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Abstract: Oral cancer is a public health problem with an incidence of almost 50,000 and a mortality
of 10,000 each year in the USA alone. Black raspberries (BRBs) have been shown to inhibit oral
carcinogenesis in several preclinical models, but our understanding of how BRB phytochemicals affect
the metabolic pathways during oral carcinogenesis remains incomplete. We used a well-established
rat oral cancer model to determine potential metabolic pathways impacted by BRBs during oral
carcinogenesis. F344 rats were exposed to the oral carcinogen 4-nitroquinoline-1-oxide in drinking
water for 14 weeks, then regular drinking water for six weeks. Carcinogen exposed rats were fed a
5% or 10% BRB supplemented diet or control diet for six weeks after carcinogen exposure. RNA-Seq
transcriptome analysis on rat tongue, and mass spectrometry and NMR metabolomics analysis on rat
urine were performed. We tentatively identified 57 differentially or uniquely expressed metabolites
and over 662 modulated genes in rats being fed with BRB. Glycolysis and AMPK pathways were
modulated during BRB-mediated oral cancer chemoprevention. Glycolytic enzymes Aldoa, Hk2,
Tpil, Pgam2, Pfkl, and Pkm?2 as well as the PKA-AMPK pathway genes Prkaa2, Pde4a, Pde10a, Ywhag,
and Crebbp were downregulated by BRBs during oral cancer chemoprevention. Furthermore, the
glycolysis metabolite glucose-6-phosphate decreased in BRB-administered rats. Our data reveal
the novel metabolic pathways modulated by BRB phytochemicals that can be targeted during the
chemoprevention of oral cancer.
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1. Introduction

Oral cancer is estimated to cause almost 50,000 new cases and nearly 10,000 deaths this year in
the US alone [1]. Worldwide, it is responsible for 145,000 deaths and is diagnosed approximately
300,000 times yearly, which makes cancers of the oral cavity and pharynx the sixth most common cancer
type in the world [2]. Incidence rates for this disease have been increasing steadily every year over the
past decade. Despite recent advancements in treatment approaches, the five year survival rate remains
at 64.7% [3], and the risk of recurrence among oral cancer survivors remains as high as 36% [4,5]. The
majority of oral cancer cases (90%) are considered head and neck squamous cell carcinoma (HNSCC),
which affects epithelial cells of the oral cavity, oropharynx, and the laryngopharynx. Major risk factors
for oral cancer include tobacco use, consumption of alcohol, and infection with human papilloma virus
(HPV) [2]. Given its high prevalence and recurrence rates, it is imperative to identify agents that are
able to inhibit the multistep process of oral carcinogenesis, and to define the potential mechanisms of
action of these agents.

Black raspberries (BRBs) have been shown to significantly inhibit oral carcinogenesis in both
preclinical models and clinical trials [6,7]. Numerous bioactive phytochemicals are contained within
BRBs including flavonoids such as anthocyanins, ellagitannins, and phenolic acids [8-10]. The complex
mixture of phytochemicals present in BRBs has been shown to modulate pro-inflammatory and apoptotic
pathways during oral cancer. Furthermore, we showed that BRB mediated oral cancer chemoprevention
is associated with a reduction in the expression of cell cycle associated biomarkers [11]. These studies
are similar to the effects of BRB during esophageal cancer inhibition [12], where pro-inflammatory
pathways were observed to be targets of BRB phytochemicals. The immunomodulatory properties of
the BRB phytochemicals cyanidine-3-rutinoside and quercetin-3-rutinoside on immune cells have also
been demonstrated in in vitro studies. However, although mechanisms of oral cancer inhibition by
BRB phytochemicals are beginning to emerge [13-16], there remain large gaps in our understanding of
how the complex mixture of BRB phytochemicals and their metabolites affect the global metabolic
pathways during oral carcinogenesis.

Metabolomics is an emerging technology that identifies and quantifies metabolites that are
differentially impacted by alterations in nutrition, environment, and drug administration. Several
studies using NMR and MS based metabolomic methods have identified metabolite changes in response
to stimuli associated with diseases or treatments [17-19]. Targeted and untargeted metabolomic
approaches have been developed to track variations in specific metabolites of interest or for a global
assessment of metabolic profiles. Data gathered from these approaches can be used to connect metabolite
alterations to the modulation of metabolic pathways, leading to the elucidation of potential mechanisms
of action [20-22]. When combined with transcriptomics, these methods can provide a global picture of
potential mechanisms associated with oral carcinogenesis and oral cancer chemoprevention by BRB
phytochemicals, and identify novel targets for oral cancer prevention and treatment.

In this study, we used the well-established 4-nitroquinoline-1-oxide (4NQO) carcinogen-induced
model of oral carcinogenesis [23] to determine the global metabolic and transcriptional pathways
associated with oral cancer chemoprevention by dietary BRBs. Our current study builds upon our
previous oral cancer chemoprevention work and expands our knowledge of BRB-mediated oral cancer
chemoprevention. Our innovative integrated multi-omics approach identified genes and metabolites
modulated in vivo after BRB consumption during experimental oral carcinogenesis, and uncovered
novel pathways associated with oral cancer chemoprevention by a BRB-supplemented diet including
pathways associated with MAP kinase, carbohydrate metabolism, glycolysis, protein kinase, DNA
repair, and cell cycle checkpoint regulation. Each of the pathways identified present novel targets for
oral cancer chemoprevention.
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2. Results

2.1. BRBs Modulate the Metabolic Profile of Oral Cancer Induced Rats

We previously showed that BRBs inhibited oral carcinogenesis in rats exposed to the carcinogen
4NQO [11]. In this model, oral lesion incidence and multiplicity were significantly reduced by 5% and
10% BRB-supplemented diet administration following 4NQO exposure when compared to non-BRB
treated 4NQO exposed rats. This association between BRB consumption and a reduction in oral lesions
corroborates other studies demonstrating the anti-cancer properties of dietary BRBs [24].

A comprehensive analysis of metabolites in urine samples from carcinogen-induced rats with or
without BRB intervention using an LTQ Orbitrap XL mass spectrometer demonstrated clear clustering
between groups by unsupervised PCA analysis. Clustered groups include 4NQO-exposed rats not
receiving dietary BRBs, 4NQO-exposed rats fed a 5% BRB diet, and 4NQO exposed rats fed a 10% BRB
diet (Figure 1a,b).
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Figure 1. BRBs modulate the metabolic profile of oral cancer induced rats. (a) PCA of untargeted
metabolomic profiles of urine samples from cancer-induced rats fed the control diet, 5% BRB diet, or
10% BRB diet as determined by LC-MS using the 292 features below the 0.05 p-value cutoff (ANOVA).
(b) Loading scores for PC1 and PC2 for the top 292 features used in the PCA in (a). (c) Heat map
of differentially expressed metabolites in 4NQO-exposed rats fed the control diet (4NQO), 5% BRB
supplemented diet (4NQO + 5% BRB), or 10% BRB supplemented diet (4NQO + 10% BRB).
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LC-MS analysis of urine samples from 4NQO-exposed rats administered with BRB-supplemented
or the control diet revealed a distinct expression of metabolites in 4NQO-exposed rats fed 5% or 10%
BRBs when compared to 4NQO-exposed rats fed the control diet (Figure 1c). Metabolic pathway
analysis of differentially expressed metabolites from our LC-MS data using MetaboAnalyst showed
that metabolic pathways associated with carbohydrate metabolism are predicted to be modulated by
BRBs during the chemoprevention of oral carcinogenesis. The predicted pathway analysis profiles
modulated in the BRB fed, 4NQO exposed rat groups are summarized in Table 1.

Table 1. Predicted pathway activity profiles based on the pathway analysis of LC-MS data from rat
urine samples of 4NQO exposed rats fed control diet, or diet supplemented with 5% or 10% BRB as
determined using Mummichog in MetaboAnalyst. Significant hits represent differentially expressed
metabolites in the predicted pathway between rat groups.

Predicted Metabolic Pathways Total Metabolite Hits Significant Metabolite Hits
Steroid hormone biosynthesis 15 11
Glyoxylate and dicarboxylate metabolism 6 5
Vitamin B6 metabolism 5 4
Cysteine and methionine metabolism 9 5
Riboflavin metabolism 2 2
Tryptophan metabolism 11 5
One carbon pool by folate 6 3
Porphyrin and chlorophyll metabolism 9 4
Glycerophospholipid metabolism 7 3
Pyrimidine metabolism 13 5
Citrate cycle (TCA cycle) 4 2
Ascorbate and aldarate metabolism 5 2
Primary bile acid biosynthesis 5 2
Pantothenate and CoA biosynthesis 5 2
Purine metabolism 24 8
Folate biosynthesis 6 2
Inositol phosphate metabolism 7 2
Arginine and proline metabolism 18 5
Starch and sucrose metabolism 12 3
Pentose phosphate pathway 8 2
Tyrosine metabolism 13 3
Glutathione metabolism 9 2
Biosynthesis of unsaturated fatty acids 9 2
Glycolysis or Gluconeogenesis 10 2
Alanine, aspartate and glutamate metabolism 10 2
Fructose and mannose metabolism 11 2
beta-Alanine metabolism 11 2
Aminoacyl-tRNA biosynthesis 17 3
Galactose metabolism 19 3
Amino sugar and nucleotide sugar metabolism 20 3

We also performed an in-depth analysis of the metabolites in urine samples from representative rats
from each group using ‘Complex Mixture Analysis by NMR’ (COLMAR) followed by 2D 3C-'H HSQC
NMR quantitative analysis. We identified 123 metabolites in the urine samples of 4ANQO-only exposed
rats while 126 and 115 metabolites were identified in 4NQO exposed rats that were fed 10% and 5%
BRB, respectively. There was one unique metabolite identified in 4NQO-only exposed rat urine samples
that was absent in the BRB administered groups. There were seven unique metabolites identified in
the BRB administered groups that were absent in the 4NQO-only exposed rat urine samples.

