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Editorial
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Anti-Cancer Therapies
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Oncology research has received considerable attention in recent years due to the
increasing prevalence of cancer in human and animal populations worldwide. The similari-
ties between neoplastic diseases that affect both species have been identified in terms of
etiopathogenesis, serum and immunohistochemical biomarkers, and gene expression, as
well as their response to antineoplastic drugs, for example. Therefore, several translational
and comparative studies are described in the literature, placing cancer in a one health
perspective and simultaneously improving the anti-cancer therapies provided in human
and veterinary oncology. In this Special Issue, eleven studies with relevant scientific
information regarding innovative anti-cancer therapies were included in the context of
comparative oncology.

This Special Issue starts with an original study in which the influence of folic acid
was investigated in the genetic and epigenetic regulation of two colorectal cancer cell lines
(HT-29 and SW480) [1]. Zsigrai et al. [1] showed that the short-term folic acid supplemen-
tation affected HT-29 cell proliferation, viability, and genomic stability, although similar
findings were not found in the SW480 cell line. Moreover, gene downregulation and upreg-
ulation were identified in both cell lines, contributing to new information about the effect
of this vitamin in different human colorectal cancer cell lines. Moving from a nutritional
supplement to a cytotoxic drug, Ferrari et al. [2] first described the use of Bleosome, a
new compound consisting of ultra-deformable liposomes with encapsulated bleomycin
for topical administration, evaluating its ability to penetrate ex vivo skin explants from
dogs and horses. The authors showed that Bleosome was able to penetrate the skin and
release bleomycin into deeper epidermal layers, which could represent a more effective
and safer anti-cancer therapy for non-melanoma skin cancer compared to the conventional
systemic treatments.

In the context of comparative oncology, canine mammary gland neoplasia is commonly
used as a translational study model for breast cancer in women due to its complex nature
and biological behavior. In order to find potential prognostic biomarkers, a proteomic
mass spectrometry imaging technique was performed by Cordeiro et al. [3] in mammary
tumors surgically removed from dogs diagnosed with metastatic neoplastic disease. The
authors associated the malignant tumor phenotype with alterations in the expression
of five proteins: Fibronectin type III domain containing 1 protein (FNDC1), Alpha-1B-
glycoprotein (A1BG), calnexin (CANX), heat-shock protein family A member 5 (HSPA5),
and protein disulfide isomerase family A member 3 (PDIA3). Based on these findings,
it was suggested that these five key proteins could be potential prognostic biomarkers
for this type of cancer, but further investigation and validation are still required. In
turn, Colombo et al. [4] showed the effectiveness of liquid biopsy as a diagnostic and
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prognostic tool for both women and female dogs diagnosed with breast cancer through the
identification of several specific genetic mutations in the respective neoplastic fragments.

Head and neck squamous cell carcinoma (HNSCC) was also addressed in this Special
Issue as Da Silva et al. [5] described a novel matriptase-dependent proteolytic pathway as-
sociated with the activation of the protease-activated receptor 3 (PAR-2) by the Kallikrein 5
(KLK5), which represents a modulatory mechanism of potential clinical interest in the
carcinogenesis of this cell type. Moreover, as the authors identified an inhibitory action
of the serine protease inhibitor lymphoepithelial Kazal-type-related inhibitor (LEKTI) on
KLK5, it is expected that these results motivate the investigation of new and related targeted
therapies in these tumors. Still focusing on HNSCC, Piotrowski et al. [6] added relevant
diagnostic information, describing the potential clinical interest of microRNAs expression
in differentiating between tumor and healthy tissues. In addition, the authors reported an
association between this expression and the patient outcome, suggesting the potential use
of these biomarkers as predictors of survival.

