthracyclines and taxanes [26-31]. In the study published by
Yamamoto et al. (2008), of all of the patients who achieved pCR, 100% were positive for
HIF-1«, whereas only 66.7% of the other patients were. The difference did not reach statis-
tical significance, probably because of the small study sample [29]. Another two studies
conducted by Generali et al. analyzed the predictive value of HIF-1c. The first study is a
phase 2 clinical trial where patients were randomized to receive neoadjuvant anthracycline-
based chemotherapy versus anthracycline plus tamoxifen [30]. Overexpression of HIF-1o
was associated with lower clinical response. However, no statistically significant relation
was found between pCR and overexpression of HIF-1x, which makes the above findings
questionable. Moreover, staining intensity was used to establish the cutoff point for HIF-1«
(negative: 0, +1 vs. positive: +2). Of the five patients who achieved pCR, only one had no
staining; the other four were classified as +1. In many other studies, including ours, the
cutoff was the percentage of cells stained; therefore, weak staining, considered negative
for HIF-1e in this study, could be considered positive by other authors, depending on the
percentage of stained cells. The other study that evaluated the predictive value of HIF-1o
was also a phase 2 trial, where patients were randomized to receive either letrozole or
letrozole plus oral cyclophosphamide [31]. Overexpression of HIF-1c was associated with
lower rates of clinical response, with no reference to the relation with pCR rate. In a recent
meta-analysis, it was shown that pCR correlates with improved DFS and OS, pointing to the
lack of prognostic value of the clinical responses [5]. In our study, pCR was an independent
prognostic factor of longer DFS and almost significant for OS (p = 0.06).

Recent studies continue this evaluation. According to the study published by Tiezzi
etal. (2013), an overall reduction in HIF-1x and HIF-2x expression was observed in patients
after using NAC based on anthracycline and taxanes, but no association was observed
between HIF-2« expression and its predictive value of pCR. However, the pCR rate in HIF-
la-negative patients was 5%, whereas in HIF-1a-positive patients, it was 21% (p = 0.03) [28].
These results are consistent with those in our study. Furthermore, in a cohort formed
of 220 patients who received a treatment regime based on anthracyclines and taxanes,
68.2% were considered HIF-1«x positive (150/220). Otherwise, in this case, HIF-1o-negative
patients had a higher pCR rate rather than HIF-1a-positive patients (p = 0.027) [27]. In the
most recent study, the expression of HIF-1cc was identified in 104 tumor biopsies. Thus,
more than a third of the patients were considered HIF-1« positive. The evaluation of the
predictive value of HIF-1x showed significant association with resistance and favorable
response to NAC based on anthracyclines and taxanes (p < 0.001). Specifically, patients
with a lower expression of HIF-1a were in the favorable-response group while those in the
resistance group had a higher expression of the molecule [26].

Other markers have more predictive value. In our study, we found that patients with
negative hormone receptors, more undifferentiated tumors, a higher rate of proliferation
and basal phenotype were significantly related to higher pCR rate. These results concur
with those described in the literature [3,32,33].

An attempt was made to explain the paradoxical observation that some of the variables
were predictive of both unfavorable prognosis and chemosensitivity. Some authors have
related these discrepant findings with attaining pCR or not. That is to say that it seems
clear that patients with a triple-negative phenotype who receive NAC and do not reach
PCR, despite good clinical response, have a less prolonged survival. However, those who
attain pCR apparently have an excellent prognosis [34,35].

On the other hand, we found a statistically significant relation between HIF-1x expres-
sion and hormone receptor negativity. It has been demonstrated that hypoxia decreases
ER and PR levels in breast cancer, suggesting a relation between HIF-1«x expression and
resistance to hormonal therapy [36]. We also found a statistically significant positive re-
lation between HIF-1x expression and the proliferation marker Ki-67. These results are
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consistent with the findings reported in the literature, as it has been suggested that the
higher proliferation rate of tumor cells causes HIF-1o activation [37]. The expression
of HIF1-« has also been linked with poorly differentiated tumors [37,38]. Our findings
also support these statements; it is considered that hypoxia induces genetic alterations,
promoting morphological changes in the cell itself and in its nucleus, resulting in more
undifferentiated tumor cells [7,39].

The third objective of our study was to determine whether the activation of HIF-1x
is independent of tissue oxygen concentration, so we studied the molecular pathways
that might be involved. One of the membrane receptors related with HIF-1x activation in
normoxic conditions is EGFR [12]. Jogi et al. found a significant relationship between the
expression of EGFR and HIF-1¢ [40]. We did not find EGFR expression in any of the patients
in the study, although the external controls were positive, suggesting that there may be
other receptor tyrosine kinases capable of inducing the transcriptional activity or increasing
HIF-1« stability under normoxic conditions but ROS dependent [41]. Some authors have
elucidated a role for mitochondrial-generated ROS in tumoral HIF-1« stabilization [9,42].
On the basis of the foregoing, this pathway could be the reason why HIF-1« expression
incremented in this study due to the increase in oxidative stress status in breast cancer
patients who received neoadjuvant chemotherapy treatment, as described in previous
investigations of our group [43].

Once the membrane receptor is stimulated, there are several intracellular signaling
pathways that are associated with the synthesis of HIF-1a under normoxic conditions.
These pathways include the PI3K/AKT/mTOR and RAS/RAF/MAPK pathways. We
found overexpressed pAKT in 70% of cases, which is consistent with the results of other
published studies [24,44]. The relation between the expression of HIF-1a and pAKT was
examined by immunohistochemistry in breast cancer in a single study. Gort et al. [44]
studied the overexpression of both proteins in 95 patients and concluded that low pAKT
expression correlated significantly with low HIF-1oc expression. We found no relation
between the two molecules in our study. With respect to the RAS/RAF/MAPK pathway,
we detected positivity in 83%, as reported in other published studies [45,46]. No significant
association was found between overexpression of HIF-1& and pMAPK. Kronblad et al. [45]
studied the expression of pMAPK and HIF-1« in 21 samples of ductal carcinoma in situ
breast cancer, finding a positive relation between the expression of both molecules; the
authors emphasized the overexpression of pMAPK in less-hypoxic areas. These results are
consistent with the ones shown in the study conducted by Hsu et al. (2016) [46]. These
findings and our results support activation of HIF-1& mediated by the hypoxic conditions
existing in the tumor microenvironment.

As for the prognostic value of HIF-1«, in our study, we saw how overexpression of
this protein was an independent prognostic factor for shorter DFS. Our results confirm
those of other authors included in a meta-analysis of 5177 patients who used the same
cutoff value as in our study [37].

Interestingly, in our study, we also found that pAKT overexpression was an indepen-
dent prognostic factor of more prolonged DFS and OS. The largest study to analyze the
prognostic value of pAKT was carried out by Yang et al. [47] with 1202 patients enrolled in
the study of neoadjuvant NSABP B-28; patients who overexpressed pAKT had a longer
DEFS compared to patients who did not overexpress this protein.

5. Conclusions

It was shown that overexpression of HIF-1« is a predictor of pCR and shorter DFS
in patients who received a neoadjuvant chemotherapy schedule based on anthracyclines
and taxanes. In addition, HIF-1« is related to other variables with a more consolidated
predictive and prognostic value. All these variables are associated with a more aggressive
and hypoxic tumor microenvironment. We believe that it would be interesting to confirm
these results in prospective studies, given the need for expanding the small panel of
predictive markers in breast cancer.
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Simple Summary: Enhanced glycolysis is a major feature of cancer glycometabolism, and SLC2A1 is
one of the pivotal genes in cancer glycometabolism. Although SLC2A1 plays an important role in the
growth of many cancers, pan-cancer analysis allows us to more comprehensively and systematically
understand the function and role of SLC2A1 in cancers. In this study, we found that SLC2A1 was
highly expressed in most cancers, and resulted in poor prognosis. M6A methylation might be one of
the important factors for the high expression level of SLC2A1. SLC2A1 not only enhanced cancer
glycolysis, but also affected the tumor microenvironment. Notably, SLC2A1 was significantly and
positively correlated with the T-cell-exhaustion biomarkers PD-L1 and CTLA4. Collectively, SLC2A1
may provide new strategies for pan-cancer treatment, especially cancer immunotherapy.

Abstract: SLC2A1 plays a pivotal role in cancer glycometabolism. SLC2A1 has been proposed as a
putative driver gene in various cancers. However, a pan-cancer analysis of SLC2A1 has not yet been
performed. In this study, we explored the expression and prognosis of SLC2A1 in pan-cancer across
multiple databases. We conducted genetic alteration, epigenetic, and functional enrichment analyses
of SLC2A. We calculated the correlation between SLC2A1 and tumor microenvironment using the
TCGA pan-cancer dataset. We observed high expression levels of SLC2A1 with poor prognosis in most
cancers. The overall genetic alteration frequency of SLC2A1 was 1.8% in pan-cancer, and the SLC2A1
promoter was hypomethylation in several cancers. Most m6A-methylation-related genes positively
correlated with the expression of SLC2A1 in 33 TCGA cancers. Moreover, SLC2A1 was mainly
related to the functions including epithelial-mesenchymal transition, glycolysis, hypoxia, cell-cycle
regulation, and DNA repair. Finally, SLC2A1 positively associated with neutrophils and cancer-
associated fibroblasts in the tumor microenvironment of most cancers and significantly correlated
with TMB and MSI in various cancers. Notably, SLC2A1 was remarkably positively correlated with
PD-L1 and CTLA4 in most cancers. SLC2A1 might serve as an attractive pan-cancer biomarker for
providing new insights into cancer therapeutics.

Keywords: SLC2A1; pan-cancer; glycometabolism; immune infiltration; biomarker; prognosis

1. Introduction

Cancer is one of the leading causes of death in humans. Although much progress
has been made in the treatment of cancer, the overall therapeutic effect is unsatisfactory.
Newly diagnosed cases are also increasing, placing a huge burden on society [1]. In recent
years, cancer immunotherapy has considerably progressed, providing a powerful tool for
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cancer treatment and improving the prognosis of cancer patients [2]. In 2017, the U.S. FDA
approved pembrolizumab for solid tumors with high microsatellite instability or mismatch
repair gene defects (MSI-H/dMMR). Pembrolizumab has also become the first antitumor
immune drug based on pan-cancer biomarkers without paying attention to the cancer
type [3]. Pan-cancer analysis can help us understand the commonalities among different
cancer types and provide new ideas for the treatment of pan-cancer [4].

Glucose is one of the basic metabolites needed by animal and plant cells. Cancer cells
require a large amount of energy from the body for malignant proliferation [5]. Aberrant
energy metabolism is an important feature of cancer cells. Even with ample oxygen
supply, most tumor cells prefer enhanced glycolysis instead of oxidative phosphorylation
to produce ATP [6]. Metabolite reprogramming provides energy and biological materials,
providing a growth advantage to tumor cells under hypoxia [7]. Therefore, cancer metabolic
reprogramming is an important direction in the search for novel pan-cancer biomarkers

Solute carrier family 2 member 1 (SLC2A1) is known as glucose transporter 1 (GLUT1) [8].
SLC2A1 plays a crucial role in the process of cell glycometabolism, whether in cancer or nor-
mal cells [9]. SLC2A1 is highly expressed in many kinds of cancer, and the overexpression
of SLC2A1 can promote the growth and metastasis of cancers, such as liver, lung, endome-
trial, oral, breast, and gastric cancers [10-15]. Although the overexpression of SLC2A1
can further enhance glycolysis and cell proliferation in various cancers, a comprehensive
pan-cancer analysis on SLC2A1 is lacking.

In this study, data from public databases and our own data convincingly showed that
the expression of SLC2A1 was significantly increased in pan-cancer and conferred a poor
prognosis. We explored the potential mechanism of SLC2A1 in pan-cancer through bioin-
formatics analysis. We further examined the association between SLC2A1 and the immune
cell infiltration score, immune checkpoints, TMB, and MSI. Our results comprehensively
revealed the potential mechanism of SLC2A1 in pan-cancer, and they highlight the impact
of SLC2A1 on the tumor microenvironment (TME) and cancer immunotherapy.

2. Materials and Methods
2.1. Data Collection

We downloaded transcriptome data and clinical information from the University
of California Santa Cruz (UCSC) Xena browser (https://xena.ucsc.edu/, accessed on
14 July 2022) and the Genotype-Tissue Expression (GTEx) database (https:/ /www.gtexpo
rtal.org/home/-index.html, accessed on 14 July 2022), which included 15,776 samples of
33 cancer types and normal tissues. The abbreviations of all cancer types are shown in
Table S1. Using the R package of “rma”, we transformed the whole data by log2 (TPM +1),
which we then filtered to remove missing and duplicated results. In addition, we searched
20 relative datasets from the Gene Expression Omnibus (GEO) database (https://www.
ncbinlm.nih.gov/geo/, accessed on 14 July 2022) for validation. These datasets were
GSE2088, GSE13507, GSE10927, GSE39001, GSE26566, GSE18520, GSE53757, GSE62452,
GSE87211, GSE15605, GSE33630, GSE3218, GSE17025, GSE47861, GSE68468, GSE53625,
GSE13601, GSE57927, GSE75037, and GSE26899. Detailed information on the GEO datasets
is shown in Table S2.

We collected 90 pairs of samples (30 LUAD, 30 ESCA, and 30 COAD) from the
Sixth Affiliated Hospital of Sun Yat-Sen University. Each sample contained paired tumors
and adjacent normal tissues. The study was approved by the Ethics Committees of the
Sixth Affiliated Hospital of Sun Yat-Sen University.

Finally, we used RT-qPCR method to validate the differential expression of SLC2A1
in LUAD and ESCA between cancer tissues and paired normal tissues. Using TRIzol
reagent (Invitrogen, USA), we extracted the total RNA from the frozen tissues, which we
then reverse-transcribed into cDNA with a PrimeScript RT reagent Kit with gDNA Eraser
(TaKaRa). Next, we confirmed the expression of SLC2A1 with TB Green® Premix Ex Taq
(TaKaRa), following the manufacturer’s protocol, which we calculated using the 2—AACT
method. We used GAPDH as the endogenous control. The primers used in this study
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were as follows: SLC2A1 forward 5'-CTGCAACGGCTTAGACTTCGAC-3' and reverse
5-TCTCTGGGTAACAGGGATCAAACA-3'; GAPDH forward 5'- GCTCTCTGCTCCTCC-
TGTTC-3' and reverse 5- ACGACCAAATCCGTTGACTC-3'.

2.2. Expression of SLC2A1 in Pan-Cancer

We extracted the expression data of SLC2A1 for each sample. We excluded cancer
types with less than 3 samples. We used R software to calculate the expression differences
between normal and tumor samples for each tumor by using Wilcoxon rank-sum and
signed-rank tests. Moreover, we used the downloaded data to analyze the relationship
between SLC2A1 level and clinicopathological parameters. We explored the protein level
of SLC2A1 between human cancer and normal tissues by using the Human Protein Atlas
(HPA: https:/ /www.proteinatlas.org/) database. A previous study [16] from the Clinical
Proteomic Tumor Analysis Consortium (CPTAC) identified 11 pan-cancer proteome-based
subtypes (s1 to s11) using mass-spectrometry-based proteomic data from a compendium
dataset of 2002 primary tumors compiled from 17 studies and 14 cancer types. The functions
of proteome-based subtypes (s1 to s11) are described in detail in Table S3. The UALCAN
database (http://ualcan.path.uab.edu, accessed on 14 July 2022) provides a pan-cancer
protein expression analysis option based on the data from CPTAC. Therefore, we used the
UALCAN database to perform pan-cancer protein expression analysis of SLC2A1.

2.3. Diagnostic Value of SLC2A1 in Pan-Cancer

To explore whether the mRNA levels of SLC2A1 exhibit diagnostic efficiency for distin-
guishing cancer from normal lung tissues, we performed receiver operating characteristic
(ROCQ) curve analysis for the TCGA-GTEx pan-cancer dataset. The pROC package was
used to plot ROC curves and calculate the areas under the curves (AUCs) values in R.

2.4. Prognostic Analysis of SLC2A1

We used the Kaplan-Meier (log-rank) method and univariate Cox regression to eval-
uate the overall survival (OS) of the patients from the TCGA pan-cancer cohort. We also
assessed the progression-free interval (PFI), disease-specific survival (DSS), and the disease-
free interval (DFI) of the patients from the TCGA pan-cancer cohort with univariate Cox
regression analysis. We determined the optimal cut-off value using the R package ‘survival’.

2.5. Genetic Alteration Analysis of SLC2A1

cBioPortal (http:/ /cbioportal.org, accessed on 14 July 2022) is an open-access resource
for exploring, visualizing, and analyzing multidimensional cancer genome data. It currently
contained 225 cancer studies. We used cBioPortal to analyze the SLC2A1 gene genetic
alterations in TCGA pan-cancer samples.

2.6. Epigenetic Analysis of SLC2A1

UALCAN database is a comprehensive, user-friendly, and interactive web resource
for analyzing cancer OMICS data. We used UALCAN to evaluate promoter methylation of
SLC2A1 in pan-cancer.

We collected 21 genes related to RNA m6A methylation from previous studies [17].
We extracted the SLC2A1 gene expression and 21 RNA m6A-methylation-related genes’
expression data from each sample in the TCGA pan-cancer dataset. Then, we analyzed the
correlation between SLC2A1 and RNA m6A-methylation-related genes in pan-cancer, and
the results are presented in a heatmap.

2.7. Functional Enrichment Analysis of SLC2A1

We selected the TCGA LUAD cohort as an example to explore the underlying mech-
anisms of SLC2A1. Based on the median expression of SLC2A1, we divided the pa-
tients into high and low groups. After that, we conducted Gene Ontology (GO), Ky-
oto Encyclopedia of Genes and Genomes (KEGG), and Gene Set Enrichment Analysis
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(GSEA) (www.gsea-msigdb.org/gsea/index.jsp, accessed on 14 July 2022). First, we used
the “limma” package in R to screen differential expression genes (DEGs) between these
two groups. We set FDR<0.05 and |10g2FC | > 1 as the threshold values for DEG identifica-
tion. After that, the enrichGO and enrichKEGG functions of the ClusterProfiler package in
Bioconductor were used to perform GO/KEGG analysis on SLC2A1-related DEGs, choos-
ing p.adj < 0.05, g-value < 0.05, and count >2 as cut-off values. Second, we performed
GSEA based on the HALLMARK and REACTOME gene sets. Under the condition of FDR
(g-value) < 0.25 and p < 0.05, the results were considered statistically significant. In addition,
we used the single-cell database CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/,
accessed on 14 July 2022) to study the potential functions of SLC2A1. The aim of the
CancerSEA database is to help researchers better understand various functional states of
cancer cells at the single-cell level. This database contained 41,900 cancer single cells from
25 cancers, a total of 280 cell groups, and summarized 14 functional statuses of cancer cells.

2.8. Pan-Cancer Analysis of Correlation of SLC2A1 Expression with Tumor Cell Infiltration

TME plays an important role in the occurrence and development of cancers. First,
we used three algorithms, ESTIMATEScore, MCP-counter score, and EPIC [18-20], to
evaluate the tumor immune infiltration in pan-cancer from the TCGA dataset via the
SangerBox website (http://vip.sangerbox.com/home.html, accessed on 14 July 2022),
which is a useful online platform for TCGA data analysis. Second, we compared the
differences in ImmuneScore, StromalScore, and ESTIMATEScore between patients from
the low-SLC2A1 and high- SLC2A1 groups with Wilcoxon signed-rank test. In addition,
Spearman’s correlation analysis was used to evaluate the relationship between SLC2A1 and
the tumor immune infiltration evaluated by the MCP counter score and EPIC algorithms.

2.9. Correlation between SLC2A1 and Immune Checkpoint Genes, Tumor Mutation Burden (TMB),
and Microsatellite Instability (MSI) in Pan-Cancer

According to a previous study [21], we collected 60 immune checkpoint (ICP) genes,
which included 36 immune stimulators and 24 immune inhibitors among. Using the Sanger-
Box tools, we analyzed the correlation between SLC2A1 expression and ICP genes. TMB [22]
and MSI [23] are effective biomarkers for cancer immunotherapy. The correlations between
SLC2A1 expression and TMB and MSI were also explored via the SangerBox website.

2.10. Statistical Analysis

We used R version 4.1.0 to perform the statistical analysis. Survival analysis was
carried out according to Kaplan-Meier analysis, the log-rank test, and Cox regression
analysis. We compared the continuous variables using Student’s t-test or the Wilcoxon rank-
sum test, as appropriate. Categorical clinicopathological variables were compared using
the chi-square test or Fisher’s exact test. Correlation analysis was performed by Pearson
correlation analysis. A p-value of less than 0.05 was considered statistically significant (ns,
p > 0.05; %, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

3. Results
3.1. Pan-Cancer Expression Landscape of SLC2A1

To preliminarily understand the expression of SLC2A1 in cancers, we first evaluated
SLC2A1 mRNA expression in the TCGA-GTEx pan-cancer dataset. The results revealed
that SLC2A1 expression was significantly upregulated in 22 cancer types: ACC, BLCA,
BRCA, CESC, CHOL, COAD, ESCA, GBM, HNSC, KIRC, LGG, LIHC, LUAD, LUSC,
OV, PAAD, READ, STAD, TGCT, THCA, UCEC, and UCS. In comparison, low SLC2A1
expression was observed in five kinds of tumors: DLBC, KICH, LAML, SKCM, and THYM
(Figure 1). For paired tumor and normal tissues in TCGA pan-cancer, SLC2A1 levels was
were significantly higher in BRCA, CHOL, COAD, ESCA, KIRC, LIHC, LUAD, LUSC,
READ, STAD, THCA, and UCEC, but lower in KICH and PRAD (Figure S1).
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Figure 1. SLC2A1 expression in pan-cancer. ACC, adrenocortical carcinoma; BLCA, bladder urothe-
lial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and
endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC,
lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblas-
toma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe;
KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute
myeloid leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD,
lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian
serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and
paraganglioma; PRAD, prostate adenocarcinoma; READ rectum adenocarcinoma; SARC, sarcoma;
SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumor;
THCA, thyroid carcinoma; THYM, Thymoma; UCEC, uterine corpus endometrial carcinoma; UCS,
uterine carcinosarcoma; UVM uveal melanoma(ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

To further validate the differential mMRNA expression of SLC2A1, we comprehensively
searched the GEO database and found a total of 20 relative datasets for the validation of
the SLC2A1 pan-cancer analysis. As shown in Figure 2A-T, we confirmed that SLC2A1
was significantly highly expressed in 19 cancer types: ACC, BLCA, BRCA, CESC, CHOL,
COAD, ESCA, HNSC, KIRC, LIHC, LUAD, LUSC, OV, PAAD, READ, STAD, TGCT, THCA,
and UCEC; SLC2A1 expression was significantly lower in SKCM. Furthermore, we col-
lected 30 pairs of samples with LUAD, 30 pairs of samples with COAD, and 30 pairs of
samples with ESCA in the Sixth Affiliated Hospital of Sun Yat-Sen University. We detected
the expression of SLC2A1 in the paired samples by qPCR. The results showed that the
expression of SLC2A1 in LUAD (p < 0.0001), COAD (p < 0.0001), and ESCA (p < 0.0001)
tissues was much higher than that in paired normal tissues (Figure 2U-W). The above
results strongly suggested that SLC2A1 is overexpressed in most cancer tissues.

3.2. Association between SLC2A1 Expression and Clinicopathologic Parameters in Pan-Cancer

To explore the association between SLC2A1 expression and the clinicopathologic
parameter of cancers, we performed differential analysis of SLC2A1 expression among dif-
ferent pathological stages of patients in pan-cancer. The results revealed that the expression
of SLC2A1 was significantly higher in higher stages in most tumors, including ACC, CESC,
COAD, COADREAD, PAAD, KIRP, LIHC, LUAD, TGCT, UCEC, and UVM (Figure 3A-K).
The above results indicated that the expression of SLC2A1 is higher as pathological stage
advances in most cancers
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Figure 3. Pan-cancer differential expression of SLC2A1 in different pathologic stages in indicated
tumor types from TCGA database (A-K) (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

3.3. Protein Level Analysis of SLC2A1

The previous results confirmed that SLC2A1 is highly expressed in most cancers
at the mRNA level, but whether SLC2A1 is also highly expressed at the protein level
needed further exploration. We used the HPA database to verify the protein expression
level of SLC2A1. The subcellular localization of SLC2A1 in cancer cells indicated that it is
predominantly expressed in the plasma membrane (Figure 4A). The HPA database included
20 types of immunohistochemistry data on cancers. We found that SLC2A1 was strongly or
medium stained in most cancers, but was negative or weakly stained in most normal tissues.
The detailed information was as follows: lung (weak) vs. LUAD (strong), liver (negative)
vs. LIHC (strong), testis (weak) vs. TGCT (strong), cervix (negative) vs. CESC (strong),
thyroid (weak) vs. THCA (medium), colon (negative) vs. COAD (strong), ovary (weak) vs.
OV (strong), brain (negative) vs. GBMLGG (strong), bladder (negative) vs. BLCA (strong),
skin (weak) vs. SKCM (strong), pancreas (weak) vs. PAAD (strong), breast (negative) vs.
BRCA (strong), kidney (weak) vs. KIRC (strong), tongue (negative) vs. HNSC (strong), and
stomach (weak) vs. STAD (strong) (Figure 4B-P). The above results indicated that SLC2A1
is highly expressed in most cancers at the protein level. In addition, we analyzed the protein
expression of SLC2A1 of 2002 patients across 14 cancer subtypes in the CPTAC samples
based on UALCAN data. In the CPTAC samples, we found 11 proteome-based subtypes
(s1-s11), and the statistical results between 2 of the 11 subtypes are shown in Table S4. High
SLC2A1 expression strongly correlated with proteome-based subtype s8 (Figure 5). These
findings suggested that SLC2A1 may have an important regulatory role in the progression
of various cancers and may be related to the immune system process, extracellular region,

and glycolysis.
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Figure 4. Protein level analysis of SLC2A1 in pan-cancer. Subcellular localization of SLC2A1 in
cancer cells per the HPA database (A); immunohistochemical data of SLC2A1 in pan-cancer from
HPA dataset (B-P).

3.4. Diagnostic Value of SLC2A1 in Pan-Cancer

Although we found that SLC2A1 is highly expressed in cancers compared with in nor-
mal tissues, whether SLC2A1 has diagnostic value for cancers still need further analysis. We
evaluated the diagnostic value of SLC2A1 in pan-cancer by using ROC curves. AUC > 0.7
is considered high accuracy [24]. The results identified 24 cancer types (AUC > 0.7): ACC
(AUC =0.751), BRCA (AUC = 0.820), CESC (AUC = 0.814), COAD (AUC = 0.968), COAD-
READ (AUC = 0.962), ESCA (AUC = 0.841), GBM (AUC = 0.821), GBMLGG (AUC = 0.775),
KIRC (AUC = 0.893), LAML (AUC = 0.929), LGG (AUC = 0.762), LUAD (AUC = 0.917),
LUSC (AUC = 0.996), HNSC (AUC = 0.903), OV(AUC = 0.973), PAAD (AUC = 0.986),
READ (AUC = 0.975), SKCM (AUC = 0.850), STAD (AUC = 0.903), TGCT (AUC = 0.960),
THCA (AUC = 0.745, THYM (AUC = 0.732), UCEC (AUC = 0.865), and UCS (AUC = 0.889)
(Figure 6A-X). Notably, SLC2A1 had very high accuracy in predicting COAD, COADREAD,
LAML, LUAD, LUSC, HNSC, OV, PAAD, READ, STAD, and TGCT (AUC > 0.9). These
results suggested that SLC2A1 may have valid pan-cancer diagnostic value.
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Figure 6. Receiver operating characteristic (ROC) curve for SLC2A1 expression in pan-cancer (A-
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3.5. Prognostic Value of SLC2A1 in Pan-Cancer

Whether the high expression of SLC2A1 in cancers affects the prognosis of patients is
an issue of concern to researchers. We used two methods, Kaplan-Meier and univariate
Cox regression analyses, to evaluate the prognostic value of SLC2A1 in pan-cancer. First,
the results of Kaplan-Meier analysis showed that SLC2A1 was a hazard factor for the OS
of patients with ACC, BLCA, CESC, GBMLGG, HNSC, KICH, KIPAN, KIRP, LGG, LIHC,
LUAD, MESO, OV, PAAD, SARC, SKCM, SKCM-M, and THYM (Figure 7A-R). Second,
we used univariate Cox regression analysis to evaluate the OS, PFI, DSS, and DFI of the
patients. The results of OS analysis revealed that SLC2A1 acted as a hazard factor for
patients with LIHC, LUAD, KIRP, MESO, ACC, PAAD, KICH, SARC, CESC, BLCA, and
SKCM (Figure 8A). The results of PFI analysis showed that SLC2A1 acted as a hazard factor
for patients with ACC, KICH, KIRP, PAAD, LUAD, MESO, SARC, and BLCA (Figure 8B).
The results of DSS analysis indicated that SLC2A1 acted as a hazard factor for patients
with KIRP, LUAD, PAAD, MESO, ACC, KICH, LIHC, SARC, and BLCA (Figure S2A). The
results of DFI analysis showed that SLC2A1 acted as a hazard factor for patients with PAAD,
LUAD, COAD, ACC, MESO, KIRC, and TGCT (Figure S2B). The above results suggested
that patients with high expression of SLC2A1 have a poor prognosis in most cancers.
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Figure 7. Pan-cancer Kaplan-Meier overall survival of SLC2A1 in indicated tumor types from TCGA
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Figure 8. Univariate Cox regression analysis of SLC2A1. Forest map shows univariate Cox regression
results of SLC2A1 for OS (A) and PFI (B) in pan-cancer.

3.6. Genetic Alteration Analysis of SLC2A1

The above results indicated that SLC2A1 is highly expressed in most cancers, and
carries a poor prognosis. Genetic alteration is one of the key factors that affects gene
expression [25]. Thus, we analyzed he genetic alteration status of SLC2A1 in the TCGA
pan-cancer cohorts. We included a total of 10,967 pan-cancer patients in the cBioPortal in
the study. OncoPrint showed that the overall genetic alteration rate of SLC2A1 in cancers
was relatively low (only 1.8%) (Figure S3A). As shown in Figure S3B, 24 of 32 types of cancer
had SLC2A1 gene alteration data. The highest alteration frequency of SLC2A1 appeared
in the ovarian carcinoma patients with “amplification” as the primary type. Additionally,
amplification was the main genetic alteration type in some other cancers, such as BLCA,
ESCA, SARC, LUSC, BRCA, LUAD, MESO, ACC, and LIHC, whose frequency ranged from
1% to 4%. The types and sites of the SLC2A1 mutations are further presented in Figure S3C.
The results showed 80 mutation sites in the SLC2A1 gene, and the missense mutation of
SLC2A1 was the main type of genetic mutation. These findings suggested that the genetic
alteration status of SLC2A1 may not be the cause of the high expression of SLC2A1 in
cancer tissues.

3.7. Epigenetic Analysis of SLC2A1

Epigenetic modifications, such as DNA promoter methylation and RNA m6A methy-
lation, regulate the gene expression, thus affecting the growth and development of can-
cers [26]. Therefore, to explore the cause of the high expression level of SLC2A1 in cancers,
we analyzed DNA promoter methylation and RNA methylation. First, we investigated
DNA promoter methylation of SLC2A1 in pan-cancer by using the UALCAN database. We
used 24 types of cancers in the UALCAN database to analyze the methylation of SLC2A1.
The results showed that DNA methylation significantly differed in nine types of cancers
compared with normal tissues. We observed a significant decrease in the methylation level
of SLC2A1 in BLCA, KIRC, LIHC, LUAD, LUSC, UCEC, TGCT, and THCA (Figure 9A,C-I),
and a significant increase in the level in COAD (Figure 9B). The above results suggested
that SLC2A1 gene promoter methylation may be one of the reasons for the high expression
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level of SLC2A1 in some cancers. Moreover, we explored the correlation between SLC2A1
and m6A-methylation-related genes in pan-cancer, and the results demonstrated that most
of the m6A-methylation-related genes positively correlated with the expression of SLC2A1
in 33 TCGA cancers, which suggested that m6A methylation plays an important role in the
epigenetic modification of SLC2A1 (Figure 10).
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Figure 9. Promoter methylation level of SLC2A1 in pan-cancer: BLCA (A), COAD (B), KIRC (C),
LIHC (D), LUAD (E), LUSC (F), UCEC (G), TGCT (H), and THCA (I) (*, p < 0.05; ***, p < 0.001;
% p < 0.0001).

3.8. Functional Enrichment Analysis of SLC2A1

To comprehensively explore the mechanism underlying SLC2A1 leading to the poor
prognosis of cancer patients, we used LUAD as an example to perform GO, KEGG, and
GSEA analyses. We regarded the median value of SLC2A1 as the cut-off point. First,
during GO and KEGG analyses, we detected 346 DEGs (FDR < 0.05 and |1og2FC| > 1),
of which 154 genes were downregulated and 192 genes were upregulated (Figure S4A).
The heat map showed the top 50 upregulated and downregulated DEGs related to SLC2A1
(Figure S4B). Under the condition of p.adj < 0.05, g-value < 0.05, and count > 2, we
found that SLC2A1-related DEGs are involved in 269 biological process (GO-BP), 56 in
cell component (GO-CC), 10 in molecular function (GO-MF), and 14 in KEGG (Table
S5). The bubble graph demonstrated the top 10 messages for GO-BP, GO-CC, GO-MF,
and KEGG (Figure 11A-D). The GO functional annotations showed that SLC2A1-related
DEGs are mainly involved in the cell-cycle regulation, neutrophil mediated immunity,
neutrophil activation, etc. The results of KEGG pathway analysis demonstrated that
SLC2A1-related DEGs are primarily associated with cell cycle, glycolysis/gluconeogenesis,
carbon metabolism, etc. Second, using the REACTOME and HALLMARK gene sets, we
performed GSEA to identify the functional enrichment of high and low SLC2A1 expression.
The results of GSEA with INES| >1, p.adj < 0.05 and g-value (FDR) < 0.25 are shown
in Tables S6 and S7. The HALLMARK enrichment term showed that SLC2A1 is mainly
associated with epithelial-mesenchymal transition (NES = 2.235, P = 0.003, FDR < 0.001),
glycolysis (NES = 2.167, P = 0.003, FDR < 0.001), and hypoxia (NES = 2.059, P = 0.003,
FDR < 0.001), (Figure 12A—C). The REACTOME enrichment term showed that SLC2A1
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is mainly associated with cell-cycle checkpoints (NES = 2.455, P = 0.010, FDR = 0.006),
mitotic metaphase and anaphase (NES = 2.410, P = 0.011, FDR = 0.006), and DNA repair
(NES =2.244, P = 0.011, FDR = 0.006) (Figure 12D-F). In addition, single-cell analysis can
provide a profound understanding of the biological characteristics of cancer. We analyzed
the correlation between SLC2A1 and 14 functional states in pan-caner by using the single-
cell CancerSEA database. The results showed that SLC2A1 is mainly positively related
to hypoxia, angiogenesis, epithelial-mesenchymal transition (EMT), and metastasis, and
negatively related to DNA repair (Figure 12G). Collectively, the above results suggested
that SLC2A1 affects the growth and development of cancers through multiple mechanisms,
including immune regulation.
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Figure 11. GO (A-C) and KEGG (D) functional enrichment analyses of SLC2A1-related DEGs in
TCGA LUAD.

3.9. Immune Cell Infiltration Analysis of SLC2A1

The above results of function enrichment analysis and the protein expression of
SLC2A1 across pan-cancer subtypes in the CPTAC samples suggested that SLC2A1 may be
related to immune regulation, so we conducted an immune cell infiltration analysis, We
used three algorithms (ESTIMATEscore, EPIC, and MCPcounter) to explore the relationship
between SLC2A1 expression and immune cell infiltration of TME. First, using the ESTI-
MATEscore, we found high expression levels of SLC2A1 are related to low ImmuneScore,
low StromalScore, and low ESTIMATEScore in most cancers, such as ACC, BLCA, BRCA,
ESCA, HNSC, LUAD, OSCC, PAAD, PRAD, SARC, SKCM, STAD, TGCT, UCEC, and UCS
(Figure S5A-0). Second, using the EPIC algorithm, we found that SLC2A1 expression is
positively correlated with cancer-associated fibroblasts (CAFs) in most cancers. SLC2A1
expression is negatively correlated with CD8+ T cells in 9 types of cancers (LUSC, TGCT,
HNSC, CESC, LUAD, LAML, SKCM, THYM, and GBM), but positively with CD8+ T cells
in 4 types of cancers (PRAD, KIPAN, UVM, and CHOL) (Figure 13A). Third, using the
MCPcounter algorithm, we found that SLC2A1 expression is positively correlated with
neutrophils and CAFs in most cancers. SLC2A1 expression is negatively correlated with
CD8+ T cells in 11 types of cancers (LUSC, TGCT, THYM, HNSC, BRCA, SKCM, STES,
GBMLGG, GBM, PAAD, and ESCA), but positively with CD8+ T cells in 5 types of cancers
(KIPAN, LIHC, LAML, PCPG, and CHOL) (Figure 13B). The above results indicated that
SLC2A1 has an impact on the infiltration of immune cells in the TME of most cancers and
is especially positively correlated with neutrophils and CAFs in the TME.
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3.10. SLC2A1 Related to Immune Checkpoint (ICP) Genes, TMB, and MSI in Human Cancers

Immune surveillance affects the growth and development of cancer cells, and cancer
cells evade immune responses by taking advantage of ICP [27]. ICP genes are divided into
two major categories: immunoinhibitors and immunostimulators. As such, we investigated
the associations between SLC2A1 expression and the two main types of immune modulators
in human cancers to explore the potential function of SLC2A1 in immunotherapy. The
results showed a certain correlation between SLC2A1 and immune modulators in all 33
tumor types. We found that the expression of SLC2A1 is positively correlated with most
immunoinhibitors and immunostimulators in LAML, LIHC, UVM, THCA, PCPG, PRAD,
OV, READ, KIRC, KIPAN, DLBC, and THYM. In contrast, the expression of SLC2A1 is
negatively correlated with most immunoinhibitors and immunostimulators in TGCT, ESCA,
STES, HNSC, and LUSC. Notably, SLC2A1 is remarkably positively correlated with CD274
(PD-L1) and CTLA4 in most cancers (Figure 14). These findings suggested that SLC2A1
may affect the immune checkpoint blockade treatment response in human cancers.