Eleven other metabolites had increased concentrations and ten metabolites had decreased
concentrations following BRB administration of the 4NQO exposed rats when compared to rats
exposed only to 4NQO. These data are summarized in Table 2.

These data suggest that BRBs downregulate and upregulate metabolic pathways associated with
4NQO-induced oral carcinogenesis, and provide insights into distinct metabolic markers and pathways
that may drive BRB-mediated oral cancer chemoprevention.
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Table 2. Unique and differentially expressed metabolites in the urine samples of 4NQO exposed rats fed
the control diet, or diets supplemented with 5% or 10% BRB. Metabolites were identified by ‘Complex
Mixture Analysis by NMR’ (COLMAR) followed by 2D 3C-'"H HSQC NMR quantitative analysis.
Metabolites with quantitative ratios listed were detected in at least two samples per group. Numbers
represent the relative quantities of metabolites when compared to the 4NQO-exposed rat group that
were fed a normal diet.

Treatment Groups

Metabolite Groups Metabolite
Normal Diet 10% BRB Diet 5% BRB Diet
4-Methyl-2-oxovaleric acid *D *ND ND
Delta-Hexanolactone ND D ND
Quinone ND D ND
Unique Metabolites Hydroquinqne . ND D ND
4-Aminohippuric acid ND ND D
Homovanillic acid ND D D
Hydroxyphenylacetylglycine ND D D
N-Acetylcysteine ND D D
alpha-D-Glucose-6-phosphate 1 0.7 0.48
alpha-D-Glucose-1-phosphate 1 0.68 0.57
N_methylnicotinamide 1 0.67 0.64
Lactose 1 0.63 0.67
Downregulated Dihydrouracil 1 0.62 0.68
Metabolites Taurine 1 0.61 0.67
D-Galactose 1 0.57 0.56
D-Xylose 1 0.49 0.52
Pyruvic acid 1 0.47 0.42
Spermine 1 0.23 0.34
Alpha-Hydroxyhippuric acid 1 5.25 1.86
3-Methyl-oxopentanoic acid 1 3.73 1.54
Chitosan 1 247 3.36
Pipecolic acid 1 2.15 1.82
N-Acetyl-D-glucosamine-phosphate 1 1.99 1.49
[;/?stea iﬂﬁ:g 3-Methoxy-4-Hydroxyphenylglycol-sulfate 1 1.6 1.84
D-Glucuronic acid 1 1.59 1.54
D-Sorbitol 1 1.59 1.78
Myo-Inositol 1 1.57 1.51
Stachyose 1 1.53 1.83
DL-alpha-Glycerol-phosphate 1 135 14

*D (Detected in at least two samples of each group), *ND (Not detected in any of the five samples of each group).

2.2. Modulation of Global Transcriptional Profiles during Oral Cancer Chemoprevention by BRBs

We analyzed the total gene expression using RNA-Seq of rat tongue tissue from BRB fed and
4NQO-only exposed rats. We identified 662 genes that were differentially expressed among the 4NQO,
4NQO + 5% BRB, and 4NQO + 10% BRB groups (Figure 2A). Detailed analysis of our transcriptional
data using ingenuity pathway analysis (IPA) revealed a network of associated pathways that are linked
to oral carcinogenesis and BRB-associated chemoprevention. Importantly, similar or overlapping
pathways were identified in both the 5% and 10% BRB fed groups when compared to the 4NQO-only
exposure group, supporting a consistent pattern of transcriptional modulation by BRB phytochemicals.
These oral cancer-associated pathways included genes involved in cancer development, cell cycle
regulation, MAP kinase signaling, leukocyte extravasation, and DNA repair, which were regulated in a
manner that supports a cancer preventive role for BRB during oral carcinogenesis (Figure 2B).

To confirm the differentially expressed genes identified by RNA-Seq, we performed quantitative
RT-PCR (RT-qPCR) validation on a larger cohort of rat tongue RN A samples from each group. The genes
analyzed represent the entire range of BRB-mediated chemopreventive pathways we identified through
the analysis of our RNA-Seq data. Our results demonstrated that multiple pathways are involved
in BRB-mediated oral cancer chemoprevention, which can potentially be targeted for intervention
strategies and adjuvant treatment of oral cancer. Significant molecular and metabolic pathways
modulated by BRB during oral cancer chemoprevention are discussed below.
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Figure 2. Modulation of global transcriptional profiles during oral cancer chemoprevention by
BRBs (A) Heat map showing differentially expressed genes from rat tongues during 4NQO induced
oral carcinogenesis and BRB mediated oral cancer chemoprevention. 4NQO exposed rats were fed
a control diet, 5% BRB, or 10% BRB supplemented diet. (B) Ingenuity pathway analysis of the
canonical transcriptional pathways modulated by dietary BRB intervention during oral carcinogenesis.
Transformed RNA sequencing data from rat tongue RNA from 4NQO exposed, BRB treated, and
untreated rat groups were analyzed using Ingenuity Pathway Analysis software (Qiagen).

2.3. Modulation of the Glycolytic Pathway by BRB during Experimental Oral Carcinogenesis

An integrated analysis of transcriptomic and metabolomic data by IPA and MetaboAnalyst
revealed a significant modulation of genes and metabolites associated with the glycolytic pathway
(Figure 3 and Table 1). This is significant because enhanced glucose fermentation even in the presence
of oxygen and functioning mitochondria, known as the Warburg effect, is a major metabolic mechanism
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used by cancer cells to promote proliferation and survival, and targets of this pathway are being
developed for cancer therapy [25,26]. Our data showed that Aldolase A (Aldoa), a glycolytic enzyme,
was significantly downregulated in the oral tissues of the BRB administered 4NQO-induced rats when
compared to 4NQO-only cancer-induced rats. Similarly, NMR and LC-MS metabolomic analysis
showed a significant reduction in glucose-6-phosphate in the 4ANQO-exposed rats fed a 5% or 10% BRB
supplemented diet when compared to the 4NQO-exposed rats fed the normal diet (Table 2). Based on
the results of our RNA-Seq gene expression data, we performed further transcriptional analysis of
genes associated with the glycolytic pathways on a larger cohort of rat tongue RNA samples from
4NQO-exposed rats fed with a normal or BRB supplemented diet by RT-qPCR. The glycolytic enzymes
Aldoa, Aldoc, hexokinase 2 (Hk2), triose phosphate isomerase 1 (Tpil), phosphoglycerate mutase 2
(Pgam2), phosphofructokinases (Pfkm and Pfk1), pyruvate kinase, muscle (Pkm2), and Enolase 3 (Eno3)
were downregulated by 5% and/or 10% BRB administration in the 4NQO exposed rats (Figure 3). Our
data demonstrated that the perturbation of metabolic pathways associated with glucose metabolism
are key mechanisms of oral cancer inhibition by BRBs. Taken together, our results suggest that enzymes
in the glycolytic metabolic pathway are potential targets for oral cancer chemoprevention by BRBs
(Figure 4a).
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Figure 3. Modulation of the glycolytic pathway by dietary BRB during oral carcinogenesis. (a-p) gene
expression profiles of the glycolysis pathway genes in rat tongue RNA from 4NQO-exposed rats fed
the control diet (4NQO), 5% BRB supplemented diet (4NQO + 5% BRB), or 10% BRB supplemented
diet (4NQO + 10% BRB), as determined by RT-qPCR. (* p < 0.05).
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Figure 4. Model of the (a) glycolysis and (b) PKA-AMPK pathway genes and metabolites modulated
by dietary BRBs during oral carcinogenesis. Downregulated genes and metabolites are shown in green.

2.4. BRB Downregulates Protein Kinase A and AMP-Activated Protein Kinase Signaling Pathways

Given that glucose metabolism is partly regulated by the serine threonine protein kinase
AMP-activated protein kinase (AMPK) [27], we next investigated the impact of BRB administration on
the signaling pathways associated with this essential metabolic regulator as well as the related protein
kinase A (PKA). This was of particular interest because under certain metabolic stresses including
glucose starvation, AMPK reroutes metabolic processes to allow for alternate cellular survival and
proliferation strategies. Our data demonstrated that BRB modulates this central metabolic regulator.
Dietary administration of 5% and 10% BRB downregulated the expression of essential genes associated
with the AMPK pathway. Importantly, the expression of the protein kinase AMP-activated catalytic
subunit alpha 2 (Prkaa2), which encodes the AMPK« subunit, was downregulated by 5% and 10% BRB
administration (Table 3). Similarly, downstream targets of the AMPK pathway including the RNA
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binding protein (Elavi1), CREB binding protein (Crebbp), and the stimulatory G-protein alpha subunit
(Gnas), known to be elevated in various cancers, were downregulated by BRB administration.

Table 3. Differentially expressed PKA and AMPK pathway-associated genes in tongue samples of
4NQO exposed rats fed diets supplemented with 5% or 10% BRB as determined by RN A-Seq analysis.
Data are expressed as fold change when compared to 4NQO exposed rats fed the control diet.