Regarding innovative anti-cancer therapies, Kung et al. [7] showed the anti-cancer
effect of piperlongumine, an amide alkaloid, in human thyroid cancer mainly due to its
ability to inhibit cell proliferation and to promote apoptosis by generating reactive oxygen
species. As this study was performed in vitro and in vivo, its potential applicability as an
effective and safe anti-cancer therapy in humans is very promising. In dogs, Voges et al. [8]
reported the effectiveness of weekly intratumoral doses of polyinosinic-polycytidylic acid-
poly-l-lysine carboxymethylcellulose (poly-ICLC) in a clinical study with advanced and
unresectable canine tumors for the first time. This anticancer therapy improved the qualities
of life of these dogs and was considered locally effective and well tolerated, with only mild
adverse effects being described.

At the end, the readers will find three comprehensive review papers that contribute up-
to-date evidence on different topics associated with translational and comparative oncology
research. In the first one, Torres-Juárez et al. [9] addressed the neurobiology of cancer, the
impact of the nervous system in carcinogenesis events, and the influence of this interaction
on anti-cancer approaches. Secondly, Romualdo et al. [10] described the main in vivo
and in vitro models of hepatocellular carcinoma, regarding their respective advantages,
disadvantages, and applications. Finally, Wawruszak et al. [11] explored the impact of the
single or combined use of valproic acid, a short-chain fatty acid, in the treatment of breast
cancer, through the information available in the peer-reviewed literature.

In conclusion, we believe that this Special Issue of Cancers contributes with high-quality
scientific evidence through novel data from preclinical and clinical studies performed in
humans and/or animals. Thus, we hope that this set of articles will increase readers’
knowledge within the scope of comparative and translational oncology and that it will
encourage further research into these innovative anti-cancer therapies.

Conflicts of Interest: The authors declare no conflict of interest.
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Simple Summary: Folic acid (FA) participates in DNA synthesis and in DNA methylation; hence,
it has a dual role in established neoplasms. We aimed to observe this phenomenon on FA-treated
colorectal cancer cell lines (HT-29, SW480). Our results demonstrated that the maintenance processes,
namely cell proliferation, cell viability, and DNA repair, were altered in HT-29 cells for short-term FA
supplementation, while genetic and epigenetic regulations of SW480 cells were also affected. Despite
the fact that FA is a precursor molecule in methyl donor formation, DNA methylation alterations
were observed in both directions, primarily influencing the pathways of carcinogenesis. Moreover,
behind the great number of differentially expressed genes, other FA-related effects than promoter
methylation were suspected. All of our results point beyond the attributes related to FA so far.
The different response of the two cell lines is worth considering in clinical practice to facilitate the
effectiveness of therapy in the case of tumor heterogeneity.

Abstract: Folic acid (FA) is a synthetic form of vitamin B9, generally used as a nutritional supplement
and an adjunctive medication in cancer therapy. FA is involved in genetic and epigenetic regulation;
therefore, it has a dual modulatory role in established neoplasms. We aimed to investigate the effect
of short-term (72 h) FA supplementation on colorectal cancer; hence, HT-29 and SW480 cells were
exposed to different FA concentrations (0, 100, 10,000 ng/mL). HT-29 cell proliferation and viability
levels elevated after 100 ng/mL but decreased for 10,000 ng/mL FA. Additionally, a significant
(p ≤ 0.05) improvement of genomic stability was detected in HT-29 cells with micronucleus scoring
and comet assay. Conversely, the FA treatment did not alter these parameters in SW480 samples.
RRBS results highlighted that DNA methylation changes were bidirectional in both cells, mainly
affecting carcinogenesis-related pathways. Based on the microarray analysis, promoter methylation
status was in accordance with FA-induced expression alterations of 27 genes. Our study demonstrates
that the FA effect was highly dependent on the cell type, which can be attributed to the distinct
molecular background and the different expression of proliferation- and DNA-repair-associated
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genes (YWHAZ, HES1, STAT3, CCL2). Moreover, new aspects of FA-regulated DNA methylation and
consecutive gene expression were revealed.

Keywords: colorectal cancer; folic acid; genomic stability; DNA methylation; gene expression

1. Introduction

Folate, also known as vitamin B9, is mainly found in green leafy vegetables [1]. Its
synthetic form, called folic acid (FA), is more stable chemically and has higher bioavailability
than food folates [2]. FA is often used commercially in nutritional supplements and fortified
products [3].