TMB and MSI are two new biomarkers that reflect the response of immunotherapy.
So, we explored the correlation between SLC2A1 expression and TMB, and MSI. The
expression of SLC2A11 is significantly positively correlated with TMB in most cancers,
including PAAD, ACC, LUAD, THYM, GBM, SARC, STAD, CESC, BRCA, GBMLGG,
STES, and HNSC, but negatively correlated with TMB in SKCM (Figure 15A). We also
investigated the correlation of the SLC2A1 expression with MSI in pan-cancer: ACC, UVM,
TGCT, SARC, STAD, and STES exhibited positive correlations; DLBC, KIPAN, GBMLGG,
and PRAD exhibited negative correlations (Figure 15B). The above results indicated that
SLC2A1 may be used to predict the response to immunotherapy.
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Figure 15. Correlation of SLC2A1 expression with TMB (A) and MSI (B) in pan-cancer.

4. Discussion

The increase in glycolysis is one of the main characteristics of glycometabolism in
cancer cells [28]. The SLC2A1 gene is one of the key genes in cancer glycometabolism, which
promotes the glycolysis of cancer cells, thus affecting their growth and metastasis [29,30].
Studies on SLC2A1 in pan-cancer analysis were previously lacking. This is the first study
in which the role of SLC2A1 at the pan-cancer level was explored.

In our study, based on the TCGA-GTEx pan-cancer dataset, we found that SLC2A1
is highly expressed in most cancers compared with normal tissues, which we further
confirmed via the GEO datasets, protein expression data from the HPA database, and
our own data. Additionally, the expression of SLC2A1 is significantly upregulated in
higher pathologic stages in various cancers. Previous studies have reported that SLC2A1
is highly expressed in a variety of cancers, such as BLCA, LUAD, LIHC, CESC, COAD,
OV, UCEC, BRCA, STAD, ESCA, and PAAD [11-15,31-37]. These results are consistent
with our research results. In addition, the results of the ROC analysis of pan-cancers
revealed that the AUC values of most cancers were greater than 0.7. Therefore, our results
suggested that SLC2A1 may play an important role in the growth and metabolism of
cancers, and they support the possibility of SLC2A1 being used as a biomarker for the
diagnosis of pan-cancer.

The evaluation of the prognostic value of SLC2A1 is an indispensable part of our study.
We assessed the prognostic value of SLC2A1 in pan-cancer by using Kaplan-Meier and
Cox regression analyses. The results showed that SLC2AL1 is a hazard factor for the OS
of patients in most cancers. Mortality from noncancerous causes may not reflect tumor
biology, aggressiveness, or response to therapy. Additionally, a longer follow-up time
is required for using OS. Therefore, to more accurately reflect the impact of SLC2A1 on
the prognosis of patients, we further conducted a univariate COX analysis for PFI, DFI,
and DSS of patients. The results also showed that SLC2A1 is a hazard factor for the PFI,
DFI and DSS of patients in various cancers. These results indicated that high SLC2A1
expression mainly plays a hazardous role in patient prognosis for most cancer types. The
high expression of SLC2A1 in cancers is often associated with poor prognosis [38,39].

To study why SLC2A1 is highly expressed in pan-cancer, we performed genetic
alteration, DNA promoter methylation, and RNA m6A methylation analyses. We found
that the overall mutation rate of SLC2A1 in pan-cancer is only 1.8%, which could not explain
the high transcriptome expression of SLC2A1 in most cancers. Klepper et al. reported that
Glutl deficiency syndromes are due to SLC2A1 genetic variation [40]. Therefore, we think
that genetic alteration is not the main cause of the high expression of SLC2A1. In addition,
DNA promoter methylation can regulate gene expression without changing the DNA
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sequence, which is one of the main forms of DNA epigenetic modification [41]. A higher
level of DNA promoter methylation means lower expression of the corresponding gene [42].
We found hypomethylation in the SLC2A1 promoter region in various cancer tissues, which
might, to some extent, explain the SLC2A1 mRNA overexpression in the corresponding
cancers. Furthermore, RNA m6A methylation is an important mechanism affecting the
regulation of RNA expression. We collected 21 RNA m6A-methylation-related genes and
performed pan-cancer correlation analysis between SLC2A1 and m6A-methylation-related
genes, finding that they are significantly correlated in pan-cancer. This indicated that
the mechanism of m6A methylation may play a vital role in the regulation of SLC2A1
expression in cancer tissues. Shen et al. demonstrated that the m6A-IGF2BP2/3-dependent
mechanism inhibits the mRNA degradation of SLC2A1 in colorectal cancer [43]. Some other
mechanisms may lead to the overexpression of SLC2A1, for example, histone modification
on chromosomes [44] or RNA m1A/m5C modification [45]. We did not consider these
potential mechanisms in this study.

The mechanism of SLC2A1 in pan-cancer has rarely been explored. LUAD is one of
the most common cancer types. In our study, we found that SLC2A1 is highly expressed in
LUAD, and was related to a poor prognosis in terms of OS, PFI, DSS, and DFI, so we took
LUAD as the representative tumor in the GO, KEGG, and GSEA analyses of SLC2A1. The
results showed that SLC2A1 is mainly associated with hypoxia, EMT, glycolysis, cell-cycle
regulation, DNA repair, and neutrophil-mediated immunity. Single-cell sequencing can
help us better understand the biological features of cancers, to achieve the goal of more
precise cancer treatment [46,47]. In our study, we used the single-cell database CancerSEA
to explore the function of SLC2A1 in pan-cancer. We discovered that SLC2A1 is remarkably
positively related to hypoxia, EMT, and metastasis, and negatively related to DNA repair,
which was roughly consistent with the bulk analysis. Most of these functions of SLC2A1
have been studied in various types of cancers. For example, hypoxia induces GLUT1 over-
expression in various cancers [48]; Azadeh Nilchian et al. revealed that overexpression of
GLUT1 can make breast cancer cells produce stable EMT and promote proliferation during
chronic TGF-f31 exposure [49]; Zhang et al. revealed that GLUT1 S-palmitoylation mediated
by DHHC9 promotes glycolysis and tumorigenesis in glioblastoma [50]. Takahashi et al.
reported that Glut-1 knockdown also induces cell-cycle arrest in pancreas cancer cells [51];
Kim et al. found that increased GLUT1 expression can repair damaged DDR in SALL4-
deficient human cancer cells [52]. In summary, SLC2A1 may be overexpressed in cancers
tissues by hypoxia and promote cancer-cell proliferation and metastasis by regulating
cancer glycometabolism, the cell-cycle checkpoint, DNA repair process, and EMT.

The TME plays a key role in the support of tumor progression, invasiveness, and
metastasis [53]. In our study, we found that high SLC2A1 expression strongly correlates
with proteome-based subtypes s8. A previous study [16] demonstrated that s8 is related to
the immune system process, extracellular region, and glycolysis. Therefore, we explored the
relationship of SLC2A1 expression with immune cell infiltration by using three algorithms
(ESTIMATEScore, EPIC, and MCPcounter). We found that high expression of SLC2A1
corresponds to low immune, stromal and ESTIMATE scores in the TME in most cancer
types, which indicated that SLC2A1 might be mainly expressed by cancer cells. In addition,
SLC2A1 is positively correlated with the neutrophils and CAFs in the TME in most cancers.
Neutrophils and CAFs in the TME promote tumor proliferation and metastasis [54-56].
Thus, SLC2A1 may promote tumor proliferation and metastasis by affecting neutrophils
and CAFs in the TME. Ancey et al. revealed that the radiotherapy resistance of lung cancer
depends on GLUT1-mediated glucose uptake in tumor-associated neutrophils [54]. Sun et al.
discovered that phosphorylating GLUT1 enhances glycolytic activity of the CAFs in breast
cancer to promote cancer-cell invasion by activating the TGFf31/p38 MAPK/MMP2/9
signaling axis [57]. CD8+ T cells are an important component of cancer immunity. Our
findings showed that SLC2A1 is positively correlated with CD8+ T cells in some cancer
types, but negatively correlated in other cancer types, suggesting that the effect of SLC2A1
on CD8+ T cells in the TME is complex.
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ICP genes affect the immune cell infiltration of the TME and cancer immunother-
apy [58]. As such, we analyzed the relationship between the SLC2A1 expression and ICP
genes. The results showed a certain correlation between SLC2A1 and ICP genes in all
33 tumors. This indicated that SLC2A1 has an impact on immune function in the TME. No-
tably, SLC2A1 is remarkably positively correlated with CD274 (PD-L1) and CTLA4 in most
cancers. Young Wha Koh et al. demonstrated that PD-L1 protein and mRNA expressions
are correlated with GLUT1 expression in lung adenocarcinoma [59]. PD-L1 and CTLA4
are the essential biomarkers of T cell exhaustion [60]. The definition of T-cell exhaustion is
that the T-cell functions of patients with common chronic infection or cancer is impaired or
even lost. Therefore, the expression of SLC2A1 results in the T-cell exhaustion of the TME.
MSI and TMB are the biomarkers for predicting cancer immunotherapy response [22,23].
We performed a correlation analysis between SLC2A1 and TMB and MSI, and we found
that SLC2A1 expression is significantly correlated with TMB in 13 cancer types and with
MSI in 10 cancer types. Additionally, PD-L1 and CTLA4 are the main targets of clinical
immunotherapy. This indicated that SLC2A1 may be considered as a biomarker to predict
the response to immunotherapy.

The limitations in our study should be considered when generalizing the findings.
First, our results were mainly generated from bioinformatics analysis. In vivo and in vitro
experiments are needed to prove our results regarding the potential function of SLC2A1.
Second, the microarray and sequencing data from different databases might have caused
systematic bias. Third, the data used in this study were retrospective. Our results should
thus be further confirmed by prospective studies in the future. Finally, no anti-SLC2A1
therapeutic monoclonal antibodies have yet been evaluated in clinical trials. Therefore,
we have no specific and complete cases with data to identify the benefit of anti-SLC2A1-
targeting drugs in the survival of cancer.

5. Conclusions

SLC2A1 may play a crucial role in cancer cell proliferation and metastasis through
multiple mechanisms, such as regulating the cell-cycle checkpoint, DNA repair process,
EMT, CAFs and neutrophils in the TME, and T-cell exhaustion. SLC2A1 might serve as
a novel pan-cancer diagnostic and prognostic biomarker and provide an opportunity to
develop new immunotherapy strategies.
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Simple Summary: p53 isoforms have been reported in various tumor types. Both p53f and p53y
were recently reported to retain functionalities of full-length p53«. A role for p53 and p53 loss in
cholesterol metabolism has also emerged. We show that SMGI, a phosphatidylinositol 3-kinase-
related kinase, when inhibited in p53 wild-type MCF7 and HepG2 cells, significantly alters the
expression of cholesterol pathway genes, with a net increase in intracellular cholesterol and an
increased sensitivity to Fatostatin in MCF7. We confirm a prior report that SMG1 inhibition in MCF7
cells promotes expression of p53(3 and show the first evidence for increases in p53y. Further, induced
p53p expression, confirmed with antibody, explained the loss of SMG1 upregulation of the ABCA1
cholesterol exporter where p53y had no effect on ABCA1. Additionally, upregulation of ABCA1 upon
SMG1 knockdown was independent of upregulation of nonsense-mediated decay target RASSF1C,
previously suggested to regulate ABCA1 via a “RASSF1C-miR33a-ABCA1” axis.

Abstract: SMG1, a phosphatidylinositol 3-kinase-related kinase (PIKK), essential in nonsense-
mediated RNA decay (NMD), also regulates p53, including the alternative splicing of p53 isoforms
reported to retain p53 functions. We confirm that SMG1 inhibition in MCF7 tumor cells induces p53f3
and show p53y increase. Inhibiting SMG1, but not UPF1 (a core factor in NMD), upregulated several
cholesterol pathway genes. SMG1 knockdown significantly increased ABCA1, a cholesterol efflux
pump shown to be positively regulated by full-length p53 (p53«). An investigation of RASSF1C, an
NMD target, increased following SMG1 inhibition and reported to inhibit miR-33a-5p, a canonical
ABCA1-inhibiting miRNA, did not explain the ABCA1 results. ABCA1 upregulation following SMG1
knockdown was inhibited by p53 siRNA with greatest inhibition when p53c and p53f were jointly
suppressed, while p53y siRNA had no effect. In contrast, increased expression of MVD, a cholesterol
synthesis gene upregulated in p53 deficient backgrounds, was sensitive to combined targeting of p53«
and p53y. Phenotypically, we observed increased intracellular cholesterol and enhanced sensitivity
of MCF7 to growth inhibitory effects of cholesterol-lowering Fatostatin following SMG1 inhibition.
Our results suggest deregulation of cholesterol pathway genes following SMG1 knockdown may
involve alternative p53 programming, possibly resulting from differential effects of p53 isoforms on
cholesterol gene expression.

Keywords: SMG1; p533; ABCA1; cholesterol; mevalonate; RASSF1C; miR-33a-5p; statin

1. Introduction

SMGTI (suppressor with morphogenetic effect on genitalia), the most recently char-
acterized phosphatidylinositol 3-kinase-related kinase (PIKK) family member, is highly
conserved across organisms [1]. Similar to structurally homologous PIKK proteins ATM
and ATR, SMGI plays a role in genome stress response (GSR) including activity to phospho-
rylate p53 on serine 15 [2-5]. Phosphorylation of p53 is a key step in stabilizing p53, making
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it more resistant to ubiquitination-mediated degradation by MDM2 [6]. SMGI1 is best
characterized for its role as an essential kinase in the phosphorylation of the DNA/RNA
helicase UPF1, via a SMG1-SMG8-SMG9 complex, which is the first and rate-limiting step
of nonsense-mediated RNA decay (NMD) [7-9]. NMD is a RNA quality control and gene
regulatory mechanism that mediates the recognition and rapid clearance of mRNAs har-
boring premature termination codon (PTC) [10]. Thus, SMG1 functions uniquely in NMD
and overlaps that of ATM and ATR to phosphorylate p53. With this duality of function,
SMG1 has emerged in recent years as a putative tumor suppressor [4,11,12] and cancer
drug target [13], though the relative importance of SMG1 in tumor biology remains unclear.

Since the late 1980s [14,15], the presence of p53 isoforms derived from alternative
splicing have been observed in a variety of human cancers [16]. Experimental works
support both distinct and overlapping functions of p53 isoforms with full-length p53
(p53x) [17-20]. To date, nine p53 mRNAs and at least thirteen p53 peptide variants have
been reported (reviewed in [21]). On the 5’ of p53 gene, there are two promotors, P1 and P2,
and two internal ribosome entry sites (IRES), ATG40 and ATG160. P1 initiates two distinct
forms of p53 mRNAs, fully spliced mRNAs and intron-2 retaining mRNAs. These two
types of mRNA translate into two types of N-terminal variants: the most prevalent full-
length p53, which is translated from fully spliced mRNA; A40p53, which can be translated
from ATGA40 of either fully spliced mRNA or the intron-2 retaining mRNA. Both A133
and A160 are launched by P2 (which serves as introns and exons in Pl-initiated mRNAs),
while A160 begins with the alternative start codon ATG160. On the C-terminus, p53 has
three distinct C-termini (Figure 2A). Despite the full-length «, 3 and vy, result from two

‘cryptic’ exons, 93 and 9y, and the stop codons following them. Both 9 and 9y have

putative PTCs hypothesized as targets of NMD [22]. This is supported by Tang et al.
who showed that inhibiting two NMD pathway components, SMG7 or UPF1, increased
the expression of p53 [22]. More recent, Gudikote et. al. showed that pharmacologic
inhibition of NMD or inhibition of UPF1 increased the expression of p53f3 and p53y
in MDM2 overexpressing and p53 mutant cell lines [23]. These investigators postulate
that p53f and p53y isoforms ‘restore” p53 functionality in p53 deficient cells. However,
Chen et. al. [24] provided evidence suggesting that SMG1 directly suppresses alternative
splicing of p53 intron 9 by binding p53 pre-mRNA near exon 8-10. Loss of SMG1 was
found to promote binding of ribosomal protein L26 (RPL26) to p53 pre-mRNA and to the
recruitment of the Serine/Arginine-rich splicing factors (SRSFs), SRSF7, and expression of
p53p protein. Earlier work from Tang et. al. [25] also supports a role for splicing factors. In
their studies, downregulation of SRSF3 in early passage fibroblasts was mechanistically
linked to alternative splicing of p53f and replicative senescence.

We are similarly interested in the effects of SMG1 on p53, p53 isoforms and their
function. This includes their role in the context of work from the Prives laboratory [26,27]
that identified a link between p53 and cholesterol synthesis and transport including effects
on the expression of the ATP binding cassette transporter A1 (ABCA1), a transmembrane
protein transporter of cholesterol [28]. The Prives group was the first to show that loss
(knockout) of wild type p53 or missense mutations in p53 resulted in ABCA1 mRNA
downregulation, whereas stabilization of wildtype p53 with Nutlin-3 (inhibitor of Mdm?2)
increased ABCA1 at the RNA and protein level. Intriguingly, loss of p53 or ABCA1 pro-
moted sterol regulatory element-binding protein 2 (SREBP2) maturation from its uncleaved
precursor and upregulation of mevalonate pathway genes involved in cholesterol synthesis.
In contrast, the accumulation of wild-type p53 following Nutlin-3 treatment suppressed
mevalonate (MVA) pathway signals. A follow-up study concluded that p53 inhibits choles-
terol synthesis in a SREBP2 independent manner by transcriptionally suppressing squalene
epoxidase (SQLE), a rate-limiting enzyme in sterol synthesis [29]. Findings from these
studies have been replicated in vivo in mouse models.

On interest in SMG1, as well as NMD, as a therapeutic target for cancer [30,31]
and findings that overexpression of p53f in advanced stage breast cancers is associated
with better patient outcomes [32], we confirm that SMG1 knockdown increases p53(3
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isoform protein with specific antibody. Further, we show the first evidence that SMG1
inhibition also increases transcription of the p53y isoform. Similarly to Chen et al., we
did not find an increase in p53f3 after targeting UPF1 for NMD-only effects. Interestingly,
inhibition of SMG1, but not UPF1 in MCF7 and HepG2 cells, led to a significant alteration
in cholesterol homeostasis, including increased expression of both the MVA pathway genes
and ABCA1. On hypothesized effects of p53 to modulate cholesterol synthesis in tumor
cells, we investigated SMG1 induced p53f and p53y isoforms for effects on ABCA1 and
cholesterol pathway genes and on the sensitivity of MCF7 to cholesterol lowering drugs
following SMG1 knockdown.

2. Materials and Methods
2.1. Cell Culture and Transfection

MCF7(HTB-22), HepG2 (HB-806), and NCI-H1299 (CRL-5803) were purchased from
ATCC. MCF7 was cultured in DMEM (high glucose, Gibco) with 10%FBS and 1% pen-strep.
HepG2 (HB-806) and H1299 was cultured in RPMI-1640 (Gibco) with 10%FBS and 1%
pen-strep. For experiments shorter than 72 h and/or with cytotoxic treatments (plasmid
transfection, drug treatment, etc), cells were plated in 6-well or 24-well plates at a starting
confluency of 70%. For experiments longer than 96 h (siRNA transfection), cells were plated
at a lower starting confluency of 30% to prevent overconfluent.

Pre-designed siRNAs were purchased from GE Dharmacon™ (non-targeting, SMG1,
GAPDH, UPF1) and Thermo Fisher Silencer Select™ (ABCA1, SREBP2, SMG1, RASSF1).
Customized siRNAs of p53 isoforms were synthesized following previous publication [33].
See Supplemental List S2 for details. All siRNAs were transfected with Lipofectamine™
RNAiIMAX (Thermo Fisher, Waltham, MA, USA) following official protocol.

Plasmids and plasmids/siRNA combination are transfected via Lipofectamine™
3000 (Thermo Fisher). Due to the cytotoxicity, we used reduced amount of transfection
reagent and higher seeding density. For example, to transfect MCF7 plated in 6-well plate,
6 uL reagent and 2.5 g of DNA are used per well, and 80% confluency is required at time
of transfection.

2.2. Cell Viability Analysis

Viability was assayed by Cell Counting Kit-8 as described by the manufacturer (CCK-8,
Dojindo, Rockville, MD, USA). Briefly, CCK-8 reagent was added to cell culture medium
directly and incubated for 2 h at 37 °C. Absorbance at 450 nM was measured by microplate
reader. Living cell counts was determined using the linear proportional from control
standard curve.

2.3. Western Blots

For proteins with molecular weight (MW) > 200 kDa, NuPAGE™ 3-8% tris-acetate
3-8% gels (Invitrogen, Waltham, MA, USA) and HiMark™ Pre-stained Protein Standard
(Invitrogen) were used. Gels were transferred to nitrocellulose membranes via ultra-low
voltage overnight transfer (12 V, ~100 mA, 20 h). For proteins with MW < 200 kDa, 10%
tris-glycine gels (Invitrogen) and DualColor protein standard (Bio-rad, Hercules, CA, USA)
were used instead. Primary antibodies (see Supplemental List S2 for a list of antibodies
used) were diluted in 5% BSA 0.1%TBST and incubated overnight at 4 °C with gentle
rocking. After primary antibody incubation, membranes were washed in 0.05% TBST three
times, 10min each, followed by 1h incubation in Secondary antibody diluent. After a second
series of wash, membranes were incubated in Clarity ECL substrates (Bio-rad) for 5min.
Images were acquired by ChemDoc MP image system (Bio-rad).

2.4. Real-Time PCR and miRNA Assay

All pre-designed Tagman probes were purchased from Applied Biosciences (see Sup-
plemental List S2 for Assay IDs). cDNA was synthesized with High-Capacity cDNA
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Reverse Transcription kit and RT-PCR were performed on the StepOnePlus system (Ap-
plied Biosciences, Waltham, MA, USA). All RT-PCRs were run in triplicate.

Mature microRNAs, miR-33a-5p and 3p, were first isolated by mirVana™ miRNA
Isolation Kit (Invitrogen), then reverse transcribed by Tagman advanced miRNA ¢cDNA
synthesis kit (Applied Biosciences) following official protocol. Briefly, a poly-A tail and a
universal 5 adapter is ligated to 20 nt mature miRNAs sequentially, followed by reversed
transcription and a miRNA-specific amplification. The RT-PCR step can be performed as
standard Tagman RT-PCR using miRNA specific probes.

2.5. Transcriptome and Analysis

Total RNA was extracted, and RNA Integrity Number (RIN) was measured by Bioana-
lyzer. Library preparation (poly-A enriched, non-directional) and sequencing (20 M raw
reads, paired-end 150 bp, total 6 G raw data per sample) was done by Novogene America
(Sacramento, CA, USA). HISAT2 [34] was used for alignment, followed by Differential
Expression Analysis (DEseq?2) [35] and Gene Set Enrichment Analysis (GSEA) [36].

2.6. Cholesterol Staining and Analysis

To initially visualize uptake of cholesterol, a fluorescent tagged cholesterol—BODIPY-
cholesterol was used. Cells were incubated in medium supplemented with 5% lipoprotein
depleted serum (KalenBio, Montgomery Village, MD, USA) and 2 uM BODIPY-cholesterol
(Cayman) for 48 h. Living cell fluorescent images were captured using EVOS FL Auto
system (Thermo Fisher). Next, individual cells were manually outlined, and fluorescence
intensity measured using the EVOS build-in software. Calculate corrected total cell fluo-
rescence (CTCF) = Integrated Density — (Area of Selected Cell x Mean Fluorescence of
Background readings).

For a more quantitative assessment, intracellular cholesterol levels were also assessed
using Amplex Red by total cholesterol/total protein ratio as previously described [37]. Cells
plated in 6-well plates were washed three times with PBS and then harvested in 200 pL
Amplex reaction buffer (contains mild detergent) by scraping. The lysate was sonicated
(5 s onand 5 s off, three cycles) to fully disrupt membranes and centrifuged at 14,000 g
for 15 min. Protein concentrations were determined by Pierce BCA assay and cholesterol
concentration was measured by Amplex Red cholesterol assay following official protocols.

3. Results
3.1. SMG1 Is an Unrecognized Cholesterol Metabolism Regulator

With interest in the global effects of SMG1 knockdown, we conducted a small-scale ex-
ploratory transcriptome investigation and discovered a previously unknown link between
SMGT1 and cholesterol metabolism. In gene set enrichment analysis (GSEA) (Figure 1A),
SMG1 siRNA treatment of the wtp53 breast cancer cell line MCF?7 results in altered ex-
pression of several genes involved in cholesterol homeostasis compared to non-target
siRNA treated controls. Specifically, a number of genes involved in the MVA pathway
(i.e., MVD, MVK, LSS, HMGCS1, and FDFT1), are increased in the SMG1 siRNA treated
group, as seen in the DESeq2 (Supplemental List S1) and GSEA results (Figure 1A, right
panel). On the contrary, cholesterol homeostasis was not among enriched gene sets in
UPF1 siRNA treated cells. Follow-up confirmatory time-course gene expression profiling
of two important cholesterol regulatory genes, ABCA1 and SREBP2, as well as meval-
onate diphosphate decarboxylase (MVD), a key MVA pathway enzyme gene, was also
studied. SREBP2 and MVD expression increased over time after siRNA transfection con-
sistent with our GSEA exploratory results. Somewhat unexpectedly, we also observed a
significant and consistent increase in the expression of the ABCA1I, a reverse cholesterol
transporter (Figure 1B). ABCA1 expression was consistently 10-fold higher 5 days after
siRNA transfection across multiple experiments. ABCA1 operates as a cholesterol pump
in a cholesterol-rich environment because it transfers cholesterol from the endoplasmic
reticulum as well as phospholipid from the Golgi apparatus across cell membranes. This
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contrasts with the increased MVA pathway (Figure 1C), which implies a low-cholesterol
environment and the production of additional cholesterols. Considering that observed
effects on cholesterol pathway genes may result from NMD pathway inhibition following
SMG1 knockdown, UPF1 siRNA treated cells were included as NMD pathway controls.
Significant inhibition of UPF1 with siRNA was confirmed by RT-PCR (Figure 1C) and
Western blot (Figure 2D). UPF1 knockdown resulted in an increase in ABCA1 (~4-fold) and
MVD (~1.7-fold) transcripts (Appendix A Figure A1). These data support a possible role for
NMD pathway inhibition in the upregulation of cholesterol homeostasis genes though the
magnitude of increase was consistently less than that observed with SMG1 inhibition across
multiple experiments. Notably, UPF1 knockdown reliably leads to a 3-fold increase in
SMGI expression and vice versa, at both the mRNA and protein levels (Figures 1C and 2D).
Knockdown of SMG1 in HepG2, a hepatocellular carcinoma cell line, resulted in similar
increases in MVA pathway genes and in ABCA1, though to a lesser extent (Figure 1D).
To our knowledge, SMG1 inhibition has not previously been link to effects on cholesterol
metabolism, and the simultaneous regulation of ABCA1 and the MVA pathway genes is
inconsistent with previous work demonstrating their counter regulation in cholesterol
homeostasis [26].

A.
Enrichment plot:
HALLMARK_CHOLESTEROL_HOMEOSTASIS
7 05 SampleName
< 0.4
s O
§ 0.3
E 0.2
E 0.1
E 00
&
0.1
3
F A stvely comelated:
S
g
32
go Zero cross at 11082
g 2
@
gy H H NT (negatively coneiated) H
) 5000 10000 15000 20000 25000 30000 35000
4 Rank in Ordered Dataset
[ Enrichment profie — Hits Ranking metric scores|
B.
ABCA1 SREBP2
s ittt - st ° - st
¢ 2 & = sisMG1
8 SiISMG1 & & si
B ettt R £ £
5 5
= = -
2 3 2
P e & &
B 3 3
) 5 ]
5 5 5
Estom E E
5 5 5
2 2 2
o
2 3 5
Days post-transfection Days post-transfection Days post-transfection
C. D.
MVA pathway Expression HepG2 MVA pathway
T AU SN, (N . siSMG1/sNT = SiSMG1/SiNT
=3 siUPF1/siNT

Nomalized Fold Change

[}
o
c
S

<

o

z
o

w

°
@

N

©
£
5}

z

Figure 1. SMG1, but not NMD pathway, represses cholesterol metabolism. (A) Summary results of an
exploratory gene set enrichment analysis from RNA-Seq data from RNA collected from MCF7 cells

96



Cancers 2022, 14, 3255

cells 5 days after transfection with SMG1 siRNA (1:1 mix of Silencer® Select, s223560 and $223562,
Thermo Fisher) or non-targeting siRNA (ON-TARGETplus SMARTPool of four siRNAs, GE DHAR-
MACON). Cholesterol Homeostasis was the most enriched gene set following SMG1 knockdown
(p-value = 0.022, FDR = 0.226); All the 29 Core Enrichment genes are listed. (B) Confirmational sum-
mary RT-PCR results of cholesterol pathway genes ABCA1, SREBP2, MVD from three independent
time-course experiments (duplicated or triplicated each) of RNA collected from siSMG1 and siNT
transfected MCF7 at 48-, 72-, 96-, and 120-h. (C) RT-PCR results for SMG1, UPF1, SREBP2, HMGCR,
HMGCS1, MVK and MVD from RNA collected from MCF7 cells 5 days post-transfection with siSMG1,
siNT or siRNA targeting UFP1 (ON-TARGETplus SMARTPool of four siRNAs, GE DHARMACON).
Results are summary of three independent experiments (duplicated each). (D) RT-PCR results from a
single triplicated experiment for SMG1, ABCA1, SREBP2, HMGCR, HMGCS1, MVK and MVD from
RNA collected from HepG2 cells 4 days post-transfection with siSMGI1 or siNT. Results in (C) and (D)
are normalized to siNT for both siSMG1 and siUPF1 treated cells. Error bars represent Mean =+ SD.
For all RT-PCR studies, individual samples are run in triplicate.
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Figure 2. SMG1 knockdown induces p53f isoform. (A) Top: Schema depicting p53 alternative
splicing isoforms, siRNA target exons and epitopes of p53 antibodies. Bottom: three mRNAs
represent three types of C-terminus variants. Created with Biorender.com. (B) Proteins of p53 and
p53 isoforms detected with DO-1 antibody in MCF7 p53*/* cells 3 and 5 days after transfection with
siRNAs. siPool and Gap, Dharmacon™ ON-TARGETPlus validated 4-siRNA pool targeting SMG1
and GAPDH, respectively. NT is a 4-siRNA pool of no-target control siRNAs from the same vendor.
si#land si#2 are Silencer™ select validated SMG1 siRNAs and si#3 is a 1:1 mix of si#1 and si#2. All
other experiments utilized the si#3 mixture with the highest knockdown efficiency. Vinculin is the
loading control. (C) RT-PCR analysis of p53 isoform mRNA expression in MCF?7 cells following
transfection with siSMG1 or siNT at 48-, 72-, 96-, and 120 h. Cells were harvested, and RNA collected
at indicated times post-transfection. Tagman primers were specific to N-term variants (A40 or A133)
or C-term variants («, B or -y) or total spliced p53 (Exon8/9). The results of three separate experiments
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(duplicated or triplicated each) are summarized. Results for siSMG1 are normalized to siNT. (D) p53
isoform protein expression by Western blot 5 days post transfection of MCEF7 cells with siRNA combi-
nations. Results for p53 antibody DO-1 (recognizes amino acids 20-25 in exon 2) and a Sheep-host 3
specific antibody (recognizes amino acids peptide TLQDQTSFQKENC in exon 9f; see Appendix A
Figure A2) are shown. * Asterisk indicates a known cross reactivity band that is unaffected by any
P53 siRNA. Six targets p53 mRNA exon 10, which is common in all isoforms, and mainly silences
p53«; siff and siy targets 3/y specific c-termini, respectively (see Supplemental List S2 for sequences).
* Asterisk indicates a known cross reactivity band that is unaffected by any p53 siRNA. Two types
of electrophoresis gels, tris-acetate and tris-glycine were used to achieve best separation based on
protein MW (see Methods 2.3 for details). Error bars represent Mean + SD. For all RT-PCR studies,
individual samples are run in triplicate. Original Western blots, view Supplemental Figures.

3.2. Loss of SMG1 Alternates p53 Isoform Splicing

Previous investigations [2-5] demonstrated that SMG1 is a classical PIKK family
protein that phosphorylates p53 in response to genome stress. Additionally, a report by
Chen and Kasten described a “'SMG1-RPL26-SRSF7” model that resulted in alternative
p53 splicing and the production of the p53 C-terminal isoform, p53f3 [24]. Similar to
their finding, using a series of siRNA combinations to knock down SMG1 and the most
prevalent N-terminal antibody DO-1, we detected a putative isoform of p53 in the absence
of a genome stressor (Figure 2B). To identify the specific alternative splice variants of p53
induced by SMG1 knockdown, we utilized isoform specific Tagman probes [33], isoform
specific siRNAs [21] and p53 isoform antibodies (generous gifts from Dr. Jean-Christophe
Bourdon, see Appendix A Figure A2 for validation) (Figure 2A). The RT-PCR results
demonstrated a significant increase in the expression of p53p and p53y mRNA following
SMG1 knockdown, with > 10-fold increase in both transcripts 120 h post-transfection
(Figure 2C). Furthermore, with the combination of isoform specific siRNA and isoform
specific antibodies, we were able to confirm that the ‘extra’ band we observed on Western
blot following SMG1 knockdown (Figure 2B) represents p53f3 but not p53y (Figure 2D).
We were unable to detect p53y protein by Western blot despite significantly upregulated
transcript. This may reflect the low stability of p53y protein previously reported by Camus
et al. and related to E3 ligase activity [38]. However, the use of the proteosome inhibitor
MG-132 did not increase either p53 or p53y in our studies. UPF1 knockdown (NMD
control) increased p536 and p53y mRNA level by 2- and 1.7-fold, respectively (Appendix A
Figure A3) with no detectable p53f3 or p53y protein (Figure 2D). Taken together, these
observations support Chen and Kasten’s findings but contradict, at least partially, reports
that UPF1 knockdown induces p53f3 at both the mRNA and protein levels [22,23], as
discussed further in the discussion section.

3.3. P53 Isoforms Modulate the Expression of ABCA1 Differently with No Effects on SREBP2
or MVD

Lacking a clear mechanism for SMG1 inhibition to increase both ABCA1 expression
and MVA synthesis genes, and with published studies supporting p53’s non-canonical
effects on lipid and cholesterol metabolisms [39,40], including the findings from the Prives’
laboratory for a ‘p53-ABCA1-SREBP2” metabolic axis [26], we asked if SMG1 knockdown
effects on p53 isoform expression could explain any of our results. After demonstrating
that SMG1 inhibition leads to an increase in p53 alternative splicing, we co-transfected
MCF?7 cells with SMG1 siRNA and the individual isoform-specific siRNAs and quantified
ABCA1, SREBP2, and MVD mRNA levels. Under these conditions, interestingly, p53f3
siRNA alone or in any combination with p53x or p53y significantly abrogated the effect
of SMGI1 inhibition on the upregulation of ABCA1, whereas p53x siRNA alone slightly
reduced ABCA1 expression (p = 0.1), and p53y siRNA alone had no activity to blunt ABCA1
transcript upregulation following SMG1 inhibition (Figure 3A). In contrast, none of the
isoform specific siRNAs altered SREBP2 or MV D expression, indicating that the effect of
SMG1 knockdown on MVA pathway may be distinct from SMGI1 effects on the expression
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of alternative p53 isoforms. Representative Western blot studies also show that siRNA
targeting of the p53f transcript blunted the increase in ABCA1 protein expression upon
SMGT1 inhibition (Figure 3B), supporting the findings from the mRNA studies.
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Figure 3. p53 isoforms differentially influence ABCA1 expression following SMG1 knockdown but
are unrelated to SMG1 effects on MVA pathway. (A) Summary RT-PCR results from three experiments
for ABCA1, SREBP2 and MVD mRNA expression from RNA collected from MCF?7 cells 5 days after
transfection with different siRNAs targeting SMG1 and SMG1 in combination with siRNAs targeting
P53, p53p3, p53y or the combination of p53«x + p533, p53« + p53y, and p53p + p53y. non-target
siRNA (siNT) is included as a control. (B) Representative Western blot results for ABCA1 protein
showing MCF7 cells treated with the different combinations of siRNAs as in panel A harvested 5 days
post-transfection. The DO-1 (aa 20-25) p53 specific antibody was used examine alternative splicing.
The bar plot on the right shows band intensity of ABCA1 normalized by the vinculin band intensity
as a loading control. (C) Summary RT-PCR results from three independent experiments for ABCA1,
SREBP2, and MVD mRNA expression from RNA collected from MCEF7 that were harvested 2 days
post-transfection with p53 isoform plasmids and compared to pCMV vector control. p-values shown
for siSMG1 versus the different combinations of siSMG1 and p53 isoform siRNA(s) are from unpaired
t-test. * = p < 0.05; ** p < 0.01. Error bars represent Mean =+ SD. For all RT-PCR studies, individual
samples are run in triplicate. Original Western blots, view Supplemental Figures.
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Based on these results, we investigated whether the overexpression of individual
p53 isoform showed distinct regulation of ABCA1, SREBP2, or MVD expression. Using
the wtp53 MCF7 cell line, we were unable to replicate earlier studies that reported direct
activation of ABCA1 following upregulated wtp53 in HCT116 and SK-HEP-1 cell lines [26].
While one or two experiments support a modest increase in ABCAL1 levels following
forced overexpression of p53a and p53f (no change with p53y), the increase was not
significant, and SREBP2 as well as MVD mRNA levels remained unchanged (Figure 3C). To
summarize, alterations in alternative splicing of p53 following siRNA knockdown of SMG1
could partially explain increased expression of ABCA1. The upregulation of SREBP2 and
the MVA pathway following SMG1 inhibition could not be linked to alternative splicing
and p53 isoforms in MCF?7.