Gene 10% BRB Expected Expression
Expression p Value Expression p Value
Cdc25a 5.5 0.451 17.9 0.0304 Down
Crebbp -1450.5 0.0114 —-401.9 0.403 Up
Gnas -1256.4 0.217 -3132.4 0.00908 Up
Mapk13 -29.0 0.141 —47.0 0.0279 Up
Mppel -1.3 0.281 -2.9 0.0307 Up
Pde10a -11.0 0.0256 -9.0 0.0566 Up
Pdeda -60.9 0.0748 -75.7 0.0336 Up
Phkg1 -9.1 0.696 -53.5 0.0417 Up
Pik3c2g -3.7 0.00638 -3.7 0.00638 Up
Ppplrldc 16.0 0.0712 20.6 0.0272 Down
Prkaa2 -136.8 0.0409 -149.2 0.0287 Up
Prkarla -79.5 0.469 -270.1 0.0303 Up
Ptpre 7.7 0.00969 5.5 0.0443 Down
Smad4 —479.6 0.000238 -367.4 0.0015 Up
Tgfbr2 -824 0.113 -123.0 0.0278 Up
Ywhag —624.7 0.033 —-628.7 0.0321 Up

Next, we analyzed the expression of an associated metabolic pathway and upstream regulator
of AMPK signaling, protein kinase A (PKA), which is also dependent upon cAMP phosphorylation.
In its active form, PKA is able to activate transcription factor NF-«B, resulting in an upregulation
of many genes associated with oncogenesis. Our data showed that, similar to AMPK signaling, the
administration of 5% or 10% BRB inhibited the PKA signaling pathway in oral cancer induced rats.
Targets of the PKA complex such as the phosphodiestarases (Pde4a and Pdel0a) were downregulated
by 5% and 10% BRB administration during oral carcinogenesis (Table 3). Furthermore, a reduction in
the expression of target genes shared in common between the PKA and AMPK metabolic pathways
suggests a mechanism of BRB oral cancer chemoprevention that is mediated by the PKA-AMPK axis
(Figure 4b).

3. Discussion

Our metabolomic and transcriptomic data revealed a number of novel metabolic pathways
modulated by BRB as well as the altered transcriptional profile associated with these modulated
pathways as a result of BRB-mediated chemoprevention during oral carcinogenesis. BRBs comprise
a complex mixture of phytochemicals, and we are continuing to identify the distinct bioactives that
drive the oral cancer chemoprevention pathways observed in the current study. Nevertheless, our data
provide progressive evidence for the modulation of pathways associated with established and emerging
hallmarks of cancer including deregulated metabolic pathways, inflammation, cellular invasion, and
metastasis [28], which present themselves as potential therapeutic targets for HNSCC treatment.

Surrogate systemic biomarkers of local efficacy as well as mechanistic indicators of systemic
efficacy are ways to monitor carcinogenesis and chemopreventive impact. Urine, serum or plasma, and
saliva are standards for the assessment of biosystematic distribution and availability. In this study, we
were interested not only in the locoregional metabolic landscape of the epithelial tumor environment,
but also the broader role of systemic mediators of carcinogenesis and cancer chemoprevention. We
have previously used both localized site-specific tongue tissue as well as systemic mediators of impact
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to better define the tumorigenic landscape [13,29]. Our results highlight the necessity of examining
both the localized and systemic mechanisms of carcinogenesis and prevention.

The Warburg effect is a known survival mechanism employed by cancer cells. Requiring large
amounts of energy for rapid and limitless division, cancer cells are known to hijack the metabolic
pathways of the host and upregulate glucose uptake and aerobic glycolysis to support their large
energy demands [30]. This results in an accumulation of intermediate glycolytic metabolites in the
tumor microenvironment, which provide essential anabolic support (nucleotide, amino acid, and lipid
biosynthesis) for the proliferation of cancer cells and subsequent tumor growth. Inhibition of the
glycolytic metabolic pathway, and therefore the reversal of the Warburg effect, has long been a target in
the prevention of oral cancer [31]. In practice, however, HNSCC cells demonstrate a high propensity to
modulate metabolic pathways, rendering inhibition of the glycolytic pathway ineffective due to the
cancer cell’s ability to circumvent the inhibited glycolytic process [32,33]. Despite this, our data suggest
that a potential mechanism of oral cancer inhibition by the complex mixture of BRB phytochemicals is
an inhibition of the glycolytic pathway. Although the specific phytochemicals that drive this metabolic
regulation and the detailed signaling cues that cause the inhibition of glycolysis during BRB-mediated
oral chemoprevention are yet to be fully elucidated, our results suggest that Aldoa was targeted by BRB.
Although the role of Aldoa in oral cancer is incompletely understood, this key glycolytic enzyme has
been shown to be highly expressed in squamous cell carcinoma of the lung, and correlates with tumor
metastasis and poor prognosis [34]. Furthermore, depletion of Aldoa expression in lung squamous
carcinoma cells reduces tumorigenesis [34]. Similar roles for Aldoa in tumor progression and metastasis
were observed in hepatocellular carcinoma [35], pancreatic cancer [36], and colorectal cancer [37].
Indeed, this glycolytic enzyme is becoming increasingly recognized as an emerging drug target in
cancer chemoprevention [38]. As demonstrated by our results, targeting this enzyme is likely to be a
potentially novel approach to oral cancer chemoprevention and therapy. Interestingly, Hk2, which is
known to be highly expressed in many cancers [31,39-44], promotes tumor initiation and oncogenic
transformation and was selectively inhibited by BRB during experimental oral carcinogenesis. Similarly,
the glycolytic enzymes Pkm2, Tpil, Pgam2, and Pfkl are known to be highly expressed in various
cancers, and are associated with poor prognosis [39,45-55]. It was therefore not surprising to observe
that experimental oral cancer inhibition by dietary BRBs was associated with a downregulation of
these glycolytic enzymes by BRBs. Although the precise mechanisms underlying the BRB-mediated
targeting of key enzymes of the glycolytic pathway need to be fully clarified, our data provide evidence
that a novel mechanism of oral cancer chemoprevention by BRB phytochemicals is the metabolic
regulation of glycolysis.

Our data also revealed other metabolic pathways closely associated with glycolysis that are
modulated by BRB phytochemicals during experimental oral carcinogenesis, which potentially
contribute to the reduction of oral lesions. One such associated pathway is the AMPK pathway,
which is an important central regulator of glucose metabolism in response to metabolic stress [56].
Although AMPK has been described as a tumor suppressor in certain cancers by inhibiting cancer
cell proliferation [57], it has been shown to promote tumor growth in the context of some breast and
epithelial cancer models by promoting tumor cell survival [58,59]. It is therefore evident that the role
of AMPK in cancer is context dependent [60-62]. Indeed, in the context of metabolic stress, the role
of AMPK in maintaining energy homeostasis by suppressing anabolism and promoting catabolism
as well as neutralizing reactive oxygen species appears to be tumor protective [60-62]. These latter
studies corroborate our findings which suggest a downregulation of the AMPK metabolic pathway by
BRB as a mechanism of oral cancer chemoprevention.

Interestingly, recent studies have shown that under certain circumstances, overexpression or
activation of AMPK is a mechanism by which oral cancer cells are able to survive molecular targeted
therapy [63]. This was observed in the case of the cetuximab treatment of several HNSCC cell lines [63]
where the activation of AMPK promoted cancer cell resistance to cetuximab. It therefore follows that
chemopreventive approaches that inhibit AMPK activity can potentially improve the efficacy of oral
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cancer treatment by cetuximab. The fact that BRBs inhibited AMPK expression in our experimental
oral carcinogenesis model is supportive of a role for BRB as a complementary chemopreventive
agent in combination with molecular targeted therapies like cetuximab in oral cancer treatment.
A recent study demonstrated the therapeutic potential of targeting both glycolysis and AMPK in cancer
therapy. It was shown that the combined inhibition of glycolysis and AMPK synergistically enhanced
cytotoxicity of breast cancer cells but not normal cells [64]. In this study, inhibition of glycolysis by
2-deoxyglucose resulted in AMPK activation due to decreased ATP levels, and this recovery of cellular
ATP counteracted the cytotoxicity of the glycolytic inhibitor. Co-administration of an AMPK inhibitor
inhibited cellular ATP recovery and enhanced the cancer cell killing effect of 2-deoxyglucose [64].
It is therefore not surprising that the combined inhibition of the AMPK and glycolysis pathway by
BRB phytochemicals improves its chemopreventive efficacy during experimental oral carcinogenesis.
Furthermore, it demonstrates the viability of BRB phytochemicals in targeting metabolic pathways
during oral cancer chemoprevention.

In addition to targeting metabolic pathways, integrated analysis of our multi-omic data further
confirmed the array of molecular pathways modulated by BRB phytochemicals. For example, previous
studies by ourselves and others demonstrate modulation of the pro-inflammatory transcription factor
NF-«B by BRB phytochemicals during oral carcinogenesis [11,65], and our current data corroborate
and extend this observation. Interestingly, we further showed that a possible mechanism of NF-«B
modulation by BRB is through the PKA pathway. PKA associated NF-«B activation has been directly
linked to a poor prognosis in oral cancer, and inhibition of PKA was shown to inhibit tumor cell
proliferation, induce cell death, and modulate a number of pro-inflammatory and angiogenic genes
associated with NF-«B activation [66,67]. PKA has also been shown to play a role in the suppression
of anti-tumor immune surveillance of the host [68], making it a particularly attractive target for
chemoprevention. Previous studies have demonstrated inhibition of NF-«B by BRB phytochemicals
and this inhibition is associated with a reduction in oral carcinogenesis [6,7,11,69]. It is possible that
BRB inhibits NF-kB phosphorylation by interfering with PKA signaling. Furthermore, genes involved
in the PKA pathway shown to be inhibited by BRB during experimental oral carcinogenesis (Crebbp,
Gnas, and Ywhag) have been identified as possible targets for the treatment of HNSCC, breast, and
non-small cell lung cancer [70-72]. Our results provide a plausible link between the attenuation of the
PKA signaling pathway and the previously reported reduction in NF-kB mediated inflammation and
cellular proliferation during oral cancer chemoprevention by BRBs [6,11].