Folate mediates the transfer of one-carbon units for nucleotide synthesis and also for
the formation of S-adenosylmethionine (SAM), the main methyl donor molecule responsible
for most of the methylation reactions, including that of DNA [1]. Based on these facts,
folate is involved in both genetic and epigenetic regulations, thereby being essential for
normal cell growth and development [1]. Due to the dual modulatory effect, its role
in carcinogenesis is still controversial [4], but it is becoming increasingly evident that
the timing of folate supplementation is crucial [2]. Before neoplastic transformation, the
FA treatment seems to be beneficial [4] because of its protective role against nucleotide
imbalance, as well as the resulting DNA synthesis and repair defects [5]. In addition,
FA supplementation in normal tissues can prevent global DNA hypomethylation, which
is considered the hallmark of cancer by causing genomic instability [1,4]. On the other
hand, in pre-existing neoplastic cells—where DNA replication is accelerated—folate has
a conducive effect, since it serves as the precursor of nucleotides [2]; moreover, it may
silence tumor suppressor genes by methylating their promoter region [1,6]. However, folate
deficiency has the exact opposite impact to that mentioned before, both on healthy and on
cancerous tissues [1]. Besides timing, the applied FA dose also has significance for tumor
progression, as evidenced by numerous in vivo and in vitro experiments [7–12].

The colonic epithelium is considered to have one of the highest proliferation rates
in the human body [13], and as such, it has a huge folate demand [14]. This tissue is
greatly involved in tumor transformation caused by folate deficiency. As a result, the role
of vitamin B9 in carcinogenesis has been intensively studied in colorectal cancer (CRC) [15].
Nevertheless, drugs interfering with folate metabolism, such as 5-fluorouracil (5-FU), are
generally used in CRC treatment [16]. Chemotherapeutic regimens, such as FOLFIRI or
FOLFOX, include a folate derivate, namely leucovorin, to increase the effect of 5-FU [17].

The main goal of our study was to observe the independent effect of FA on an already
developed tumor by focusing on the processes in which FA has previously been reported to
be involved. Hence, we investigated genetic and epigenetic regulation with transcriptome
and methylome analyses, as well as the consequent maintenance mechanisms necessary for
tumor growth and development, namely cell proliferation, cell viability, and DNA repair.
To model the conditions of an FA-depleted diet and an adequate FA intake [8], we either
exposed CRC cells to an FA-free environment (0 ng/mL) or treated them with 100 ng/mL
FA. Additionally, we were interested in the beneficial or even adverse effects of extremely
high FA doses on the cell lines; therefore, supraphysiological concentrations (10,000 ng/mL)
were applied as well.

Since the majority of CRCs have arisen through the chromosomal instability (CIN)
pathway [18], we used two CRC cell lines, namely HT-29 and SW480, representing this
phenotype. Besides the similarity of CIN status, principal differences exist in respect of
their molecular features, which made these cell lines suitable subjects for analyzing the de-
pendency of the FA act on the genetic and epigenetic background. Among others, according
to the consensus molecular subtype (CMS) and CpG island methylator phenotype (CIMP)
classification systems, HT-29 is considered as a CMS3 (metabolic) and CIMP+, while SW480
is a CMS4 (mesenchymal) and CIMP- cell line [19–21]. Additionally, based on our previous
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whole-exome sequencing (WES) analysis [22], differences of driver mutations (HT-29: BRAF,
SW480: KRAS), as well as altering mutation profiles of methylenetetrahydrofolate reductase
(MTHFR), a key mediator gene involved in the folate cycle, were identified [22–24]. The
latter can be accounted for approximately 50% and 70% reduction in the MTHFR activity
in HT-29 and SW480 cells, respectively, thereby greatly influencing the bioavailability of
the applied FA [25,26].