3.4. miR-33a, the Canonical ABCA1 Inhibitor Is Not Perturbated by Loss of SMG1

In canonical models of ABCA1T gene regulation [41-44], microRNA-33a-5p, embedded
in the SREBP2 gene intron-2 and complementary to ABCA1 3’ untranslated region (3’ UTR),
inhibits ABCA1 expression (Figure 4A). While no link between SMG1 and miR-33a-5p
has previously been reported, a recent study implicated the putative NMD target, Ras
association domain-containing protein 1C (RASSF1C) as an inhibitor of miR-33a-5p [45].
Thus, we hypothesized that NMD inhibition following SMG1 silencing may result in an
increase in RASSF1C and act on ABCA1 via miR-33a-5p inhibition. RASSF1IC mRNA
and protein levels were found to increase significantly as expected in response to SMG1
knockdown in MCF7 cell (Figure 4B,C). RASSFIC mRNA increased > 10-fold 5 days
following transfection with siRNA targeting SMG1, while only slightly increased (1.4-fold)
with UPF1 siRNA (Figure 4B). In line with the mRNA expression, SMG1 knockdown,
but not UPF1 knockdown, induced a band on Western blot at the expected molecular
weight detected by RASSF1 antibody (Figure 4C; see Appendix A Figure A4 for antibody
validation). These data show that RASSF1C upregulation in MCF7 cells was specific to
SMG1 knockdown and not observed with UPF1 inhibition despite clear inhibition of UPF1
at the protein level.

Mature microRNAs are short (22 nt) single-stranded non-coding RNAs that act as
an active component of the RNA interfering mechanism. These mature microRNAs are
difficult to stabilize and cannot be probed using conventional RT-PCR. We utilized a
workflow specifically designed for mature microRNAs (see Methods) to probe the ABCA1
inhibitor miR-33a-5p. Initially, we measured miR-33a-5p levels 5 days after siSMG1 or
siUPF1 transfection and found no significant changes (Figure 4D). Given the possibility
that miRNA disruption may occur earlier post-transfection, we next validated that the
levels of miR-33a-5p were unaffected 2 or 3 days after transfection of MCF7 cells with
SMG1 siRNA versus control siRNA (Appendix A Figure A5), indicating that the increase in
RASSF1C was not associated with a decrease in miR-33a-5p as previously reported [45].
To explore this further in our model on concerns over the detectability of miR-33a-5p,
we more directly examined the activity of RASSF1C on ABCAT expression in MCF7. As
reported by others [46,47], RASSF1A, the major isoform of RASSF1C, is silent in most cancer
cell lines and our RT-PCR trials cannot detect its expression in MCF7, H1299, or HepG2
(failed to amplify under any circumstances). Thus, we used a RASSF1 siRNA that targets a
single exon shared by all RASSF1 isoforms. The RASSF1 siRNA successfully reduced total
RASSF1 and RASSF1C levels but showed no effect on ABCA1T expression or on miR-33a-5p
levels either alone or in combination with SMG1 inhibition with siRNA (Figure 4E). These
data show that NMD inhibition via SMG1 knockdown results in increased RASSF1C in
MCEF?7 but that the increase in ABCA1 transcription could not be explained by any effect of
RASSFI1C via inhibitory activity on miR-33a-5p.
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Figure 4. No effect of SMGI inhibition on the expression of mir—33a—5p. (A) Schematic of
miR—33a—5p and ABCA1 complementary sequences. miRNA—33a—5p, located in intron—2 of
the SREBP2 gene, is complementary to 3’ UTR of ABCA1 and inhibits ABCA1 expression [41-44]. Cre-
ated with Biorender.com. (B) Summary RT-PCR results from three experiments (duplicated each) for
RASSF1 and RASSF1C mRNA levels in MCEF7 cells 5 days post transfection with siSMG1, siUPF1 or
siNT. (C) Western blot results for RASSF1C (probed with Rassfl [EPR7127], Abcam; see Appendix A
Figure A4 for validation) on Western blots of a representative experiment showing MCF7 cells treated
with different siRNAs. Cells are harvested 5 days post-transfection. (D) Summary RT-PCR for two
experiments (duplicated each) for miR—33a—5p from RNA collected from MCF7 cells 5 days post
transfection with siRNA targeting SMG1, UPF1 and non-target controls. miR—33a—5p cDNA were
synthesized via TagMan™ Advanced miRNA ¢cDNA Synthesis Kit (Applied Biosystems), probed
by TagMan Advanced miRNA Assays and normalized by miR—16—5p. (E) Representative RT-PCR
mir—33a—5p results for a single triplicated experiment for MCF7 cells 3 days post-transfection with
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=+ SD. For all RT-PCR studies, individual samples are run in triplicate. Original Western blots, view
Supplemental Figures.

3.5. Loss of SMG1 Increased Intracellular Cholesterol Level

Having consistently observed upregulation of ABCAI, a reverse cholesterol transporter,
and MVA synthesis genes following SMG1 knockdown, we examined the more direct effect
of SMGI1 inhibition on intracellular cholesterol levels. Following siRNA transfection,
MCEF7 cells were cultured in serum depleted of lipoproteins and supplemented with
fluorescent BODIPY-cholesterol. After 2 days, the fluorescent cells were observed via
fluorescence microscopy. In comparison to non-targeting siRNA treated control cells,
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which exhibited a typical MCF?7 flat-sheet morphology, SMG1 siRNA targeted cells had
a rounded shape with less extracellular matrix (Figure 5A). Additionally, SMG1-siRNA
targeted cells exhibited significantly increased fluorescent signal confirmed by corrected
total cell fluorescence (CTCF) analysis (Figure 5B). To confirm and quantify the apparent
increase in intracellular cholesterol level observed with image analysis following SMG1
knockdown, we utilized an Amplex Red cholesterol fluorometric method to quantify both
free and esterified cholesterol (or total cholesterol). The cholesterol values were normalized
against the protein concentration, yielding a cholesterol-to-protein ratio, as previously
described [37]. In line with the CTCF analysis, SMG1 siRNA treated cells had higher level
of intracellular cholesterol than non-targeted siRNA treated cells (Figure 5C). However,
a combination of SMG1 and p53 siRNAs did not significantly differ from SMG1 siRNA
alone, implying that changes in ABCA levels may not have a direct effect on cholesterol
levels. Combining results from these two methods, we concluded that inhibition of SMG1
results in an increase in intracellular cholesterol levels, despite the 10-fold increase in
ABCAT gene expression.

SiNT#2

B. C.
Correlated Total Cell Fluorescence AmplexiRed;Chiolesterol Assay
150,000 0.0055
> 0.0013
K] 60 00128  ns
H =
o [73
£ 100,000 3
i Z540
] BE
] wo
2 50,000 8e
5 2L2
-] o
= B
0 T T 8 0
siNT SiSMG1 Py N N
S & F
& o\ﬁ
s
Cell Viability (CCK-8) Cell Viability (CCK-8)
120 120
= SINT(Ctrl) 5 - SiNT(Ctrl)
100 i + ¥ x SiNT+Fatostatin £ 10— 4 ¥ ¥ ] siNT+Lovastatin
=3
80 I ~ siSMG1 O 804 + SISMG1
60 T . - siSMG1+Fatostatin S go.] = . + SISMG1+Lovastatin
: 2 - N
40 = £ 40 -
8
20 = 5 20
o
T T T T 1 0 T T T 1
0 1 2 3 4 [ 1 2 3 4
Days Days

Figure 5. SMG1 knockdown increases intracellular cholesterol levels and sensitizes MCF?7 cells to
Fatostatin, and less degree to Lovastatin. (A) Representative images of the immunofluorescence staining
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of BODIPY-cholesterol in MCF7 grown in 35mm glass bottom dishes. Images were acquired 4 days
post-transfection with siSMG1 or siNT, using an EVOS FL Auto Fluorescence Inverted Microscope
Imaging System. For each siRNA treatment group, three randomly selected areas of interest are
shown (Bottom right scale bar, 1001tM). (B) Captured images are summarized as a corrected total cell
fluorescence (CTCF) statistic. Intensities of cells, as well as background intensity were measured by
EVOS software. CTCF = cell intensity — (background intensity x area of outlined cell). 19 cells in
siNT group, and 17 cells in siSMG1 group were counted. Presents Error bar shows Mean with Range.
(C) Total intracellular cholesterol level was quantified in MCF7 cells 4 days post-transfection with
siRNA targeting NT, SMG1 and SMG1 + p53f3 by Amplex Red cholesterol assay; four replications per
treatment group. Total protein, measured by Pierce BCA assay, was used as an input reference (see
Method 2.6 for details). ns, not significant. (D) To assess SMG1 inhibition effects on MCF7 sensitivity
to cholesterol lowering agents, MCF7 cells were plated in 24-well plates and transfected 24 h later
with siRNA targeting NT or SMG1 and then treated with Fatostatin (25 uM), Lovastatin(25 uM) or
DMSO (control) as indicated. Each treatment group was performed in triplicate. Post-treatment
viability was assessed every 24 h using the colorimetric CCK-8 cell viability assay until posttreatment
day 4.

Given that loss of SMG1 expression results in an increase in intracellular cholesterol
levels, we wish to establish whether this increases cancer cell sensitivity to inhibitors of
cholesterol synthesis. To our surprise, MCF7 cells treated with siRNA to SMG1 were more
sensitive to the growth inhibitory effects of Fatostatin, an inhibitor of SREBP activation, than
to Lovastatin, a clinically approved HMG-CoA reductase inhibitor (Figure 5D). Fatostatin
is known as a specific inhibitor of SREBP cleavage-activating protein (SCAP), a required
protein for SREBP activation, but also has SREBP-independent effects [48,49]. This raises
the possibility that the observed co-efficiency of Fatostatin and SMG1 knockdown is due to
factor other than an SREBP2-MVA pathway.

4. Discussion

Here, we confirm that inhibiting PIKK SMG1, but not the core NMD factor UPF1, in
p53 wildtype MCF7 mammary cells induces the expression of p533 with the first evidence
for concomitant upregulation of p53y. Coincident with SMG1 knockdown and alterna-
tive splicing of p53, we demonstrate a significant upregulation in cholesterol synthesis
gene expression not observed with UFP1 targeting. We show that the effects of SMG1
knockdown on cholesterol pathway genes is explained by the upregulation of the p53
exon 9 isoforms including an increase in ABCA1 following the expression of p53f3. Noting
that Amaar and Reeves recently reported [45] that RASSIC, a known NMD target upregu-
lated by SMG1 knockdown, has activity to inhibit miR-33a-5p, a validated microRNA and
canonical inhibitor of ABCAT housed in intron 2 of the SREBP2 gene [41-44], we examined
this alternative mechanism but found no evidence to support a role for the NMD target
RASSF1C in ABCA1 expression.

Like Chen et. al., [24] our results indicate that SMG1 loss significantly alters the
expression of p53 isoforms from exon 9 and alters the expression of p53 target genes. Our
work extends the effect of SMG1 loss to alterations in the expression of several cholesterol
pathway genes mediated in part through upregulation of p53f3 and p53y isoforms. One
unexpected observation was the concurrent upregulation of both ABCA1 and SREBP2-MVA
mRNA upon SMG1 knockdown. In earlier work, ABCA1 has been identified as positively
regulated by p53 [26] while MVA pathway genes have been shown to be upregulated in
p53 null or mutant backgrounds [27] with some, but not all, studies showing dependence
on SREBP2 [29]. We suspect that the concurrent increase in cholesterol transport genes
and MVA synthesis following SMGI loss reflects deregulation of p53 target gene control
mediated through alternative splicing and altered function of p53«The observation that
P53 is mediating the increase in ABCA1 following inhibition of SMG1; a function ascribed
to full-length p53 [26]. The activity of p533 on ABCA1 supports Heymach [23] premise
that the exon 9 derived isoforms share overlapping functionalities with full-length p53«
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to compensate for p53 loss. This idea is supported by Chen et al. [24] who demonstrated
that p533 when overexpressed had activity to regulate subsets of p53 target genes some
independent of and some dependent on the presence of p53«x. Our story with p53y, which
could not be detected on Western blot presumably a result of lower stability [38], is less
clear. Induction of p53y appears to explain the effects of SMG1 inhibition to increase MVD
(MVA pathway gene) but showed no activity to increase SREBP2 expression. This result
suggests that p53y activity is distinct from p53. Notably, our data also do not support a
role for any of the p53 isoforms in the increase in expression of the SREBP2 gene following
SMG1 inhibition.

Importantly, and a limitation of our study, the mRNA for p53x does not contain a
P53« “specific’ sequence for exclusive siRNA targeting. In previous studies [21] and in
these new results, targeting of exon 10 with siRNA shows preferential activity to inhibit
p53x and thus, siRNA targeting exon 10 is commonly referred to as a siRNA to p53«. In
contrast, selective siRNAs can be, and have been designed and validated, against exon 9-9f3
for p53f3 silencing and exon 9-9y for p53y silencing [21]. Exon 10 however is also part of the
3’ untranslated region of p53f and p53y. Theoretically, siRNA targeting of exon 10 could
inhibit the expression of p53f3 and p53y. Indeed, when we ectopically express p533 and
p53vy both are slightly decreased with siRNA targeting exon 10. We interpret these results
cautiously as evidence that the siRNA targeting of exon 10 predominantly suppresses p53«
with slight inhibition of p53f3 and p53y. Thus, in Figure 3A,B, the effect of sia (siRNA to
exon 10) to reverse the effect of SMG1 knockdown on ABCA1 could result from inhibiting
p53«x alone, p53f3, or both. Because we observed that the combined treatment of siRNA to
exon 10 (six) and siRNA to p53f (sif) blunted the effect of SMG1 inhibition to a greater
extent on ABCA1 expression (and si and siy to blunt the activity of SMG1 inhibition to
increase MVD), our main conclusions are that p53(3 has activity to target gene ABCA1 and
p53y to impact MVD and that their activity on these gene targets likely depends on p53«.
This is consistent with findings that p533 impacts the expression of a subset of p53 target
genes in ‘collaboration” and not through physical contact with p53« [24].

Observing an increase in intracellular cholesterol and altered p53 expression, we
wanted to know if loss of SMGI1 increased the sensitivity of MCEF7 to cholesterol lowering
drugs similar to reports for p53 null/mutant cells [26,27]. SMG1 knockdown appeared to
sensitize MCF7 cells more to Fatostatin, an inhibitor of SREBP activation, than to Lovastatin,
a competitive inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
and the rate-limiting enzyme in cholesterol synthesis. Because Fatostatin has been reported
to have non-selective activity to inhibit endoplasmic reticulum to Golgi transport [49], it is
possible that increased sensitivity to Fatostatin is related to the unfolded protein response
induced by inhibiting NMD [50]. Additional work is needed to separate p53 deregulation
from NMD in response to lipid-lowering drugs following SMG1 inhibition.

Despite the observation that p53 isoforms are differentially expressed in development
and in different organs, tissue types and in human tumors, their study has received limited
attention. This reflects several technical challenges. The widely used DO-1 antibody can
detect only one of the four N-terminal variants, and any C-terminal variants detected are
widely ignored as “background” “shades” or “doubling bands” due to molecular weights
close to p53« (full-length p53). While Fahraeus (A40p53), Harris (A133p53), Lane and
Bourdon (all p53 isoforms), as well as several reports by others evaluating expression in
different tumor types (reviewed in [16]) have provided some initial insights about p53
alternative splicing and biological effects, the role and control of p53 isoforms in normal
and in tumor biology remain poorly understood. Several commercially available p53
antibodies targeting various epitopes have been discontinued. Antibodies specific for p53
isoforms are difficult to develop due to near identical amino acid sequences. Both the
C-terminal variants, 3 and v, have very short unique peptide sequences, 10 and 15 amino
acids, respectively. These C-termini are also actively post-translationally modified, making
it more difficult to develop high-quality specific antibodies. With evidence that p53f3 and
p53y impact the expression of p53 target genes including cell metabolism, a significant
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need exists for isoform specific tools and model systems to better define the role of p53
isoforms in cellular functions remains.

5. Conclusions

Our studies support findings that SMG1 is acting as a major regulator of p53 exon
9 isoform expression [24,32], and the studies of Bourdon and others [19,51] that the gene
targets and cellular outcomes of ‘p53’ are determined by a more complex complement
of p53 isoforms than what is currently understood. Our results demonstrate a role for
p53p in the upregulation of ABCA1 following SMGI inhibition with evidence that p53y
may explain increases in MVA pathway genes following loss of SMG1. Similarly to Chen
et al., [24] we find strikingly different effects of SMG1 inhibition on the p53 exon 9 isoforms
in MCF7 cells, compared to reported UPF1 inhibition in other cell lines [22,23]. One
possibility is that, despite high efficiency inhibition of UPF1, the NMD pathway in MCF7
is not completely inhibited by targeting UPF1 alone. This is interesting as it agrees with
the findings from Heymach [23] whose has suggested that ‘p53 deficiency” increases the
sensitivity of cell lines to NMD inhibitors as a druggable vulnerability. Our work partly
supports the premise that p533 and p53y isoforms may partly restore p53 functionality in a
p53 deficient state though in balance, following SMG1 inhibition MCF?7 cells have increased
intracellular cholesterol and are more vulnerable to lipid lowering drugs more like p53 null
or mutant cells. Importantly, with the broadening interests in NMD [23] and SMG1 [13]
as drug candidates, a better understanding of the regulation and function of p53 and p53
isoform will be important for predicting the consequences of targeted interventions on
these pathways.
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Appendix A
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Figure A1. RT-PCR results of cholesterol pathway genes ABCA1, SREBP2, MVD from two inde-
pendent time-course experiments (duplicated each) of RNA collected at 48-, 72-, 96- and 120-h
post-transfection with siUPF1 and siNT. Error bars represent Mean =+ SD. For all RT-PCR studies,
individual samples are run in triplicate.
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Figure A2. Western blot analyses demonstrating specificity of p53 specific antibody. Data are shown
for H1299 p53~/~ cells transfected with 1 pg of pcDNA3 plasmid expressing p53p, p53c, or pPCDNA3
(empty vector). Cells were harvested 24 h after transfection. The protein extract (511g) was analyzed by
Western blot using a p533 antibody raised in sheep against peptide TLQDQTSFQKENC conjugated to
KLH protein. After three injections of the p533 specific peptide/KLH conjugate, serum was harvested
and the p53f3 antibody purified by chromatography on peptide a TLQDQTSFQKENC-Sepharose
bead column as previously described [19].
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Figure A3. Summary RT-PCR analysis from two experiments (duplicated each) of p53 isoform mRNA
expression following MCF7 transfection with siUPF1 or siNT at 48-, 72-, 96-, and 120 h. Cells were
harvested at indicated time post-transfection. Results for siUPF1 are shown normalized to siNT.
Tagman primers are the same as those in Figure 2B. Error bars represent Mean =+ SD. For all RT-PCR

studies, individual samples are run in triplicate.
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Figure A4. Western blotting verification of RASSF1 antibody and overexpressed isoforms. H1299 cells
were transfected with HA-tagged RASSF1A (Addgene#1980), HA-tagged RASSF1C (Addgene#1981),
FLAG-tagged RASSF1C (Addgene#1977) or empty vector and harvested 2 days post-transfection. HA
or FLAG tags were probed by Anti-HA: Anti Flag mixed antibodies. RASSF1A and C were probed by
RASSF1 antibody (EPR7127, Abcam). Vinculin was probed as loading control.
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Figure A5. Representative RT-PCR results for SMG1, ABCA1 and miR-33a-5p expression levels in
RNA collected from MCF7 cells from a single triplicated experiment 48- and 72-h post-transfection.
Error bars represent Mean =+ SD. For all RT-PCR studies, individual samples are run in triplicate.
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Simple Summary: Acute Myeloid Leukemias (AMLs) are rapidly progressive clonal neoplastic
diseases. The overall 5-year survival rate is very poor: less than 5% in older patients aged over
65 years old. Elderly AML patients are often “unfit” for intensive chemotherapy, further highlighting
the need of highly effective, well-tolerated new treatment options for AMLs. Growing evidence
indicates that AML blasts feature a highly diverse and flexible metabolism consistent with the
aggressiveness of the disease. Based on these evidences, we targeted the metabolic peculiarity and
plasticity of AML cells with an association of ascorbate, which causes oxidative stress and interferes
with hexokinase activity, and buformin, which completely shuts down mitochondrial contributions
in ATP production. The ascorbate-buformin combination could be an innovative therapeutic option
for elderly AML patients that are resistant to therapy.

Abstract: In the present study, we characterized the metabolic background of different Acute Myeloid
Leukemias’ (AMLs) cells and described a heterogeneous and highly flexible energetic metabolism.
Using the Seahorse XF Agilent, we compared the metabolism of normal hematopoietic progenitors
with that of primary AML blasts and five different AML cell lines. We assessed the efficacy and
mechanism of action of the association of high doses of ascorbate, a powerful oxidant, with the
metabolic inhibitor buformin, which inhibits mitochondrial complex I and completely shuts down
mitochondrial contributions in ATP production. Primary blasts from seventeen AML patients, assayed
for annexin V and live/dead exclusion by flow cytometry, showed an increase in the apoptotic effect
using the drug combination, as compared with ascorbate alone. We show that ascorbate inhibits
glycolysis through interfering with HK1/2 and GLUT1 functions in hematopoietic cells. Ascorbate
combined with buformin decreases mitochondrial respiration and ATP production and downregulates
glycolysis, enhancing the apoptotic effect of ascorbate in primary blasts from AMLs and sparing
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normal CD34+ bone marrow progenitors. In conclusion, our data have therapeutic implications
especially in fragile patients since both agents have an excellent safety profile, and the data also
support the clinical evaluation of ascorbate-buformin in association with different mechanism drugs
for the treatment of refractory/relapsing AML patients with no other therapeutic options.

Keywords: Acute Myeloid Leukemia; Seahorse XF; metabolism; pharmacologic activity; ascorbate;
buformin; OXPHOS; glycolysis; hexokinase 1/2; GLUT1

1. Introduction

Acute Myeloid Leukemias (AMLs) are rapidly progressive clonal neoplastic diseases,
which derive from hematologic stem cells that have lost their homeostatic capacity [1,2].
AMLs are primarily diseases of older adults, with a median age of approximately 70 years
old at diagnosis [3]. The incidence increases from 2-3 per 100,000 in young adults to 13 to
15 per 100,000 in the seventh and eighth decades of life. The overall 5-year survival rate is
very poor: less than 5% in older patients aged over 65 years old [4]. Therapeutic efforts
are often frustrated by AML clonal evolution and resistance to treatments, arising even
in younger patients. Elderly AML patients are often “unfit” for intensive chemotherapy,
further highlighting the need of highly effective, well-tolerated new treatment options
for AMLs.

Growing evidence indicates that AML blasts feature a highly diverse and flexible
metabolism consistent with the aggressiveness of the disease [5-7]. Aberrant enzymatic
activity cooperates with mutations of tumor suppressors and oncogenes in disease pro-
gression. For example, AML cells reduce both host insulin sensitivity and secretion to
increase glucose availability for malignant cells [8]. The glycolytic pathway sustains
leukemia maintenance and progression. The AML bulk, stem cells and their progeny had a
greater mitochondrial mass and higher rates of oxygen consumption compared to a normal
hematopoietic progenitor [9]. Moreover, leukemia stem cells (LSCs) are characterized by
low rates of energy metabolism and a low cellular oxidative status (termed “ROS-low”).
Surprisingly, ROS-low cells are unable to utilize glycolysis when mitochondrial respira-
tion is inhibited. Thus, the maintenance of mitochondrial function is essential for LSC
survival [10]. The mitochondrial oxidative phosphorylation system (OXPHOS) is sustained
by elevated amino acid metabolism in LSCs from AML [11,12]. Resistant LSCs exhibit
higher mitochondrial oxygen consumption that is dependent on increased tricarboxylic
acid (TCA) cycle activity and fatty acid oxidation (FAO). Importantly, at diagnosis, high
and low OXPHOS AML cells coexist, while after chemotherapy, high OXPHOS cells pre-
dominantly persist and survive [13]. Clonal heterogeneity and metabolic heterogeneity
are, in general, associated with the failure of anti-cancer drugs, including metabolic in-
hibitors [14-16]. However, the metabolic reprogramming occurring in AML hematopoietic
stem cells depends on their genetic characteristics, and thus represents a promising target
for treatment [17-21]. In this study, we compared the metabolic pathways underlying the
different stages of differentiation of normal myeloid progenitors/precursors with that of
primary blasts from six AML patients and of five AML cell lines featuring different genetic
mutations commonly associated with AMLs, and diverse metabolic phenotypes. We found
that AML cells have a reduced respiratory capacity and reduced glycolytic reserve than
their normal cellular counterpart. Therefore, we hypothesized that resistance to therapy can
be overcome by associating drugs with complemental mechanisms of action and targeting
specific metabolic features of AML cells.

Ascorbic acid (vitamin C) at pharmacological concentrations has pro-oxidant [22-24]
and anti-cancer activities, as reported by us and others [25-27]. Ascorbate inhibits hexok-
inase activity [28], which produces glucose-6-phosphate to initiate two major metabolic
pathways: glycolysis and the pentose phosphate pathway. Hexokinase 1 and 2 (HK1/HK2)
are also associated with the mitochondrial membrane permeability transition pore (PTP)
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and prevents apoptosis, thus controlling reactive oxygen species (ROS) formation [29].
Recent studies reported the capacity of ascorbate to target leukemia-initiating cells [20,21].

The oral biguanide metformin is an anti-diabetic drug that delays the gastrointesti-
nal absorption of glucose, increases insulin sensitivity and intracellular glucose uptake
and inhibits liver glucose synthesis. It induces apoptosis and inhibits tumor growth
in vitro and in vivo in malignancies, including breast cancer [30-33], lung cancer [34,35],
melanoma [36,37] and hepatocellular cancer [38]. Buformin (1-butylbiguanide) is an analog
of metformin and is a more potent inhibitor of the mitochondrial complex I of the electron
transporter chain and abolishes mitochondrial respiration. The drug inhibits tumor growth
in endometrial uterine cancer [39] and is currently being tested in a trial for the treatment
of diffuse large B-cell lymphoma (ClinicalTrials.gov Identifier NCT02871869).

Based on these evidences, we targeted the metabolic peculiarity and plasticity of
AML cells with an association of ascorbate to induce an oxidative stress and to interfere
with hexokinase activity [28] and buformin to shut down the mitochondprial contribution
in ATP production. Our data support the clinical evaluation of the ascorbate-buformin
combination as a treatment option for refractory/relapsing AML patients and for older and
unfit patients.

2. Materials and Methods
2.1. Primary Patient Samples and Controls

Bone marrow (BM) samples were collected from 17 consecutive newly diagnosed
de novo AML patients admitted at the Department of Hematology of the University of
Rome Tor Vergata. All samples had at least a 70% infiltration by leukemic blasts. Normal
bone marrow (NBM) and CD34+ hematopoietic progenitors, isolated from the cord blood
(CB) of healthy full-term placentas, were used as controls. Written informed consent
was obtained from all patients in accordance with the Declaration of Helsinki and the
study was approved by the ethical committee of the University of Rome Tor Vergata. The
CD34+ cells were purified from the CB and BM by positive selection using the midiMACS
immunomagnetic separation system (Miltenyi Biotec, Bergisch Gladabach, Germany),
according to the manufacturer’s instructions. The purity of the CD34+ cells was assessed
by flow cytometry using a monoclonal PE-conjugated anti-CD34 antibody and resulted
in a purity of over 95% (range 92-98%). Purified human hematopoietic progenitor cells
were grown in a serum-free medium: serum substitute BIT 9500 (Stem cell Technologies,
Vancouver, BC, Canada). The CD34+ cells were induced into a promyelocyte (Day 7)
and granulocytic differentiation (Day 13) by the addition of IL-3 (1 unit/mL), GM-CSF
(0.1 ng/mL) and saturating amounts of G-CSF (500 units/mL). The morphologic and
immunophenotype characterization of the cells grown under these conditions has been
previously described in detail by our group [40]. Cytogenetic and molecular analyses of
the AML blasts were performed as described [41] and are reported in Table 1.

Table 1. Molecular and genetic features of primary AML blasts.

N° Age Sex Molecular Biology Cytogenetic
*1 71 F Negative panel 46, XX
2 64 F NPM1; FLT3-ITD (R 0.36) NA
3 79 F NPM1 FISH negative (chr 5,7, 8, 11, 20)
4 61 M Negative panel 46, XY
5 81 F NPM1; FLT3-ITD (R 0.33) NA
6 77 M PLZF/RARa 46, XY, t (11;17) (q23; q21)
7 76 F NPM1; FLT3-ITD (R 0.22) 46, XX
8 75 F FLT3-TKD (AR:0.5) NA
9 74 M Negative panel 46, XY
10 51 M NPM1 FISH negative (chr 5,7, 8, 11, 20)
11 69 M Negative panel 46, XY, t (4; 16)
12 60 M NPM1; FLT3-ITD (R 1.67) 46, XY
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Table 1. Cont.

N° Age Sex Molecular Biology Cytogenetic
13 78 M NPM1; FLT3-ITD (R 0.58) NA

14 41 F MPM1; FLT3-ITD NA

15 53 F Negative panel NA

16 75 F NPM1; FLT3-ITD (R 0.67) 46, XX

17 45 M Negative panel 46, XX

NA: not available; Chr: chromosomes; panel of molecular biology (NPM; Nup-Can; FLT3-ITD; FLT3-D835; IDH1;
IDH2; CBFb/MYH11; RUNX1/RUNXIT1); * biphenotypic (AML and LLC).

Normal bone marrow (NBM) cells and hematopoietic CD34+ progenitor cells that
were isolated from the cord blood (CB) obtained from healthy full-term placentas were
used as the controls.

2.2. Cell Lines and Cell Culture

U937-Mock cells (the U937 monoblastic cell line transfected with the empty Zn-
inducible MT1 promoter vector) were used as the controls; U937-AETO (a zinc-inducible
RUNX1/RUNX1T1 model), OCI-AML3 (an AML-M4-derived cell line carrying an NPM1
gene mutation (type A) and the DNMT3A R882C mutation) and OCI-AML2 (an AML-
M4-derived cell line carrying the DNMT3A R635W mutation) were kindly provided by
Emanuela Colombo, European Institute of Oncology, Milan, Italy. MV4-11 (a biphenotypic
B myelomonocytic leukemia carrying the FLT3-ITD mutation and MLL/AF4 translocation)
was purchased from the Leibniz Institute DSMZ-German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany). The cells were cultured in an RPMI medium
(Euroclone; Pero, M1, Italy), 10% fetal bovine serum (FBS) (GIBCO-BRL), 20 mM of Hepes,
100 U/mL of penicillin and 100 pg/mL of streptomycin (GIBCO-BRL). The cultures were
maintained at 37 °C in a 5% CO, humidified incubator.

2.3. Cell Viability

A CellTiter 96® AQueous One Solution Cell Proliferation Assay was used. The AML
cells were seeded in a 96-well plate at an initial density of 1 x 10 cell/well and were treated
with 1 mM of ascorbate; 0.1 mM of buformin; or both for 72 h at 37 °C. Subsequently, 5 L
of the CellTiter 96° AQueous One Solution Cell Proliferation Assay (Promega; Madison,
WI, USA) were added to each well and the cells were incubated for 4 h. The absorbance
was read at 490 nm using a microplate reader (Thermo Scientific™ Varioskan™ Flash
Multimode Reader; Waltham, MA, USA). The cell viability was assessed by comparison
with the control cells treated with the vehicle alone. At least 3 independent biological
replicates were performed.

A CellTiter-Glo® Luminescent Cell Viability Assay is a homogeneous method for
determining the number of viable cells in a culture. It is based on the quantitation of ATP, an
indicator of metabolically active cells. Briefly, the cells were plated at 2 x 10* cell/mL/well
and were cultured for 72 h with or without the treatments reported above. The intracellular
ATP levels were determined using the CellTiter-Glo® Substrate Assay System (Promega;
Madison, WI, USA) according to the manufacturer’s instructions. At least 3 independent
biological replicates were performed.

2.4. Colony Formation Unit Assay

For the Colony-Forming Unit (CFU) Assay, the AML cells were seeded at 70,000 cells/mL
in a Methocult 4035 medium (STEMCELL Technologies, Tukwila, WA, USA), following
the manufacturer instructions, and were incubated at 37 °C at 5% pCO, in a humidified
incubator with the addition or not of 0.1 mM of buformin and/or 1 mM of ascorbate. The
healthy BM mononucleated cells were cultured as described but were seeded at a density
of 20,000 cells/mL, the purified CD34+ cells at 100 cells/mL and the AML cell lines at
300 cells/mL, as recommended by the Methocult medium manufacturer instructions. The
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number of colonies were counted under a phase-contrast optical microscope after 8 days of
culture [42].

2.5. Western Blot Analysis

Cell pellets were resuspended in a lysis buffer with 10 mM of Tris-HCl (pH 7.4),
5 mM of EDTA, 150 mM of NaCl, 1% Triton X-100, 250 uM of orthovanadate, 20 mM of
[-glycerophosphate and protease inhibitors (Sigma-Aldrich, Steinheim, Germany). The
lysates were centrifuged at 10,000 g for 30 min at 4 °C and the supernatants were stored
at —80 °C. The protein concentration was measured by the Bradford Assay (#500-0006;
Bio-Rad, Miinchen, Germany). Thirty microgram aliquots of proteins were re-suspended in
a reducing Laemmli Buffer (with 3-mercaptoethanol), loaded onto a 12% polyacrylamide
gel and then transferred to a PVDF membrane. After blocking with 5% milk (Fluka, Sigma-
Aldrich, Saint Louis, HI, USA), the membranes were incubated with primary antibodies
(Table S1). Horseradish peroxidase-conjugated IgG preparations were used as secondary
antibodies, and immunoreactivity was determined by the enhanced chemiluminescence
(ECL) method (Amersham, Buckinghamshire, UK). The autoradiograms were exported for
densitometry analysis. The protein signal intensities were measured using the Quantity One
Software (Bio-Rad Laboratories, Hercules, CA, USA). The signal quantity was normalized
using the unrelated protein (3-actin (Cell Signaling Technology, Beverley, MA, USA) [43].

2.6. Metabolic Assays

Mitochondrial and glycolytic functions were assessed using a Seahorse Bioscience
XFe96 analyzer in combination with the Seahorse Bioscience XF Cell Mito Stress Test and
the Bioscience XF Cell Glycolysis Stress Test (Agilent Technologies, Santa Clara, CA, USA),
respectively, as described [44]. Briefly, the extracellular acidification rate (ECAR), reflecting
the conversion of glucose to lactate and resulting in a net production of protons in the
extracellular medium, was measured directly using the Agilent Seahorse XF instrument.
The cells were first injected with saturating concentrations of glucose (10 mM). The glucose-
induced response is reported as the rate of glycolysis under basal conditions. The second
injection was 2 uM of oligomycin, an ATP synthase inhibitor. Oligomycin inhibits mitochon-
drial ATP production and shifts the energy production to glycolysis, with the subsequent
increase in ECAR revealing the maximum cellular glycolytic capacity. The final injection
was 50 mM of 2-deoxy-glucose (2-DG), a glucose analog that inhibits glycolysis, confirming
that the ECAR produced in the experiment was due to glycolysis. The difference between
the glycolytic capacity and basal glycolysis defines the glycolytic reserve.

Mitochondrial respiration is directly measured by the oxygen consumption rate (OCR)
of cells. Basal respiration represents the energetic demand of the cell under baseline
conditions. Oligomycin is first injected in the assay and results in a reduction in the mito-
chondrial respiration or OCR. The decrease in the OCR is linked to cellular ATP production.
Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) is an uncoupling agent
and is injected at concentrations of 1 uM following oligomycin. As a result, the electron
flow through the ETC is uninhibited, and oxygen consumption reaches the maximum.
This is the maximum respiration. The spare respiratory capacity, defined as the difference
between maximal and basal respiration, is a measure of the ability of the cell to respond
to an increased energy demand. A proton leak has its origin in the fact that no living cell
converts all the energy of the proton gradient to ATP, meaning oxidative phosphorylation
is incompletely ‘coupled” since protons can ‘leak” across the inner membrane and thus
balance the gradient without ATP synthesis.