In conclusion, by using an integrated approach that combines metabolomic and transcriptomic
analysis, we showed that the modulation of metabolic pathways associated with glycolysis and AMPK
signaling represent novel targets for natural product interventions with BRBs during oral carcinogenesis.
Additional studies will be required to fully characterize the exact phytochemicals in BRB that target
these pathways, and the key mechanisms underlying the phytochemical mediated modulation of these
essential metabolic pathways during oral carcinogenesis. However, it is likely that multiple bioactive
phytochemical compounds or phytochemical groups in BRB are involved in these mechanisms, and
it is the innate combinatorial interaction of these phytochemicals that is required for optimal oral
chemopreventive efficacy. The application of metabolomic methods to identify and characterize BRB
metabolites during oral cancer chemoprevention will continue to provide additional insights into
strategies to exploit the bioactive phytochemicals in BRB for cancer prevention and treatment.

4. Materials and Methods

4.1. Animals

Male F344 rats were housed in a facility at the Ohio State University according to animal protocols
and under regulation of the University Laboratory Animal Resources (ULAR). All animal experiments
were performed with the approval of the Ohio State University Institutional Animal Care and Use
Committee (Protocol #2010A00000085) as well as the Institutional Biosafety Committee.
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4.2. Chemicals

The chemical carcinogen 4-nitroquinoline-1-oxide (4NQO) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Stock aliquots of 4ANQO were weighted en masse and stored at —20 °C in foil wrapped
containers. Fresh working solutions of 20 ug/mL 4NQO in drinking water were prepared weekly. BRBs
(Rubus occidentalis Jewel variety) were purchased from the Stokes Berry Farm (Wilmington, OH, USA),
cleaned, and frozen on-site. Whole frozen BRBs were shipped to Van Drunen Farms (Momence, IL,
USA) for freeze drying and pulverization, generating BRB powder. BRB powder was stored at —20 °C
before incorporation into custom AIN-76A animal diet pellets (Dyets, Inc.; Bethlehem, PA, USA) at
both 5% and 10% w/w concentrations as previously described [11].

4.3. Experimental Oral Carcinogenesis

Oral carcinogenesis was induced in male F344 rats (67 weeks) as described previously [11].
Briefly, rats were randomized into a sentinel group (Group 1, N = 20) and three experimental groups
(Groups 2—4, N > 30 per group). Experimental groups were exposed to drinking water containing
20 ug/mL 4NQO for 14 weeks. At week 14, 4NQO drinking water exposure in the experimental groups
was terminated, and all groups were provided with standard drinking water for an additional six
weeks. The sentinel control group (Group 1) received standard drinking water without any 4NQO
carcinogen exposure and was fed control the AIN-76A diet for the duration of the study. Group 2 was
exposed to 4NQO in drinking water and received an unmodified AIN-76A diet for the full 20-week
duration of the experiment. Groups 3 and 4 received the AIN-76A diet supplemented with 5% and 10%
w/w BRB, respectively, for the six-week period following the termination of 4NQO exposure. Urine was
collected at week 20 for metabolomic analysis through complex mixture analysis by NMR (COLMAR),
which is based on 2D 3C-"H HSQC NMR spectra and Orbitrap mass spectrometry. Rat tongues were
resected and stored in RN Alater (Thermo Fisher Scientific; Waltham, MA, USA) at —20 °C.

4.4. RNA Sequencing Analysis

Total RNA (100 ng) derived from rat tongue exposed to 4NQO with or without BRB administration
(5% or 10%) were used for total transcriptome library preparation using the NEBNext Ultra II Directional
RNA Library Prep kit and rRNA Depletion kit (New England BioLabs; Ipswich, MA, USA). The
fragment profile and the quantity of the resultant libraries were assessed by High Sensitivity DNA
BioAnalyzer (Agilent; Santa Clara, CA, USA) and Qubit fluorometer (Thermo Fisher Scientific),
respectively. Total transcriptome libraries were sequenced to a depth of 25-40 million clusters per
sample using the HiSeq 4000 Paired-End 150 bp format.

4.5. Reverse Transcription Quantitative PCR

RT-qPCR was performed to validate the gene expression profiles obtained from RNA-Seq analysis.
Total RNA extracted from rat tongue tissues using the AllPrep DNA/RNA kit (Qiagen; Valencia, CA,
USA) was reverse transcribed using the High Capacity cDNA Reverse Transcription kit. (Applied
Biosystems; Foster City, CA, USA). PCR amplification was performed using the PowerUp SYBR green
master mix (Thermo Fisher Scientific). Primers were designed using the IDT real-time PCR design
tool (Integrated DNA Technologies; Coralville, IA, USA). Primer sequences for the genes are shown in
Table 4. Data were normalized to the reference gene Bact and gene expression was presented as fold
induction over sentinel rats using the ddCt method.
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Table 4. Primer sequences used for RT-qPCR analysis of glycolytic pathway genes.

Gene Forward Primer Reverse Primer
Aldoa CCCCAAGTTATCAAGTCCAAGG GTCGGCTCCATCCTTCTTATAC
Aldob TCAAGGAGAAGGGAATTGTGG TTCTTGTACTGAGCACAGCG
Aldoc CCTGTCCCATCAAATATAGCCC TGGCATTGAGGTTGAGTGATG
Gnpdal TCACACCCTCTTCAATGGC GATTCTTTGATGGTGATCTTGCC
Hk1 ACACCCATTGTCACCGAAG AAGAACCCACTTGCGAAATTG
Hk2 GCTGTGAAAATGTTGCCTACC CATTGTCCGTCACCCTTACTC
Hk3 AGTGGAGCTGAATGTGGTTG TCTTCCATATAGCAGGCGTTG
Gck GCCACAATGATCTCCTGCTAC TCCCTCATCCCCTTCCAC
Gpi AGGTGCTGGACAAGATGAAG GAGAGCTTCAGTCACCATGAG
Pfkm TGGTACGAGTTGGCATCTTC ACTTCCAATCACCGTGCC
Pfkl GGAAAGCCTATCTCATCCAGC CCATACCCATCTTGCTACTCAG
Pfkp TCACTGAGAGGAAATCAAGCTG TGTAGGTGTTCAGGTTGCC
Tpil AGATAATGTGAAGGACTGGTGC CAGAGACGTTGCATTTCAGC
Gapdh TGGTTACAATACAGTTACAGACTAGG GTGGTTGTAAATGGAAGAAACATCT
Pgk1 TGACTTTGGACAAGCTGGAC CAGAATTTGATGCTTGGGACAG
Pgam?2 CCTAAGATTAAGGCTGGCAAGAG GGTTCAGCTCATAGACAATGGG
Enol CCGAGACAATGATAAGACCCG TCTCCTGCTCCACAACATTC
Eno2 TCAAGGACAAGTACGGCAAG CATACCAATCACCATCTTITCCG
Eno3 GAATCCCGACCTTGTACTTCC GCCAACTTGTTTCCAGCATG
Pkm?2 GTGGAGATGCTGAAGGAGATG AGGTCGGTAGAGAATGGGATC
Pklr CACCTCTGCCTTCTGGATATC TCGTGCAATGTTCATCCCTG
Bact CACTTTCTACAATGAGCTGCG CTGGATGGCTACGTACATGG

4.6. Liquid Chromatography-Mass Spectrometry

Protein was precipitated from rat urine samples using cold methanol extraction. Urine-methanol
solutions were allowed to incubate at 0 °C for 30 min before a 30 min centrifugation at 13,000x g.
A total of 80 puL of the supernatant was transferred to a 2 um microfiltration tube, followed by another
centrifugation for 25 min at 13,000x g. The resulting solution was mixed in a 1:1 ratio with a 0.1%
formic acid solution in distilled water, before transfer to an auto sampler vial for LC-MS analysis.

Liquid chromatography was carried out using the Agilent Dionex U3000 RSLC HPLC system
with Zorbax SB-Ag columns, 3 X 150 mm, 3.5 um (Thermo Fisher Scientific). Two solvents were
prepared for use, solvent A (0.1% formic acid in distilled water) and solvent B (100% acetonitrile). Flow
rate for chromatography was set at 250 pL/min, and a 55 min solvent gradient was run through the
column with an injection volume of 1 puL.. Mass spectrometry was performed on the resulting fractions
using an LTQ-Orbitrap XL (Thermo Fisher Scientific) set to positive polarity with data dependent
analysis (DDA) for the top 15 masses with a 15 s exclusion window, detecting masses ranging between
100-1200 m/z.