2. Materials and Methods

2.1. Cell Cultures

HT-29 (ATCC HTB-39) and SW480 (ATCC CCL-228) human colon adenocarcinoma cell
lines were cultured in RPMI 1640 medium (LM-R1641, Biosera, Ringmer, UK) containing
10% fetal bovine serum (Biosera), 80 mg/2 mL gentamycin (Sandoz GmbH, Kundl, Austria),
and 2 mM L-glutamine (Biosera). Cells were maintained at 37 ◦C in a 5% CO2 humidified
atmosphere.

Prior to FA treatment, 1.25 × 105 cells were seeded in triplicate in each well of a 6-well
plate (Sarstedt, Nümbrecht, Germany) and incubated for 24 h in 2.5 mL growth media.
For proliferation and viability assays, 96-well plates (Sarstedt) were used, and cells were
seeded with a density of 3 × 103 cells/well in 100 μL media.

Following the 72 h long incubation period, washing with 1× phosphate-buffered
saline (PBS) was performed 3 times, and the culture media were changed to FA-free
RPMI 1640 (LM-R1642, Biosera). FA-depleted cells (HT-290, SW4800) were kept in this
type of media without any additional substances. Chronic supplementation can provide
approximately 100 ng/mL FA concentration in human blood serum [8], and we determined
the supraphysiological dose as 100 times this value; therefore, 100 ng/mL (HT-29100,
SW480100) and 10,000 ng/mL (HT-2910,000, SW48010,000) FA concentrations were applied.
According to the manufacturer’s instruction, FA (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in 1M NaOH before it was added to the medium. After 72 h, cells were
harvested with TrypLE Express (Thermo Fisher Scientific, Carlsbad, CA, USA), then they
were counted to monitor cell proliferation. Trypan blue dye exclusion technique was
applied to monitor cell viability. Treatment with only 1 M NaOH was also carried out in the
same amount used in the case of FA supplementation to detect its individual effect on the
cells. The results of control samples were subtracted from those treated with FA in order to
optimize the final values. The raw data of Figures 1, 2 and 3a,b can be found in Table S1.

2.2. Cell Viability and Proliferation Analysis with alamarBlue and Sulforhodamine B Assays

Cell viability was measured with alamarBlue. The obtained results refer to the activity
of the electron transport chain; hence, it is a so-called indicator of cell health. Furthermore,
Sulforhodamine B (SRB) assay was used for cell proliferation detection, as it can estimate
the protein mass of cultured cells.

AlamarBlue (Thermo Fisher Scientific) was added to the wells 4 h prior to the 72 h
long incubation period. Next, the fluorescence was measured in the 570–590 nm range for
cell viability detection using a fluorimeter (Fluoroskan Ascent FL Microplate Fluorometer
and Luminometer, Thermo Fisher Scientific).

Following the measurement, we carried out Sulforhodamine B assay on the same
plate to detect cell proliferation changes. First, cells were fixed using trichloroacetic acid
for 1 h at 4 ◦C, then washed with tap water. Dyeing was performed with 50 μL 0.4% m/v
sulforhodamine B solution for 15 min at room temperature (RT), and the unbound dye
was removed with 1% v/v acetic acid. After air drying, 150 μL of 10 mM, unbuffered tris
base was added to the wells, and the samples were shaken thoroughly. Finally, absorbance
was measured with a microplate reader at 570 nm wavelength using Transmit software
(Multiskan MCC 355, Thermo Fisher Scientific). The percentage of cell viability and cell
proliferation was compared to the samples kept in the RPMI 1640 growth media. One-way
ANOVA, followed by Tukey’s multiple comparisons test, was applied to assess statistical
significances (p ≤ 0.05) using Prism 8.0.2 software (GraphPad, San Diego, CA, USA).
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2.3. Cell Cycle Analysis with Flow Cytometry

After harvesting around 1 × 106 HT-29 and SW480 cells, 1× PBS washing was per-
formed, and cells were fixed by keeping them at −20 ◦C in 70% ethanol overnight. The
next day, the samples were centrifuged, and the pellets were resuspended with 1× PBS.
Following RNase (Thermo Fisher Scientific) treatment for 15 min, 2 μL propidium iodide
(2 mg/mL) (Sigma-Aldrich) was added to the samples. FACSCalibur bench-top flow cy-
tometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and CellQuest Pro
software (Becton, Dickinson and Company) were used to measure the samples and analyze
the results. Statistical significances (p ≤ 0.05) were assessed by two-way ANOVA followed
by Tukey’s multiple comparisons tests using Prism 8.0.2 software (GraphPad).