The percentage of ATP production from glycolysis and mitochondrial respiration
was measured using the XF Real-Time ATP Rate Assay (Agilent Technologies). This test
uses metabolic modulators (oligomycin and a mix of rotenone and antimycin A, that
when serially injected, allows the calculation of the mitochondrial and glycolytic ATP
production rates).
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The rate of oxidation of each fuel (pyruvate, fatty acids and glutamine) was determined
using the XF Mito Fuel Flex Test (Agilent Technologies).

The cells” mitochondrial dependency and flexibility for the usage of each of the fuel
sources were determined by measuring the decrease in fuel oxidation (the decline in the
OCR) upon addition of one or more inhibitors, including UK5099, which blocks the glucose
oxidation pathway, BPTES, which blocks the glutamine oxidation pathway and Etomoxir,
an inhibitor of long-chain fatty acid oxidation. Sequentially inhibiting the pathway of
interest enables the calculation of how dependent the cells are on the pathway to meet the
basal energy demand. Inhibiting the two alternative pathways enables the calculation of the
cells” mitochondrial capacity to meet energy demands using another fuel. Fuel flexibility is
calculated by subtracting the fuel dependency from the fuel capacity.

2.7. Cytofluorimetric Analysis

The markings were performed using 0.5 x 10° cells resuspended in a volume of 100 pL
of current buffer (PBS + 1% FBS + 0.5% EDTA 500 mM). Cells were labeled with annexin V,
which binds to the phosphatidylserine (PS) externalized on the surface of cell membranes
and is used to measure early stage apoptosis, and ‘Live Dead’, which enters cells with
damaged membranes and is used to assess the terminal stages of apoptosis. After a 15 min
incubation in the dark at room temperature, the cells were washed and resuspended in
100 uL binding buffer 1x. The analysis of the samples was performed using the CytoFLEX
flow cytometer (Beckman Coulter, Brea, CA, USA) equipped with three lasers. About
500,000 cells were selected for each sample based on physical size (FSC) and graininess
parameters. The cells labeled with a single fluorochrome were used as controls to adjust
the compensation. The data were compensated and analyzed using the Flow]o software
(TreeStar, Ashland, OR, USA) [45].

2.8. Statistical Analysis

Data were analyzed using GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA,
USA). Statistical analyses were performed using the Student’s t-test, Mann—Whitney test,
Kruskal-Wallis one-way ANOVA and Dunn'’s post hoc tests or the one-way ANOVA and
Tukey’s multiple comparison test as indicated. Statistical significance was established at p < 0.05.

3. Results
3.1. Metabolic Dependence of Primary AML Blasts

To investigate the whole-substrate oxidation usage of primary AML cells, we eval-
uated the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in
primary blasts isolated from six AML patients (numbers 1, 5, 6,9, 12 and 16 from Table 1)
and in five human AML cell lines. The metabolic peculiarities of the leukemic cells were
compared to those of normal hematopoietic precursors undergoing different stages of
myeloid maturation/differentiation, as indicated by morphological and immunopheno-
typic changes. Primary AML blasts showed a heterogenous glucose consumption, while
basal glycolysis, the glycolytic reserve and the glycolytic capacity were higher with respect
to NBM but comparable to values measured in early progenitors/precursors (EP/Ps) from
the CB CD34+ cells at day 13 of culture (N13, mostly granulocytic differentiated cells:
CD11b 72%, CD15 80% and CD34 7%) (Figure 1a and Table 2). In line with literature reports,
AML cells displayed high glucose consumption and heavily relied on it [46]. Interestingly,
the EP/Ps at day 7 of culture (N7, mostly promyelocytes: CD11b Pe 16.8%, CD13 Pe 86.6%,
CD14 Pe 5.1%, CD15 Pe 3.2% and CD34 Pe 45.2%) showed a higher glycolytic reserve than
the AML blasts (p = 0.02) (Figure 1a and Table 2). Of note, at day 7 and day 13, the EP/Ps
were highly proliferating cells exposed to high concentrations of growth factors, which
could have affected their metabolic activities.
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Figure 1. Metabolic characterization of primary AML blasts and early progenitors/precursors (EP/Ps)
from cultured normal cord blood CD34+ cells. Metabolic characterization of primary blasts from
AML patients, EP/P at day 7 (N7, mostly a promyelocyte population) and at day 13 (N13, mostly
granulocytes) and in normal bone marrow (NBM). (a) Profile of the glycolytic activity. Histograms
represent basal glycolysis, glycolytic reserve and glycolytic capacity measured using the XF Glycolytic
Rate Assay. (b) Profile of the mitochondrial activity. Histograms represent basal respiration, spare
respiratory capacity and mitochondrial ATP production measured using the XF Myto Stress Test
Assay. Data are presented as mean = SD. Statistical analyses were performed using the ANOVA,
t-test and Tukey’s Multiple Comparison Test; * p < 0.05.

Table 2. Glycolysis values in AML blasts and normal hematopoietic cells.

GlycolysisECAR EP/P EP/P p-Value
(mpH/min/10° Cells) AML (N7) (N13) NEM (AML vs. EP/P, N7)
Basal 19+19  37+6 18 +4 3+0 -
Capacity 22+£20 41410 28+7 4+1 -
Reserve 3+2 10+3 11+5 0.5+ 0.7 0.03

ECAR (extracellular acidification rate); EP/P (early progenitors/precursors); N7 (at day 7); N13 (at day 13);
NBM (normal bone marrow). Values represent the mean + SD. Statistical significances were evaluated through
Mann-Whitney test.

Regarding mitochondrial respiration, the AML blasts primary presented lower values
in the spare respiratory capacity with respect to the EP/Ps (N7) (p = 0.02), indicating
that they were more sensitive to oxidative stress than normal progenitors, as previously
reported by Sriskanthadevan et al. [47]. This finding indicates that the therapeutic targeting
of mitochondrial respiration can be useful in AMLs. The measurements of basal respiration
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and proton leaks indicated that the AML cells were distributed in two populations, one
subset presenting higher values and another with lower values (Figure 1b and Table 3).

Table 3. Mitochondrial respiration values in AML blasts and normal hematopoietic cells.

Mitochondrial Respiration AML EP/P EP/P NBM p-Value
OCR (pmol/min/10° Cells) (N7) (N13) (AML vs. EP/P)
Basal 40 +24 50 + 12 24 +16 9+1 -
Spare Respiratory Capacity 76 £+ 25 153 + 54 56 + 56 23+ 4 0.02
Proton Leak 18+ 16 10+2 5+1 0.5+0.7 -
ATP 23 £16 41410 20+ 16 8+1 -

OCR (oxygen consume rate); EP/P (early progenitors/precursors); N7 (at day 7); N13 (at day 13); NBM (normal bone
marrow). Values represent the mean =+ SD. Statistical significances were evaluated through Mann-Whitney test.

3.2. Metabolic Dependency in AML Cell Lines

Three AML cell lines were used as metabolic models for the AMLs: OCI-AML2 (carrying
the DNMT3A R635W mutation), OCI-AML3 (carrying the NPM1 gene mutation type A and
the DNMT3A R882C mutation) and MV4-11 (carrying the FLT3-ITD mutation and MLL/AF4
translocation). The OCI-AML2 and OCI-AMLS3 cells showed higher glycolysis basal values
with respect to MV4-11, the OCI-AML3 cells presented the highest levels of glycolytic capacity
and glycolytic reserve (Figure 2a and Table 4) and the MV4-11 cells had greater OXPHOS
values compared with the OCI-AML2 and OCI-AML3 cells (Figure 2b and Table 5).

Table 4. Glycolysis values in AML cell lines.

Glycolysis ECAR
(mpiiimin/10° Cellyy  OCFAML2  OCEAMLS  MVa-11 p-Value p-Value
<05 <0.005
pasal 9£10 10412 S6ES 6o vs M4 (OCI3 vs. MV4-11)
. <0.005
Capacity 104 £ 31 146 + 64 83 +10 - (OCI3 vs. MVA-11)
Reserve 9412 B3 w1 <0005 <0.05

(OCI2vs. OCI3)  (OCI2 vs. MV4-11)

ECAR (extracellular acidification rate). Values represent the mean =+ SD. Statistical significances were evaluated
through Kruskal-Wallis one-way ANOVA and Dunn’s post hoc tests.

Table 5. Mitochondrial respiration values in AML cell lines.

Mitochondrial
Respiration OCR OCI-AML2 OCI-AML3  MV4-11 p-Value p-Value
(pmol/min/10° Cells)
<0.05
Basal 106 + 31 97 £18 160 + 27 MV4-11 vs. OCI3 -
. . <0.005
Spare Respiratory Capacity 103 £ 21 180 £ 47 116 £15 OCI3 vs. OCI2 -
<0.005 <0.05
Proton Leak e 2+£5 3E4 MV41lvs. OCI2  MV4-11vs. OCI3
ATP 87 +26 75+ 14 141 £13 <0.05 <0.005

MV4-11vs. OCI2  MV4-11 vs. OCI3

OCR (oxygen consume rate). Values represent the mean + SD. Statistical significances were evaluated through
Kruskal-Wallis one-way ANOVA and Dunn’s post hoc tests.

Then, we analyzed the fuel used in mitochondrial respiration. The energy produced
by the cells derived from the mitochondrial oxidation of glucose, glutamine and fatty
acids. Dependency indicates that the cells’ mitochondria were unable to compensate for
the blocked pathway by oxidizing other fuels. Flexibility indicates the cells” mitochondria
had the ability to compensate for the inhibited pathway by using other pathways to fuel
mitochondrial respiration. The MV4-11 cells displayed a significant dependency on fatty
acid oxidation (FAO) and slightly on glycolysis. OCI-AML3 strongly depended on glucose
and slightly on FAs and glutamine. OCI-AML2 depended partially on glycolysis and FAs.
OCI-AML3, OCI-AML2 and MV4-11 showed the highest flexibility towards all three fuels
(Figure 2¢c, The uncropped Western blots have been shown in Figure S2). We analyzed
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the expression levels of two FAO key proteins, Carnitine transporter CT2 (SLC22A16) and
Carnitine palmitoyl transferase I (CPT1A), and found that both of them were expressed at
higher levels in the MV4-11 cells, which are highly dependent on FAs, with respect to the
OCI-AML2 and OCI-AMLS3 cells (Figure 2d and Table 6).
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Figure 2. Metabolic characterization of OCI-AML2, OCI-AML3 and MV4-11 cell lines. (a) Profile of the
glycolytic activity. Histograms represent basal glycolysis, glycolytic reserve and glycolytic capacity.
(b) Profile of the mitochondrial activity. Histograms represent basal respiration, spare respiratory
capacity, proton leak and mitochondrial ATP. (c) Evaluation of the mitochondrial fuel used (pyruvate,
glutamine and FAs). Data are presented as mean 4= SD. The experiments were conducted in triplicate.
Statistical significances were evaluated through Kruskal-Wallis one-way ANOVA and Dunn’s post
hoc tests. (d) CT2 and CPT1A protein expression in OCI-AML2, OCI-AML3 and MV4-11 cell lines
treated with 1 mM of ascorbate (A), 0.1 mM of buformin (B) or ascorbate-buformin combination
(A + B). Statistical analysis by Student’s t-test. * p < 0.05; ** p < 0.005; *** p < 0.0005.

Table 6. Expression levels of CT2 and CPT1A proteins in AML cell lines.

. . : p-Value p-Value

OCI-AML2 OCI-AML3 MVi4-11 (MV4-11 vs. Oci2) (MV4-11 vs. Oci3)
CT2 04+02 05+03 15+ 0.6 <0.0005 <0.0005
CPT1A 05+04 0.1 £ 0.03 22402 <0.0005 <0.0005

Values represent the mean + SD. Statistical significances were evaluated through Student’s t-test.
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3.3. Action of Buformin on OXPHOS Metabolism in AML Cells

Since buformin targets mitochondrial complex I [39], we evaluated the drug con-
centration causing 50% OXPHOS inhibition (IC50) in the AML cell lines. We treated the
three AML cell lines with 0-10-50-100 uM of buformin for 24 h and evaluated the OCR
at baseline and following the addition of: oligomycin-A (an ATP synthase inhibitor), to
determine the amount of oxygen consumption coupled to ATP synthesis; FCCP (releases
electron flow through the ETC, thus maximizing oxygen consumption) to determine the
maximal respiratory capacity; and antimycin A plus rotenone (electron transporter complex
III' and I inhibitors) to determine the spare respiratory capacity. Our result showed that
buformin inhibited the OXPHOS activity in a concentration-dependent manner, with IC50s
of 49 uM for OCI-AMLS3, 63 pM for MV4-11 and 103 pM for OCI-AML2 (Figure 3a). These
results indicate that treatment with 100uM of buformin strongly affected mitochondrial
ATP production in these AML cell lines.
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Figure 3. Metabolic effect of buformin and ascorbate in OCI-AML2, OCI-AML3 and MV4-11 cell
lines. (a) Evaluation of OXPHOS IC50 concentration. Three independent experiments + SD (b) HK2,
HK1/2 and GLUT1 protein expression in OCI-AML2, OCI-AML3 and MV4-11 cell lines treated with
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1 mM of ascorbate (A), 0.1 mM of buformin (B) or ascorbate-buformin combination (A + B). Statistical
analysis by Student’s t-test. * p < 0.05; ** p < 0.005; *** p < 0.0005. (c) Action of ascorbate on AML
cells” glycolytic metabolism. Kinetic profile of the extracellular acidification rate (ECAR) assay. Cell
lines were treated for 24 h with 1 mM of ascorbate and were evaluated by XF Glycolytic Stress Test.
The experiments were performed in duplicate. (d) Cell death induced by 1 mM of ascorbate (A) and
buformin (B) (0.1 and 0.5 mM) at 72 h by flow cytometry after annexin V + live dead staining. Data
are presented as mean =+ SD from three independent experiments. Statistical analysis by Student’s
t-test. * p < 0.05; ** p < 0.005; *** p < 0.0005.

3.4. Effect of Ascorbate on Glycolytic Metabolism in AML Cells

From our previous experience in treating AML cells with ascorbate, we identified the
3 mM concentration as rapidly cytotoxic due to its pro-oxidant effect [25]. To investigate
the metabolic effect of the drug, in this study AML cells were treated with 1 mM of
ascorbate, which significantly inhibited the expression levels of Hexokinase II (HK2), a
main glycolysis-initiating enzyme in the hemopoietic system (Figure 3b) and in tumors [28].
Similar results were obtained using an antibody recognizing both Hexokinase I and HK2
(HK1/2) (Figure 3b). In addition, we investigated the effect of ascorbate on GLUT1, a
transporter of glucose in hematopoietic cells [48]. We found that ascorbate significantly
decreased GLUT1 expression levels in OCI-AML2 and OCI-AML3 (Figure 3c), further
suggesting an effect of ascorbate on glycolysis in AML cells.

To confirm this, the XF Glycolytic Stress Test was used to determine the basal rates
of glycolysis by measuring the percentage of increase in the ECAR after the addition of
glucose. The glycolytic reserve is a measure of the difference in the ECAR before and after
treatment with oligomycin (which inhibits ATP synthase and thereby the OXPHOS” ATP).
The glycolytic reserve reflects the compensatory increase in glycolysis corresponding to
the level of ATP no longer produced by the OXPHOS. It was found that 1 mM of ascorbate
did not affect glycolysis in the MV4-11 and OCI-AML2 cells, whereas it lowered basal
glycolysis by 1.7 folds (p = 0.01) and the glycolysis capacity by 1.8 folds in the OCI-AML3
cells (p = 0.01) (Figure 3c).

3.5. Metabolic Background Influences Apoptotic Response to Metabolic Treatments of AML Cell Lines

We then treated the OCI-AML2, OCI-AML3 and MV4-11 cell lines with ascorbate
(1 mM), buformin (0.1 and 0.5 mM) and with an ascorbate-buformin combination for 72 h,
measuring apoptosis with cytofluorimetric analysis. The OCI-AML3 cells showed a strong
apoptotic response to the combined ascorbate-buformin treatment; buformin potentiated
the ascorbate effect on apoptosis at both of the concentrations used. The MV4-11 cells were
sensitive to 0.5 mM of buformin and 0.5 mM of ascorbate-buformin; the combination did
not increase the apoptotic effect. In the OCI-AML2 cells, only the combination treatment
significantly enhanced apoptosis (Figure 3d and Table 7). Of note that the OCI-AML3
cells, which are highly dependent on glycolysis, were the most responsive cells, whereas
only modest effects were induced by these treatments in the OCI-AML2 and MV4-11 cells,
presenting a lower glycolysis dependence and high fuel flexibility.

Table 7. Apoptosis effect in AML cell lines and in primary AML blasts treated with ascorbate plus buformin.

OCI-AML2 OCI-AML3 MV4-11 AML

Ctrl 3+1 3+1 6+1 22+8
Ascorbate 1 mM 6+3 22 +13 8+1 38 +12
Buformin 0.1 mM 11+£2 100+£1 14+1 27 £ 10
Ascorbate-buformin 0.1 mM 18+5 33+9 14+1 51+13
Buformin 0.5 mM 7+4 3+2 27 £ 15 49 + 19
Ascorbate-buformin 0.5 mM 14+8 72+ 6 28 + 10 62 + 20

Values represent the mean =+ SD.
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3.6. Ascorbate Plus Buformin Combination Treatment Effectively Induces Apoptosis in Primary
AML Blasts

The treatment of primary blasts from seventeen AML patients (Table 1) with ascorbate
(1 mM) or buformin (0.1 and 0.5 mM) as the sole agent for 72 h induced a moderate increase
in the percentage of apoptotic cells as detected by cytofluorimetric analysis (ascorbate
p < 0.05; buformin 0.1 mM p < 0.0005). Remarkably, the combined ascorbate-buformin
treatment significantly increased the apoptotic rate of the AML blasts. We did not observe
an association with genetic alterations, probably due to the low number of samples analyzed
(Figure 4a and Table 7).
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Figure 4. Effects of ascorbate and buformin on survival of AML blasts. Cells were treated with
(A) ascorbate (1 mM) and (B) buformin (0.1 and 0.5 mM). (a) Cell death of primary blasts from AML
patients evaluated by flow cytometry after annexin V + live dead staining. Statistical analysis by
Student’s f-test. ** p < 0.005; *** p < 0.0005. (b) Clonogenic activity of OCI-AML2, OCI-AML3
and MV4-11 cells treated in semisolid medium for 8 or 13 days. The experiments were conducted
in quadruplicate. Statistical analysis by Student’s t-test *** p < 0.0005. (c) Clonogenic activity of
AML blasts isolated from the BM of five patients and treated in semisolid medium for 8 days.
(d) Clonogenic activity of mononucleated cells isolated from the BM of two healthy donors (NBM)
(left) or CD34+ cells purified from one NBM (right) treated in semisolid medium for 8 days. The box
plots report the distribution of the number of colony-forming units. Statistical analysis by Student’s
t-test *** p < 0.0005.

Next, we studied the effect of the ascorbate, buformin and ascorbate-buformin treat-
ments on hematopoietic colony formation. The AML cell lines treated with the ascorbate or
ascorbate-buformin treatments produced a significantly lower number of colonies as com-
pared to the cells treated with buformin or the control cells (Figure 4b and Table 8). Similar
results were obtained by treating the AML primary blasts with these agents. (Figure 4c).
Interestingly, the same treatments did not affect the clonogenic activity of the BM cells from
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healthy donors (BMC) or of the CD34+ cells purified from CB, indicating low or no toxicity
of the ascorbate-buformin combination treatment on normal hematopoietic progenitors.
(Figure 4d and Table 8).

Table 8. Clonogenic Assay. Colony numbers.

Ctrl Ascorbate 1mM  Buformin (0.1 mM)  Ascorbate-Buformin
OCI-AML2 103 +£3 11+9 58 £ 16 2+3
OCI-AML3 102 £ 2 14 +£21 75 + 38 4+6
MV4-11 104 £ 2 13 £20 87 + 14 448
AML blasts 21 +5 3+2 14+ 8 3+4
N-BMC 29+ 4 29 +4 21 +6 23+3
CD34+ 142 142 115 109

3.7. Ascorbate Plus Buformin Inhibits Glycolysis in AML Cells

By performing the XF Glycolytic Stress Test, we observed that the ascorbate treat-
ment decreased basal glycolysis by 1.6 times (p < 0.01), buformin by 2.0 times (p < 0.001)
and the ascorbate-buformin combination by 2.1 times (p < 0.001) in the OCI-AMLS3 cells.
In this AML cell line, the glycolytic capacity was reduced by 1.8 times following the
ascorbate (p < 0.01), 3.5 times following the buformin (p < 0.0001) and 3.2 times after the
ascorbate-buformin combination treatment (p < 0.0001). The glycolytic reserve was com-
pletely erased by the buformin (p < 0.0001) and ascorbate-buformin combinatory treatments
(p <0.0001) (Figure 5a and Supplementary Figure S1a). These results are in line with the
high rate of apoptosis induced by these treatments in the OCI-AMLS3 cells (Figure 3d). The
untreated MV4-11 cells showed a lower basal glycolytic rate as compared with the other
cell lines. In these cells, the buformin induced an increase of 1.8 times in basal glycolysis
(p < 0.01) and the ascorbate-buformin combination treatment of 2.4 times (p < 0.0001).
The glycolytic capacity was enhanced by 1.7 times (p < 0.01) by the ascorbate—buformin
treatment (Figure 5a and Supplementary Figure Sla). This event may account, at least in
part, for the absence of the potentiation effect on apoptosis by the ascorbate-buformin com-
bination treatment in the MV4-11 cells (Figure 3d). The OCI-AML2 metabolic status was
not significantly affected by these treatments (Figure 5a and Supplementary Figure Sla),
which is in accordance with their lower apoptotic response (Figure 3d).

In order to confirm our results and to exclude intrinsic cellular variability, we utilized
U937-AETO/U937-Mock cell lines (the RUNX1/RUNXI1T1 inducible system). In U937-
AETO, similar to OCI-AMLS3, the ascorbate-buformin treatment inhibited basal glycolysis
by 1.9 times (p < 0.05) and the glycolytic capacity by 2.3 times (p < 0.005), with respect to
the control U937-Mock cells. The glycolytic reserve was completely erased by the buformin
and ascorbate-buformin treatments (p < 0.005). This effect did not occur in the U937-
Mock control cells (Supplementary Figure S1b). The cellular viability by the MTS assay
demonstrated that the RUNX1/RUNXIT1 expression induced a higher sensitivity of the
U937 cell to 1 mM of ascorbate (p < 0.001) (Table 9 and Supplementary Figure Slc), 0.1 mM
of ascorbate-buformin (p < 0.0001) and 0.5 mM of ascorbate-buformin (p < 0.0001). These
results indicated that the RUNX1/RUNXIT1 oncoprotein rendered the cells dependent on
glycolytic metabolism, confirming the relationship between the inhibition of glycolysis and
sensitivity to the ascorbate and ascorbate-buformin treatment in AMLs.

Table 9. Cellular Viability response to different metabolic treatments of U937-AETO/U937-Mock cell lines.

Ctrl Aslc:;);&ate ](;(;l i":ﬁ;‘ Ascorbate-Buformin 0.1 ](3(;‘ ;03;;1 Ascorbate-Buformin 0.5
U937-Mock 1+0 0.81 £0.1 0.93 £ 0.06 0.97 £ 0.05 0.85 £ 0.06 0.78 £0.1
U937-AETO 1+0 0.67 £ 0.1 0.84 +£0.1 0.67 £0.1 0.80 £ 0.1 0.48 £+ 0.01

Values represent the mean + SD.
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Figure 5. Glycolytic status after buformin plus ascorbate treatment in AMLs. Kinetic profile of
ECAR assay in AML cells treated for 24 h with 1 mM of ascorbate (A), 0.1 mM of buformin (B) or
ascorbate-buformin combination (A + B) evaluated by XF Glycolytic Stress Test. (a) OCI-AML3,
MV4-11 and OCI-AML2. (b) Primary AML blasts from BM. Histograms represent basal glycolysis,
glycolytic capacity (Glyc Capac) and glycolytic reserve (Glyc Res). (c) Cell death induced by 1 mM
of ascorbate (A), 0.1 mM of buformin (B) or ascorbate-buformin combination (A + B) at 72 h in
primary AML blast from the same AML patient by flow cytometry after annexin V + live dead
staining. (d) Linear correlation between apoptosis and glycolytic levels in AML samples treated
with both ascorbate or ascorbate-buformin. (e) XF real-time glycolytic and mitochondrial ATP
production rate by the ATP Rate Assay in presence of high concentration of glucose (4 g/L) after
12 h of 1 mM of ascorbate (A), 0.1 mM of buformin (B) or ascorbate-buformin combination (A + B)
in OCI-AML3 cell line. The experiments were performed in duplicate. (f) Cytotoxic efficacy of
1 mM of ascorbate (A), 0.1 mM of buformin (B) or ascorbate-buformin combination (A + B) using
the CellTiter-Glo® Luminescent Cell Viability Assay. The cells were cultured at low (0.1 g/L) or
high (4 g/L) concentrations of glucose. Three independent experiments were performed in triplicate.
Data are presented as mean + SD. Statistical analysis by Student’s t-test. * p < 0.05; ** p < 0.005;
#* 1 < 0.0005.
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Interestingly, the primary blasts from an AML patient (N°15, Table 1) with a high
dependence on glycolysis in the basal conditions showed, as all the AML cell lines analyzed,
OXPHOS inhibition after treatment with buformin or with the ascorbate-buformin combi-
nation (Supplementary Figure S1d). To note in these cells, the ascorbate-buformin com-
bination decreased basal glycolysis by two times and the glycolytic capacity by 2.5 times
(Figure 5b). Those cells resulted highly sensitive to the induction of apoptosis by the
ascorbate and ascorbate-buformin treatments (Figure 5c¢), further confirming that these
treatments are mostly effective in cells that are highly dependent on glycolysis. Impor-
tant analyzing the six samples for metabolic and apoptotic values we found a positive
correlation between apoptosis and glycolytic levels in the AML blast treated with both
the ascorbate and ascorbate-buformin treatments (Pearson’s coefficient r = 0.7) (p = 0.1)
(Figure 5d); even if these results are not significant, which would probably be due to the
low number of samples, there is a clear trend in line with our previous results.

3.8. Resistance to Ascorbate—Buformin Combined Treatment Depends on Metabolic Plasticity of
AML Cells

To characterize the metabolic background of resistance to these treatments, we eval-
uated the effect of 1 mM of ascorbate, 0.1 mM of buformin and the ascorbate-buformin
combination on the metabolic behavior of the OCI-AML2, OCI-AML3 and MV4-11 cell
lines. The OXPHOS was inhibited by the buformin and by the ascorbate-buformin com-
bination in all the three cell lines (Figure 3a and Supplementary Figure Sle). As pointed
out before, glycolysis was affected differently in the cell lines. The OCI-AML2 cells did not
show significant variations, the OCI-AMLS3 cells showed inhibition and the MV4-11 cells
showed increased glycolysis (Figure 5a and Supplementary Figure Sla). This suggests that
glycolytic behavior is the discriminant between the response and resistance to the treatment,
in line with the higher sensitivity observed in the glycolysis-dependent OCI-AMLS3 cells.
Conversely, the OCI-AML2 cells and the more flexible MV4-11 cells, which did not rely
upon glycolysis in the basal conditions, escaped the ascorbic-buformin treatment, probably
switching to glycolytic metabolism. Since these treatments induced differential effects on
glycolysis, we evaluated the changes in the total ATP production rate and the fractional
contribution of the individual pathways to the bioenergetics demands.

In these AML cell lines. We simultaneously measured, in real time, ATP production
from the two major key energetic pathways, glycolysis and mitochondrial respiration,
using Agilent Seahorse Extracellular Flux analysis. A decrease of approximately 95%
in mitochondrial ATP production rates after treatment with 0.1 mM of buformin was
measurable in all the three AML cell lines after 12 h. Importantly, the OCI-AML2 and
MV4-11 cell lines totally compensated the lower ATP production levels by increasing the
glycolytic ATP production (Supplementary Figure S1f).

Conversely, the OCI-AML3 cells could not efficiently switch metabolism and the
energetic state of the cells decreased in line with the major sensitivity observed (Supplemen-
tary Figure S1f). By adding a high concentration of glucose (4 g/L), the OCI-AMLS3 cells
compensated for the ATP production (Figure 5d), confirming their glycolytic dependence.

The cellular viability, measured by the CellTiter-Glo Assay on the OCI-AMLS3 cells at
low (0.1 g/L) or high (4 g/L) glucose concentrations, increased at high concentrations of
glucose, buformin (p < 0.0001) and ascorbate-buformin (p < 0.0001) (Figure 5e), confirming
that the inability of the AML cells to switch to glycolysis is relevant for the induction of
apoptosis after ascorbate-buformin treatment.

4. Discussion

AML’s phenotypic landscape is characterized by high heterogeneity, clonal evolu-
tion and considerable dynamics of genetic and epigenetic events over the course of the
disease [1,4,49,50]. Data from clonal evolution studies suggest that the genes commonly
involved in epigenetic regulation (i.e., DNMT3A, ASXL1, IDH2 and TET2) are deregulated
in pre-leukemic hematopoietic stem cells [2,51]. Such pre-leukemic stem cells are capable of
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multilineage differentiation, can survive chemotherapy and expand during disease remis-
sion. Most of the time, chemotherapy only provides a selective pressure for the expansion
of resistant subclones, which vary in their genomic and metabolic phenotypes, and AMLs
often relapse [11,50,52-54].

To study the efficacy of a metabolic-oriented synergic treatment, we endeavored to
define the metabolic landscape and capacity to compensate after the treatment of different
AML cells.

We used three cell lines as metabolic models of AMLs. The MV4-11 cells had greater
basal OXPHOS values, whereas OCI-AML2 and OCI-AML3 had greater basal glycolysis
values. The MV4-11 cells displayed a significant dependency on fatty acid (FA) oxidation
fuel and slightly on pyruvate. OCI-AML3 had a strong dependency on glucose fuel and
slightly on FAs. OCI-AML2 depended partially on pyruvate and FAs. All these AML cell
lines showed high flexibility towards all three fuels. We confirmed the result obtained in
the AML cell lines in the primary blasts from AML patients, presenting diverse metabolic
backgrounds. Our findings suggest different sensitivities of AML blasts to metabolic
therapies, and, in our opinion, acknowledge them as reliable models to foresee the effects of
ascorbate-buformin combination therapy in AML patients. Previous studies demonstrated
that metformin inhibits the molecular reduction of oxygen in hepatocytes and leukemia
cell lines [55,56]. Buformin is chemically related to metformin but is more active and has
never been tested in leukemia. Therefore, given its inhibitory effect on complex I, which
completely shuts down mitochondrial contributions in ATP production, we addressed its
effect on AML cells in combination with ascorbate.

Studies have shown that ascorbate (vitamin C), at pharmacological doses, targets
many of the mechanisms that cancer cells utilize for their survival and growth, including
redox imbalances and oxygen-sensing regulations [57]. In addition, ascorbate treatment
re-establishes TET2 function in AML blasts that present decreased TET2 activity in vitro
and in vivo [20,58-60]. Altered TET2 function in AMLs can result from heterozygous
TET2 mutations and in mutations in IDH1, IDH2 and WT1 [61,62]. Zhao et al. found
that ascorbate plus decitabine prior to aclarubicin and cytarabine (A-DCAG) significantly
increased the chance of clinical remission after the first induction therapy and extended
the median overall survival by 6 months, compared to DCAG alone in AML patients who
were over 60 years old [63].

Here, we show that ascorbate inhibits glycolysis by interfering with HK1/2 and
GLUT1 functions in hematopoietic cells. The inhibition of HK1/2 and GLUT1 in highly
glycolytic OCI-AMLS3 cells by ascorbate, with the disrupting effect of buformin on the
oxygen mitochondrial chain, ultimately leads to an ‘energy crisis” and cell death. OCI-AML2
and MV4-11 cells, which in basal conditions do not rely upon the glycolysis pathway, switch
metabolism and, in part, escape cytotoxicity. Overall, these results suggest that glycolytic
behavior is the discriminant between the response and resistance to ascorbate-buformin
treatment. This evidence is in line with the higher sensitivity observed in the U937 cells,
following the RUNX/RUNXI1T1 expression, which turned dependent on glycolysis and
were more sensitive to the ascorbate-buformin treatment than the U937-Mock cells. In
addition, we observed a positive correlation between the ascorbate treatment and basal
glycolytic levels in the six AML samples analyzed. Although it will be necessary to confirm
these results in a larger number of AML patient samples, those data clearly depict an effect
of ascorbate on glycolysis. Our data contribute to elucidating the targets and mechanisms
by which ascorbate and buformin exerts anti-cancer effects. Further insight will be essential
for identifying predictive biomarkers for patient stratification and for developing potent
combination strategies that lead to durable disease remissions.

Since the efficacy of a treatment should be measured as the capacity of inhibiting the
growth of leukemia-initiating cells, by performing clonogenic assays, we demonstrated that
an ascorbate-buformin combination treatment induces a drastic reduction in the number
of colonies as compared to the untreated AML cell lines and primary blasts from AML
patients. The efficiency of the vitamin c treatment in inhibiting leukemic colony formation
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might also depend on its previously reported ability to restore TET2 function, which
drives DNA hypomethylation, by enhancing 5 hmC formations and thereby suppressing
leukemic colony formation and the leukemic progression of primary human leukemia
patient-derived xenografts (PDXs) [20,60]. Of note that this effect was achieved with low
or no toxicity in normal BMC and CD34+ cells from healthy donors, as expected from the
higher spare respiratory capacity and high glycolytic reserve of hematopoietic precursors.
Overall, our findings indicate that ascorbate-buformin is a suitable therapy to be used, in
association with drugs targeting different mechanisms, in fragile patients.

5. Conclusions

In conclusion, our data have therapeutic implications especially in fragile patients
since both agents have an excellent safety profile, and they support the clinical evaluation
of ascorbate-buformin for the treatment of refractory/relapsing AML patients with no
other therapeutic options. Since buformin potentiates the effect of ascorbate without
adding toxicity, the combination treatment could be associated to other targeted therapies
in randomized clinical trials to gauge their utility in the clinic.
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Simple Summary: Lactic acidosis is a prominent feature of the tumour microenvironment and a key
player in cancer metabolism. This review is aimed at combining the mechanisms through which
lactic acidosis alters the metabolism of cancer cells, and determining how this effect could bring
valuable contribution to the current understanding of the metabolism of whole tumours. This work
also highlights the therapeutic perspectives that advances in lactic acidosis understanding open up.

Abstract: Lactic acidosis, a hallmark of solid tumour microenvironment, originates from lactate
hyperproduction and its co-secretion with protons by cancer cells displaying the Warburg effect.
Long considered a side effect of cancer metabolism, lactic acidosis is now known to play a major
role in tumour physiology, aggressiveness and treatment efficiency. Growing evidence shows that
it promotes cancer cell resistance to glucose deprivation, a common feature of tumours. Here we
review the current understanding of how extracellular lactate and acidosis, acting as a combination
of enzymatic inhibitors, signal, and nutrient, switch cancer cell metabolism from the Warburg effect
to an oxidative metabolic phenotype, which allows cancer cells to withstand glucose deprivation,
and makes lactic acidosis a promising anticancer target. We also discuss how the evidence about
lactic acidosis” effect could be integrated in the understanding of the whole-tumour metabolism and
what perspectives it opens up for future research.

Keywords: lactic acidosis; glucose deprivation; tumour heterogeneity; metabolic symbiosis; War-
burg effect

1. Introduction

Lactic acidosis is a hallmark of the tumour microenvironment, one that has been shown
to promote cancer resistance to chemotherapy [1]. It results from the intensive secretion
of lactate and protons in the presence of glucose by cells displaying the Warburg effect,
a characteristic anomaly of proliferating, and, particularly, cancer cells. Cells harbouring
the Warburg effect perform high-rate glycolysis, lactic fermentation, and co-excretion of
lactate and protons [2]. This enables them to proliferate at a high rate in the presence of
glucose, which they consume avidly. However, the rapid consumption of glucose leads to
its exhaustion, and an energetic dead-end and paradox. Interestingly, lactic acidosis has
been shown to help cancer cells withstand glucose deprivation [3]. In media conditioned
with high lactate concentration and acidity, cancer cell lines avoid apoptosis and survive
10 times longer in the absence of glucose. Further studies have demonstrated that cancer
cells resist glucose starvation by reprogramming their metabolism [4,5]. In this review, we
focus on the essential literature addressing how lactic acidosis affects energy metabolism
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and preserves homeostasis in glucose-deprived cancer cells, and what therapeutic prospects
it opens up. We then discuss how this effect at the cellular scale could help understand the
metabolism of whole tumours.

2. Defining the Experimental Conditions of the Presented Studies

In this work, we review a series of studies relevant to address how lactic acidosis
helps cells resist glucose deficiency. These studies are performed in varying conditions
(Table 1). In order to clarify the various experimental conditions, we emphasise the fol-
lowing definitions [3]. “Lactosis” refers to an in vitro condition in which extracellular
lactate concentration exceeds 15 mM. It must be noted that most presented studies were
performed with culture media containing 10% foetal bovine serum, which brings ~1.5 mM
lactate to the medium [6]. At pH 6.7, >15 mM added lactate helps cancer cells resist glucose
deprivation [3]. “Acidosis” refers to an extracellular pH of 5.8-6.7. Under pH 6.7 normal
cells suffer from acidosis, and tumour pH can drop down to 5.8 [4]. “Lactic acidosis” refers
to the combination of both lactosis and acidosis. Lactic acidosis and acidosis are frequently
encountered in tumours [7]. Both originate from the co-secretion of lactate and protons,
and acidosis is also caused by the mitochondrial production of CO; and its dissociation
into HCO3 ™~ and H* [8]. Lactosis is a condition virtually absent in vivo, but one that can be
achieved easily in vitro to study the effect of lactate independently from acidification by
adding buffered sodium lactate to the medium.