4.7. Nuclear Magnetic Resonance

A total of 180 pL of urine was mixed with 20 pL of 500 mM phosphate buffer in D,O, resulting
in a pH of 7.4, together with 0.1 mM DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) for chemical
shift referencing followed by transfer to a 3 mm NMR tube for NMR analysis. All NMR spectra were
collected on a Bruker Advance III 850 MHz spectrometer equipped with a cryogenically cooled TCI
probe at 298 K. The 2D 3C-'H HSQC spectra of all 15 urine samples (five samples of 4NQO exposed
rats not receiving BRB treatment, five samples of 4NQO exposed rats treated with a 5% and 10%
BRB diet) were collected with 512 X 2048 (N1 x N2) complex points along the two dimensions with
32 scans per increment. The spectral widths along the 3C and 'H dimensions were 34,211.06 and
10,204.08 Hz, respectively, and the transmitter frequency offsets were 75.00 and 4.70 ppm, respectively.
The measurement time for each sample was 16 h. The data were zero filled two-fold along the 13C
dimension, Fourier transformed, and phase- and baseline-corrected using NMRPipe [73].
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4.8. Metabolite Data Extraction and Compound Identification

All NMR spectra of the urine samples were uploaded on the COLMAR web server for metabolite
identification [4]. An in-house peak-picker and peak-fitting tool embedded in the COLMAR web
server was used for peak picking and fitting. All spectra were referenced by internal standard DSS.
For metabolite database query and matching, the 'H chemical shift cutoff was set to 0.03 ppm, the
13C chemical shift cutoff was set to 0.3 ppm, and the cutoff of the matching ratio (which is the ratio
between the number of observed and expected cross-peaks for a given metabolite) was set to 0.6. The
metabolite identification result was automatically generated by COLMAR and confirmed by manual
inspection. A metabolite was classified as “identified” if it was found to be present in at least two
samples of the same group. For quantitative analysis, all NMR spectra were normalized by the sum of
the peak integrals (determined by peak fitting) of consensus peaks across all samples. Each metabolite
fold change (BRB treated sample/non BRB treated sample) was calculated based on the average peak
integral ratio of all peaks that were uniquely assigned to the metabolite. To minimize metabolite fold
change uncertainties, all overlapped peaks, i.e., peaks assigned to multiple metabolites, were excluded
for quantitative analysis [74,75].

4.9. Metabolite Data Extraction, Statistical Analysis and Compound Identification

All feature detection was performed using Progenesis QI with each run imported using the
RAW XL MS data. Runs were aligned to the pooled QC samples (a combined set of all 20 samples),
which were run every 10 samples. Sample alignment of the runs matched to pooled references below
85% were removed from statistical analysis and features of p-values less than 0.05 were considered
statistically significant. Additionally, only those features which had MS/MS fragmentation analysis
were considered as valid features. Each possible metabolite was tentatively identified using the Human
Metabolome Database sdf file uploaded into Progenesis MetaScope with a precursor tolerance of
10 ppm and a theoretical fragmentation tolerance of 100 ppm along with a retention time window of 6
s. Adducts included for positive mode identification included M + H,M + Na, M + K, M + 2H, M +
H-H20,M + can+ H,2M + H, M + can + H, and M + 2Na — H. In total, 292 potential metabolic
features were tentatively identified with HMDB codes and a 0.05 p-value cut-off.

4.10. Metabolic Pathway Analysis

The list of features from the Progenesis QI alignment and detection were submitted to
MetabolAnalyst’s MS Peaks to Pathways module to determine the predicted pathway activity profiles
(mummichog). For submission, the input included no p-value cutoff, along with the fold changes
for each peak feature between groups. Analysis was performed on a 0.1 ppm mass error and
0.05 p-value cutoff with a total of 551 or 12.71% significant features with the Rattus Norvegicus KEGG
pathway library.

4.11. Ingenuity Pathway Analysis

Metabolic and molecular interactions between differentially regulated metabolites and genes were
explored using IPA (Qiagen). Each rat gene identifier was mapped to its corresponding gene in the
Ingenuity Pathway Knowledge Base. Families of genes and metabolites that were upregulated or
downregulated in BRB administered rats compared to the controls were integrated into predictive
network models on the basis of interactions within a biological pathway as defined in the literature
and contained in the IPA Knowledge Base.

4.12. RNA Statistical Analysis

RNA sequences were mapped to Rat Genome build Rnor_6.0 using tophat version 2 and then
quantified using featureCounts software. Genes with raw read counts below five for more than 80% of
samples within each condition were first filtered out. R package DEseq2 was used to normalize the data



Metabolites 2019, 9, 140 15 of 19

and identify genes differentially expressed between groups. The p-value cutoffs were determined by
controlling the mean number of false positives. Heatmaps with hierarchical clustering were generated,
and principal component analysis was performed.

RT-qPCR data were determined as means + SEM, and statistical analyses were done by using
Prism 5 software (GraphPad, La Jolla, CA, USA). An analysis of variance was used to model the gene
expression data, and p values less than 0.05 were considered statistically significant.

Author Contributions: Conceptualization, T.J.K., CM.W,, and S.O.; Data curation, L.B.-L., CW., M.C.B,, ].C., and
X.M.; Formal analysis, L.B.-L., CW.,, M.C.B., A.S., PS.Y,, ].L.C., and X.M.; Funding acquisition, CM.W. and S.O.;
Investigation, N.M.R. and 5.0.; Methodology, T.] K., L.B.-L., M.C.B., and S.O.; Project administration, TJ.K., A.S.,
R.PB., CM.W, and S.0,; Resources, T.J.K., A.S., RP.B., and C.M.W.; Software, PS.Y.; Supervision, R.P.B. and 5.0.;
Writing—original draft, S.0.; Writing—review & editing, T.J. K., NM.R,,J.L.C., RP.B., and CM.W.

Funding: This research was funded by the National Cancer Institute (NCI/NIH), grant number K0O1CA207599
awarded to S.0., and the Ohio State University Foods for Health (FFH) Discovery Theme & Food Innovation
Center (FIC) Seed Grant awarded to T.J.K., R.P.B., A.S., CM.W., and S.O.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2017. CA Cancer ]. Clin. 2017, 67, 7-30. [CrossRef]
[PubMed]

2. Rivera, C. Essentials of oral cancer. Int. . Clin. Exp. Pathol. 2015, 8, 11884-11894. [PubMed]

3.  Cohen, N.; Fedewa, S.; Chen, A.Y. Epidemiology and Demographics of the Head and Neck Cancer Population.
Oral. Maxillofac. Surg. Clin. N. Am. 2018, 30, 381-395. [CrossRef] [PubMed]

4. Adjei Boakye, E.; Buchanan, P,; Hinyard, L.; Osazuwa-Peters, N.; Schootman, M.; Piccirillo, ].F. Incidence and
Risk of Second Primary Malignant Neoplasm After a First Head and Neck Squamous Cell Carcinoma. JAMA
Otolaryngol. Head Neck Surg. 2018, 144, 727-737. [CrossRef] [PubMed]

5. Wang, W.; Han, S.; Yao, Z.; Li, X.; Huang, P.; Zhang, M.; Chen, Y.; He, J. A study of epidemiologic and
recurrence factors of oral cancer. J. Oral. Maxillofac. Surg. 2012, 70, 2205-2210. [CrossRef] [PubMed]

6. Knobloch, TJ.; Uhrig, L.K,; Pearl, D.K,; Casto, B.C.; Warner, B.M.; Clinton, S.K.; Sardo-Molmenti, C.L.;
Ferguson, ].M.; Daly, B.T; Riedl, K.; et al. Suppression of Proinflammatory and Prosurvival Biomarkers in
Oral Cancer Patients Consuming a Black Raspberry Phytochemical-Rich Troche. Cancer Prev. Res. (Phila.)
2016, 9, 159-171. [CrossRef] [PubMed]

7. Warner, B.M.; Casto, B.C.; Knobloch, T.J.; Accurso, B.T.; Weghorst, C.M. Chemoprevention of oral cancer by
topical application of black raspberries on high at-risk mucosa. Oral. Surg. Oral. Med. Oral. Pathol. Oral.
Radiol. 2014, 118, 674-683. [CrossRef] [PubMed]

8.  Bobinaite, R.; Viskelis, P; Venskutonis, P.R. Variation of total phenolics, anthocyanins, ellagic acid and radical
scavenging capacity in various raspberry (Rubus spp.) cultivars. Food Chem. 2012, 132, 1495-1501. [CrossRef]
[PubMed]

9. Sun, L.; Subar, A.F; Bosire, C.; Dawsey, S.M.; Kahle, L.L.; Zimmerman, T.P.; Abnet, C.C.; Heller, R.;
Graubard, B.I.; Cook, M.B.; et al. Dietary Flavonoid Intake Reduces the Risk of Head and Neck but Not
Esophageal or Gastric Cancer in US Men and Women. J. Nutr. 2017, 147, 1729-1738. [CrossRef]

10. Teegarden, M.D.; Knobloch, T.J.; Weghorst, C.M.; Cooperstone, ].L.; Peterson, D.G. Storage conditions
modulate the metabolomic profile of a black raspberry nectar with minimal impact on bioactivity. Food Funct.
2018, 9, 4593-4601. [CrossRef]

11. Oghumu, S.; Casto, B.C.; Ahn-Jarvis, J.; Weghorst, L.C.; Maloney, J.; Geuy, P.; Horvath, K.Z.; Bollinger, C.E.;
Warner, B.M.; Summersgill, K.F; et al. Inhibition of Pro-inflammatory and Anti-apoptotic Biomarkers during
Experimental Oral Cancer Chemoprevention by Dietary Black Raspberries. Front Immunol. 2017, 8, 1325.
[CrossRef] [PubMed]


http://dx.doi.org/10.3322/caac.21387
http://www.ncbi.nlm.nih.gov/pubmed/28055103
http://www.ncbi.nlm.nih.gov/pubmed/26617944
http://dx.doi.org/10.1016/j.coms.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/30078696
http://dx.doi.org/10.1001/jamaoto.2018.0993
http://www.ncbi.nlm.nih.gov/pubmed/30027284
http://dx.doi.org/10.1016/j.joms.2011.09.040
http://www.ncbi.nlm.nih.gov/pubmed/22209101
http://dx.doi.org/10.1158/1940-6207.CAPR-15-0187
http://www.ncbi.nlm.nih.gov/pubmed/26701664
http://dx.doi.org/10.1016/j.oooo.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25457886
http://dx.doi.org/10.1016/j.foodchem.2011.11.137
http://www.ncbi.nlm.nih.gov/pubmed/29243641
http://dx.doi.org/10.3945/jn.117.251579
http://dx.doi.org/10.1039/C8FO00639C
http://dx.doi.org/10.3389/fimmu.2017.01325
http://www.ncbi.nlm.nih.gov/pubmed/29109723