2.4. Genomic Stability Detection with Micronucleus Scoring

Micronucleus scoring was applied to detect the level of genetic damage via the anal-
ysis of chromosomes or their fragments that lagged behind during cell division. HT-29
and SW480 cells were grown on glass coverslips, placed into 6-well plates, as described
before by Valcz et al. [27], and, following a 24 h long incubation period, we performed
the FA treatment. Cells were fixed with 10% buffered formalin for 10 min at 4 ◦C, and
permeabilization was carried out with 0.2% Triton-X-100 for another 10 min at RT. Anti-γ-
H2AX antibody (ab26350, Abcam, Cambridge, UK) (1 h; 1:150 dilution; RT; anti-mouse)
labeled with Alexa 488 (Invitrogen, Carlsbad, CA, USA) (30 min; 1:200 dilution; RT) was
used for γ-H2AX detection in the micronuclei. Cell nuclei and micronuclei were stained
with DAPI staining (Thermo Fisher Scientific) (5 min; 1:1000 dilution; RT). Washing with
1× PBS was performed 3 times between each step of the immunostaining. Slides were
digitized in 21 Z-axial confocal layers of 0.4 μm focus steps using Pannoramic Confocal
scanner (3DHISTECH Ltd., Budapest, Hungary), and an area containing at least 4000 cells
per sample was analyzed. CellQuant tool of CaseViewer software (3DHISTECH) was
applied to count micronucleus (MN) numbers and to obtain the percentage of cells with
MN. The range within the MN number was detected was in line with the data of previous
studies [28,29]. Frequently detected chromatin-containing nuclear blebs, which were not ev-
idently separated from the nuclei, were excluded from the analysis. Statistical significances
(p ≤ 0.05) were evaluated by one-way ANOVA followed by Tukey’s multiple comparisons
test using Prism 8.0.2 software (GraphPad).

2.5. Genomic Stability Detection with Comet Assay

Comet assay was used for the detection of DNA strand breaks, since free DNA
segments have increased migration speed during electrophoresis. At the end of the 72 h
long FA treatment period, we removed the cells from the bottom of the plate with a rubber
policeman, then washed the samples with Dulbecco’s PBS (Sigma-Aldrich). The Comet
Assay Kit (Abcam) was applied according to the manufacturer’s protocol with a minor
modification: original slides were replaced with agarose-coated Superfrost Ultra Plus
slides (Thermo Fisher Scientific). Single-cell electrophoresis was performed in alkaline
electrophoresis solution at 150 mA for 45 min. Vista Green Dye (Abcam) was used to stain
the DNA. Comets were captured by an AxioCam camera (Carl Zeiss AG, Oberkochen,
Germany) attached to a fluorescence microscope (Carl Zeiss AG). At least 50 cells/sample
were analyzed using Comet Score software, and tail DNA% was defined as the ratio of tail
DNA and cell DNA length. Statistical analyses were carried out using Prism 8.0.2 software
(GraphPad), and significances (p ≤ 0.05) were assessed by one-way ANOVA test followed
by Tukey’s multiple comparisons test.