“Glucose deprivation” or “depletion” refers to conditions where glucose is scarce, but
not necessarily absent from the milieu. Intratumoral glucose concentration can drop to
0.1-0.4 mM, while its level in healthy tissues is ~1 mM [9]. In vitro studies recreate glucose
deprivation with culture media that contain, initially, up to 3 mM glucose, the amount that
cancer cells typically deplete in one day [3,6].

Table 1. The presented studies addressing lactic acidosis” impact on cell energy metabolism are
performed under various conditions. For each reference, the tested cell line or cancer type and
medium conditions (glucose concentration, lactate concentration, and pH) are specified. When
unspecified, the pH value was assumed to equal 7.4.

Reference ConceStlrl;ft?osrel (mM) Lactate ?::Rf;ntratwn pH Cell Lines or Tumour Origin
[3] 3 20 6.7 4T1, Becap37, RKO, SGC7901
[10] Unspecified 25 6t06.7 HMEC, DU145, SiHa, WiDr
[4] 10 10 6.5 MCF-7, MDA-MB-468, MDA-MB-231, SkBr3
[11] 5and 25 5to 30 6.7 U251 and glioblastoma
[12] Unspecified 10 or 20 7.4 Ab549, H1299
[13] 10 5to0 30 7.4 A549, H1299
[14] Unspecified 10 or 30 74 SiHa and mouse xenograft
[5] 6 25 6.5 4T1, Bcap37, HeLa, A549
[15] Unspecified 4 to 40 5to08 MCEF7, T47D
[16] Unspecified 5o0r 10 7.4 A549, H1299, BEAS-2B
[17] 10 3 to 40 6.2 A549, A427, MCF7, MRC5
[18] Unspecified 0 6.5 A549, H1299, MRC5
[19] 5 10 7.4 SiHa, HeLa

MCEF-7, ZR-75-1, T47D, MDA-MB-231,

[20] 10 10 or 25 6.7 MDA-MB-157
[21] 5.6 10 or 20 6.7 LS174T, HCT116, MCT4
[22] Unspecified 20 74 MCF7
[23] Unspecified 10 7.4 MDA-MB-231
[24] 0 28 6.2 A549, A427
[25] Unspecified 20 74 US7-MG, A172, U251
[1] Unspecified 20 7.4 92.1
[26] 0 10 7.4 MDA436 and mouse xenograft
[27] 10 21020 7.4 Human myeloid cell lines
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Table 1. Cont.

Glucose

Lactate Concentration

Reference Concentration (mM) (@M) pH Cell Lines or Tumour Origin
[28] 0.175 4 7.4 glioma stem cells
[29] 2.50r 25 10 7.4 Colo205, Ls174T, Mosers, HT29
[30] 1t02.5 25 74 MCF-7
[31] Unspecified 20 7.4 Huh-7, Hep3B
[32] 0 20 6.8 A549
[33] 0 20 6.7 4T1, HeLa, NCI-H460
[34] Unspecified 0 6.5 PANC-1, SW1990
[35] Unspecified 12 6.8 PaTu-8902, HeLa, HepG2, HDF

3. Lactic Acidosis Seen by Cancer Research: A Brief History

In the 2000s, cancer research took a renewed interest in the Warburg effect, a hallmark
of cancer discovered a century ago [2,36,37]. As a consequence, views on lactic acidosis
changed drastically.

Acidosis had been known to promote tumour aggressiveness by exerting a selec-
tive pressure. Some cancer cells had been shown to survive acidosis by maintaining an
alkaline intracellular pH, while other cells—cancerous or healthy—underwent hydroly-
sis and death [38—40]. The proliferation of those selected cells, which are more resistant
to unfavourable environments, had been known to increase tumour malignancy [41,42].
As for lactate, it had been considered more of a by-product of glycolysis until the 1980s,
when its use as a nutrient in non-cancerous tissues was discovered [43,44]. The role of
extracellular lactate in cancer was investigated only later, in the 2000s [45,46], when it
was found to correlate with tumour malignancy [47-50]. Two explanations for this were
initially proposed. First, lactate promotes relaxation of the tissue surrounding the tumour,
which would make room for its development and metastasis [48]. Second, lactate makes
the cellular environment hostile, as does acidosis [38], which promotes angiogenesis [47].

The metabolic importance of extracellular lactate and lactic acidosis was first evidenced
in 2008. Lactic acidosis was shown to alter the expression of metabolism genes [10] and,
more importantly, lactate was proven to be, per se, a key source of energy for cancer
cells [51]. In 2009, the term “reverse Warburg effect” was first used to describe cancer cells
not showing the Warburg effect, but instead inducing it in neighbouring stromal fibroblasts
and consuming the lactate produced by them [52]. These discoveries reappraised the
paradigm of the Warburg effect, showing that it wasn’t compulsory in cancer since lactate
could be metabolised rather than only produced. Following these works, in 2012, Wu
et al., demonstrated that lactic acidosis allows cells to avoid glucose starvation [3]. Lactic
acidosis rescues glucose-deprived cancer cells, but importantly, acidosis or lactosis alone
have much more limited effects. After this pioneering work, lactic acidosis was further
shown to reprogram cell metabolism [5]. Nowadays, extracellular lactate and acidosis are
viewed as central players in cancer cell metabolism [53-55].

4. Lactic Acidosis’ Effect on Energy Metabolism

Lactic acidosis was shown to impact numerous aspects of energy metabolism. We
focus here on nutrient import, glycolysis, the tricarboxylic acid (TCA) cycle, oxidative
phosphorylation (OxPhos), and pathways generating reduced coenzymes (Figure 1).
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Figure 1. Lactic acidosis rewires energy metabolism and maintains cellular homeostasis. Lactic
acidosis enhances the uptake of folate, long-chain fatty acids, glutamine, and lactate. It represses
glucose import, glycolysis (by inhibiting HK and PFK, its rate-limiting enzymes) and lactic fermen-
tation. It enhances lactate conversion to pyruvate, routing of pyruvate and glutamine towards the
TCA cycle, ATP generation by OxPhos, and coenzyme reduction by IDH1 and the oxidative PPP. It
also upregulates CA IX expression, which basifies intracellular pH. Abbreviations: ASCT2: Alanine,
Serine, Cysteine Transporter 2; CA IX: carbonate anhydrase 1; GLUT1: glucose transporter 1; HK:
hexokinase; IDH1: isocitrate dehydrogenase 1, MCT1: monocarboxylate transporter 1; OxPhos:
oxidative phosphorylation; PFK1: phosphofructokinase 1; PPP: pentose phosphate pathway; TCA:
tricarboxylic acid.

4.1. Lactic Acidosis and Exchanges at the Plasma Membrane

In glucose deprivation, the capacity of cancer cells to uptake and metabolise alternative
nutrients is key to their survival [56]. Extracellular acidosis and lactosis were shown to
increase such capacity.

4.1.1. Acidosis Sustains the Activity of Proton-Nutrient Symporters

Extracellular acidosis has a direct impact on exchanges at the plasma membrane [57].
In healthy tissues, protons are more concentrated inside the cell than outside. In tumours,
the contrary is true [58,59]. Extracellular acidosis inverts the transmembrane proton gradi-
ent in tumour cells, which may positively impact proton-nutrient symports. Of interest,
lactate is imported in cancer cells via the monocarboxylate transporters (MCTs) [51]. Since
MCTs co-transport lactate with a proton, lactate import should be sensitive to the proton
gradient and facilitated under acidosis. This mechanism is expected to explain why cancer
cells respond differently to lactosis and lactic acidosis [3], since a rise in extracellular lactate
only increases intracellular lactate levels in acidic conditions [60]. The co-transport of extra-
cellular lactate and protons probably underlies the synergy of their effects on intracellular
metabolism (Figure 1).
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Of note, protons are also co-imported with several other nutrients, such as FeZ* folates,
amino acids and peptides. Brown & Ganapathy suggested that acidosis may affect their
uptake (Figure 1), but this hypothesis remains to be confirmed [61].

4.1.2. Lactate and Acidosis Indirectly Enhance Nutrient Uptake

Extracellular lactic acidosis indirectly promotes the uptake of several nutrients
(Figure 1). The import of lactate itself is increased in lactic acidosis, in part due to MCT1
overexpression [11], which is a response to an extracellular lactate signal [62] that is po-
tentiated by extracellular acidity [12]. Extracellular lactate induces MCT1 and MCT4 via
the G-protein-coupled receptor 81 (GPR81) transduction pathway [62]. In acidosis, ex-
tracellular lactate can also induce GPR81 expression [12,13]. Extracellular lactate signal
enhancing MCT-mediated lactate import is necessary to cancer cell survival in absence of
glucose, glutamine and pyruvate [62]. This supports the idea that ‘lactate induces its own
metabolism’, which doesn’t exclude other regulations of MCT expression [63].

Glutamine uptake is increased by extracellular lactate or acidosis, as both conditions
increase the expression of the glutamine transporter ASCT?2 (alanine, serine and cysteine
transporter 2) [14,64]. Fatty acid uptake is enhanced by acidosis [65], and folate import is
intensified by 10 mM extracellular lactic acid [15].

Finally, and importantly, lactic acidosis seems to minimise glucose uptake, but not in
all cell lines and cancers. Lactic acidosis decreases glucose uptake in various cell lines [5], as
lactate in lung cancer cell lines [16]. On the opposite, 10 mM lactate has no effect on glucose
uptake in the T47D breast cancer cell line [15]. The expression of the glucose transporters
GLUT1 and GLUT4 are decreased by 2 mM lactate and acidosis in lung and breast cancer
cell lines [17], and by acidosis in cervix, pharynx and colon cancer cell lines [64] but not in
lung cancer cell lines [18].

4.1.3. Lactic Acidosis and pH Homeostasis

Cell exposure to lactic acidosis is associated with a drop in intracellular pH from 7.3
to ~6.9 [5]. Behind this acidification, several probable effects may be discerned. On the
one hand, as discussed earlier, acidosis enhances proton-nutrient co-import, which could
contribute to cellular acidification. On the other hand, lactate as a signal can mitigate the
drop in pH by favouring alkalinization. A level of 10 mM extracellular lactate induces
Carbonic Anhydrase IX (CA IX) [19], a transmembrane enzyme supporting proton export
and a key regulator of cell pH [66] (Figure 1).

4.2. Lactic Acidosis, Glycolysis, and Lactic Fermentation

Unlike cells showing the Warburg effect, in which glycolysis and lactate dehydroge-
nase (LDH)-catalysed lactic fermentation are known to be hyperactive, cells exposed to
lactic acidosis show a reduction in these pathways” activity.

In glucose abundance, acidosis and lactic acidosis lower glucose consumption and
lactate secretion [4,5,20], which indicates that glycolysis and lactic fermentation are down-
regulated. More interestingly, lactic acidosis decreases cancer cell dependency on glucose
catabolism [1]. Thus, in glucose sufficiency, lactic acidosis minimises glucose catabolism
activity and its importance in cell survival (Figure 1).

Glycolysis and lactic fermentation are likely downregulated at the level of both gene
expression and enzyme activity. The expression of glycolysis enzymes is reduced by lactic
acidosis in breast cancer cell lines [10], and by extracellular lactate in lung cancer cell
lines [16], but it is maintained by extracellular lactate in breast cancer cell lines [21,22].
The activity of glycolysis enzymes, especially the rate-limiting hexokinase and phospho-
fructokinase [67], is directly decreased by intracellular acidification [4] (Figure 1). In line,
intracellular acidification has been predicted in silico to hinder the Warburg effect [68]. Intra-
cellular lactate accumulation, in parallel, directly inhibits lactic fermentation [5] (Figure 1).
The interconversion of lactate and pyruvate through LDH follows the mass action law,
therefore a rise in lactate concentration inhibits its production from pyruvate and favours
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the reverse reaction. This thermodynamic effect leads to a complete stop of lactic fermenta-
tion at ~25 mM intracellular lactate [5]. This concentration is within the range resulting
from lactic acidosis.

4.3. Lactic Acidosis and Mitochondrial Catabolism
4.3.1. Lactic Acidosis Intensifies Mitochondrial Catabolism

Lactic acidosis enhances mitochondrial metabolic activity, in particular the TCA cycle
and OxPhos. Both lactic acidosis and lactosis enhance mitochondrial biogenesis [23,24]
and the expression of the enzymes of the TCA cycle and OxPhos [11,25], which potentiates
mitochondrial catabolism and ATP production. The reactivation of those pathways allows
the maintenance of the cellular ATP concentration in glucose deprivation and increases
resistance to starvation [11].

4.3.2. Lactic Acidosis Shapes TCA Cycle Alternative Fueling

In addition to glucose-derived pyruvate, the TCA cycle can be supplied with various
substrates. This flexibility is particularly true of cancer cells [69]. In challenging nutritional
contexts such as glucose deprivation, the TCA cycle of cancer cells can be sustained
by alternative nutrients. Lactate and glutamine are its main substrate suppliers after
glucose [70]. The use of both is promoted by lactic acidosis.

The pyruvate generated from lactate can directly sustain the TCA cycle [26-31,71]
(Figure 1). This pathway depends on upstream lactate import by MCTs, whose enhance-
ment in lactic acidosis is discussed in Section 4.1.2. In line, extracellular lactate increases the
mitochondrial membrane potential, and hence ATP production efficiency in OxPhos [21,72],
and could even be necessary to pro-tumoural cell proliferation [32]. In more detail, the
routing of lactate to mitochondria is debated. In the classical view, lactate is converted to
pyruvate in the cytosol, then pyruvate is shuttled to mitochondria [73,74]. In addition to
this classical way, Brooks et al. proposed an alternative model in which lactate would be
shuttled to mitochondria via the mitochondrial lactate oxidation complex (mLOC), that in-
cludes MCT1 [75]. The controversy raised by this model has been well-reviewed in [76,77],
that summarized the evidence for and against it in non-cancer cells. In cancer cells supplied
with sufficient glucose, lactate’s contribution to the TCA cycle over glucose remains under
debate: some studies suggest that lactate shuttled to mitochondria is preferred [71], while
others question this [78]. Either way, under glucose deprivation, we can hypothesise that
lactate’s contribution to the TCA cycle is of significant importance.

Glutamine is a major nutrient for cancer cells. It undergoes oxidative glutaminolysis
in mitochondria, where it is processed by glutaminase 1 or 2 (GLS1/2) and then glutamate
dehydrogenase 1 (GDHI1) to sustain the TCA cycle. Lactic acidosis [20], acidosis [20,64],
and lactate [14] upregulate GLS1 and GLS2 and stimulate oxidative glutaminolysis. Lac-
tic acidosis, however, doesn’t necessarily promote glutamine consumption compared to
lactosis [23]. In summary, either extracellular lactate, acidosis or lactic acidosis enhance
glutamine utilisation by inducing glutaminase expression (Figure 1).

4.4. Lactic Acidosis and Redox Homeostasis

Cell survival requires redox homeostasis, i.e., controlled levels of reactive oxygen
species (ROS) and redox coenzymes. The former lead to cell death when they accumulate,
and the latter support the entire metabolism and cellular antioxidant defences.

Particularly, a high NADPH/NADP* ratio kinetically favours anabolic reactions and
helps keep ROS levels low. In cancer cells this ratio is abnormally high and sustains hyper-
active anabolism [70]. High NADPH levels are supported by the oxidation of nutrients,
such as lactate and glutamine via the TCA cycle and then oxidation of glutamine- and
lactate-derived malate and isocitrate by the malic enzyme 1 (ME1) and Isocitrate Dehydro-
genase 1 (IDH1), and mainly glucose via the pentose phosphate pathway (PPP). Redox
homeostasis in cancer cells is therefore particularly sensitive to nutritional stress such as
glucose deprivation.
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In this condition, lactic acidosis helps stabilise the NADPH/NADP* ratio at ~50% of
its level in glucose sulfficiency [3]. Likely, the gatekeepers of the NADPH/NADP" ratio in
glucose abundance have reduced efficiency under glucose deprivation and lactic acidosis,
whereas new control mechanisms gain importance. On the one hand, glutamine use via
MEL is not necessary to the maintenance of the NADPH/NADP* ratio under lactic acido-
sis [33]. Glutamine would indeed be completely degraded in mitochondrial catabolism
instead of sustaining ME1 activity [20]. On the other hand, the glucose directed away from
glycolysis towards the PPP would prevail more in NADPH/NADP* maintenance under
lactic acidosis. Lactic acidosis [20] and acidosis [34] respectively increase the expression
and activity of glucose-6-phosphate dehydrogenase (G6PD), the first enzyme of the PPP,
and lactic acidosis makes G6PD activity necessary to NADPH/NADP* ratio maintenance
and cell survival [20] in glucose sufficiency. However in glucose deprivation, the PPP alone
cannot maintain redox balance [33]. Alternatively, lactate would become a key player in
NADPH/NADP* ratio maintenance, via the TCA cycle [35], and IDH1 [33].

Whether, in glucose abundance, such reprogramming strengthens cell defences against
ROS level increase is uncertain. Acidosis increases ROS levels [35] and cell sensitivity to
oxidative stress, but cell adaptation to acidosis decreases them [34]. Lactate import through
MCT1 is key to maintain low ROS levels [79]. Lactic acidosis was found to either increase
ROS levels, as does acidosis [20], or to rescue acidosis’ negative effect [35]. At any rate,
in glucose deprivation, lactic acidosis mainly prevents increased ROS levels by providing
IDH1 with its substrate [33].

A high NADH/NAD" ratio supports ATP production. Lactic acidosis impact on the
NADH/NAD*" ratio has not been directly investigated. However lactate use by the TCA
cycle increases the NADH/NAD" ratio in glucose deprivation [30]. This increase could
contribute to the inhibition of glycolysis by lactic acidosis: a high NADH/NAD"* ratio
would inhibit glycolysis according to the mass action law. Yet this hypothesis remains to be
tested.

4.5. Section Summary

In the energy metabolism of cancer cells, acidosis and extracellular lactate act as
enzymatic inhibitors, and lactate as a signal and a nutrient. They mostly curb glycolysis
and lactic fermentation and enhance the TCA cycle and OxPhos (Figure 1). Acidification
and lactate accumulation in the tumour microenvironment would promote and sustain an
oxidative phenotype, which is fitter than the fermenting phenotype in glucose deprivation,
an adverse nutritional context that is common in tumours.

5. Therapeutic Strategies Targeting Lactic Acidosis

Nowadays, lactic acidosis per se is targeted in therapies directed against cancer. Of
note, it is also a major target in the treatment of type 2 diabetes [80,81]. Neutralising
acidosis in tumours has been proposed as a way to restore sensitivity of cancer cells to
glucose starvation and increase the efficacy of regular treatments. The proof of principle of
this approach has been established by combining transarterial chemoembolization (TACE)
with the infusion of bicarbonate, a basifying agent that turns neoplastic lactic acidosis into
lactosis [82,83]. Compared to TACE alone, TILA-TACE (Targeting-Intratumoural-Lactic-
Acidosis TACE) presented a very significantly enhanced anticancer activity for patients with
hepatocellular carcinoma. The mechanisms underlying this activity have been evaluated in
detail by Ying et al. [84].

Modulating extracellular lactate availability in tumours by nanomedicine is another
promising therapeutic strategy. The delivery by nanoparticles of a cocktail of lactate oxi-
dases and catalases to colon carcinoma cells in vitro suppresses tumoural lactosis and stops
cell proliferation [85]. The delivery by nanoparticles of a glucose catalase combined with a
MCT1 inhibitor, that together prevent the use of both glucose and lactate by tumour cells,
inhibits the proliferation of SiHa cell line xenografts in mice [86]. Conversely, lactate-loaded
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nanoparticles induce an overload of lactate and cytotoxicity in orthotopic glioblastoma
models, although only in normoxic conditions and not in hypoxia [87].

Understanding the effects of lactic acidosis also helps reappraise the potential of
already-existing targets. In particular, the lactate transporter MCT1 was formerly targeted
to inhibit lactate secretion in cells showing the Warburg effect, and is now targeted to
hamper lactate uptake [27,88-91]. Similarly the strategies targeting LDH isoforms were
aimed historically at inhibiting lactate production from pyruvate. The LDHA isoform,
that has a higher affinity for pyruvate than for lactate and catalyses preferentially lactate
production, is a historical target that still attracts much attention [92]. However, with
the discovery of lactic acidosis effect, the LDHB isoform that catalyses preferentially the
conversion of lactate to pyruvate now rises as an alternative target [32].

6. Implications of Lactic Acidosis in the Whole-Tumour Metabolism

Deciphering how lactic acidosis impacts cancer cells enlightens important aspects
of the metabolism of the whole tumour, and raises new perspectives to complement its
understanding.

From the belief that cancer cells have a unique metabolic signature, i.e., the Warburg
effect, research has progressively recognized intratumoural heterogeneity as the metabolic
hallmark of cancer [55]. The main metabolic heterogeneity in tumours is now suggested
to be mitochondrial activity [93,94], that is promoted and sustained by lactic acidosis. To
describe this heterogeneity, tumours have traditionally been modelled as the coexistence of
two metabolic populations: oxidative cells relying on OxPhos and fermenting cells showing
the Warburg effect and relying on glycolysis and lactic fermentation [17,28,51,91,95,96]. Ox-
idative cells would be located in normoxic regions, in perivascular compartments [7,11,97],
and fermenting cells in hypoxic regions farther from blood vessels [11,51,97] (Figure 2).
Each population would thrive on different energy sources, fermenting cells glucose and
oxidative ones lactate, and lactate would be transferred from fermenting to oxidative
cells [95]. This model is supported by the coexistence in tumours of cells overexpressing
MCT4, a preferential lactate exporter, and cells overexpressing MCT1, a preferential lactate
importer [11,51,95,98]. Interestingly, a possible lactate transport via gap junctions has been
evidenced recently [99-101]. This lactate transfer supports the idea of a metabolic symbiosis
between both populations within tumours [17,28,46,51,61,91,95,96,101-103]. In this model,
a central question is how the metabolic phenotypes of both populations are determined [46].
Hypoxia is thought to be the major promoter of the fermenting phenotype [102,104]. Lactic
acidosis, according to the evidence presented in this work, is likely the promoter of the
oxidative phenotype [5,11].

However this hypothetical scenario raises a paradox: the oxidative phenotype, that
derives from lactic acidosis, i.e., from the fermenting phenotype that is promoted by
hypoxia, cannot thrive in hypoxic conditions. Two hypotheses could solve this paradox.
In the first hypothesis, fermenting cells would induce the oxidative phenotype in their
neighbours, located in better-perfused regions. However lactic acidosis intensity, maximal
around secretory cells, decreases with the distance [51,105], which raises the question of
the minimal level of lactic acidosis necessary to promote the oxidative phenotype. In the
second hypothesis, lactic acidosis would feedback the Warburg effect in fermenting cells
by switching them to an oxidative phenotype, which questions the minimal oxygen level
necessary for the oxidative phenotype to survive. A possible answer to this question is
that in the meantime, lactic acidosis could promote angiogenesis [38,47,61]. This questions
the timeline of lactic acidosis action, in the promotion of both oxidative phenotype and
angiogenesis. A third perspective to answer the paradox is to address how, earlier, hypoxia
and lactic acidosis may interplay in the promotion of metabolic phenotypes, which has
caught little attention until now [18,20,23,106].
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Figure 2. Lactic acidosis would contribute to a metabolic symbiosis between fermenting and oxida-
tive cells within tumours. In this model, two populations coexist in tumours: fermenting cells in
hypoxic regions, and oxidative cells in normoxic regions where lactic acidosis would exert its effect.
Fermenting cells would consume the glucose spared by oxidative cells and generate the lactate fueling
them, both being in a metabolic symbiosis. Lactic acidosis promotes the switch from a fermenting to
an oxidative phenotype.

7. Conclusions

Lactic acidosis associated with tumour progression allows cancer cells to survive in
unfavourable environments. In the last decade, the influence of neoplastic lactic acidosis on
the energy metabolism of cancer cells has been deciphered. Lactic reduces glycolysis and
lactic fermentation, stimulates the TCA cycle and OxPhos, and promotes the use of alterna-
tive nutrients. All in all, it contributes to cell resistance to glucose deprivation. Cancelling
lactic acidosis” effect is therefore a relevant anticancer strategy that restores cancer cell sen-
sitivity to glucose deprivation, a common feature of the tumour microenvironment. In the
future, clarifying how lactic acidosis action is integrated in the whole-tumour metabolism
would be of high interest.
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Simple Summary: Cancer metabolism is an emerging field of investigation aimed at identifying
cancer cell vulnerabilities in order to define novel anti-cancer therapeutic approaches based on
interventions that modulate the availability of specific nutrients. Amino acids (AAs) are used by
cancer cells as both building blocks for protein synthesis required for rapid tumor growth and as
sources of energy. The current review aims to describe the most relevant alterations of AA metabolism
that could be targeted by either AA deprivation or AA supplementation to limit tumor growth. In
parallel, the reader will understand how AA availability mainly relies on and impacts cancer-host
metabolism, eventually leading to a wasting paraneoplastic syndrome called cachexia. The above-
mentioned AA-based interventions are here discussed also in view of their impact on the tumor host,
in an attempt to provide a broader view that can improve our understanding of the patient outcome.

Abstract: Rapid tumor growth requires elevated biosynthetic activity, supported by metabolic
rewiring occurring both intrinsically in cancer cells and extrinsically in the cancer host. The Warburg
effect is one such example, burning glucose to produce a continuous flux of biomass substrates in can-
cer cells at the cost of energy wasting metabolic cycles in the host to maintain stable glycemia. Amino
acid (AA) metabolism is profoundly altered in cancer cells, which use AAs for energy production and
for supporting cell proliferation. The peculiarities in cancer AA metabolism allow the identification of
specific vulnerabilities as targets of anti-cancer treatments. In the current review, specific approaches
targeting AAs in terms of either deprivation or supplementation are discussed. Although based on
opposed strategies, both show, in vitro and in vivo, positive effects. Any AA-targeted intervention
will inevitably impact the cancer host, who frequently already has cachexia. Cancer cachexia is a
wasting syndrome, also due to malnutrition, that compromises the effectiveness of anti-cancer drugs
and eventually causes the patient’s death. AA deprivation may exacerbate malnutrition and cachexia,
while AA supplementation may improve the nutritional status, counteract cachexia, and predispose
the patient to a more effective anti-cancer treatment. Here is provided an attempt to describe the
AA-based therapeutic approaches that integrate currently distant points of view on cancer-centered
and host-centered research, providing a glimpse of several potential investigations that approach
cachexia as a unique cancer disease.

Keywords: amino acid; cancer metabolism; cachexia; nutrition; supplement

1. Introduction

Cancer metabolism is a broad and emerging field of study at the frontier of cancer
discovery, aimed at understanding tumorigenesis, tumor progression, and disorders of cell
metabolism, as well as for designing new prospective therapies [1]. The dysregulation of
metabolic circuitries occurs at several levels beyond cancer cells, affecting tumor stroma,
the immune system, and eventually the whole host, resulting in uncontrolled tumor
growth, immunoescape, and cachexia, respectively. Understanding the cellular tissue and
systemic metabolic alterations will likely uncover, on the one side, exploitable metabolic
vulnerabilities for reducing tumor growth and improving anti-tumor therapies, and on the

Cancers 2022, 14, 5691. https:/ /doi.org/10.3390/ cancers14225691 144

https:/ /www.mdpi.com/journal/cancers



Cancers 2022, 14, 5691

other side, specific nutrient host deficiencies which, upon supplementation, will counteract
cachexia and support a more effective fight against the cancer. The objective of the current
review is to focus on amino acid (AA) metabolism in both cancer cells and the tumor host in
order to highlight potential AA-based therapeutic approaches that integrate the currently
distant points of view on cancer-centered and host-centered research.

1.1. Impact of AAs on Cancer Metabolism and Mitochondrial Function

The elevated biosynthetic activity of cancer cells is supported by several strategies
aimed at increasing growth. Oncogenic mutations allow tumor cells to sustain angiogenesis,
evade apoptosis, enable constitutive proliferation signaling by tyrosine kinase receptors,
and to escape from growth suppression signaling [2]. Moreover, profound metabolic alter-
ations also confer to cancers the ability to optimize substrate utilization; one typical example
of metabolic reprogramming is the Warburg effect (aerobic glycolysis), the observation
that cancer cells convert glucose to lactate even in an oxygen-rich environment, dates back
to almost 100 years ago [3]. The Warburg effect is not exclusive to cancer cells, but also
occurs in normal, non-cancerous, rapidly dividing cells, such as activated macrophages
and lymphocytes, haematopoietic stem and progenitor cells, or during angiogenesis, and
this confirms the growth advantage conferred by this metabolic adaptation [4]. Initially
ascribed to defective mitochondria, this apparently inefficient metabolic reprogramming
is now hypothesized to have the aim, rather than ATP production, of maximizing car-
bon delivery to the cell’s anabolic pathway for the synthesis of biomass. In both living
organisms and in culture, cells in fact rarely experience shortages of glucose, which is
always kept at high/constant levels in the culture medium or bloodstream; this means
that proliferating cells do not have a real need to maximize ATP synthesis from glucose [5].
Therefore, by engaging glucose into aerobic glycolysis, cancer cells avoid its complete
catabolism to ATP in mitochondria; this spares glucose carbon that can be used for gen-
erating acetyl-Coa, glycolytic intermediates, and ribose for the synthesis of fatty acids,
non-essential amino acids (NEAA), and nucleotides, respectively [6]. Since the major part
of these pathways require functional mitochondria, this implies that, in proliferating cancer
cells, mitochondria are not dysfunctional; however, as a consequence of aerobic glycolysis,
they are rather used as a biosynthetic organelle for the synthesis of glucose-derived lipid
and NEAA, instead of ATP. Furthermore, cancer cells are also able to efficiently utilize
mitochondria for directing other cell substrates for macromolecule synthesis and, in this
process, amino acids (AA) play a pivotal role [7]. The role of AAs as constituents of proteins
and/or signaling molecules involved in the regulation of macroautophagy, the process of
endosomal/lysosomal recycling of cellular components, or as activators of biosynthetic
cell pathways through mammalian target of rapamycin (mTOR), has been the subject of
many other comprehensive reviews [8-10]. However, AAs show an intimate connection
with mitochondrial function. One such example is glutamine (Gln), which, together with
glucose, is the main molecule utilized by the majority of mammalian cells in culture.

1.2. Cancer Mitochondria Support Biosynthesis of Macromolecules through
Glutamine-Dependent Anaplerosis

Since the early discovery that HeLa cells consume GIn from 10 to 100 orders of mag-
nitude more than other amino acids [11], and that Gln is used as a major source of cell
energy, rather than for incorporation into proteins [12], the observation that transformed
cells display a high rate of Gln consumption has been confirmed in several other cancer
cell types, such as glioblastoma, ovarian, pancreatic, and breast cancer [13-16]. Through
mitochondrial glutaminolysis, GIn is utilized to provide both carbon and nitrogen for
anabolic reactions; in particular, through the process of anaplerosis, which leads to the
replenishment of the pools of metabolic intermediates of the tricarboxylic acid cycle (TCA)
in times of high energy requirements [17], Gln is a major carbon source for the synthesis of
proteins, nucleotides, and lipids. In this pathway, Gln is first converted into glutamate (Glu)
via mitochondrial glutaminase (GLS), and then glutamate dehydrogenase (GDH) convert
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glutamate into x-ketoglutarate (x-KG); alternatively, a second pathway of conversion of
Glu in -KG involves the activity of both mitochondrial and cytosolic transaminases such as
aspartate transaminase (AST), alanine transaminase (ALT), or phosphoserine transaminase
(PSAT). The routing of glutamate to the dehydrogenation or to the transamination pathway
depend on the metabolic status of the cell and has important metabolic consequences;
although the prevalence of transamination over dehydrogenation has been positively
correlated with proliferation rate [18] and glucose levels, both pathways enable the opti-
mization of amino acid uptake and consumption with growth and biomass production,
with transamination being prevalent in times of glucose abundance, while the glutamate
dehydrogenation pathway has been shown to be induced during glucose shortages, thus
enabling cell survival [19,20]. Furthermore, sequential glutaminase and glutamate dehy-
drogenase reactions produce ammonia (NH3) and ammonium (NH4 ™), respectively, which
is considered a cell toxic by-product which requires scavenging through urea; however,
ammonia is also a major diffusible autophagy inducer [21], which could therefore help
cancer cells increase fitness by eliminating damaged and potentially toxic macromolecules
and organelles. Moreover, in breast cancer, extracellular ammonia synthesized in the liver
can be recycled by tumor cells through reductive amination by GDH to form glutamate
which is then used for macromolecule biosynthesis [22], and GIn-derived ammonia can
also promote sterol regulatory element binding protein (SREBP) mediated lipogenesis and
support tumor growth [23]. A graphical representation of the above-described metabolic
scenario is provided in Figure 1. Glutamate transamination, on the contrary, does not
produce ammonia, but generates the NEAAs aspartate (Asp), alanine (Ala), and serine
(Ser) which, together with «-KG, serve as anaplerotic substrates in the TCA cycle, thus
promoting biosynthesis. In this process, Oxaloacetate (Oaa) produced by «-KG from glu-
taminolysis condenses with pyruvate-derived Acetyl-CoA to produce citrate at the citrate
synthase step; citrate is then not committed to the isocitrate dehydrogenase step (which is
instead involved in reductive carboxylation—see below), but is instead exported to cytosol
where ATP-citrate lyase reforms Acetyl-CoA, which is then used for malonyl-Coa synthesis
and de novo lipogenesis. Glutaminolysis flux also generates reduced nicotinamide ade-
nine dinucleotide (NADH) and reduced nicotinamide adenine dinucleotide phosphate
(NADPH), as reducing equivalents for the electron transport chain (ETC) and both redox
balance and lipogenesis, respectively. Beyond glutaminolysis, which is considered as the
oxidative branch of Gln metabolism, the alternate metabolic fate of Gln is through the
reductive carboxylation pathway, which involves the engaging of a-KG in a “reverse”
mitochondrial TCA cycle through NADPH-dependent isocitrate dehydrogenases 1 and
2 (IDH1 and IDH2) and therefore producing citrate for lipid biosynthesis [24-26]. This
pathway seems to be predominant in cancer subjected to hypoxia, displaying constitutive
hypoxia-inducible factor 1 alpha (HIF1«x) activation, or have defective mitochondria [27,28]
and has been confirmed to occur also in vivo [28,29].