Metabolites 2019, 9, 140 16 of 19

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Peiffer, D.S.; Wang, L.S.; Zimmerman, N.P,; Ransom, B.W.; Carmella, S.G.; Kuo, C.T.; Chen, ].H.; Oshima, K,;
Huang, Y.W.; Hecht, S.S.; et al. Dietary Consumption of Black Raspberries or Their Anthocyanin Constituents
Alters Innate Immune Cell Trafficking in Esophageal Cancer. Cancer Immunol. Res. 2016, 4, 72-82. [CrossRef]
[PubMed]

Mace, T.A.; King, S.A.; Ameen, Z.; Elnaggar, O.; Young, G.; Riedl, KM.; Schwartz, S.J.; Clinton, S.K,;
Knobloch, T.J.; Weghorst, C.M.; et al. Bioactive compounds or metabolites from black raspberries modulate T
lymphocyte proliferation, myeloid cell differentiation and Jak/STAT signaling. Cancer Immunol. Immunother.
2014, 63, 889-900. [CrossRef] [PubMed]

Lee, Y;Kim, ]J.; An, J.; Lee, S.; Lee, H.; Kong, H.; Song, Y.; Choi, H.R.; Kwon, J.W.; Shin, D.; et al. Restoration
of Declined Immune Responses and Hyperlipidemia by Rubus occidenalis in Diet-Induced Obese Mice.
Biomol. Ther. (Seoul) 2017, 25, 140-148. [CrossRef] [PubMed]

Mallery, S.R.; Tong, M.; Shumway, B.S.; Curran, A.E.; Larsen, PE.; Ness, G.M.; Kennedy, K.S.; Blakey, G.H.;
Kushner, G.M.; Vickers, A.M.; et al. Topical application of a mucoadhesive freeze-dried black raspberry gel
induces clinical and histologic regression and reduces loss of heterozygosity events in premalignant oral
intraepithelial lesions: Results from a multicentered, placebo-controlled clinical trial. Clin. Cancer Res. 2014,
20,1910-1924. [CrossRef] [PubMed]

Mallery, S.R.; Zwick, ].C.; Pei, P.; Tong, M.; Larsen, P.E.; Shumway, B.S.; Lu, B.; Fields, H.W.; Mumper, R.J.;
Stoner, G.D. Topical application of a bioadhesive black raspberry gel modulates gene expression and reduces
cyclooxygenase 2 protein in human premalignant oral lesions. Cancer Res. 2008, 68, 4945-4957. [CrossRef]
[PubMed]

Bazzano, M.; Laghi, L.; Zhu, C.; Magi, G.E.; Serri, E.; Spaterna, A.; Tesei, B.; Laus, F. Metabolomics of tracheal
wash samples and exhaled breath condensates in healthy horses and horses affected by equine asthma. J.
Breath Res. 2018, 12, 046015. [CrossRef]

Xu, T.; Zhou, L.; Shi, Y.; Liu, L.; Zuo, L.; Jia, Q.; Du, S.; Kang, ].; Zhang, X.; Sun, Z. Metabolomics approach in
lung tissue of septic rats and the interventional effects of Xuebijing injection using UHPLC-Q-Orbitrap-HRMS.
J. Biochem. 2018. [CrossRef]

Nwosu, Z.C.; Battello, N.; Rothley, M.; Pioronska, W.; Sitek, B.; Ebert, M.P.; Hofmann, U.; Sleeman, J.;
Wolfl, S.; Meyer, C.; et al. Liver cancer cell lines distinctly mimic the metabolic gene expression pattern of the
corresponding human tumours. J. Exp. Clin. Cancer Res. 2018, 37, 211. [CrossRef]

Wang, D.; Zhang, P.; Wang, X.; Wang, Y.; Zhou, Z.; Zhu, W. NMR- and LC-MS/MS-based urine metabolomic
investigation of the subacute effects of hexabromocyclododecane in mice. Env. Sci. Pollut. Res. Int. 2016, 23,
8500-8507. [CrossRef]

Jensen, B.C.; Parry, T.L.; Huang, W.; Ilaiwy, A.; Bain, J.R.; Muehlbauer, M.].; O’Neal, S.K.; Patterson, C.;
Johnson, G.L.; Willis, M.S. Non-Targeted Metabolomics Analysis of the Effects of Tyrosine Kinase Inhibitors
Sunitinib and Erlotinib on Heart, Muscle, Liver and Serum Metabolism In Vivo. Metabolites 2017, 7, 31.
[CrossRef] [PubMed]

Lu, X,; Solmonson, A.; Lodi, A.; Nowinski, S.M.; Sentandreu, E.; Riley, C.L.; Mills, E.M.; Tiziani, S. The
early metabolomic response of adipose tissue during acute cold exposure in mice. Sci. Rep. 2017, 7, 3455.
[CrossRef] [PubMed]

Kanojia, D.; Vaidya, M.M. 4-nitroquinoline-1-oxide induced experimental oral carcinogenesis. Oral. Oncol.
2006, 42, 655-667. [CrossRef] [PubMed]

Kresty, L.A.; Mallery, S.R.; Stoner, G.D. Black raspberries in cancer clinical trials: Past, present and future. J.
Berry Res. 2016, 6, 251-261. [CrossRef]

Ngo, H.; Tortorella, S.M.; Ververis, K.; Karagiannis, T.C. The Warburg effect: Molecular aspects and
therapeutic possibilities. Mol. Biol. Rep. 2015, 42, 825-834. [CrossRef] [PubMed]

Grimm, M.; Cetindis, M.; Lehmann, M.; Biegner, T.; Munz, A ; Teriete, P; Kraut, W.; Reinert, S. Association
of cancer metabolism-related proteins with oral carcinogenesis—Indications for chemoprevention and
metabolic sensitizing of oral squamous cell carcinoma? J. Transl. Med. 2014, 12, 208. [CrossRef]

Ha, J.; Guan, K.L.; Kim, ]. AMPK and autophagy in glucose/glycogen metabolism. Mol. Asp. Med. 2015, 46,
46-62. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]


http://dx.doi.org/10.1158/2326-6066.CIR-15-0091
http://www.ncbi.nlm.nih.gov/pubmed/26603620
http://dx.doi.org/10.1007/s00262-014-1564-5
http://www.ncbi.nlm.nih.gov/pubmed/24893859
http://dx.doi.org/10.4062/biomolther.2016.052
http://www.ncbi.nlm.nih.gov/pubmed/27737523
http://dx.doi.org/10.1158/1078-0432.CCR-13-3159
http://www.ncbi.nlm.nih.gov/pubmed/24486592
http://dx.doi.org/10.1158/0008-5472.CAN-08-0568
http://www.ncbi.nlm.nih.gov/pubmed/18559542
http://dx.doi.org/10.1088/1752-7163/aade13
http://dx.doi.org/10.1093/jb/mvy070
http://dx.doi.org/10.1186/s13046-018-0872-6
http://dx.doi.org/10.1007/s11356-015-5940-2
http://dx.doi.org/10.3390/metabo7030031
http://www.ncbi.nlm.nih.gov/pubmed/28640223
http://dx.doi.org/10.1038/s41598-017-03108-x
http://www.ncbi.nlm.nih.gov/pubmed/28615704
http://dx.doi.org/10.1016/j.oraloncology.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16448841
http://dx.doi.org/10.3233/JBR-160125
http://dx.doi.org/10.1007/s11033-014-3764-7
http://www.ncbi.nlm.nih.gov/pubmed/25253100
http://dx.doi.org/10.1186/1479-5876-12-208
http://dx.doi.org/10.1016/j.mam.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26297963
http://dx.doi.org/10.1016/j.cell.2011.02.013

Metabolites 2019, 9, 140 17 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Oghumu, S.; Knobloch, TJ.; Terrazas, C.; Varikuti, S.; Ahn-Jarvis, J.; Bollinger, C.E.; Iwenofu, H;
Weghorst, C.M.; Satoskar, A.R. Deletion of macrophage migration inhibitory factor inhibits murine oral
carcinogenesis: Potential role for chronic pro-inflammatory immune mediators. Int. ]. Cancer 2016, 139,
1379-1390. [CrossRef]

Lu, J,; Tan, M.; Cai, Q. The Warburg effect in tumor progression: Mitochondrial oxidative metabolism as an
anti-metastasis mechanism. Cancer Lett. 2015, 356, 156-164. [CrossRef]

Huang, Y.P.; Chang, N.W. Proteomic analysis of oral cancer reveals new potential therapeutic targets involved
in the Warburg effect. Clin. Exp. Pharm. Physiol. 2017, 44, 880-887. [CrossRef] [PubMed]

Mims, J.; Bansal, N.; Bharadwaj, M.S.; Chen, X.; Molina, A.J.; Tsang, A.W.; Furdui, C.M. Energy metabolism
in a matched model of radiation resistance for head and neck squamous cell cancer. Radiat. Res. 2015, 183,
291-304. [CrossRef] [PubMed]

Luo, J.; Hong, Y;; Ly, Y;; Qiu, S.; Chaganty, B.K.; Zhang, L.; Wang, X.; Li, Q.; Fan, Z. Acetyl-CoA carboxylase
rewires cancer metabolism to allow cancer cells to survive inhibition of the Warburg effect by cetuximab.
Cancer Lett. 2017, 384, 39-49. [CrossRef] [PubMed]

Du, S.; Guan, Z.; Hao, L.; Song, Y.; Wang, L.; Gong, L.; Liu, L.; Qi, X.; Hou, Z.; Shao, S. Fructose-bisphosphate
aldolase a is a potential metastasis-associated marker of lung squamous cell carcinoma and promotes lung
cell tumorigenesis and migration. PLoS ONE 2014, 9, e85804. [CrossRef] [PubMed]