2.6. DNA Methylation Analysis with LINE-1 Pyrosequencing

DNA isolation was performed with High Pure PCR Template Preparation Kit (Roche,
Mannheim, Germany). Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific) was used
on Qubit 1.0 fluorometer (Thermo Fisher Scientific) for measuring the concentration of the
extracted DNA; then, samples were stored at −20 ◦C for later analyses. Bisulfite conversion
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of 100 ng DNA was performed with EZ DNA Methylation-Direct Kit (Zymo Research,
Orange, FL, USA). PyroMark PCR Kit (Qiagen, Hilden, Germany) was used to amplify a 146-
basepair-long region of long interspersed nuclear element 1 (LINE-1) retrotransposon, and
the PCR product was visualized with gel electrophoresis using 2% agarose gel. According to
the instructions of PyroMark Q24 CpG LINE-1 Handbook (Qiagen), samples were prepared
for pyrosequencing on a PyroMark Q24 Vacuum Workstation (Qiagen). Pyrosequencing
was performed by PyroMark Q24 System (Qiagen), and LINE-1 methylation level was
quantified with PyroMark Q24 Software (Qiagen). The mean methylation level of three
LINE-1 CpG (cytosines followed by guanine residues) sites was interpreted as the global
DNA methylation level of the given sample. Two-way ANOVA followed by Tukey’s
multiple comparisons test was applied to determine statistical significances (p ≤ 0.05) using
Prism 8.0.2 software (GraphPad).

2.7. DNA Methylation Analysis with Reduced Representation Bisulfite Sequencing

The isolated DNA from HT-29 and SW80 cells kept in 0 and 10,000 ng/mL FA-
containing media was used for genome-wide methylation profile analysis with Premium
Reduced Representation Bisulfite Sequencing (RRBS) Kit (Diagenode Diagnostics, Seraing,
Belgium). After enzymatic digestion, ends preparation, adaptor ligation, and size selection,
the samples were quantified with qPCR. Based on their Ct value, 2 pools were created.
Following the bisulfite conversion and amplification steps, DNA was quantified with Qubit
1.0 Fluorometer using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific). Then, quality
control was performed with Agilent 2100 Bioanalyzer using Agilent High Sensitivity DNA
Kit (Agilent Technologies, Santa Clara, USA). The samples were prepared according to
the Next Seq System Denature and Dilute Libraries Guide (Illumina, San Diego, USA),
then transferred to NextSeq 500/550 High Output Sequencing kit v2 (75 cycles) (Illumina).
Finally, we used NextSeq 500 instrument (Illumina) for sequencing. Sequencing data were
assembled into single FASTQ files by merging the results of different sequencing lanes. As
a quality assessment step, fastQC [30] was run on all resulting FASTQ files. Adapter and
quality trimming was performed with Trim Galore, with default settings optimized for
Bisulfite-Seq files. Prior to alignment, the hg38 version of the human reference genome
was bisulfite converted in silico and indexed using the Bismark software [31]. Alignment
and methylation calling were performed by the same software with default parameter
values. The lists of differentially methylated sites (DMSs), along with CpG content and
coverage histograms in sample pairs, were obtained with the methylKit R package [32].
The default “SLIM” method was used for multiple testing correction. The list of potential
DMSs was filtered out if either the methylation difference between the two compared
samples was below 15%, or the q-value of the comparison was above 0.05. Annotation
of DMSs was performed using the appropriate annotation databases downloaded from
the UCSC Genome Browser website [33]. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was performed using The Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8 tool [34]. The top 10 KEGG pathways
significantly (p ≤ 0.05) enriched for DMSs in both cell lines were determined and later
illustrated with heatmaps.

2.8. Whole Genomic Expression Analysis with Microarray

HT-29 and SW480 cells kept in the FA-free medium or treated with 10,000 ng/mL
folate were involved in this evaluation. Harvested cells were washed with 1× PBS; then,
following a centrifugation step, pellets were resuspended with 350 μL RLT buffer containing
β-mercaptoethanol. Total RNA was purified with RNeasy Mini Kit (Qiagen), and isolated
RNA concentration was measured with Qubit 1.0 fluorometer using RNA HS Assay Kit
(Thermo Fisher Scientific). Agilent 6000 Pico Assay Kit on Agilent 2100 Bioanalyzer system
(Agilent Technologies) was used for determining the integrity of RNA. Samples with
a higher RNA integrity number (RIN) than 8 were applied for further analysis. Using
GeneChip WT PLUS Reagent Kit (Thermo Fisher Scientific), amplification, quantification,
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fragmentation, and terminal labeling were performed, followed by target hybridization to
HTA 2.0 microarray (Human Transcriptome Array 2.0, Affymetrix, Santa Clara, CA, USA)
according to the manufacturer’s instructions. Washing, staining, and scanning steps were
performed as previously described by Kalmar et al. [35].