1.3. Mitochondrial Electron Transport Chain and AA Metabolism

Beyond the evidence coming from glutamine/glutamate metabolism, several other
studies clearly demonstrate that the function of mitochondria in sustaining cell proliferation
goes beyond the simple ATP synthesis, and that biomass production and macromolecule
synthesis depend on to the strict connection and crosslink between mitochondrial activ-
ity and AA metabolism. A striking example on how mitochondrial function and AA
metabolism are reciprocally intertwined comes from two studies which show that the
most essential function of the ETC in proliferating cells is to provide electron acceptors
to support Asp biosynthesis which, in turn, is required for the synthesis of purine and
pyrimidines [30,31]. By recycling NAD*, ETC provides oxidized cofactor for malate dehy-
drogenase 2 (MDH2) which, in turn, produces Oaa that is used by mitochondrial aspartate
transaminase (GOT?2) for the synthesis of Asp. However, when ETC is dysfunctional, the ra-
tio NAD* /NADH decreases, and Asp synthesis is switched to the reductive carboxylation
of Gln to citrate which, through ATP-citrate lyase, produces Oaa to drive Asp synthesis. This
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suggests that, in proliferating cells, the high NAD*/NADH ratio maintained by mitochon-
drial respiration is essentially used for Asp/nucleotide synthesis, rather than for ensuring
constant TCA cycle/OXPHOS function. Treatment of acute myeloid leukemia (AML) cells
with TACS-010759, a complex I inhibitor, reduced cell viability, decreased NAD* /NADH ra-
tio, and, among AAs, exclusively reduced Asp levels while increasing Gln utilization, thus
confirming that the interconnection between mitochondrial activity, redox state, and Asp
synthesis is extended to cancer cells [32]. This relationship has also been recently confirmed
in vivo; treatment of mouse neuroblastoma xenografts with IACS-010759 affected ETC
activity, redox state and Asp metabolism, as well as activation of reductive carboxylation of
GIn. In addition, treatment of xenografted mice with metformin, a commercial available an-
tidiabetic drug and complex I inhibitor, dose-dependently inhibited tumor growth, together
with a decrease in intratumor NAD" /NADH ratio and Asp levels [33,34]. The evidence of
reprogramming of the cancer mitochondrial function to support Asp synthesis for survival
comes not only from studies based on pharmacological inhibition of complex I, but also
from genetic disruption of ETC components, which resemble mitochondrial alterations
in tumors; inactivating mutations of mitochondrial succinate dehydrogenase (SDH) are
frequent in cancers and increase susceptibility to the development of different tumors
and, as such, SDH has tumor suppressor functions. Immortalized kidney mouse cells defi-
cient in SDH become addicted to extracellular pyruvate for proliferation, which, through
carboxylation to Oaa, is diverted to Asp synthesis. Notably, SDH ablation in absence of
pyruvate also decreased the NAD"/NADH ratio, thus confirming that, in cancer cells,
mitochondrial function is strictly connected to Asp biosynthesis through the modulation of
its redox state [35]. Moreover, a very recent paper revealed a close relationship between
ETC, redox state, and GIn utilization for biomass production: in 143B cells, respiration
inhibited by both mitochondrial DNA (mtDNA) depletion of parental g0 cells and chemical
ETC inhibition, the reduced mitochondrial NAD+/NADH ratio reversed mitochondrial
GOT?2 as well as succinate and malate dehydrogenases to promote mitochondrial oxidation
of NADH to NAD+; this, in turn, enabled GDH-dependent Gln anaplerosis to support cell
proliferation [36]. Beyond Asp, mitochondrial NAD* regeneration has been shown to be
essential also for the synthesis of Ser, which is another carbon source for the production
of nucleotides; in fact, withdrawal of Ser from culture medium increased sensitivity of
melanoma cell lines to the anti-proliferative effects of both rotenone or metformin; fur-
thermore, Ser deprivation depleted cells of purine nucleotides and rotenone treatment
further increased their depletion [37]. Alteration of Ser synthesis also occurs in response to
cells depleted of mtDNA; this causes bioenergetic failure and induction of activating tran-
scription factor 4 (ATF4), a master transcription factor which regulates cell response to AA
starvation during the integrated stress response (ISR) [38]. mtDNA depleted cells display
increased Ser synthesis and decreased Ser consumption, thus reflecting elevated reliance
on serine for survival [39]. Ser, together with glycine (Gly), is also involved in one-carbon
(1C) metabolism, a process shared by both mitochondria and cytosol which, through the
folate cycle, leads to the production of 1C methyl units for several biochemical pathways
such as purine and pyrimidine biosynthesis, and synthesis of methionine (Met), as well
as providing the moiety for methylation reactions for epigenetic control of gene expres-
sion [40]. Being a central hub for a plethora of anabolic pathways, cancer cells can therefore
become reliant on generation of 1C units from both Gly and Ser. Ser can be converted to Gly
by the cytosolic or mitochondrial serine hydroxymethyltransferase SHMT1 and SHMT2,
respectively, with the transfer of Ser-derived 1C unit to tetrahydrofolate (THF), generating
methylene-THF which, in turn, is required for purine and pyrimidine biosynthesis. As a
result, cancer cells have been shown to both avidly consume extracellular Ser and also to
strongly depend on endogenous Ser synthesis, displaying an elevated Ser flux [41-44]. Ser
can be synthesized from the glycolytic intermediate 3-phosphoglycerate (3-PG) through the
enzyme phosphoglycerate dehydrogenase (PHGDH), which is in a genomic locus of copy
number gain in both breast cancer and melanoma, and whose protein levels are increased
in 70% of estrogen receptor (ER)-negative breast cancers [42,44]. The overexpression of
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PHGDH in tumors allows elevated rates of de novo Ser biosynthesis which, as a result, in-
creases the biosynthesis and metabolic pathways associated with the folate pool, amino acid,
lipids, and redox regulation [44]. However, in tumors, this metabolic adaptation requires a
diminished flux of pyruvate toward mitochondrial oxidation, thus redirecting upstream
glycolytic intermediates, such as 3-PG, to Ser and Gly synthesis; in many cancer cells, this
is accomplished by preferential expression of the M2 isoform of pyruvate kinase (PKM2),
which displays lower kinase activity compared to PKM1, thus promoting the accumulation
3-PG and other glycolytic intermediates which are precursors for biosynthesis of Ser, as well
as nucleotides, amino acids, and lipids required for proliferation [45]. Notably, Ser is an
allosteric activator of PKM2, and this allows cancer cells to rapidly increase Ser biosynthesis
in response to its environmental shortage since, when Ser levels fall, the decrease in PKM2
activity allows more glucose-derived carbon to be diverted into serine biosynthesis [46].
Although Ser can be synthesized by both SHMT1 and SHMT2, the mitochondrial isoform
is strongly upregulated in cancers and has been shown to have a stronger impact on cancer
metabolism [42,47]. Mitochondrial 5,10-methylenetetrahydrofolate production by SHMT2
provides methyl groups for mitochondrial tRNA modification, which are required for
proper mitochondrial translation and function [48,49]. Furthermore, SHMT? is required
for complex I assembly, and mice deficient in SHMT?2 display embryonic lethality and
defective mitochondrial respiration [50,51].
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Figure 1. Rewiring of the metabolic fate of AAs in cancers: Gln- derived Glu yield x-kg through both
transamination or dehydrogenation, by means of AST, ALT, PSAT, or GDH, respectively. The first
pathway prevails in conditions of glucose abundance, resulting in production of the NEAAs Asp, Ala,
and Ser, and enabling proliferation. Asp is used in nucleotide synthesis while a-kg, Ala, and Ser can
feed the TCA cycle. On the other hand, GDH is activated during glucose scarcity or cell quiescence,
supporting cell survival and stress resistance. Furthermore, GLS-derived ammonia in cancer can
stimulate autophagy, lipogenesis, or being re-incorporated to Glu synthesis, which can be re-routed
for transamination and biomass production. Abbreviations: Gln, glutamine; Glu, glutamate; Asp,
aspartate; Ala, alanine; Ser, serine; GDH, glutamate dehydrogenase; GLS, glutaminase. AST, aspartate
transaminase; ALT, alanine transaminase; PSAT, phosphoserine transaminase; Oaa, oxaloacetate; Pyr,
pyruvate; 3-Php, 3-phosphohydroxypyruvate; «-KG, alpha-ketoglutarate.
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1.4. Targeting AA Metabolism as Anti-Cancer Strategy

The data herein reported indicate that the connection between AA metabolism and
cancer mitochondrial function goes beyond the well-known role of AAs as mitochondrial
substrates and can also explain why tumors are dependent on some AAs. Notably, this
addiction also includes AAs usually classified as non-essential such as Gln, Ser, and Asp,
therefore implying that the mitochondrial reprogramming of cancer metabolism also re-
defines and crosses the distinction between essential and non-essential AAs. This AA
dependency highlights a metabolic vulnerability, which could be exploited for a highly
specific anticancer therapy aimed to starve or deplete cancer cells of selected amino acids,
or to block crucial AA metabolic pathways [52].

GLN Glutaminase inhibition has been long proposed as a main cancer therapeutic
target, and several Glnase inhibitors have been developed, of which the most studied are
6-diazo-5-oxo-L-norleucine (DON), bis-2-(5-phenyl acetamido-1,2,4-thiadiazol-2-yl) ethyl
sulfide (BPTES), and CB-839; however, since glutaminolysis is not an exclusive feature of
cancer cells (see above), low specificity /high toxicity concerns and poor solubility issues
have limited their employment in clinic, and only CB-839 (Telaglenastat) has since been
entered in a clinical trial and is currently in phase II [53].

ASN Asparagine (Asn) depletion by means of the bacterial enzyme asparaginase
(ASNase) is presently the only approved anticancer treatment based on an AA-depleting
approach and has been long used as an anticancer strategy, especially toward pediatric
acute lymphoblastic leukemia (ALL) [54,55]. Contrary to most cells, leukemia cells express
low levels of asparagine synthetase (ASNS), which render them highly dependent on Asn,
thus making ASNase treatment effective [56]. Although several toxic side effects have also
been also reported, the majority of them are manageable, but ASNase is almost exclusively
used only in ALL [57].

ARG Inhibition of cancer cell proliferation by means of arginase (ARGase) treatment
was reported almost 70 years ago [58]; since then, the depletion of Arginine (Arg) through
ARGase or arginine deiminase (ADI) administration has been constantly explored as an
anticancer therapy, also supported by the finding of absent or low expression of argini-
nosuccinate synthetase (ASS1) in several tumors, especially those associated with chemore-
sistance and poor clinical outcome, such as hepatocellular carcinoma (HCC), melanoma,
mesothelioma, pancreatic cancer, prostate cancer, renal cell carcinoma, sarcoma, and small
cell lung cancer [59-62], which result in Arg dependence. While Arg-deprived, non-cancer
cells undergo quiescence and cycle arrest at GO/G1 phase, cancer cells starved for Arg
continue instead to DNA synthesis, leading to unbalanced growth and ultimately to cell
death [63]. Currently, ARGase, as a PEGylated derivative, is employed in clinical trials for
the treatment of HCC, melanoma, prostate adenocarcinoma, and pediatric acute myeloid
leukemia (AML), while trials with PEGylated ADI are ongoing for the treatment of small
cell lung cancer, melanoma, AML, HCC, and mesothelioma [64].

SER, GLY The importance of targeting Ser, Gly, and Met metabolic pathways, which
are strictly interconnected to folate 1C metabolism, is highlighted by the long-known use
of antifolate drugs as chemoterapics [65]; methotrexate (MTX), the most used antifolate,
deplete cells of tetrahydrofolate and is routinely used for the treatment of multiple cancers.
However, MTX treatment has some concerns of toxicity [66]. Since, in tumors, the majority
of 1C units derive from Ser, many efforts to develop inhibitors of Ser biosynthesis to inhibit
cancer 1C metabolism, alone or in combination with other antifolates, have been put for-
ward [67]. Pyrazolopyran, an herbicide compound, which was originally shown to inhibit
plant SHMT, has been shown to inhibit human SHMT1 and to induce cell death in lung
cancer cells [68]. An optimized pyrazolopyran derivative, by targeting both SHMT1 and
SHMT?2, blocked proliferation of colon, pancreatic, and several B-Cell derived malignan-
cies, which displayed different grades of sensitivity according to their proficiency in folate
metabolism and glycine uptake, thus confirming amino acid vulnerability as a key target for
anti-cancer drug development. Furthermore, incubation of many cancer cells in medium
lacking Ser/Gly greatly increased the sensitivity of the cells to the PHGDH inhibitor PH755,
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while PH755 treatment in vivo to xenografted mice significantly potentiated the anti-cancer
response of dietary serine/glycine restriction, thus underscoring the effectiveness of a
combined dietary and chemotherapeutic approach [69].

2. Amino Acid Supplementation as Anticancer Therapy: Targeting Multiple and
Complex Metabolic Networks

The majority of anticancer strategies aimed at targeting the AA metabolism and/or
the AA dependency of tumor cells are based on AA starvation; less is known about AA
supplementation which has also shown to be beneficial [70]. Dietary starvation of a single
AA is not a simple task and strategies to limit GIn, Asp, or Ser/Gly intake had a limited
positive response due to compensatory metabolic mechanisms [71,72]; clinically speaking,
nutritional enrichment of selected AAs is certainly a more accessible objective. Supplemen-
tation of branched-chain amino acids (BCAA) is long-known to have favorable effects in
patients with hepatocellular carcinoma [73-76] and is recommended to cirrhotic patients
according to the guidelines of the American Association for the Study of Liver Diseases
(AASLD) and the European Association for the Study of the Liver (EASL) [70]. Despite its
well-known role in fueling cancer proliferation, Gln supplementation, by both increasing its
dietary content and supplementation in drinking water, blocked melanoma growth in mice
by affecting the epigenetic marks of oncogenic gene expression [77]. Furthermore, dietary
supplementation of histidine (His) by enhancing its catabolic flux and depleting tumor
cells of tetrahydrofolate, which is also a major target of MTX, increased the sensitivity of
leukemia xenografts to MTX chemotherapy [78]. Moreover, a more recent report showed
that an AA-defined diet enriched in EAAs decreased tumor growth in mice [79]. Mecha-
nistically, dietary enrichment of EAAs activated BCAA catabolism, inhibited glycolysis
and mTOR signaling and induced cancer cell apoptosis through a ATF4-mediated ER
stress response, which derived from an intracellular Glu shortage. These results suggest
that supplementation of AAs can lead to inhibition of cancer cell proliferation through
multiple mechanisms.

The finding that supplementation of EAA can lead to a decrease in levels of other
AAs [79] highlights the complexity of intracellular AA metabolic pathways, which are
known to be closely linked to each other, showing reciprocal cross-talk, sharing many
metabolic intermediates, and also responding with different cues in a strong context-
dependent manner [52]. A deep analysis of human metabolic networks showed that AAs
are strongly interconnected within specific groups: Gly, Ser, Ala, and Thr; cysteine (Cys) and
Met; valine (Val), leucine, and isoleucine (Ile) display the most interconnected pathways [80].
Furthermore, AAs are connected to 39 different cellular processes; notably, these include
not only well-characterized AA pathways such as protein synthesis, biomass production
and membrane transport, but also specific metabolic pathways like fatty acid oxidation,
metabolism of glutathione, nicotinamide adenine dinucleotide, and sphingolipids [80].
Within these, AAs share about 1139 metabolites which are involved in AA metabolism,
both directly and indirectly, through interactions with other downstream pathways. Among
the top metabolites linked to AA metabolism, NADPH, ATP, NADP*, ADP, and NAD*
play a pivotal role in regulating other core cellular metabolic pathways: this indicates a
ubiquitous role for AA in the control of cell metabolism [80]. According to their multifaceted
role in cell physiology, many key regulators of cancer AA signaling show a double-face
nature; the two isoforms of Glnase, GLS1 and GLS2, are usually over- and under-expressed
in cancers, with GLS2 considered as a tumor suppressor, in opposition to the established
role of GLS1 as a pro-oncogenic gene [53,81]. Consistently, the PI3K/Akt pathway and
mTORC2, two main regulators of cell growth and proliferation, have been shown to be
inhibited by exogenously supplemented BCAA [82]. It is noteworthy that, through systems
biology analysis, these pleiotropic functions of AAs and their different connections to cell
metabolites have been recently shown to have the potential to be exploited for the treatment
of multifactorial diseases [80,83]. The intricate and non-univocal impact of either starving
or supplementing AAs in cancer cells is summarized in Figure 2.
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Figure 2. Both amino acid starvation (left) and supplementation (right) are valuable anti-cancer
strategies. (Left) panel: mitochondrial glutamine consumption in cancer feeds TCA cycle in both
oxidative (red) and reductive (blue) directions which, by providing carbon source for the synthesis of
precursors, increases cancer biomass. Interfering with glutaminase (GLS1) activity with the inhibitors
DON, BPTES, or CB-839 leads to the depletion of key anabolic intermediates such as lipids and
aminoacids. Anti-cancer enzymatic approaches through asparaginase (ASNase), arginase (ARGase),
or arginine deaminase (ADI) also lead to the decrease in blood levels of indispensable tumor AAs.
Furthermore, interfering with serine or glycine metabolism with the dual SHMT1/SHMT?2 inhibitor
pyralozopyran also results in depletion of tetrahydrofolate (THF), a key metabolite essential for cancer
growth. (Right) panel: BCAA supplementation is beneficial in cirrhotic patients, while diet with high
gln content blocks melanoma xenografts in mice by reprogramming the tumor epigenetic control
of gene expression. Histidine supplementation, by increasing His catabolism and depleting THF,
increases methotrexate sensitivity in leukemia-bearing mice, while an EAA-enriched diet impairs
tumor growth in mice by inhibiting glycolysis and mTORC1 signaling by means of an EAA-induced
ATF4 activation through shortage of glutamate. Abbreviations: 3-PG, 3-phosphoglycerate; IDH2,
isocitrate dehydrogenase 2; SHMT1/SHMT2, serine hydroxymethyltransferase % ; GDH, glutamate
dehydrogenase; x-KG, alpha-ketoglutarate; ATF4, activating transcription factor 4; mTORC1, mam-
malian target of rapamycin complex1; H3K4me3, lysine-methylated histone 3; pyraz, pyrazolopyran.
The icons used were obtained at: https:/ /smart.servier.com/ (accessed on 10 November 2022).

Cancer is a complex disease. Beyond being influenced by genetic, physiological, and
environmental factors, it also has, especially in advanced stages, several outcomes for
the whole organism, which are the result of a network of metabolic alterations which
involve different organs’ dysfunctions. As such, an effective therapeutic strategy aimed at
targeting the multiple complications of cancer will require a comprehensive approach. By
engaging and targeting different and complex metabolic pathways, AA-based approaches
are therefore supposed to impinge more effectively on the multiple dysfunctions developing
in the different tissues affected by cancer complications. Cachexia, which lead to weakness,
muscle atrophy, systemic inflammation and weight loss can be considered as a paradigm of
the complex multifactorial condition associated with cancer [3] and is therefore particularly
suitable for nutritional and dietary AA-based approaches.
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2.1. Cancer-Induced Cachexia

Cancer cachexia is a complex multiorgan syndrome that affects more than half of all
cancer patients (50-80%) and is the direct cause for about 20% of cancer deaths [84,85].
It is characterized by involuntary loss of body weight and adipose tissue that cannot
be fully restored by conventional nutritional support, as well by systemic inflammation,
anorexia, asthenia, fatigue, metabolic alterations, and muscle wasting, resulting in pro-
gressive functional impairment [86,87]. These changes induce detrimental effects on the
immune system, increasing susceptibility to infections or other complications, affecting
the efficacy and the tolerance to chemotherapy and surgery and, finally, impacting on a
patient’s quality of life [87,88]. Furthermore, 30 to 90% of cancer patients show malnutri-
tion, characterized by reduced appetite, calorie intake, and changes in taste, accompanied
by malabsorption, maldigestion and dysmetabolism, and diminished food intake. This
condition may be exacerbated by antineoplastic treatment-related side effects which act
on the intestinal epithelium of the host and are responsible for nausea and vomiting (see
previous chapter) [89].

Sarcopenia is a gradual and progressive decline in skeletal muscle mass and functional
capacity, considered as an age-associated syndrome but also occurring earlier in life in
association with chronic diseases, including cancer [90]. Loss of skeletal muscle mass
and strength are considered the main clinical criteria for the diagnosis of sarcopenia. The
occurrence of the syndrome is confirmed by different techniques including dual-energy
X-ray absorptiometry (DXA), computerized tomography (CT), and magnetic resonance
imaging (MRI), together with the evaluation of walking speed and handgrip strength, but
the absence of standardized evaluation methods in clinical practice could make it difficult
to discriminate sarcopenic from non-sarcopenic individuals [86,91]. Moreover, sarcopenia
is often associated with other underlying clinical conditions that affect muscle wasting
including frailty, cachexia, and sarcopenic obesity, increasing the risk of adverse health-
related outcomes such as physical disability, postoperative infections, hospitalization, and
institutionalization, resulting in poor quality of life and mortality [86,91-93].

Cancer cachexia is associated with metabolic alterations. In particular, patients show
a simultaneous hyper-metabolism, hyper-catabolism, and hypo-anabolism, resulting in
a decrease in biomolecule synthesis and a concomitant increased degradation, aggravat-
ing the weight loss and causing impaired energy metabolism [85]. For these reasons,
cachexia could be considered as an ‘energy wasting’ disorder in which the homeostatic
control of energy intake and expenditure is lost and depends on the type of tumor and its
stage [84,85]. Impaired protein turnover is a general hallmark of the energy waste typical
of cancer cachexia, both in patients and in experimental models. In fact, there is an acti-
vated muscle proteolysis, accompanied by hypo-anabolism and mitochondrial alterations
(impaired biogenesis, dynamics, and degradation) [94]. In cancer cachexia, AAs captured
by the tumor and other metabolically active tissues such as the liver are obtained from
lean tissues, in particular the skeletal muscle, thanks to the activation of two main prote-
olytic systems, namely the proteasome and the autophagic-lysosomal pathway induced by
inflammation-dependent transcription factors, such as FoxO1/3 and NF-«B [95]. Previous
studies demonstrated in the muscle of tumor-bearing animals and in cancer patients a
hyper-activation of the autophagic system, inflammation and increased reactive oxygen
species (ROS) [96,97]. The pro-oxidant species damage the mitochondria, leading to further
ROS production and stimulating mitophagy, affecting mitochondrial abundance in the
muscle [96-99]. Since mitochondria represent the main producers of energy required for
contraction, alterations of their homeostasis impair muscle function [97]. In parallel, it was
reported that antioxidant enzymes, such as superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GPx), are up-regulated in the muscle of tumor-bearing animals
in the attempt to counteract the oxidative insult, albeit not enough to maintain the redox
balance, while others reported a down-regulation of the same enzymes, further promoting
oxidative stress [99].
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So far, although several drugs are being tested in clinical trials; none of them proved
effective enough to be used in common practice. Most of the compounds tested in cancer
patients so far are based on orexigenic and anabolic compounds [100,101], the former aimed
at reversing anorexia and increasing the food intake, the latter at stimulating the signaling
pathways controlling muscle protein synthesis and at repressing the signals activating
muscle protein catabolism. The current research aims to reverse muscle wasting, targeting
several aspects of the syndrome, i.e., reducing energy expenditure, fatigue, anorexia,
and systemic inflammation, improving the patient’s quality of life and physical state.
Beyond this, one of the goals is to understand how the molecular alterations underlying
muscle wasting impinge on metabolic and oxidative capacity and mitochondrial function,
impairing muscle metabolism and not only muscle mass [102].

One fundamental prerequisite for making any anti-cachexia therapeutic intervention
effective is to avoid the occurrence of malnutrition. The European Society for Clinical
Nutrition and Metabolism (ESPEN) releases continuously updated guidelines on the man-
agement of cancer patients from the nutritional standpoint [103]. The best way to increase
protein and energy intake is by food, but unfortunately this is not always possible and or
sufficient [104]; appetite stimulants or dietary supplement hardly restore an optimal nutri-
tional status and only partially reduce fat and skeletal muscle loss. AAs, as building blocks
of proteins, represent for mammals the only source of nitrogen and the main component of
skeletal muscle mass and, as described above, are also used as TCA cycle intermediates for
producing ATP [105]. AAs are involved in the regulation of key physiological pathways in
the body and their homeostasis is altered in various pathological conditions characterized
by mitochondrial dysfunction and oxidative stress [105]. According to the ESPEN, a protein
intake lower than 1 g protein/kg/day, not reaching a daily energy request of 25 kcal /Kg,
and a nitrogen optimal uptake from protein between 1.2 and 2 g/kg/day is associated
with decreased physical function and an increased risk of mortality [89,100,106]. Circu-
lating AA levels are altered in cancer patients due to tumor demand of AAs, especially
essential amino acids (EAAs), Gln, Gly, and Asp [89]. In particular, variations in plasma
AAs were found in cancer patients depending on the occurrence of metabolic alterations,
metastasis, anorexia, malnutrition, and weight loss; for these reasons, plasma AAs were
considered as biomarkers for diagnosis and screening of cancer and a potential therapeutic
target for improving protein synthesis and consequently muscle wasting [89,105]. More
specifically, high levels of circulating AAs were described in breast cancer, while low levels
were found in patients with gastric and colorectal cancers, as well as decreased levels of
Arg in pancreatic and lung cancers [89].

2.2. Nutritional (AA-Based) Anti-Cachexia Supportive Interventions

In line with the commonly described AA shortage, many studies exploited the possi-
bility of supplementing single AAs or mixtures of essential AAs as a therapeutic strategy
in conditions characterized by oxidative stress, catabolic state, or altered energy balance,
such as sarcopenia, sepsis, cardiac and metabolic diseases. Various compounds were
studied, such as p-hydroxy-p-methylbutyrate (HMB), Gly, Leu, Arg, Gln, or AA mix-
tures [89,107,108]. A detailed description of the potential for each compound against cancer
cachexia follows and is summarized in Figure 3. The ample evidence of AA efficacy in
preclinical animal models of cachexia, however, does not align with a corresponding abun-
dance of clinical trials in cancer patients, where most of the AAs tested were provided along
with anti-inflammatory and antioxidant mixtures, not allowing for the discrimination of
the AA contribution.
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mentation in counteracting such manifestation or promoting beneficial anti-tumor effects (right). A
detailed description of the anti-cachexia action is provided in the following text. The icons used were
obtained at: https://smart.servier.com/ (accessed on 10 November 2022).

2.3. HMB

HMB is an endogenous product of Leu metabolism normally present in foods such
as avocado, grapefruit, and catfish. It derives from Leu oxidation into ketoisocaproate,
95% of which is metabolized into Coenzyme A and the remaining 5% is converted into
HMB [106]. Many supplementations that involve HMB alone or in combination with
other AAs (Arg and Gln) were tested, and found to be safe and well tolerated in cancer
patients [107,108]. In particular, HMB has been proposed to be effective in reducing inflam-
mation and muscle proteolysis, and in stimulating protein synthesis through mechanistic
target of rapamycin (mTOR) complex 1 (mTORC1), with beneficial effects in the mainte-
nance of muscle mass and function in the elderly [86,89,91,105,108]. Many parameters were
reported to be improved, including skeletal muscle mass, postoperative hospitalization,
and complications insurgence. Moreover, these studies observed positive results regarding
anticancer treatment-related side effects, tumor response, and hospitalization [91,107].

2.4. GLY

Gly, the simplest non-essential AA, is required for protein synthesis as well as being
a precursor of fundamental molecules such as purines, heme, creatine, NADPH, and
glutathione. In particular, it is involved in the regulation of redox homeostasis, modulating
the balance between the two forms of glutathione, the oxidized (GSSG) and the reduced
one (GSH) [109]. More specifically, Gly synthesis is stimulated as a mechanism of defense
against mitochondrial dysfunction and oxidative stress; indeed, its supplementation is
able to enhance NADPH and glutathione content, reducing ROS production and the
expression of genes involved in inflammation and muscle macrophage infiltration [109].
Many studies demonstrated that intracellular Gly levels decrease during aging and result
lower in association with frailty and in experimental mouse models of muscle wasting [109].
In tumor-bearing mice, Gly administration was able to reduce tumor growth, preventing
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muscle wasting and preserving muscle strength, suggesting a potential therapeutic use in
cancer cachexia [109].

2.5. LEU

Leu is an essential amino acid that belongs to branched-chain amino acids, well known
in literature to strongly stimulate skeletal muscle protein synthesis, modulating directly
the activity of mTORC1 [110]. Positive effects of Leu supplementation were observed in
animals fed with a high fat diet, with attenuation of mitochondrial dysfunction, fat mass,
and hyperglycemia [105]. A few studies performed in animal models of cancer cachexia
have shown that a diet rich in Leu was able to stimulate, in a dose-dependent manner,
protein synthesis in skeletal muscle, resulting in reduced loss of lean body mass and muscle
wasting [111]. These data were supported by improvements in muscle strength, physical
performance, and inflammatory status [111]. Simultaneously, skeletal muscle mitochondrial
biogenesis was ameliorated after Leu supplementation in tumor-bearing rats, together
with the increased expression of markers related to oxidative phosphorylation and energy
production [111]. Unfortunately, recent evidence suggested an increase of tumor growth
rate with a Leu-rich diet, promoting cancer development and for these reasons limiting the
clinical potential [111].

2.6. ARG

Arg is a semi-essential AA important for immune function and cell regeneration.
25-30% of the total daily Arg derives from food and the remaining 70-75% can be syn-
thetized endogenously starting from citrulline or from protein turnover [89,106]. During
cachexia or other catabolic and inflammatory conditions, Arg levels are decreased even
without alterations in the biosynthesis [106]. In cancer patients, Arg supplementation
demonstrated immunomodulating properties together with improvement in survival and
malnutrition [89,106].

2.7. GLN

Gln is a semi-essential AA necessary for cellular function and immune cell modula-
tion [89,106]. Remembering that GIn is also abundantly used by cancer cells for supporting
their metabolism and growth (see above), its use as a supplement may have a dual impact
on cancer (stimulating the growth) and on the host (counteracting cachexia). Experi-
mental data seem to discard the first hypothesis since, using the experimental model of
Walker-256 tumor-bearing rats, a promising role for Gln in improving energy balance
and preventing tumor growth and cancer-induced cachexia was suggested [112,113]. In
parallel, clinical trials in cancer patients highlighted that oral GIn supplementation is able to
restore glutathione levels with beneficial effects on the antioxidant status and the immune
system [89,106].

2.8. Essential AAs

Recent data showed that supplementation with an enriched mixture of branched-chain
AAs (BCAAem), a subset of EAAs that comprises Leu, Ile, and Val, integral components
of skeletal muscle proteins and powerful stimulators of protein synthesis, increases nitric
oxide (NO) production via endothelial NO synthase (eNOS), inducing the expression of
PGC-1g, a transcription coactivator and main regulator of mitochondrial biogenesis (re-
duced in cancer cachexia) and of genes involved in the ROS defense system including
superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), catalase and glutathione
peroxidase (GPx1), decreasing oxidative damage and promoting survival [89,105,114]. As a
result of PGC-1a increased expression, both glycogen accumulation and fatty acid oxidation
improve, preserving mitochondrial metabolism and muscle fiber size, and ameliorating
physical endurance and motor coordination in middle-aged mice, suggesting a potential
role in the treatment of sarcopenia and cancer cachexia [105,114]. Recent evidence demon-
strated that BCAAem was able to preserve skeletal muscle, mitigating muscular dystrophy

155



Cancers 2022, 14, 5691

in an experimental model of Duchenne Muscular Dystrophy (mdx mice), and clinical
trials confirmed an improvement of physical performance, muscle mass, and strength in
sarcopenic patients [105]. Another relevant study proposed supplementation with BCAA,
Tyr, and Cys in order to improve lean muscle mass in cachectic patients with advanced
cancer [89,91,101]. Despite some limitations, for example the numerosity, the lack of a
control group, and the heterogeneity of patients according to cancer type, ROS reduction
and improvements in strength and quality of life were observed [89,91].

Given that AA supplementation could be insufficient to obtain clinically relevant
improvements on muscle mass and function, two novel AA formulations containing EAA-
BCAA cofactors (citric acid, malic acid, and succinic acid) and precursors of Krebs cycle
were explored in experimental models of age-related disorders and in general conditions
characterized by mitochondrial dysfunction and altered catabolic state, resulting as more
effective than the BCAAem alone [105]. The two mixtures differ in the percentage of each
component. The first one (called a5) was able to promote the ROS defense system and mito-
chondrial biogenesis, preventing cardiac damage induced by doxorubicin; the second one
(called PD-EQ7) was able to improve the expression of PGC-1o and the enzymatic activities
of mitochondprial respiratory complexes in the skeletal muscle of mice characterized by
age-related muscular alterations [105].

3. Concluding Remarks and Open Challenges

The selected evidence reported in this review highlights multiple aspects of AA biology
in either the cancer itself or in the cancer host, meaning that any conclusion based on the
study of only one of these two components is of limited value in its translation into a cure
for the cancer disease in humans. Beyond this critical point, the narrative of AA relevance
in cancer diagnosis and treatment provided here is definitively non-exhaustive. Several
potential fields where deeper AA investigation may provide useful knowledge and tools
against cancer, translating into innovative clinical applications, are described below.

Biomarkers. AA plasma levels may serve as disease biomarkers, guiding diagnosis
and the choice of a potentially more effective treatment. As recently shown [115], the
metabolomics era will soon produce breakthrough discoveries, unpredictable using the
previous generation of targeted analyses. In this context, experts in cancer and host
metabolism must interact to correctly interpret the significance of circulating AA levels
resulting from both cancer and host metabolic activities.

Supplementation vs. diet. Although whole foods look more effective than oral nutritional
supplements, at least in head and neck cancer patients undergoing cachexia [116], AA
supplementation provides a precise dosage, allowing adjustments according to response
(either by biochemical assessments or by disease follow-up). More comparative clinical
trials are needed to define the best strategy.

AA supplementation during chemotherapy. Similarly to the dualism described in this
review, AA may improve the host’s ability to tolerate chemotherapy and to support or even
stimulate tumor immunity as a combined treatment with immunotherapy in the emerging
field of immunonutrition [117].

AA and microbiota in cancer patients. Microbiota dysbiosis has been reported in both pre-
clinical animal models and in cancer patients, resulting in altered AA metabolism [118,119]. AA
supplements may impact on the microbiota, helping controlling tumor growth and cachexia.

In conclusion, personalized (P4) medicine is the only reasonable way of introducing
AA-based supportive oncology strategies which, by treating the cancer patient as a whole
(i.e., by fighting the cancer and supporting the host), will likely improve the outcome of
several incurable cancers. However, fasting the tumor to impair cellular proliferation re-
mains a goal to pursue. Consistently, Fasting Mimicking Diets (FMD) were proven effective
in maximizing the chemotherapy response [120]. In this context, AA supplementation may
accelerate the recovery after FMD-induced weight loss by shortening the interval between
the therapy cycles, given that the best refeeding strategy after FMD is still unknown and
deserves further research. Similarly, a recent report shows an attractive alternative strat-
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egy for starving cancer cells by means of cold exposure [121], suggesting that nutrient
deprivation may be obtained with alternative approaches, avoiding feeding restrictions.
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Simple Summary: In the last two decades, the antidiabetic drugs, biguanides, have received consider-
able interest owing to their presumed antitumor properties. A critical issue that has been at the center
of many studies is how they act at the molecular level. Most works propose that biguanides inhibit
mitochondrial complex I, which causes ATP depletion and activation of compensatory responses,
responsible for the therapeutic properties. However, complex I can only be inhibited with concen-
trations of biguanides that cannot be tolerated by animals and patients, suggesting that alternative
targets and intracellular perturbations are involved. Here, we will discuss the current knowledge of
the mechanisms of action of biguanides, when used under clinically relevant conditions. The ongoing
clinical trials in cancer and the proper conditions of usage will also be addressed. Understanding the
mode of action of these drugs represents critical information for further investigation and usage in
cancer models.

Abstract: Biguanides are a family of antidiabetic drugs with documented anticancer properties in
preclinical and clinical settings. Despite intensive investigation, how they exert their therapeutic
effects is still debated. Many studies support the hypothesis that biguanides inhibit mitochondrial
complex I, inducing energy stress and activating compensatory responses mediated by energy sensors.
However, a major concern related to this “complex” model is that the therapeutic concentrations of
biguanides found in the blood and tissues are much lower than the doses required to inhibit complex
I, suggesting the involvement of additional mechanisms. This comprehensive review illustrates
the current knowledge of pharmacokinetics, receptors, sensors, intracellular alterations, and the
mechanism of action of biguanides in diabetes and cancer. The conditions of usage and variables
affecting the response to these drugs, the effect on the immune system and microbiota, as well as the
results from the most relevant clinical trials in cancer are also discussed.

Keywords: biguanides; complex I; metabolism; redox; metformin; cancer

1. Introduction

The history of biguanides began in the 19th century when it was found that the
blood-glucose-lowering properties of the herb Galega officinalis (French lilac), used since
the medieval age to treat polyuria and other diseases, were due to galegine, a derivative of
guanidine contained in the plant seeds and flowers. The identification of galegine led to
the synthesis of various biguanides (synthelin A and B, biguanide, metformin, phenformin,
and buformin) in the early 20th century that were tested as antidiabetic agents but shortly
discontinued due to toxicity issues or presumed low potency.

Starting from the 1980s, further studies led to the re-evaluation of the use of metformin
in type 2 diabetes mellitus (T2DM), providing strong evidence for its effectiveness and
safety [1] and leading to FDA approval in 1994. Since then, metformin has progressively
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gained ground, to become the most widely prescribed oral antidiabetic drug and first-line
therapy for the treatment of T2D in the last two decades.

The broad utilization of metformin has also allowed epidemiological observations
reporting a significant reduction of the risk of cancer in diabetic patients treated with this
drug [2-4], which has prompted a significant effort aimed at establishing the therapeutic
efficacy of metformin against cancer in cells culture, animal models, and patients.

Phenformin and buformin were prescribed for the treatment of T2D starting from
the 1950s but were withdrawn from the market in the 1970s because of the higher risk of
cardiac mortality and lactic acidosis [5,6]. Following the increased interest in the anticancer
properties of metformin, these drugs (particularly phenformin) have been re-considered
for cancer treatment, showing significant antitumor effects, often stronger than metformin,
in numerous preclinical studies, likely related to their higher cell permeability.

A substantial amount of effort has been devoted to understanding how biguanides act
at the molecular level, an issue that has not yielded unique conclusions but rather has been
quite controversial.

According to a widely accepted interpretation, the primary target of biguanides
underlying both their antidiabetic and anticancer effects, is mitochondrial complex I of
the respiratory transport chain. All biguanides display an inhibitory effect on complex
I and inhibit the rate of oxygen consumption, thereby causing energy stress, increase in
AMP/ATP ratio, and activation of AMP Kinase (AMPK), which is believed to be a master
mediator of the therapeutic effects of these drugs, through phosphorylation-mediated
regulation of key targets such as hepatic CRTCs in diabetes and mTOR in tumors.

However, while this model is generally accepted and used to support many experi-
mental findings, it has also raised concerns that have led to alternative interpretations.

A primary reason for this lack of consensus is the inconsistencies in the drug concen-
trations and conditions used in the experimental settings.

Indeed, most of the reported mechanisms of action of biguanides have been demon-
strated in cell culture using doses of the drugs and culturing conditions that are different
from those found in patients or animal tissues. Even if many studies have shown that
these parameters have a profound influence on the drug response, these pieces of infor-
mation have been often poorly considered when addressing the mechanism of action of
these drugs.

In the first part of this article, we review the available information about the phar-
macological properties of biguanides, describing the structure, the dosage administered
in patients and animal models, the concentrations reached in the circulation and tissues
over time, the cellular transporters, and how these drugs travel across the cells. In the
second section, we illustrate what is known about the mechanism of action of these drugs
as glucose-lowering agents, in terms of target tissues and target molecules. In the third part
of this work, we describe the current knowledge on the mechanism of action of biguanides
in cancer, the variables affecting the cellular responses, and the available data arising from
clinical trials.

2. Pharmacological Properties

Biguanides are a class of compounds in which two guanidine groups are bound by
a common nitrogen atom. They all share the feature of being both polar and hydrophilic
molecules, highly soluble in aqueous media because of two imino and three amino groups
in tautomerism. However, they also differ in some chemical peculiarities, responsible for
the pharmacokinetic and pharmacodynamic properties in each of them.