Pfleiderer, G.; Thoner, M.; Wachsmuth, E.D. Histological examination of the aldolase monomer composition
of cells from human kidney and hypernephroid carcinoma. Beitr. Pathol. 1975, 156, 266-279. [CrossRef]

Ji, S.; Zhang, B; Liu, J.; Qin, Y,; Liang, C.; Shi, S.; Jin, K,; Liang, D.; Xu, W.; Xu, H.; et al. ALDOA functions as
an oncogene in the highly metastatic pancreatic cancer. Cancer Lett. 2016, 374, 127-135. [CrossRef] [PubMed]
Peng, Y.; Li, X.; Wu, M,; Yang, J.; Liu, M.; Zhang, W.; Xiang, B.; Wang, X.; Li, X;; Li, G.; et al. New prognosis
biomarkers identified by dynamic proteomic analysis of colorectal cancer. Mol. Biosyst. 2012, 8, 3077-3088.
[CrossRef] [PubMed]

Heron, P; Abellan-Flos, M.; Salmon, L.; Sygusch, J. Bisphosphonate inhibitors of mammalian glycolytic
aldolase. J. Med. Chem. 2018. [CrossRef]

Lincet, H.; Icard, P. How do glycolytic enzymes favour cancer cell proliferation by nonmetabolic functions?
Oncogene 2015, 34, 3751-3759. [CrossRef]

Chen, ].; Zhang, S.; Li, Y,; Tang, Z.; Kong, W. Hexokinase 2 overexpression promotes the proliferation and
survival of laryngeal squamous cell carcinoma. Tumour. Biol. 2014, 35, 3743-3753. [CrossRef]

Patra, K.C.; Wang, Q.; Bhaskar, P.T.; Miller, L.; Wang, Z.; Wheaton, W.; Chandel, N.; Laakso, M.; Muller, W.J.;
Allen, E.L.; et al. Hexokinase 2 is required for tumor initiation and maintenance and its systemic deletion is
therapeutic in mouse models of cancer. Cancer Cell 2013, 24, 213-228. [CrossRef] [PubMed]

Min, J.W.; Kim, K.I; Kim, H.A.; Kim, E.K.; Noh, W.C,; Jeon, H.B.; Cho, D.H.; Oh, ].S,; Park, I.C.; Hwang, S.G.;
et al. INPP4B-mediated tumor resistance is associated with modulation of glucose metabolism via hexokinase
2 regulation in laryngeal cancer cells. Biochem. Biophys. Res. Commun. 2013, 440, 137-142. [CrossRef]
[PubMed]

Kwee, S.A.; Hernandez, B.; Chan, O.; Wong, L. Choline kinase alpha and hexokinase-2 protein expression in
hepatocellular carcinoma: Association with survival. PLoS ONE 2012, 7, e46591. [CrossRef] [PubMed]
Palmieri, D.; Fitzgerald, D.; Shreeve, S.M.; Hua, E.; Bronder, J.L.; Weil, R ].; Davis, S.; Stark, A.M.; Merino, M.].;
Kurek, R; et al. Analyses of resected human brain metastases of breast cancer reveal the association between
up-regulation of hexokinase 2 and poor prognosis. Mol. Cancer. Res. 2009, 7, 1438-1445. [CrossRef] [PubMed]
Wong, N.; Ojo, D.; Yan, J.; Tang, D. PKM2 contributes to cancer metabolism. Cancer Lett. 2015, 356, 184-191.
[CrossRef] [PubMed]

Desai, S.; Ding, M.; Wang, B.; Lu, Z.; Zhao, Q.; Shaw, K.; Yung, W.K.; Weinstein, J.N.; Tan, M.; Yao, J.
Tissue-specific isoform switch and DNA hypomethylation of the pyruvate kinase PKM gene in human
cancers. Oncotarget 2014, 5, 8202-8210. [CrossRef] [PubMed]

Li, J.; Yang, Z.; Zou, Q.; Yuan, Y,; Li, J.; Liang, L.; Zeng, G.; Chen, S. PKM2 and ACVR 1C are prognostic
markers for poor prognosis of gallbladder cancer. Clin. Transl. Oncol. 2014, 16, 200-207. [CrossRef] [PubMed]
Mukherjee, J.; Phillips, J.].; Zheng, S.; Wiencke, J.; Ronen, S.M.; Pieper, R.O. Pyruvate kinase M2 expression,
but not pyruvate kinase activity, is up-regulated in a grade-specific manner in human glioma. PLoS ONE
2013, 8, €57610. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/ijc.30177
http://dx.doi.org/10.1016/j.canlet.2014.04.001
http://dx.doi.org/10.1111/1440-1681.12774
http://www.ncbi.nlm.nih.gov/pubmed/28453233
http://dx.doi.org/10.1667/RR13828.1
http://www.ncbi.nlm.nih.gov/pubmed/25738895
http://dx.doi.org/10.1016/j.canlet.2016.09.020
http://www.ncbi.nlm.nih.gov/pubmed/27693630
http://dx.doi.org/10.1371/journal.pone.0085804
http://www.ncbi.nlm.nih.gov/pubmed/24465716
http://dx.doi.org/10.1016/S0005-8165(75)80166-1
http://dx.doi.org/10.1016/j.canlet.2016.01.054
http://www.ncbi.nlm.nih.gov/pubmed/26854714
http://dx.doi.org/10.1039/c2mb25286d
http://www.ncbi.nlm.nih.gov/pubmed/22996014
http://dx.doi.org/10.1021/acs.jmedchem.8b01000
http://dx.doi.org/10.1038/onc.2014.320
http://dx.doi.org/10.1007/s13277-013-1496-2
http://dx.doi.org/10.1016/j.ccr.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23911236
http://dx.doi.org/10.1016/j.bbrc.2013.09.041
http://www.ncbi.nlm.nih.gov/pubmed/24051093
http://dx.doi.org/10.1371/journal.pone.0046591
http://www.ncbi.nlm.nih.gov/pubmed/23071593
http://dx.doi.org/10.1158/1541-7786.MCR-09-0234
http://www.ncbi.nlm.nih.gov/pubmed/19723875
http://dx.doi.org/10.1016/j.canlet.2014.01.031
http://www.ncbi.nlm.nih.gov/pubmed/24508027
http://dx.doi.org/10.18632/oncotarget.1159
http://www.ncbi.nlm.nih.gov/pubmed/24077665
http://dx.doi.org/10.1007/s12094-013-1063-8
http://www.ncbi.nlm.nih.gov/pubmed/23793810
http://dx.doi.org/10.1371/journal.pone.0057610
http://www.ncbi.nlm.nih.gov/pubmed/23451252

Metabolites 2019, 9, 140 18 of 19

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Zhang, X.; He, C.; He, C.; Chen, B; Liu, Y.; Kong, M.; Wang, C.; Lin, L.; Dong, Y.; Sheng, H. Nuclear PKM2
expression predicts poor prognosis in patients with esophageal squamous cell carcinoma. Pathol. Res. Pr.
2013, 209, 510-515. [CrossRef] [PubMed]

Li, C; Xiao, Z.; Chen, Z.; Zhang, X.; Li, J.; Wu, X,; Li, X;; Yi, H.; Li, M.; Zhu, G.; et al. Proteome analysis of
human lung squamous carcinoma. Proteomics 2006, 6, 547-558. [CrossRef] [PubMed]

Chen, G.; Gharib, T.G.; Huang, C.C.; Thomas, D.G.; Shedden, K.A; Taylor, ].M.; Kardia, S.L.; Misek, D.E.;
Giordano, T.J.; Iannettoni, M.D.; et al. Proteomic analysis of lung adenocarcinoma: Identification of a highly
expressed set of proteins in tumors. Clin. Cancer Res. 2002, 8, 2298-2305. [PubMed]

Unwin, R.D.; Craven, R.A.; Harnden, P.; Hanrahan, S.; Totty, N.; Knowles, M.; Eardley, I.; Selby, P].; Banks, R.E.
Proteomic changes in renal cancer and co-ordinate demonstration of both the glycolytic and mitochondrial
aspects of the Warburg effect. Proteomics 2003, 3, 1620-1632. [CrossRef] [PubMed]

Li, L; Li, L.; Li, W.; Chen, T,; Bin, Z.; Zhao, L.; Wang, H.; Wang, X.; Xu, L,; Liu, X,; et al. TAp73-induced
phosphofructokinase-1 transcription promotes the Warburg effect and enhances cell proliferation. Nat.
Commun. 2018, 9, 4683. [CrossRef] [PubMed]

Shen, J.; Wang, W.; Wu, J.; Feng, B.; Chen, W.; Wang, M.; Tang, J.; Wang, E; Cheng, F.; Pu, L.; et al. Comparative
proteomic profiling of human bile reveals SSP411 as a novel biomarker of cholangiocarcinoma. PLoS ONE
2012, 7, e47476. [CrossRef] [PubMed]

Ren, F; Wu, H; Lei, Y,; Zhang, H.; Liu, R.; Zhao, Y.; Chen, X.; Zeng, D.; Tong, A.; Chen, L.; et al. Quantitative
proteomics identification of phosphoglycerate mutase 1 as a novel therapeutic target in hepatocellular
carcinoma. Mol. Cancer 2010, 9, 81. [CrossRef] [PubMed]

Viano, D.C,; Lau, I.V;; Asbury, C.; King, A.L; Begeman, P. Biomechanics of the human chest, abdomen, and
pelvis in lateral impact. Accid. Anal. Prev. 1989, 21, 553-574. [CrossRef]