2.1. Metformin: Uptake, Therapeutic Concentration, Excretion

Metformin (3-(diaminomethylidene)-1,1-dimethylguanidine) carries two methyl sub-
stituents in position 1 and is synthesized from 2-cyanoguanidine and dimethylammonium-
chloride [7]. The first evidence of the hypoglycemic activity of metformin in animal models
was from Slotta and Tschesche in 1929 [8], and its clinical use was first reported by Sterne
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in 1957 [9]. In type 2 diabetic patients, metformin is administered orally as immediate or
extended-release tablets. The immediate release is generally taken 2-3 times a day, while
the extended release is administered once daily.

The daily dose ranges from 500 to 2550 mg. Metformin is rapidly dissolved in the
gastrointestinal tract [10] but, due to its hydrophilic nature, the absorption cannot occur pas-
sively through the plasma membrane but requires active transport. Multiple organic cation
transporters are involved in the uptake of metformin, and many of them are important in its
pharmacological action, as mediators of metformin entry into target tissues. Metformin is a
substrate of various organic cation transporters (OCT), including OCT1 (SLC22A1), OCT2
(SLC22A2), OCT3 (SLC22A3), MATE1 (SLC47A1), MATE2 (SLC47A2), PMAT (SLC29A4),
and OCTNT1 (SLC22A4) [11-16]. Several transporters have been implicated in metformin
intestinal absorption. PMAT is primarily located on the apical membrane of polarized
epithelial cells [17], while transporters in the SLC22 family are expressed in the small
intestine and play a role in metformin absorption.

Metformin can also cross the enterocytes through the organic cation transporters 1
and 3 (OCT1 and OCT3) [18,19]. OCT3 is localized in the apical membrane and carries met-
formin into enterocytes, while OCT1 is localized in basolateral membranes and transports
metformin into the interstitial fluid [20]. OCT1 and 3 are also expressed on the basolateral
membrane of hepatocytes and mediate metformin liver uptake [21]. High expression of
OCTs is responsible for the elevated metformin accumulation in mouse liver (~40 uM)
when compared to serum (~5 uM) [22]. In agreement with this value, Ma and colleagues
recently showed that in mouse primary hepatocytes treated with 5 tM metformin for up to
48 h, the intracellular concentration was 25-40 M, suggesting the ability to accumulate
5-8-fold in these cells [23]. Similarly, Moonira et al. measured an intracellular/extracellular
metformin concentration ratio of about 5-fold after 3 h incubation of mouse hepatocytes
with 100-200 M of the biguanide [24].

OCT transporters could also move metformin from the liver to the blood thus causing
its rapid distribution into peripheral body tissues and fluids. Both OCT1 and 3 are also
expressed in skeletal muscles where they mediate metformin uptake.

Metformin does not bind to plasma proteins, and this causes its rapid distribution
throughout the body [25] (Table 1). The plasma concentration measured in subjects taking
1.5-2.5 g of metformin orally per day (~30 mg/kg/day) ranges between 4 and 15 uM [10].
In particular, 3 h after receiving a single dose of 0.5 g metformin orally, the peak plasma con-
centration ranges between 7.74-12.39 uM; 3 h after a single dose of 1.5 g metformin, the peak
plasma concentration is 23.23 uM. Assumption of 1 g metformin twice a day determines a
plasma mean concentration of 3.1-10.07 pM. The mean concentration over a dosage interval
is 6.66 uM. Lalau et al., in 2003, measured metformin plasma concentration in subjects with
type 2 diabetes mellitus under metformin therapy within the recommended dosage range
(1700-2550 mg/day) and reported a mean metformin concentration of 3.8 uM [26].

Madiraju et al. in 2018 detected metformin plasma concentration in human subjects
3 h after 1 g of metformin by oral administration, and values ranged from 14 uM to
22 uM [27]. In contrast to the rapid decrease of plasma concentrations, Bailey et al. detected
metformin accumulation in the gut after administering 850 mg daily for 2-3 weeks and
then twice daily for other 3-5 weeks to T2 diabetes patients [28]. Metformin levels detected
12-16 h after the last 850 mg dose (pre-dose jejunal sample) corresponded to 33 4= 26 ng/mg
wet weight of tissue (approximately 250 pmol/kg), while the concentration reached 3 h
after the last 850 mg morning dose (post-dose sample) was 504 + 232 ng/mg wet weight of
tissue (approximately 4 mmol/kg). These values were 30-300 times higher than metformin
plasma concentration (8-24 uM).

Pentikainen and colleagues [29] measured metformin plasma concentration in three
patients, following i.v. injection of 500 mg [29] After 1 h, they observed a peak of 5 ug/mL
(=38.68 M), which rapidly decreased at 1.5 pug/mL (=11.6 uM) 2h after administration. Re-
nal clearance after intravenous administration calculated in this study (454 & 47 mL/min)
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was comparable to that calculated after oral administration (507 + 129 mL/min) by
Graham et al. in 2011 [10].

Data on liver concentrations of metformin in humans are not available and it is, there-
fore, difficult to establish the exact therapeutic values. However, based on a presumed
three-fold higher liver concentration compared to plasma content (where the calculated
range is 20-30 uM), the estimated hepatic exposure is believed to be 60-90 1M, correspond-
ing to 2 g/day in patients or to oral dosing in rodents of 50-100 mg/kg [30].

As for dosing in rodents, other authors indicate that the oral dose of 250 mg/kg/day in
mice corresponds to 30 mg/kg/day in humans (2-2.5g/day), considering the interspecies
scaling in pharmacokinetics [22].

Metformin concentration reached in plasma and tumor tissue ranges from 3.2 to
12.4 uM [22]. These data are consistent with work from Madiraju and colleagues where
after ad libitum administration of 200-300 mg/kg/day of metformin, plasma concentration
was 15 uM and liver concentration was 40 uM [27].

Madiraju et al. also reported that 30 minutes after intravenous injection of 50 mg/kg
metformin in rats, plasma concentration was 74 1M, while in the liver it was 100 uM.

Chandel and collaborators [22] observed that administration of 350 mg/kg metformin
by oral gavage for 3 weeks caused a peak of 1500 uM in the liver and 200 uM in the tumor,
in a mouse model of lung adenocarcinoma. However, these concentrations were considered
supra-pharmacological by others [30]. Time-averaged plasma concentration was 47 M.
The authors also injected metformin 350 mg/kg intraperitoneally (i.p.) for 2 weeks and
detected a concentration peak of 100 uM in the liver and tumor after 25 h from the last
administration, while the time-averaged plasma concentration was 7.5 uM [22]. Acute
IP administration is reported also by Dowling and colleagues [31] after 30 minutes from
an injection of 125 mg/kg metformin, mean plasma concentration was 184 uM and it
decreased to 42 uM after 1 h.

Wilcock and Bailey, in 1993, analyzed metformin concentration reached in tissues such
as the liver and gut after acute administration (50 mg/kg) via oral gavage or intravenous
route [32]. Oral gavage seems to be more efficient in achieving higher concentrations:
51.7 uM measured in hepatic portal vein after 30 minutes vs 21.9 uM in inferior vena cava
detected after the intravenous injection. Moreover, liver tissue concentration was 37 M
after oral gavage and 22 uM after i.v. As for the gut, they measured different grades of
accumulation along the tract with a maximum of 1206 uM and a minimum of 147 M after
oral gavage; the highest concentration reached in the gut after i.v. injection was 55 tM and
the lowest 38 uM.

Metformin is not metabolized and is secreted unmodified by the kidney [33], after
being transported through OCT2 [34] located on the basolateral side of renal tubular cells.
The multidrug and toxin extrusion (MATE) transporters, such as MATE1 and MATE2K
contribute to the transport of metformin into urine [35]. The mean renal clearance rate is
around 552-642 mL/min. Its mean plasma elimination half-life is 1.5-4.7 h [25,36].

Metformin renal clearance decreases along with the impairment of kidney function
and depends on the genetic pool of transporters expressed in kidney cells: OCT?2 is the
principal carrier involved in the uptake from tubular cells, and OCT1 mediates its secretion
but it could also participate in the entry process. OCT3 is also expressed in the kidney.
MATEL is thought to carry metformin out of tubular cells and into the urine, while MATE2K
could be the principal extrusion transporter [35,37]. Metformin is excreted in the urine
unchanged, and no metabolites have been reported.

2.2. Phenformin: Uptake, Therapeutic Concentration, Excretion

Phenformin (1-(diaminomethylidene)-2-(2-phenylethyl)guanidine) is a phenethyl
biguanide derivative of metformin that is characterized by the substitution of one of the
terminal nitrogen atoms with a 2-phenylethyl group. Phenformin is obtained by heating
phenethylamine and cyanoguanidine (37% yield) [38]. It was used as an antidiabetic agent
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but was later withdrawn from many countries because it was associated with a greater
incidence of lactic acidosis [1,39].

Phenformin is more lipophilic than metformin and therefore it is generally thought to
passively cross the cell membrane and display a higher potency. This makes phenformin
less dependent on active transport, while metformin requires transporters to enter cells [40].
Supporting this idea, Hawley et al., [41] showed that while OCT1 is required to transport
metformin in rat hepatoma cells, it is not necessary for phenformin uptake. Other stud-
ies revealed that an active phenformin transport is required to cross the mitochondrial
membrane: Shitara et al., in 2013, described the role of organic cation/carnitine transporter
1 (OCTN1) in mitochondrial accumulation of phenformin [42]. Bridges et al. (2016) con-
firmed these data (selective transport) by comparing the ability of biguanides with the same
lipophilicity in mitochondria entry [43]. Moreover, work by Sogame et al., (2013) revealed
that phenformin has an affinity for hOCT2, which is majorly involved in biguanides uptake
from blood to kidney cells, stronger than metformin [44].

Phenformin is rapidly absorbed after oral administration and is not significantly bound
to plasma proteins [45] (Table 1). It undergoes hydroxylation in the liver to 4-hydroxy-
phenformin [46]. The half-life of circulating phenformin is about 11 h [47]. Both phenformin
and its hydroxylated metabolite are predominantly eliminated in the urine [46].

Beckmann and colleagues measured a phenformin plasma concentration of 0.97 uM
2 h after a single oral dose of 100 mg in patients, with a half-life of 3.2 h [45]. Matin
et al. also measured phenformin concentration after administration of 100 mg to a diabetic
patient. Maximum plasma concentration, measured with mass spectrometry, was reached
after 3 h and was 147 ng/mL, corresponding to 0.72 uM [48]. Nattrass et al. in 1980 [49]
measured a sustained release formulation of 50 mg of phenformin administered to six
healthy volunteers. The values obtained from their analysis (0.19 uM 3.5 h after ingestion)
were lower than those obtained by Beckmann and collaborators, although the authors
pointed out that the time course could have been altered using a sustained-release capsule.
Similar steady-state concentrations were reported by Marchetti and Navalesi [50] and were
between 0.13 and 0.56 uM.

More data about phenformin circulating levels in patients were reported by
Karam et al. [51]. They commented on the results obtained from the University Group
Diabetes Program (UGDP) in which patients with hyperglycemic reactions to oral glucose
assumption were treated with different anti-diabetic drugs. Circulating phenformin con-
centrations measured in these patients using gas chromatography were comprised between
102-241 ng/mL (0.5-1.17 uM).

As for animal models, in a recent work, HPLC analysis was used to measure plasma
phenformin in C57BL/6] mice. After 10 days of treatment with phenformin (300 mg/Kg/day)
in the drinking water, a 1.4 uM phenformin concentration was detected in the blood [52].
The same dose of 300 mg/Kg/day in the drinking water was used also by Huang et al. [53]
and Appleyard et al. [39] for xenografts experiments.

After i.v. administration in the tail vein of 12.5 mg/kg phenformin, the maximum
concentration (3.4 uM) was achieved 30 minutes after injection (maximum tolerated dose),
while higher doses were not tolerated [52].

Phenformin blood concentrations in mice treated for 5- and 7-days ad libitum per os
are described also in Shackelford et al. [54] and are in a range between 1-1.5 uM. Similar
data were obtained by Bando et al. in 2010 [55] using oral gavage to administer different
phenformin doses. Here, 28 days after daily ingestion of 200 mg/kg phenformin, the mean
plasma concentration was 1.49 pM.

Various studies have been carried out in animal models highlighting the higher accu-
mulation of the drug in the liver and gut. Wick et al. in 1960 [56] administered 100 mg/kg
of phenformin orally or intraperitoneally. In the first case, they detected the maximum liver
concentration (2 mM tissue water) after 1Th and the maximum GI concentration (3.1 mM
tissue water) after 2 h. The intraperitoneal route determined a liver Cmax of 2.6mM tissue
water after 2 h and a GI tract Cmax of 0.9 mM after 1 h.
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Sogame et al. in 2011 measured phenformin levels in rats after oral gavage administra-
tion of 50 mg/kg. The portal vein and liver concentrations after 30’ from ingestion were
2.5 uM and 147.1 uM respectively, while the highest plasma concentration (3.49 uM) was
reached 4 h later [57].

Another study by Conlay (1977) measured phenformin serum concentration in patients
manifesting lactic acidosis [58]. They received 50 mg of phenformin three times a day.
Five of seven patients presented phenformin concentration under 241 ng/mL (1.17 uM)
confirming the previous data.

Phenformin is partially metabolized in the liver in N1-p-hydroxy-B-phenethyl biguanide
by CYP2D6, and about one-third is excreted in this form, whereas the other two-thirds are
eliminated unmodified. It is reported in Beckmann [45] that the maximal excretion rate is
4.1 mg/h. The average half-life of excretion is 3.2 h, which is equivalent to an average rate
constant of 0.22 mg/h.

Although the use of phenformin has been discontinued due to the high incidence of
lactic acidosis, many studies demonstrated that the increased frequency may be princi-
pally related to the subjects receiving this drug. First, kidney dysfunction, which is often
associated with diabetes, may reduce the clearance of the drug. Second, some genetic
features, such as the expression level of transporters involved in phenformin excretion
(OCT2 or MATE), may also affect its plasma levels. Third, alterations of the enzymes that
metabolize phenformin (CYP2D6 and P-glycoprotein) can modulate phenformin circulating
levels and consequentially the risk of lactic acidosis. Indeed, it has been demonstrated
that patients that are poor CYP2D6 metabolizers show higher levels of phenformin plasma
concentrations that lead to higher toxicity [59]. The risk of lactic acidosis is also increased
by CYP2D6 gene mutations that lead to high levels of unmetabolized phenformin [1,59].

2.3. Buformin: Uptake, Therapeutic Concentration, Excretion

Buformin (2-butyl-1-(diaminomethylidene)guanidine) was synthesized and tested as
a hypoglycemic agent in the 1950s [60]. Like phenformin, this drug is more lipophilic and
effective than metformin, but the major limitation to its usage is the associated high risk
of lactic acidosis [61]. For this reason, buformin was withdrawn from clinical use in the
1970s in most countries (except for Romania where it is still commercially available and
administered in doses ranging from 50 mg to 300 mg daily).

Buformin is not metabolized [62—-64] and only 10% has been found to interact with
serum proteins [64,65] (Table 1). Data regarding buformin concentration and pharmacoki-
netics are reported by Lintz et al. [66]. Four diabetic patients were treated with 50 mg
of *C-butylbiguanide intravenously. 1 h and 5 h after administration, buformin plasma
concentrations were 1.8-2.13 uM and 0.45-0.64 uM, respectively. The biological half-life
of butylbiguanide calculated after intravenous administration was 3.7-6.0 h with a mean
of 4.6 h. In this study, the authors also measured the total clearance, which ranged from
439 to 618 mL/min, and averaged 536 mL/min. A mean value of 72.4% (61.2-90.2%) of
the administered drug was excreted in the urine. Mean renal clearance was 393 mL/min
(282-518 mL/min). The value given here for the total clearance (536 + 78 mL/min) corre-
sponds to previously described values. Buformin renal clearance was significantly higher
than insulin clearance, and this suggested that the drug was excreted both via glomerular
filtration and active tubular secretion. It was observed that only 72.4% of the drug was
detectable in the urine without any of its metabolites [45,62,63], and this suggested that
additional mechanisms were required for its excretion. Animal experiments described in
Beckmann et al. [64] and Yoh et al. [67] highlighted the presence of buformin in the bile and
the transport of this biguanide from the blood to the intestinal lumen. Lintz et al. confirmed
this data in patients by detecting radioactive signals in the intestinal fluid after intravenous
administration of butylbiguanide [66]. However, it was not clear if the drug could reach
the intestinal lumen via the bile or via the intestinal mucosa.

In additional studies, five fasted diabetic patients received 100 mg micronized 4C-
butylbiguanide (50 IxCi) in hard-shell capsules orally. Mean plasma concentration after
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1 h from administration extrapolated from their report was 4.33 uM [66]. An average of
74.4% of the amount of drug administered was excreted by the kidneys of the 4 test subjects,
whereas a higher value had been found in previous investigations [45,62,64,68].

After oral administration of butylbiguanide, high concentrations of the drug were
detected in intestinal fluid, with a maximum value of 700 ug/mL. The concentration of
butylbiguanide in the intestinal fluid of the jejunum 4-5 h after oral administration was
still significantly higher than the amount detected after intravenous administration, and
remained almost constant for a long period, indicating that there was a significant accu-
mulation of butylbiguanide in the intestinal mucosa, which was more significant after oral
administration rather than intravenous administration. After intravenous injection, the
concentration of butylbiguanide in the intestinal epithelium was 6-11 times higher than
in plasma, and after oral administration, it was 10-35 times higher than in plasma, with
only one exception. Accumulation of butylbiguanide in the intestinal mucosa in humans
corresponds to that found in animal studies [66,67,69,70]. For example, 3 h after oral admin-
istration of 10 mg/kg butylbiguanide, a concentration of 13 ng/g was found in the intestinal
wall of rats, while in plasma concentration was 5.72 M [69]. After intravenous administra-
tion of 50 mg butylbiguanide, its concentration in the liver was 12.72-25.44 uM [66]. The
accumulation was even greater after oral administration: in two patients, 2-3 h after oral
administration, the detected liver concentrations were 63.61-127.21 uM [66].

Table 1. Therapeutic concentrations of biguanides.

No. Drug Dosage A drxi?;rftion Concentration gzi::;iﬁt Model References
1 Metformin 1.5-2.5 g/day Oral 4-15 uM 1.5-3h Human [10]
2 Metformin 1.7/2.55 g/day Oral 3.8 uM 0.3-25h Human [26]
3 Metformin lg Oral 14-22 uM 3h Human [27]
4 Metformin 0.85-1.70 g/day Oral ﬁo;$51;§§ 2-3/3V5 weeks Human [28]
5 Metformin 05g Intravenous 11.6-38.68 uM 12h Human [29]
6 Metformin 0.35g/Kg Oral 200-1500 uM 3 weeks Mouse [22]
7 Metformin 0.35g/Kg Intraperitoneal 7.5-100 uM 2 weeks Mouse [22]
8 Metformin 0.125g/Kg Intraperitoneal 42-184 uM 0.5h Mouse [31]
9 Metformin 0.05 g/Kg Oral 147-1206 M 05h Mouse [32]
10 Metformin 0.05g/Kg Intravenous 38-55 uM 05h Mouse [32]
11 Phenformin 0lg Oral 0.97 UM 2h Human [45]
12 Phenformin 01g Oral 0.72 uM 3h Human [48]
13 Phenformin 0.05g Intravenous 0.19 uM 35h Human [49]
14 Phenformin 66 + 20 mg/day Oral 0.14-0.56 uM 54 3 years Human [50]
15 Phenformin 0.15 g/day Oral 0.5-1.17 uM N/A Human [51]
16 Phenformin 0.3 g/Kg/day Oral 14 uM 10 days Mouse [52]
17 Phenformin 0.0125 g/Kg Intravenous 3.4 uM 05h Mouse [52]
18 Phenformin 1.8 mg/mL Oral 1-1.5 uM 5-7 days Mouse [54]
19 Phenformin 02g/Kg Oral 1.49 uM 28 days Mouse [55]

20 Phenformin 0.1g/Kg Oral 2-3.1 mM 1-2h Mouse [56]
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Table 1. Cont.

Mean of Treatment

No. Drug Dosage Administration Concentration Duration Model References
21 Phenformin 0.1g/Kg Intraperitoneal 0.9-2.6 mM 1-2h Mouse [56]
22 Phenformin 0.05g/Kg Oral 25 HLIL\{\[/I&@ 0.5-4 h Rat [57]
23 Phenformin 15¢g Oral 1.17 uM N/A Human [58]
24 Buformin 0.05¢g Intravenous 0.45-2.13 uM 1-5h Human [66]
25 Buformin 01g Oral 4.33 uM 1h Human [66]
26 Buformin 0.01g/Kg Oral 5.72 uM 3h Rat [69]
27 Buformin 0.05g Intravenous 12.72-25.44 uM 2-3h Human [66]
28 Buformin 0.1g Oral 63'61;1\1/[2 7.21 2-3h Human [66]

3. The Mechanism of Action of Biguanides: Lessons from Type 2 Diabetes Mellitus (T2DM)

Type 2 diabetes mellitus (T2DM) is the most common type of diabetes observed in the
population and a leading cause of death [71]. T2DM is characterized by insulin resistance,
Bcell dysfunction, and elevated hepatic glucose output mainly attributed to an increase in
gluconeogenesis [72,73].

Biguanides have been used for the treatment of type 2 diabetes mellitus (T2DM)
for more than 70 years and metformin is the most prescribed oral anti-diabetic agent
worldwide, taken by over 150 million people annually [74]. Metformin prevents body
weight gain and does not cause hypoglycemia, which is frequently associated with the use
of other antidiabetic drugs [75]. Moreover, metformin may have therapeutic potential in
the treatment of conditions such as nephropathy [76], polycystic ovary syndrome [77], and
cardiovascular diseases [78,79], often associated with diabetes or insulin resistance.

The pleiotropic properties of metformin suggest that the drug acts on multiple tissues,
but the underlying mechanism of action remains debated.

Most of the studies on the mechanism of action of biguanides, especially metformin,
have been conducted in T2DM models, trying to identify the primary target and the
consequences of its alteration. These studies have then ignited investigation in tumor
models, to determine if the effectors and mechanisms operating in diabetes could also be
responsible for the antitumor properties of these drugs.

The main and best studied site of the antidiabetic action of biguanides is the liver,
where these drugs reduce hepatic gluconeogenesis, through various mechanisms discussed
below. However, other studies have also proposed the gut and skeletal muscle as additional
sites responsible for the blood-glucose-lowering properties of biguanides.

3.1. Liver as a Target Tissue

A clinical study using '*C nuclear magnetic resonance spectroscopy showed that met-
formin reduces fasting plasma glucose concentrations in diabetic patients by decreasing hep-
atic glucose production (HGP) by about 25% and gluconeogenesis (two to three times higher
in diabetics than in control patients) by about 35%, without affecting glycogenolysis [80].

Several mechanisms have been identified for the action of biguanides in hepatic
gluconeogenesis and glucose production, which are generally thought to be mediated by
the interaction of the drugs with two main cell compartments: mitochondria (energy or
redox alterations) or lysosomes.

3.1.1. Energy-Dependent Mechanisms: The Controversial Role of the Complex —AMPK Axis

In 2000, two independent groups reported for the first time that metformin inhibits
the mitochondrial respiratory chain complex I thus decreasing NADH oxidation, proton
pumping across the inner mitochondrial membrane, and oxygen consumption rate [81,82].
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The mammalian mitochondrial respiratory complex I, also known as NADH-ubiquinone
oxidoreductase, is a large L-shaped membrane-bound enzyme consisting of many core
and accessory subunits, that oxidizes NADH to NAD* and transfers four protons from
the mitochondrial matrix to the transmembrane space and electrons to the ubiquinone
pool [83].

The molecular interaction mechanism between biguanides and the mitochondrial
respiratory chain complex I has not been completely understood (Figure 1). A proposed
mechanism suggests that metformin binds the Cys-39 in the amphipathic region at the
interface of the hydrophilic and membrane domains, trapping the enzyme in a deactive-like
open-loop conformation [84]. Complex I inhibition causes a decline in intracellular ATP
levels concomitantly with an increase in intracellular ADP and AMP. This altered cellular
energy charge activates the energy sensor AMPK [85], already reported to be activated by
metformin in 2001 [86]. These two seminal discoveries, the decrease of energy metabolism
and activation of AMPK, were at the center of the proposed mechanism of action of
biguanides for the following years. In 2005, Shaw and colleagues showed that metformin
requires LKB1, a kinase that phosphorylates and activates AMPK, to lower blood glucose
levels in the liver of adult mice. Loss of LKB1 increased gluconeogenesis and abolished
metformin glucose-lowering activity [87]. Once activated by LKB1, AMPK phosphorylates
TORC2/CRTC2, the CREB (cAMP response element-binding protein) transcriptional coac-
tivator, and sequesters this factor into the cytoplasm, preventing PPARYy coactivator 1«
(PGC1a) transcription and subsequent increase of gluconeogenic phosphoenolpyruvate
carboxylase (PEPCK) and glucose-6-phosphatase (G6Pase) target gene expression [87]. A
few years later, this mechanism of action was challenged by the evidence that, in response to
metformin administration, blood glucose levels, hepatocytes glucose production, and glu-
coneogenic gene expression were not changed in mice lacking AMPK in the liver, compared
to wild-type littermates. Moreover, the metformin glucose-lowering effect was maintained
even under forced expression of gluconeogenic genes through PGC-1x overexpression [88].
Thus, metformin inhibited gluconeogenesis independently of LKB1/ AMPK.

The gluconeogenic pathway is a high-energy-consuming process that requires six
ATP equivalents for each molecule of glucose produced. Since AMP is a potent allosteric
inhibitor of fructose 1,6-bisphosphatase (FBP1), a key enzyme in gluconeogenesis, it was
proposed that by raising AMP levels metformin inhibits gluconeogenesis through FBP1
inhibition. Supporting this hypothesis, a point mutation in FBP1 that renders the enzyme
insensitive to AMP was found to abrogate the response to metformin in vivo [89]. A further
breakthrough study in 2013 showed a novel mechanism of action for biguanides-driven
hypoglycemic function independent of AMPK [90] whereby biguanides were suggested
to antagonize the action of glucagon by inhibiting the activity of the cAMP-activated
protein kinase A (PKA). Through their effect on complex I and consequent accumu-
lation of cellular AMP, biguanides inhibit adenylate cyclase and reduce the levels of
cyclic AMP, abrogating the phosphorylation of critical PKA substrates, including the
6-phosphofructo-2-kinase isoform 1 (PFKFB1). Phosphorylation of PFKFB1 inhibits the
formation of fructose-2,6-bisphosphate, an intracellular mediator that acutely activates
the glycolytic enzyme 6-phosphofructo-1-kinase and inhibits the gluconeogenic enzyme
fructose-1,6-bisphosphatase. Lowering of cAMP would therefore inhibit the switch from
glycolysis to gluconeogenesis triggered by glucagon [91]. Hence, according to these studies,
the metformin-driven complex I inhibition, and consequent decrease of ATP/AMP ratio,
could block the gluconeogenic flux independently of AMPK. Other studies added further
evidence arguing against the involvement of AMPK in hepatic glucose production. Using
liver-specific AMPK knock-out mice, Hasenour and colleagues showed that AMPK is not
required for suppression of hepatic glucose production induced by AICAR, an inducer of
metabolic stress [92]. More recently, Cokorinos et al. showed that a non-selective AMPK
agonist lowered blood glucose levels by inducing an AMPK-mediated increase of glucose
disposal in skeletal muscle, without inhibiting hepatic glucose production [93].
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Figure 1. Proposed mechanisms for the glucose-lowering properties of biguanides. (Left) Energy-
dependent mechanisms. Supra-pharmacological concentrations of biguanides suppress glucose
production through the inhibition of complex I, which leads to the activation of AMPK and inhibition
of the cAMP-PKA pathway. (Middle) Lysosomal mechanisms. Pharmacological concentrations
activate PEN2, which inhibits lysosomal v-ATPase and activates AMPK in the intestine, decreasing
blood glucose levels. (Right) Redox-dependent mechanisms. Biguanides inhibit mitochondrial
complex IV, which results in inhibition of mitochondrial glycerol 3-phosphate dehydrogenase (mGPD)
activity and gluconeogenic program. Alternatively, pharmacologic biguanides concentrations directly
inhibit mGPD, leading to an increase in cytosolic NADH levels, which prevents lactate utilization and
decreases hepatic glucose output. On the other hand, clinically relevant concentrations of biguanides
up-regulate microRNA let-7, leading to the downregulation of TET3 and changes in the ratio of
HNF4« isoforms, with consequent gluconeogenesis inhibition.

In addition to the growing skepticism about the involvement of AMPK in the inhibition
of gluconeogenesis in response to metformin, in more recent years, some researchers started
also being concerned that only supra-physiological concentrations of biguanides could
directly inhibit mitochondrial complex I activity [74]. In isolated mitochondria or in
sub-mitochondrial particles, concentrations of metformin between 20 and 100 mM are
required for complex I inhibition [94], and the half-maximal inhibitory concentration (IC50)
for complex I inhibition is reported to fall within the micromolar range (~500 uM) for
phenformin [84]. Furthermore, it has been reported that the concentration of metformin
required to inhibit complex I is lower in intact cells than in isolated mitochondria. An
explanation that was proposed to solve this discrepancy was that metformin accumulates
in the mitochondria in a voltage-dependent manner, reaching millimolar concentrations
compared to the micromolar concentrations in the cytosol [95]. However, many authors
argue against the hypothesis that metformin accumulates in the mitochondria. Indeed, a
major concern is that the mitochondrial inner membrane allows the passage of hydrophilic
molecules only through specific transporters but there is no evidence that supports the
existence of a carrier specific for metformin. Moreover, the entrance of numerous positive
charges in the mitochondria is expected to cause a collapse of mitochondrial membrane
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potential, while some authors show that metformin is not able to depolarize isolated
mitochondria [95,96].

Defects in mitochondrial respiratory chain activity are reported to contribute to the de-
velopment of insulin resistance and hyperglycemia in T2DM [97-100]. Mitochondria have
a peculiar life cycle that includes continuous phases of fusion and fission necessary for the
maintenance of their bioenergetic efficiency [101,102]. Impairing these mechanisms leads to
defects of the mitochondrial functions and culminates in the decrease of mitochondrial res-
piration [103,104]. Wang et al. show that micromolar concentrations of metformin (75 uM)
not only fail to inhibit complex I activity but also improve mitochondrial respiration by
increasing mitochondrial fission through AMPK signaling. The authors suggest that the
decrease in ATP levels and oxygen consumption rate observed with supra-pharmacological
doses of metformin would rather be a consequence of adenine synthesis inhibition. In-
sufficient levels of cellular ADP would lead to an inability to utilize the mitochondrial
membrane potential to generate ATP. To support this hypothesis, they showed that the
enzymatic activity of purified mitochondrial complexes is unchanged after metformin
treatment at all concentrations, including 1000 uM [105]. Accordingly, using permeabilized
skeletal muscles derived from type II diabetes patients, Larsen and colleagues tested a wide
range of metformin concentrations revealing that the minimum concentration needed to
appreciate a significant reduction of complex I activity is 3 mM [106].

3.1.2. Redox-Dependent Mechanisms

In an attempt to address the concerns about the dosage, Madiraju and colleagues
showed that by administering to rats doses of metformin corresponding to the range used
in T2DM patients (20-50 mg/Kg), metformin increased hepatic cytosolic NADH/NAD*
ratio to impair glucose production from redox-dependent substrates (lactate and glycerol),
independently of complex I [107]. The authors proposed that this redox alteration is due
to inhibition of the mitochondrial glycerol-3-phosphate dehydrogenase (mGPD) activity,
a key component of the glycerophosphate shuttle (GPS), which is one of two shuttle
systems required to transfer reducing equivalents from the cytosol to the mitochondria
(Figure 1). mGPD is localized in the outer face of the inner mitochondrial membrane
and oxidizes glycerol-3-phosphate (G3P) to dihydroxyacetone phosphate (DAP) with
concurrent reduction of flavin adenine dinucleotide (FAD) to FADH2. Its cytosolic partner
¢GPD reduces DAP to G3P while oxidizing cytosolic NADH [108].

Acute and chronic metformin treatment elicited a significant decrease in the mitochon-
drial redox state and an increase in the cytosolic redox state, impairing glucose production
from lactate. Furthermore, mGPD knockdown phenocopied metformin activity in vivo
and abolished metformin effects [107]. In a further study, the same group showed that
metformin inhibits hepatic gluconeogenesis in a redox-dependent manner without affecting
mitochondrial citrate synthase flux and hepatic energy charge [27]. They infused awake rats
with 13C-labeled lactate or alanine and traced these molecules through the gluconeogenic
flux using '3C NMR spectroscopy, finding that metformin impedes the hepatic conver-
sion of reduced substrates (lactate and glycerol), but not oxidized substrates (alanine and
pyruvate) into glucose [27].

These observations provided a plausible explanation for the mechanism of action of
biguanides at therapeutic doses, although they also raised some criticisms. A first concern
regards the role of glycerophosphate shuttle in the liver since it is less relevant than the
malate-aspartate shuttle (MAS), the other NADH shuttle. Thus, glycerol-phosphate shuttle
(GPS) inhibition may not be sufficient to prevent gluconeogenesis [109]. Indeed, mice
with selective disruption of the glycerol-phosphate shuttle showed unchanged fasting
blood glucose levels, while knockout of malate—aspartate shuttles resulted in a significant
decrease of blood glucose levels that was further reduced in mice with double inactivation
of GPS and MAS [110]. Alshawi and coll. [111] found that a low dose of metformin
(<2 nmol/mg) caused a more oxidized mitochondrial NADH/NAD" state and an increase
in lactate/pyruvate ratio, supporting previous findings by Madiraju et al. However, in
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contrast to these authors, they found that metformin prevented gluconeogenesis from both
reduced and oxidized substrates and did not inhibit mGPD activity. Instead, they found
that metformin accumulates in the mitochondria due to its positive charge, depolarizing the
mitochondrial membrane and causing inhibition of citrin, the electrogenic transporter for
aspartate, and consequent inhibition of the malate-aspartate shuttle. To compensate for this
inhibition, the glycerol-phosphate shuttle is stimulated and leads to a decrease of glycerol-
3-phosphate, a potent allosteric inhibitor of phosphofructokinase 1 (PFK1). As a result,
decreased G3P stimulates PFK1 and glycolysis and inhibits gluconeogenesis. However, the
lack of inhibition by metformin on malate dehydrogenase or aspartate aminotransferase
observed by Madiraju et al. [107], argues against this interpretation.

Calza et al. failed to observe a reduction of lactate-induced hepatic glucose output
by metformin in rats [112] and MacDonald et al. did not see direct inhibition of mGPD by
metformin in biochemical assays [113].

In a very recent publication, LaMoia et al. provided novel evidence to resolve these
controversies, supporting mGPD, but not complex I inhibition as a major determinant of
metformin inhibition of hepatic gluconeogenesis [114].

They demonstrated that biguanides (metformin, phenformin, galegine) repress hepatic
gluconeogenesis from the redox-dependent substrate glycerol by blocking complex IV,
which in turn results in inhibition of mGPD activity and increased cytosolic redox state.
Inhibition of complex IV was proposed to backlog the electron transport chain (ETC) and
cause indirect mGPD inhibition. Conversely, the authors showed that the specific complex
I inhibitor piericidin A was unable to prevent gluconeogenesis from glycerol, while the
specific complex IV inhibitor KCN phenocopied the effect of biguanides in vitro.

While the issue that mGPD is a direct target of biguanides needs to be properly
addressed with compelling biochemical approaches, the authors noted that most of the
biochemical assays arguing against mGPD were performed using KCN or other complex
IV inhibitors in the reaction buffer. Hence, considering this new finding, it is possible that
these inhibitors may have masked the effect of biguanides on GPD2 activity [114].

In another recent article, metformin administered at clinically relevant concentrations
was shown to inhibit gluconeogenesis in primary hepatocytes and animal models of type
2 diabetes by activating the let-7/TET3/HNF4« axis in a redox-dependent fashion [115].
They demonstrated that clinically relevant doses of metformin up-regulate microRNA let-7,
leading to the downregulation of TET3 and changes in the ratio of HNF4« isoforms, with
consequent transcriptional inhibition of the gluconeogenic gene program (Figure 1). There-
fore, these observations further support the modulation of the redox state as a determinant
of metformin inhibition of hepatic gluconeogenesis.

3.1.3. Lysosomal Mechanisms

Very recently, Ma and colleagues have proposed a further alternative mechanism,
whereby low doses of metformin activate AMPK by inhibiting lysosomal v-ATPase, inde-
pendently of energy charge [23]. Previous observations from the same group demonstrated
that AMPK could be activated by low glucose through aldolase, which senses the decrease
of fructose-1,6-biphosphate FBP and forms a complex with v-ATPase, Regulator, axin,
LKBI1 that activates AMPK [116]. Hence, low glucose activates AMPK independently of
ATP/AMP ratio, by regulating lysosomal v-ATPase. By performing a proteomic screening
of metformin-interacting lysosomal proteins with a biotinylated photoactive probe, the au-
thors identified PEN2 as a direct metformin interacting protein and found that, after binding
with the drug, PEN2 associates with ATP6AP1, a member of the v-ATPase complex, thereby
causing inhibition of the ATPase complex and activation of AMPK (Figure 1). Of note, loss
of hepatic PEN2 abrogated the ability of metformin to lower hepatocyte fat content in mice,
while conditional PEN2 knockout in the gut abrogated its glucose-lowering effect.