Tsai, S.C.; Tsai, M.H.; Chiu, C.F,; Lu, C.C.; Kuo, S.C.; Chang, N.W,; Yang, ].S5. AMPK-dependent signaling
modulates the suppression of invasion and migration by fenofibrate in CAL 27 oral cancer cells through
NF-kappaB pathway. Environ. Toxicol. 2016, 31, 866-876. [CrossRef]

Han, F; Li, C.F,; Cai, Z,; Zhang, X.; Jin, G.; Zhang, W.N.; Xu, C.; Wang, C.Y.; Morrow, J.; Zhang, S.; et al.
The critical role of AMPK in driving Akt activation under stress, tumorigenesis and drug resistance. Nat.
Commun. 2018, 9, 4728. [CrossRef]

Eichner, L.].; Brun, S.N.; Herzig, S.; Young, N.P; Curtis, S.D.; Shackelford, D.B.; Shokhirev, M.N.; Leblanc, M.;
Vera, L.I; Hutchins, A ; et al. Genetic Analysis Reveals AMPK Is Required to Support Tumor Growth in
Murine Kras-Dependent Lung Cancer Models. Cell Metab. 2018. [CrossRef]

Monteverde, T.; Muthalagu, N.; Port, J.; Murphy, D.J. Evidence of cancer-promoting roles for AMPK and
related kinases. FEBS |. 2015, 282, 4658-4671. [CrossRef]

Faubert, B.; Vincent, E.E.; Poffenberger, M.C.; Jones, R.G. The AMP-activated protein kinase (AMPK) and
cancer: Many faces of a metabolic regulator. Cancer Lett. 2015, 356, 165-170. [CrossRef] [PubMed]

Hardie, D.G. Molecular Pathways: Is AMPK a Friend or a Foe in Cancer? Clin. Cancer Res. 2015, 21,
3836-3840. [CrossRef] [PubMed]

Li, X.; Lu, Y,; Lu, H.; Luo, J.; Hong, Y.; Fan, Z. AMPK-mediated energy homeostasis and associated metabolic
effects on cancer cell response and resistance to cetuximab. Oncotarget 2015, 6, 11507-11518. [CrossRef]
Wu, Y,; Sarkissyan, M.; McGhee, E.; Lee, S.; Vadgama, J.V. Combined inhibition of glycolysis and AMPK
induces synergistic breast cancer cell killing. Breast Cancer Res. Treat. 2015, 151, 529-539. [CrossRef]
[PubMed]

Shi, N.; Chen, F,; Zhang, X.; Clinton, S.K.; Tang, X.; Sun, Z.; Chen, T. Suppression of Oxidative Stress and
NFkappaB/MAPK Signaling by Lyophilized Black Raspberries for Esophageal Cancer Prevention in Rats.
Nutrients 2017, 9, 413. [CrossRef] [PubMed]

Arun, P; Brown, M.S,; Ehsanian, R.; Chen, Z.; Van Waes, C. Nuclear NF-kappaB p65 phosphorylation at
serine 276 by protein kinase A contributes to the malignant phenotype of head and neck cancer. Clin. Cancer
Res. 2009, 15, 5974-5984. [CrossRef] [PubMed]

Qu, C.F; Shang, D.H.; Qi, Z.Z.; Sun, C.F. The expression and activity of protein kinase A I in oral squamous
cell carcinoma. Shanghai Kou Qiang Yi Xue 2006, 15, 58—62. [PubMed]

Hussain, M,; Tang, E; Liu, J.; Zhang, J.; Javeed, A. Dichotomous role of protein kinase A type I (PKAI) in the
tumor microenvironment: A potential target for “two-in-one” cancer chemoimmunotherapeutics. Cancer Lett.
2015, 369, 9-19. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.prp.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23880164
http://dx.doi.org/10.1002/pmic.200500256
http://www.ncbi.nlm.nih.gov/pubmed/16342241
http://www.ncbi.nlm.nih.gov/pubmed/12114434
http://dx.doi.org/10.1002/pmic.200300464
http://www.ncbi.nlm.nih.gov/pubmed/12923786
http://dx.doi.org/10.1038/s41467-018-07127-8
http://www.ncbi.nlm.nih.gov/pubmed/30409970
http://dx.doi.org/10.1371/journal.pone.0047476
http://www.ncbi.nlm.nih.gov/pubmed/23118872
http://dx.doi.org/10.1186/1476-4598-9-81
http://www.ncbi.nlm.nih.gov/pubmed/20403181
http://dx.doi.org/10.1016/0001-4575(89)90070-5
http://dx.doi.org/10.1002/tox.22097
http://dx.doi.org/10.1038/s41467-018-07188-9
http://dx.doi.org/10.1016/j.cmet.2018.10.005
http://dx.doi.org/10.1111/febs.13534
http://dx.doi.org/10.1016/j.canlet.2014.01.018
http://www.ncbi.nlm.nih.gov/pubmed/24486219
http://dx.doi.org/10.1158/1078-0432.CCR-14-3300
http://www.ncbi.nlm.nih.gov/pubmed/26152739
http://dx.doi.org/10.18632/oncotarget.3432
http://dx.doi.org/10.1007/s10549-015-3386-3
http://www.ncbi.nlm.nih.gov/pubmed/25975952
http://dx.doi.org/10.3390/nu9040413
http://www.ncbi.nlm.nih.gov/pubmed/28441719
http://dx.doi.org/10.1158/1078-0432.CCR-09-1352
http://www.ncbi.nlm.nih.gov/pubmed/19789307
http://www.ncbi.nlm.nih.gov/pubmed/16525611
http://dx.doi.org/10.1016/j.canlet.2015.07.047
http://www.ncbi.nlm.nih.gov/pubmed/26276720

Metabolites 2019, 9, 140 19 of 19

69.

70.

71.

72.

73.

74.

75.

Lu, H,; Li, J.; Zhang, D.; Stoner, G.D.; Huang, C. Molecular mechanisms involved in chemoprevention of
black raspberry extracts: From transcription factors to their target genes. Nutr. Cancer 2006, 54, 69-78.
[CrossRef] [PubMed]

Kartha, VK.; Alamoud, K.A.; Sadykov, K.; Nguyen, B.C.; Laroche, F; Feng, H.; Lee, J.; Pai, S.I.; Varelas, X,;
Egloff, A.M.; et al. Functional and genomic analyses reveal therapeutic potential of targeting beta-catenin/CBP
activity in head and neck cancer. Genome Med. 2018, 10, 54. [CrossRef] [PubMed]

Garcia-Murillas, I; Sharpe, R.; Pearson, A.; Campbell, J.; Natrajan, R.; Ashworth, A.; Turner, N.C. An siRNA
screen identifies the GNAS locus as a driver in 20q amplified breast cancer. Oncogene 2014, 33, 2478-2486.
[CrossRef] [PubMed]

Wang, P.; Deng, Y.; Fu, X. MiR-509-5p suppresses the proliferation, migration, and invasion of non-small cell
lung cancer by targeting YWHAG. Biochem. Biophys. Res. Commun. 2017, 482, 935-941. [CrossRef] [PubMed]
Delaglio, F,; Grzesiek, S.; Vuister, G.W.; Zhu, G.; Pfeifer, J.; Bax, A. NMRPipe: A multidimensional spectral
processing system based on UNIX pipes. J. Biormol. NMR 1995, 6, 277-293. [CrossRef] [PubMed]

Bingol, K.; Li, D.W.; Zhang, B.; Bruschweiler, R. Comprehensive Metabolite Identification Strategy Using
Multiple Two-Dimensional NMR Spectra of a Complex Mixture Implemented in the COLMARm Web Server.
Anal. Chem. 2016, 88, 12411-12418. [CrossRef]

Bingol, K.; Li, D.W,; Bruschweiler-Li, L.; Cabrera, O.A.; Megraw, T.; Zhang, F.; Bruschweiler, R. Unified and
isomer-specific NMR metabolomics database for the accurate analysis of (13)C-(1)H HSQC spectra. ACS
Chem. Biol. 2015, 10, 452-459. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1207/s15327914nc5401_8
http://www.ncbi.nlm.nih.gov/pubmed/16800774
http://dx.doi.org/10.1186/s13073-018-0569-7
http://www.ncbi.nlm.nih.gov/pubmed/30029671
http://dx.doi.org/10.1038/onc.2013.202
http://www.ncbi.nlm.nih.gov/pubmed/23752180
http://dx.doi.org/10.1016/j.bbrc.2016.11.136
http://www.ncbi.nlm.nih.gov/pubmed/27894843
http://dx.doi.org/10.1007/BF00197809
http://www.ncbi.nlm.nih.gov/pubmed/8520220
http://dx.doi.org/10.1021/acs.analchem.6b03724
http://dx.doi.org/10.1021/cb5006382
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	BRBs Modulate the Metabolic Profile of Oral Cancer Induced Rats 
	Modulation of Global Transcriptional Profiles during Oral Cancer Chemoprevention by BRBs 
	Modulation of the Glycolytic Pathway by BRB during Experimental Oral Carcinogenesis 
	BRB Downregulates Protein Kinase A and AMP-Activated Protein Kinase Signaling Pathways 

	Discussion 
	Materials and Methods 
	Animals 
	Chemicals 
	Experimental Oral Carcinogenesis 
	RNA Sequencing Analysis 
	Reverse Transcription Quantitative PCR 
	Liquid Chromatography-Mass Spectrometry 
	Nuclear Magnetic Resonance 
	Metabolite Data Extraction and Compound Identification 
	Metabolite Data Extraction, Statistical Analysis and Compound Identification 
	Metabolic Pathway Analysis 
	Ingenuity Pathway Analysis 
	RNA Statistical Analysis 

	References