Together, these data support the idea that AMPK activation by this lysosomal-mediated
mechanism is responsible for the therapeutic action of metformin. However, since other
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studies failed to detect phosphorylation of the AMPK substrate ACC in the liver following
metformin administration in mice [27], this novel mechanism requires further investigation.

3.2. Gut as a Target Tissue

Biguanides accumulate in the small intestine at concentrations that are up to 20-300 times
greater than plasma [32], suggesting that the gut could be an important site for biguanides action.

Early studies provided evidence that intravenous injection of metformin did not signif-
icantly lower glucose levels [117,118], although only acute effects were evaluated in those
reports. Also, an increase in metformin concentration in plasma through inhibition of the
MATE transporter, which mediates hepatic and renal elimination of the drug, had little
effect on circulating glucose levels [119]. Furthermore, a gut-restricted formulation of met-
formin had greater glucose-lowering efficacy than systemically absorbed formulation [120].
These observations have been linked to a reduction in the rate of glucose absorption in
the small intestine [121] and an increase in glucose uptake from the bloodstream and
its utilization in metformin-treated enterocytes. Two different studies measured glucose
uptake in diabetic patients or healthy volunteers treated with metformin using [18F]-fluoro-
2-deoxy-D-glucose (FDG), a non-metabolized glucose analog. PET-computed tomography
revealed a three-fold increase in FDG uptake in the small intestine and especially in the
colon [122,123].

In addition to the increased glucose uptake and utilization in the enterocytes, in recent
years the mechanism of biguanides action in the gut has been also linked to their ability to
alter the secretion of some key molecules (GLP1 and GDF15) or to affect the composition of
the gut microbiota.

32.1. Glp-1

Glucagon-like peptide 1 (GLP1) is an incretin hormone secreted from the intestinal
enteroendocrine L cells in response to the presence of nutrients in the intestinal lumen. In
healthy individuals, incretins are responsible for up to 70% of insulin secretion after an oral
glucose load and their effect is severely impaired in T2DM patients [124]. GLP1 is essential
for glucose homeostasis acting through a gut-brain neuronal axis that provides insulin
secretion, inhibition of glucagon secretion, slowing of gastric emptying, and a reduction in
appetite and food intake.

According to recent studies, metformin may increase the secretion of GLP1 from
enteroendocrine L cells by direct and indirect mechanisms and may induce the expression
of the GLP1 receptor [125].

In a double-blinded randomized placebo-controlled trial, healthy patients showed an
overall increase of 23.4% of GLP1 plasma concentration after treatment with metformin for
18 months compared to placebo [126]. Another landmark study demonstrated that 75% of
acute glucose-lowering properties of metformin could be attributed to its direct stimulation
of GLP-1 from L cells and that a GLP1 receptor antagonist could prevent the observed
decrease of blood glucose [127]. Conversely, other studies demonstrate an indirect effect of
metformin on GLP1 levels through the modulation of dipeptidyl peptidase-4 (DPP4) [128],
while other authors did not observe any effect on DPP4 [129]. Hence, the actual mechanism
and involvement of GLP1 signaling in the response to biguanides are still unclear and need
to be further clarified.

3.2.2. Gdt-15

Obesity is one of the main risk factors for T2DM and people with type 2 diabetes show
a significant metformin-induced body weight loss [130,131]. This effect has been recently
linked to an increased secretion of growth differentiation factor 15 (GDF15) [132,133].

GDF15 is a divergent TGF-f superfamily cytokine that acts through the recently
identified orphan receptor GFRAL (GDNF receptor x-like), a member of the glial-cell-
derived neurotropic factor family (GDNF), which is expressed in the area postrema in the
brainstem of mice, rats, monkeys, and humans [134].
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In 2006, it was observed that transgenic mice with ubiquitous expression of the full-
length human GDF15 protein showed a significant reduction in body weight compared to
non-transgenic littermates [135]. Despite equivalent food intake, transgenic GDF15 mice
had less white and brown fat, improved glucose tolerance, lower insulin levels, and were
resistant to dietary-and genetic-induced obesity [136]. In wild-type mice, oral metformin
increased GDF15 circulating protein levels and GDF15 mRNA in the small intestine, colon,
and kidney. Metformin decreased food intake and prevented weight gain in response to
a high-fat diet in wild-type mice but not in mice lacking GDF15 or its receptor. In obese
mice on a high-fat diet, the effects of metformin to reduce body weight were reversed by a
GFRAL-antagonist antibody [132], suggesting that metformin activity could be mediated
by GDF-15.

GDF15 is also essential for the increased insulin sensitivity associated with the use
of metformin. The pharmacological mechanism underlying the metformin induction of
GDF15 seems to involve the integrated stress pathway [132]. In primary mouse hepatocytes,
metformin stimulates the secretion of GDF15 by increasing the expression of activating
transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP) [133]. The new
insight that the lower small intestine and colon are major sites of metformin-induced
GDF15 expression, provides further evidence that metformin can mediate its benefits, at
least in part, by acting on the intestinal epithelium as a major target.

3.2.3. Gut Microbiota

High interest has been focused on the gut microbiota as a target of metformin ac-
tion. A double-blind study indicated that metformin can change intestinal microbiota
composition in human patients and that glucose tolerance is improved in mice receiving
metformin-altered microbiota [121]. Metagenomic and metabolomic analysis of samples
from individuals with T2DM and treated with metformin for 3 days, revealed that met-
formin treatment increased the levels of the bile acid glycoursodeoxycholic acid (GUDCA)
in the gut by decreasing the abundance of species of Bacteroides fragilis. It was found that
GUDCA is a novel antagonist of intestinal FXR, a ligand-activated nuclear receptor that
regulates hepatic bile acid biosynthesis, transport, and secretion and may inhibit GLP1
secretion from L cells [137]. In addition, metformin increases the abundance of short-chain
fatty acid (SCFA)-producing bacteria and facilitates SCFA-induced GLP1 secretion via
signaling through GPR41 and GPR43 in L cells [138]. However, in contrast with all these
observations, a different study showed that metformin significantly improved oral glucose
tolerance also in GLP1R~/~ mice and in wild-type mice fed with a high-fat diet and treated
with a GLPIR inhibitor [125].

3.3. Muscle as a Target Tissue

Some studies have suggested that skeletal muscle may be involved in the glucose-
lowering properties of metformin. Early studies showed that metformin lowers glucose
levels in T2DM patients by increasing insulin-stimulated glucose uptake [80,139,140].

In isolated skeletal muscle, Zhou et al. reported that metformin activated AMPK
and concomitantly increased glucose uptake, an effect that was additive with insulin
stimulation [86]. These observations led to the conclusion that, by inhibiting complex I
and activating AMPK, metformin promotes glucose uptake in muscle [93] and enhances
insulin sensitivity [141]. However, this hypothesis has been challenged by a very recent
study on the muscle-specific knockout of AMPK«1/x2 mouse models, where it was shown
that lack of AMPK activity in skeletal muscle of lean and diet-induced obese mice does
not affect the ability of metformin to lower blood glucose levels or improve whole-body
glucose tolerance [142]. Moreover, in T2DM patients rendered normoglycemic with 4 weeks
of insulin treatment, metformin had no effect on insulin-stimulated peripheral glucose
metabolism [143], suggesting that the ability of metformin to increase insulin-stimulated
muscle glucose uptake could be secondary to improved glucose homeostasis and reduction
of glucose toxicity rather than due to a direct effect.
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4. Biguanides and Cancer

The anti-tumor properties of biguanides were unknown until 2005, when Evans
et al. [144] identified in diabetic patients an inverse correlation between metformin treat-
ment and cancer occurrence, paving the way for the exploration of biguanides usage in
cancer therapy and prevention. Until December 2021, metformin has been investigated in
1901 clinical trials on various types of cancer, and 216 of them are still underway. While
studies seem to support the anti-tumor effects of metformin in diabetic patients, less is
known about the therapeutic effect of metformin in non-diabetic cancer patients. Many
studies have been focused on the understanding of the molecular mechanism underly-
ing the anti-cancer properties of biguanides that led to the identification of a plethora
of different molecular targets. Similar to the research on diabetes, in this context, the
exact mechanism by which biguanides operate and their target selectivity in different
experimental conditions is still controversial, due to the lack of a unifying model.

In general, biguanides are believed to exert their antitumor properties by two main
mechanisms: direct, by acting directly on the tumor cells and inhibiting their growth, and
indirect, by inducing changes in the body that ultimately affect tumorigenesis.

4.1. Direct Antitumor Effects

The notion that biguanides exert direct antitumor effects comes mostly from the
evidence that the growth, proliferation, viability, and/or motility of cultured cancer cells
are impaired upon exposure to the drugs. As for the regulation of glucose homeostasis,
also in this context, mitochondria are believed to be the main site of biguanides action, and
AMPXK is a critical mediator of their therapeutic effects.

4.1.1. Mitochondrial Mechanisms

Most studies addressing the mechanism of action of biguanides have been focused
on targets localized into the mitochondria (Figure 2). As discussed above, it is widely
recognized that metformin is capable of inhibiting complex I of the electron transport
chain. Supporting the role of complex I inhibition as an important player in the anti-
tumorigenic effect of metformin target in cancer, cells expressing the rotenone-resistant
yeast complex I analog NDI1 were no longer inhibited by metformin [145]. Similarly, ectopic
expression of NDI1 impaired the ability of phenformin to inhibit cancer cell proliferation
and oxygen consumption, although only in cells with complex I mutations [146]. However,
while the use of NDI1 overexpression is generally considered relevant evidence to confirm
complex I involvement, it has to be noted that NDI1 corrects the NAD* /NADH ratio, which
can be reduced by many alterations in mitochondria other than inhibition of complex I
(e.g., see [147]).

Also, the use of NDI1 may have limitations if not carefully controlled. For instance,
its exclusive localization in the mitochondria should be verified, the expression levels
should be monitored during experimentation, and complex I should be inactivated in cells
expressing NDI1, to avoid artifactual results.

Targeting complex I using small molecules has shown anti-cancer efficacy in vitro and
in animal models [148,149]. Several observations point to the inhibition of complex I as the
main mechanism of action of metformin in cancer cells. In human oral squamous carcinoma
KB cells, metformin (0.1-10 mM) specifically inhibits complex I, both in intact cells and
after permeabilization [150]. Metformin (3-10 mM) effectively diminished pancreatic
cancer stem cells by the inhibition of mitochondrial respiration [151]. In permeabilized
human HCT116 p53'/ ~ colorectal carcinoma cells expressing NDI1, metformin (0.25-1 mM)
failed to decrease cell proliferation [145], while metformin (1-10 mM) potently inhibited
mitochondrial complex I in pancreatic ductal adenocarcinoma cells [152].
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Figure 2. Redox-dependent inhibition of tumor growth by biguanides. Therapeutic doses of
biguanides inhibit mGPD in cancer cells, increasing NADH content and redox state and inhibiting
tumor growth. Supra-pharmacologic concentrations of biguanides inhibit complex I, increasing
NADH content and AMP levels and suppressing tumor growth.

In 2019, Momcilovic and colleagues used 4-(18F) fluorobenzyl-triphenylphosphonium
(18E-BnTP PET) imaging to detect in vivo changes in mitochondrial membrane potential in
a mouse model of lung cancer. They showed that phenformin decreases the uptake of the
tracer, indicating the ability of the drug to lower mitochondrial membrane potential (), a
consequence attributed by the authors to complex I inhibition [153], although a decrease
of membrane potential can also be caused by inhibition of other mitochondrial targets,
such as mGPD [154] or by the accumulation of the positively charged biguanide in the
mitochondria.

Since in the majority of the above-mentioned studies biguanides have been used at
supraphysiological doses that are unlikely to reflect the actual concentrations measured
in humans and animal models [33,155,156], it is generally tempted to believe that other
mechanisms, beyond complex I inhibition, may operate on cellular and animal models
exposed to therapeutic concentrations of biguanides.

Recent work carried out on Sonic Hedgehog-driven medulloblastoma cells showed
that pharmacological phenformin concentrations (1-5 uM) inhibit tumor growth indepen-
dently of complex I and AMPK, through alterations in cytoplasmic redox potential and
increased NADH levels [52], by inhibiting glycerol-3-phosphate dehydrogenase. Elevated
NADH levels promote the association between the redox sensor CtBP2 and the transcrip-
tion factor GLI1, leading to inhibition of Hedgehog-dependent transcriptional output and
medulloblastoma growth.

In keeping with these findings, it has been observed that in thyroid cancer cells,
metformin inhibits the activity and downregulates the expression of mGPD, decreasing
their growth and metabolism [157]. Another work showed that low expression of cGPD
correlates with poor responses to metformin in 15 cell lines of various cancer types and that
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c¢GPD overexpression enhanced the anticancer activity of metformin, leading to glycerol-3-
phosphate overproduction and inhibition of mitochondrial function [158].

In contrast to this study, it was shown that ablation of cGPD enhanced the inhibition
of tumor growth mediated by metformin, although the biguanide was given at supraphysi-
ological concentrations [159].

Consistent with redox imbalance as a major alteration underlying the antiprolifer-
ative effect of metformin, Gui and collaborators [160] proposed that metformin’s anti-
proliferative effect is due to loss of NAD* /NADH homeostasis and inhibition of aspartate
biosynthesis, an effect that was attributed to the blockade of NADH dehydrogenase activity
of complex I rather than to mGPD inhibition and that could be rescued by pyruvate, due to
its ability to regenerate NAD*.

Therefore, these latter studies seem to point at NADH/NAD™ alteration as key mech-
anisms underlying the antitumor properties of biguanides, although concerns about the
primary target need to be properly addressed, as discussed above (Figure 2).

4.1.2. AMPK as a Mediator of the Response to Biguanides in Cancer

Although the activation of the energy sensor AMPK represents one of the most fre-
quently evoked events accompanying biguanides therapeutic action, the role of AMPK in
cancer seems to be ambiguous [161]. The discovery that AMPK is the key downstream
effector of the tumor suppressor LKB1 and the ability of AMPK to inhibit fatty acid syn-
thesis, mRNA translation, and cell growth support the notion that this kinase acts as a
tumor suppressor. However, in different contexts, at different stages of tumor development
or under certain conditions (e.g., metabolic stress), AMPK seems to function as a tumor
promoter, by activating programs that facilitate cancer progression and survival [162].

In this view, the use of AMPK agonists is now suggested to be more appropriate for
cancer prevention, while AMPK inhibitors seem to be better suited for the treatment of
established malignancies [161].

Supporting the notion of a tumor-promoting function of AMPK, phenformin was
shown to be more effective in reducing lung tumor growth when cells lacked a functional
LKB1/AMPK pathway [54].

However, many studies have supported the metformin-mediated activation of AMPK
as a tumor-suppressive mechanism (Figure 3). In the “classical” mechanism, metformin
inhibits complex I of the mitochondrial respiratory chain and ATP synthase, raising the
levels of intracellular AMP/ADP that trigger the activation of AMPK [41]. Alternatively,
metformin may activate AMPK through the lysosomal pathway by a non-canonical mecha-
nism [163]. Indeed, AMPK can be activated by low concentrations of metformin through
the formation of a complex with Axin and late endosomal/lysosomal adaptor, MAPK, and
LAMTORI. Thus, metformin might also activate AMPK by a mechanism involving the
lysosomes, rather than complex L.

Once activated, AMPK is thought to inhibit key substrates involved in cell growth
and proliferation, being the most relevant and best-studied the mechanistic Target Of
Rapamycin Complex 1 (mTORC1). mTORC1 plays a key role in controlling the metabolism,
growth, and proliferation of cancer cells [164,165] mostly by phosphorylating two key
targets: S6 Kinase 1 (56K1) and initiation factor 4E binding protein 1 (4E-BP1) [166,167]. By
activating AMPK, biguanides are thought to inhibit mTORC1 through phosphorylation of
TSC1, TSC2, and Raptor [168,169]. Additionally, Kalender and collaborators demonstrated
that biguanides suppress mTORCI signaling also independently of AMPK and TSC1/2, by
inhibiting Rag GTPases [170].

Besides mTORC1 inhibition, AMPK has been also shown to promote p53 activation
via phosphorylation of Ser15, thus promoting cell survival in response to glucose limita-
tion [171] and p53-deficient cancer cells were shown to be more sensitive to metformin
treatment [172], indicating that p53 regulates cancer cells survival in response to metformin-
induced metabolic changes.
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Figure 3. AMPK-dependent and AMPK-independent inhibition of tumor growth by biguanides.
Supra-pharmacological concentrations of biguanides inhibit complex I, which increases AMP levels
and leads to the activation of AMPK. Alternatively, metformin prevents the activation of NFkB
pathway by inhibiting the translocation of NFkB to the nucleus. AMPK regulates DICER, cMyc,
HIFl«, and Glil activity and inhibits mTOR complex, suppressing tumor growth. Biguanides also
inhibit Rag GTPases to suppress mTOR signaling.

Other targets regulated by metformin via AMPK, causing inhibition of cancer cell
proliferation by blocking the Warburg effect are DICER, cMyc, HIF1«x [173]. Conversely,
other works found that metformin inhibits the growth of various cancers by preventing
nuclear translocation of the transcription factor NFkB, an effect that was believed to be
independent of AMPK [174-177] (Figure 3).

In a work on ovarian cancer patients, it was shown that metformin treatment affects
pathways related to mitochondrial metabolism involving nucleotide metabolism, redox,
and energy status [178]. More recently, a study in breast cancer patients showed that
metformin reduces the levels of mitochondrial metabolites and increases 18-FDG flux in
primary breast cancers, without apparent activation of AMPK, arguing against the in-
volvement of this kinase in mediating the effects of metformin in this clinical context [179].
Similarly, in mouse models of SHH medulloblastoma, it was recently shown that phen-
formin elicited a potent antitumor effect independently of AMPK and of phosphorylation
of the AMPK substrate GLI1 [52,180].

Together, all these data suggest that the exact role of AMPK as a mediator of biguanide
anticancer action is still unclear and studies using specific loss of function in in vivo models,
at different stages of cancer development, are required.

4.2. Indirect Antitumor Effects
4.2.1. Effects on Insulin Signaling

The ability of biguanides to lower blood glucose levels through inhibition of hepatic
gluconeogenesis and glucose uptake in muscle is thought to contribute to their antitu-
mor properties. Indeed, owing to their glucose-lowering effects, biguanides also reduce
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circulating levels of insulin and IGF-1. Both hormones bind to receptors that are often
expressed at high levels in cancer cells or in cells from which tumors originate, and that
activate the oncogenic PAM (Pi3K-AKT-mTOR) pathway, leading to activation of mTOR
and promoting cell proliferation and growth [181,182]. Supporting this notion, patients
with type II diabetes, who have insulin resistance and thus higher levels of circulating
insulin, are at higher risk for various types of cancers due to the mitogenic effects of insulin.
Indeed, it has been observed that there is an increased risk of various cancers, including
breast [183,184], prostate [185], and colon [186,187] cancers in hyperinsulinemic and obese
patients, compared to normal subjects. In this view, the indirect anticancer properties of
biguanides are thought to play a role mostly in patients with hyperinsulinemia rather than
in subjects that are not insulin resistant at baseline [188].

4.2.2. Effects on the Immune System

According to emerging studies, many of the antitumoral properties of biguanides may
rely on their ability to target different components of the immune cells (CD8*T cells, Tregs,
MDSC, TAM) in the tumor microenvironment.

CD8* T cells: Pearce et al. [189] showed that metformin promotes the generation
of CD8* T cells and increases protective immunity against lymphoma in mice, while
Ekawa et al. [190] demonstrated that metformin enhances tumor infiltration of CD8*T
cells, protects them from apoptosis, and promotes the production of IL-2, TNF«x, INFy.
Metformin was also shown to increase the effect of anti-PD1-therapy in melanoma cells, by
alleviating CD8" T cell suppression through inhibition of cancer cell oxygen consumption
and consequent reduction of the hypoxic tumor microenvironment [191]. Additionally,
metformin enhances the antitumor immune response of cytotoxic T lymphocytes (CTL)
through AMPK-mediated phosphorylation of PD-L1 at 5195, which is followed by glycosy-
lation and ERAD-mediated degradation. Therefore, it was shown that the combination of
metformin with anti-CTLA4 therapy has a synergistic antitumor effect [192]. Conversely,
other studies showed that phenformin decreased INFy production from CD8* T cells [193]
and did not affect tumor infiltration of CTC cells [194].

Thus, given the divergence of these observations, further studies seem to be required
to fully understand the effect of biguanides on CD8" T cells.

— Tregs: Biguanides modulate the activity of Tregs, which suppress cytotoxic T cell
functions required for tumor elimination. The administration of metformin was
shown to decrease the infiltration of Tregs and to reprogram the tumor immune
microenvironment in patients with esophageal squamous cell carcinoma [195].

— MDSC: MDSCs are myeloid cell precursors that increase cancer and suppress T and
NK cells. Recent works have shown that biguanides inhibit the function of MDSCs in
different cancer models and with various mechanisms [196-198].

— TAM: Tumor-associated macrophages may contribute to creating an immunosup-
pressive tumor microenvironment that promotes cancer development. Recent stud-
ies have shown that metformin may change the macrophage population toward
tumor-suppressive subsets or may inhibit macrophage polarization towards the M2
phenotype in various tumors [199,200].

4.3. Variables Affecting the Response to Biguanides in Cancer

The sensitivity of cancer cells to biguanides depends on genetic and microenviron-
mental factors that allow adaptation to metabolic dysfunctions. Many studies suggest that
biguanides alter substrate utilization in the mitochondria [178]. Cancer cells that strongly
depend on mitochondrial metabolism and are poorly capable of engaging compensatory
glycolysis would be highly sensitive to biguanides. Conversely, leukemia and lymphoma
cells markedly depend on the activation of HIF-1a signaling during exposure to biguanides,
being resistant to biguanide-induced complex I dysfunction mediated by HIF1 x-regulated
transcriptional rewiring of glucose metabolism [201]. Cancer cells with mitochondrial
defects show a higher sensitivity to biguanides due to the lack of metabolic flexibility at the
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mitochondrial level. This hypothesis has been confirmed by the evidence of higher phen-
formin sensitivity in cells harboring complex I mutations [146,153]. Additionally, cancer
cells with a defective PGC-1« axis are more sensitive to metformin as well as cells with im-
paired AMPK signaling [202-204], being unable to metabolically adapt to the unfavorable
conditions of energy depletion.

The metabolic environment seems also to influence the sensitivity to biguanides.
Gui et al. [205] demonstrated that culture media alters the sensitivity of cancer cells to met-
formin, as cells cultured in DMEM required up to 10 mM metformin to inhibit proliferation,
while cells cultured in RPMI media required lower metformin doses. In this scenario,
pyruvate was proposed to suppress the anti-proliferative effects of metformin, since cells
cultured in DMEM without pyruvate showed increased sensitivity to metformin, while
cells cultured in RPMI supplemented with 1 mM pyruvate were less sensitive. Authors
proposed that pyruvate modulates complex I dependency by providing an alternative
pathway for NAD* regeneration since it acts as an electron acceptor for NAD* regeneration
allowing aspartate synthesis [160]. Similarly, glucose availability plays a crucial role in the
response to metformin since it was demonstrated that metformin sensitivity in cancer cells
was increased upon lowering glucose concentration to 11 mM or upon addition of aspartate
(150 uM) in culture media [160]. In another paper from Birsoy and colleagues [146], the
authors demonstrated that cancer cells with defects in glucose utilization or complex I func-
tion were more sensitive to phenformin. In 0.75 mM glucose media, cell lines with complex
I mutations or impaired glucose utilization were 5- to 20-fold more sensitive to phenformin
compared to control cancer cell lines. This effect of glucose availability on biguanides
sensitivity of cancer cells was further confirmed by another paper where medulloblastoma
cells were treated with biguanides in media containing 5.5 mM glucose, corresponding to
the average physiological plasma fasting concentration, or 0.75 mM glucose, corresponding
to the cancer tissue glucose concentration [52], The authors show that phenformin induced
a significant inhibition of cell growth, with a stronger effect at 0.75 mM glucose. While
in high glucose conditions the antiproliferative effects of metformin are mediated by the
AMPK/LKBI axis, at low glucose concentrations in the absence of AMPK/LKB1 cells are
more sensitive to growth inhibition by metformin, because they are not able to sustain the
high energy demand. Dietary limitation through intermittent fasting has been shown to
enhance the response to biguanides, and metformin seems to impair tumor growth only
when administered during fasting-induced hypoglycemia [205].

Biodistribution and tissue specificity seem also to determine the degree of biguanides
accumulation and thus influence their molecular and therapeutical actions. Indeed, the
glucose-lowering effect of metformin resulting from inhibition of hepatic gluconeogenesis
correlates with the high tissue concentrations that the drug reaches in the liver. Metformin
is usually administered orally in diabetic patients, reaching concentrations between 40 and
70 uM in the portal vein, and it accumulates to a larger extent in the gut and liver. This
is due to the systemic circulation and to the high level of expression of OCT transporters
in these tissues. However, this is not representative of other tissues or organs, where
metformin reaches lower micromolar concentrations.

4.4. Clinical Studies

Alteration of cellular metabolism is a hallmark of tumor cells, also believed to represent
an attractive target for cancer therapy. The best known metabolic alteration in cancer is
represented by the so-called Warburg effect, consisting of the transformation of glucose
to lactate, regardless of the presence of extracellular oxygen [206]. In more recent years
it has been understood that mitochondria are also essential for tumor growth, mostly
because of their biosynthetic role rather than their pro-energetic features [207]. In this
view, the ability of metformin to inhibit mitochondrial function seems to play an important
role in mediating its anti-cancer effect. However, the low availability of metformin in
humans at therapeutic antidiabetic doses has pointed to the need to find strategies aimed
to maximize its activity and enhance its toxicity toward cancer cells. In this regard, several
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groups have improved mitochondrial targeting of metformin to achieve therapeutically
effective plasma concentrations in cancer patients by modifying its chemical structure,
which resulted in mitochondria-targeted metformin analogs with significantly enhanced

anti-tumor potential [208,209].

Clinical studies have been performed in diabetic patients where metformin was shown
to reduce the incidence of liver, colorectal, breast, and pancreatic cancers and to increase
the survival of colorectal, lung, and prostate cancer patients (Table 2). A meta-analysis of
ovarian cancer showed a lower incidence and significantly increased survival in patients
with diabetes [210]. Another meta-analysis in diabetic patients estimated the relationship
between lung cancer incidence and metformin usage and showed a lower risk of cancer in
metformin users if compared to non-users [211].

Table 2. Clinical trials of biguanides in cancer.

No. NCT-ID Title Status Treatment Phase
Metformin and 5-fluorouracil for Metformin
! NCT01941953 Refractory Colorectal Cancer Completed Fluorouracil Phase 2
Effect of Adjunctive Metformin on
2 NCT02614339 Recurrence of Non-DM Colorectal Cancer Recruiting Metformin Phase 3
Stage II High-risk /III Colorectal Cancer
Trial of Metformin for Colorectal Cancer
3 NCTO01312467 Risk Reduction for History of Colorectal Completed Metformin HCI Phase 2
Adenomas and Elevated BMI
A Phase II Study to Determine the Safety
and Efficacy of Second-line Treatment with
4 NCT01926769 Metformin and Chemotherapy Terminated Metformin Phase 2
(FOLFOX6 or FOFIRI) in the Second-Line
Treatment of Advanced Colorectal Cancer
A Randomized, Placebo-controlled,
Double-blind Phase II Study Evaluating if . .
5 NCT01523639 Glucophage Can Avoid Liver Injury Due to Terminated Metformin Phase 2
Chemotherapy Associated Steatosis
An Open-Labeled Pilot Study of Biomarker Metformin
6 NCTO01816659 Response Following Short-Term Exposure Terminated ER Phase 1
to Metformin
Nivolumab and Metformin in Patients with Metformin
7 NCT03800602 Treatment Refractory MSS Colorectal Recruiting . Phase 2
Nivolumab
Cancer
8 NCT01930864 Metformin Plus Irinotecan for Refractory Recruiting M.etforrmn Phase 2
Colorectal Cancer Irinotecan
A Randomized, 2 x 2 Factorial Design
Biomarker Prevention Trial of Low-dose .\ Aspirin
? NCT03047837 Aspirin and Metformin in Stage I-III Recruiting Metformin Phase 2
Colorectal Cancer Patients
Impact of Pretreatment with Metformin on
10 NCTO01440127 Colorectal Cancer Stem Cells (CCSC) and Terminated Metformin Phase 1

Related Pharmacodynamic Markers
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Table 2. Cont.

No. NCT-ID Title Status Treatment Phase
Metformin,
11 NCTO01340300 Exercise and Metformin in (;olorectal and Completed Exercise training, Phase 2
Breast Cancer Survivors Educational
information
High Dose Vitamin C Combined with Vitamin C
12 NCT04033107 Metformin in the Treatment of Malignant Recruiting a . Phase 2
Metformin
Tumors
Effect of Metformin on Biomarkers of . .
13 NCTO01632020 Colorectal Tumor Cell Growth Terminated Metformin Phase 2
14 NCT03359681 Metformin Treatment for Colon Cancer Recruiting Metformin Phase 2
Metformin,
Coach Directed
15 NCT02431676 Survivorship Promotl.on in Reducing IGF-1 Completed Be.havwral Phase 2
Trial Weight Loss,

Self-control
weight loss

s Metformin
Study of the Safety, Tolerability, and Atorvastatin

16 NCT02201381 Efficacy of Metabolic Combination Recruiting Phase 3

Doxycycline
Treatments on Cancer Mebendazole
Combination of Metformin with
Neoadjuvant Radiochemotherapy in the .
17 NCT02437656 Treatment of Locally Advanced Completed Metformin Phase 2
(METCAP).
Metformin with Neoadjuvant
18 NCT03053544 Chemoradiation to Improve Pathologic Completed Metformin Phase 2
Responses in Rectal Cancer
Neoadjuvant Metformin in Association .
Metformin

19 NCT02473094 with Chemoradiotherapy for Locally Terminated . Phase 2
Capecitabine
Advanced Rectal Cancer

Castration Compared to Castration Plus
20  NCT01620593 Metformin as First-Line Treatment for Completed Metformin Phase 2
Patients with Advanced Prostate Cancer

Metformin Hydrochloride in Preventing
21  NCT02581137 Oral Cancer in Patients with an Oral Active Metformin Phase 2
Premalignant Lesion

Metformin Hydrochloride in Preventing
22 NCT01447927 Esophageal Cancer in Completed Metformin Phase 2
Patients with Barrett Esophagus

Randomized Trial of Neo-adjuvant ngg(s;T;f{n
Chemotherapy With or Without Metformin - .
23 NCT03238495 for HER?2 Positive Operable Breast Cancer Recruiting Herceptin + Phase 2
(HERMET) Pertuzumab
Metformin
Clinical Trial of Phenformin in Dabrafenib
24 NCT03026517 Combination With BRAF Inhibitor + MEK Recruiting Trametinib Phase 1
Inhibitor for Patients With BRAF-mutated Phenformin

More recently, many clinical trials have been developed to investigate the anti-tumoral
potential of metformin in nondiabetic patients. Two perspective trials on metformin combi-
natorial therapy with platinum-based chemotherapy in advanced NSCLC (Non-Small Cell
Lung Cancer) showed a composed median overall survival of 17.5 months for patients with
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KRAS mutations with good tolerability, validating metformin clinical efficacy as adjuvant
therapy in this setting [65]. One phase I trial of metformin combinatorial treatment with
standard therapy in relapsed refractory acute lymphoblastic leukemia showed an overall
response rate (complete and partial responses) of 43% [212]. One randomized, phase II
clinical trial of metformin in combination with standard chemotherapy in HER2-negative
metastatic breast cancer showed no benefit. Another randomized trial combining met-
formin with neo-adjuvant chemotherapy in HER2-positive breast cancers (NCT03238495)
is still underway. One meta-analysis in pancreatic cancer patients evidenced a significant
increase in overall survival in patients at stage I-II and at stage I-IV treated with adjuvant
metformin, suggesting a potentially available option for the treatment [213]. However, a
randomized phase II study of metformin combinatorial treatment with standard systemic
therapy in metastatic pancreatic cancer patients did not show any significant improvement
in the clinical outcome [214].

Phenformin is currently in phase I clinical trials for combinatorial treatment with dabrafenib
and trametinib in patients with BRAFV600E/K-mutated melanoma (NCT03026517).

These studies in normal subjects will unveil the potential of biguanides in oncology,
revealing their ability to counteract tumor growth and progression and clarifying the
contribution of their systemic effects in the successful clinical outcome that has been
observed in diabetic patients treated with this class of drugs.

5. Conclusions

Although metformin is prescribed to more than 120 million patients worldwide and
almost 3000 papers on biguanides are published every year, how these drugs exert their
therapeutic effects is an open question that still begs conclusive answers.

Based on the topics discussed in this article, some conclusions that will find a broad
consensus may be drawn and should be taken as general guidelines in future investigations.

1. While inhibition of complex I activity at millimolar concentrations of biguanides is a
reproducible phenomenon in vitro and in cell culture, it remains to be fully clarified
if this occurs in animal models or in patients taking standard doses of the drugs
and, even in such case, if the degree of inhibition is sufficient to mediate a significant
biological response when the drugs are given orally at the therapeutic conditions.
Except for some tissues, such as the gut and liver, biguanides have been only found
at low micromolar concentrations in the body of people taking therapeutic doses of
the drugs. Data obtained with overexpression of the budding yeast NDI1, which
is often used to formally demonstrate complex I-dependence, may actually be due
to effects on other mitochondrial regulators of NAD* /NADH ratio and have to be
carefully controlled.

2. Activation of AMPK and phosphorylation of its downstream targets are additional
well-established events, often believed to be responsible for the therapeutic response
to biguanides. As for complex I inhibition, AMPK phosphorylation is generally
detected in most cell culture experiments when millimolar doses of biguanides are
used. In addition, some data obtained in animal models have shown a certain degree
of phosphorylation of AMPK and its targets in response to low levels of biguanides.
However, it remains to be fully elucidated if the magnitude of activation reached
under therapeutic conditions is biologically meaningful and whether targeted deletion
of AMPK truly impairs the response to biguanides in vivo.

3. Any concentration of biguanides, including those that fall within the therapeutic range,
causes redox imbalance, with an increased NADH/NAD? ratio. It is still unclear if
this is the consequence of the interaction of biguanides with complex I and/or mGPD
and/or complex IV and/or other mechanisms. Regardless of the target involved,
it should be carefully evaluated to what extent and how redox alterations affect
gluconeogenesis or cancer growth. Approaches directed to the selective targeting of
the redox state, possibly without causing energy stress, would be needed to properly
address this issue.
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4. The anticancer effect of biguanides is dependent on several local variables in the tumor
microenvironment: drug concentration, nutrient concentration (glucose, pyruvate, amino
acids, etc.), and genetic mutations affecting metabolic processes (e.g., respiration, glucose
utilization). These aspects need to be fully characterized and evaluated when treating
any cells in vivo and in vitro.

5. Biguanides are typically taken orally, and this implies that their effect could be medi-
ated, at least in part, by the interaction with the cells of the GI tract and the commensal
microbiota, which may both release molecules involved in an indirect response to
the drug. To date, it is still unclear and debated the exact contribution of the gut to
the therapeutic properties of biguanides. This issue should also be considered when
administering the drug to animal models, by evaluating the effect after parenteral
(i.e., ip., i.v.) administration.
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The authors wish to make the following corrections to this paper [1]:

In the published version, there were mistakes in “3.9. Immune Cell Infiltration Analysis
of SLC2A1” of page 14 and Figure 10.

On page 14, in the Section “3.9. Immune Cell Infiltration Analysis of SLC2A1”.

The sentence “SLC2A1 expression is negatively correlated with CD8+ T cells in 12
types of cancers (STES, TGCT, ESCA, LUSC, SKCM, LUAD, BLCA, HNSC, CESC, LAMLC,
THYM, and GBM), but positively with CD8+ T cells in 5 types of cancers (PRAD, KIPAN,
KIRP, CHOL, and LIHC) (Figure 13A).” should be changed to “SLC2A1 expression is
negatively correlated with CD8+ T cells in 9 types of cancers (LUSC, TGCT, HNSC, CESC,
LUAD, LAML, SKCM, THYM, and GBM), but positively with CD8+ T cells in 4 types of
cancers (PRAD, KIPAN, UVM, and CHOL) (Figure 13A).”

The sentence “SLC2A1 expression is negatively correlated with CD8+ T cells in 12 types
of cancers (LUSC, TGCT, THYM, HNSC, BRCA, SKCM, STES, GBMLGG, GBM, PAAD,
ALL, and ESCA), but positively correlated with CD8+ T cells in 5 types of cancers (KIPAN,
LIHC, LAML, PCPG, and CHOL) (Figure 13B).” should be changed to “SLC2A1 expression
is negatively correlated with CD8+ T cells in 11 types of cancers (LUSC, TGCT, THYM,
HNSC, BRCA, SKCM, STES, GBMLGG, GBM, PAAD, and ESCA), but positively with CD8+
T cells in 5 types of cancers (KIPAN, LIHC, LAML, PCPG, and CHOL) (Figure 13B).”

The gene symbols of Figure 10 were not correct. The corrected Figure 10 appears below.
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Figure 10. Relationship between SLC2A1 expression and RNA m6A-methylation-related genes in
pan-cancer (*, p < 0.05).

The authors emphasize that the mistakes were entirely due to human error and
oversight. The corrections do not affect the main scientific results and the final conclusions
of this manuscript. The authors would like to apologize for any inconvenience caused. The
original article has been updated.
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