The signal space transformation–robust multi-array average (SST-RMA) algorithm
was applied for background subtraction, normalization, and signal summarization. Gene
expression alterations were evaluated using Transcriptome Analysis Console 4.0 (TAC 4.0,
Affymetrix) software. Transcript IDs showing significant alterations (p ≤ 0.05) with a fold
change (FC) equal or greater than 1.5 and equal or lower than −1.5 were annotated with
Ensembl Genome Browser BioMart and used for further analyses. We obtained the normal-
ized log2 values from the TAC 4.0 software, and with the use of the “prcomp” package of
R, we performed principal component analysis (PCA). Protein–protein interaction (PPI)
networks of differentially expressed genes were built with the StringApp of Cytoscape
software. Color coding was applied for indicating the expression level of the genes (dark
blue: FC ≤ −2, light blue: FC ≥ −2 and ≤ −1.5, light red: FC ≥ 1.5 and ≤ 2, dark red:
FC ≥ 2). Top 10 genes showing significant (p ≤ 0.05) up- and downregulation, as well as
genes with a promoter methylation status alteration in accordance with their expression
level (p ≤ 0.05 and fold change ≥ |1.5|), were visualized with volcano plots using TAC
4.0. Finally, Protein Analysis Through Evolutionary Relationships 16.0 classification sys-
tem (PANTHER 16.0) was applied for determining the molecular pathways in which the
affected genes were involved.

3. Results

3.1. Effect of Folic Acid Treatment on Cell Proliferation, Cell Viability, and Cell Cycle

As a first step, we examined the results of FA treatment on the proliferation of two
CRC cell lines using SRB assay (Figure 1a). In HT-29 cells, the highest proliferation rate
was detected following 100 ng/mL FA supplementation (HT-29100: 128.43 ± 24.94%).
Meanwhile, FA depletion (HT-290: 101.25 ± 13.53%) and 10,000 ng/mL FA concentration
(HT-2910,000: 86.06 ± 20.75%) caused significant (p ≤ 0.05) reduction compared to this value.
By contrast, remarkable alterations were not observed in SW480 cell line for different FA
supplies (SW4800: 90.96 ± 9.72%, SW480100: 88.75 ± 2.69%, SW48010,000: 84.15 ± 10.67%).

The tendency of cell viability was analogous to the results detected during cell pro-
liferation analyses (Figure 1b). In HT-29 cells, the values were decreased in the case
of FA depletion (HT-290: 91.57 ± 13.27%) and also for supraphysiological (HT-2910,000:
64.06 ± 20.24%) treatment compared to 100 ng/mL FA level (HT-29100: 115.81 ± 30.88%).
However, in SW480 cells, the viability was around 90%, independent of the applied FA
dose (SW4800: 90.22 ± 9.55%, SW480100: 90.05 ± 5.03%, SW48010,000: 89.72 ± 11.22%).

In order to examine how FA treatment affects the cell cycle, fluorescence-activated
cell sorting (FACS) measurement was performed. The proportion of cells in the different
cell cycle phases was specific to the given cell type, with a G0/1 phase dominance in
HT-29 and an S phase dominance in SW480 cells. Interestingly, it was not affected by
any treatment conditions (an average of all HT-29 samples: 62.51 ± 4.76% in the G0/G1,
17.90 ± 4.32% in the G2/M, and 19.59 ± 2.12% in the S phase; an average of all SW480
samples: 41.31 ± 1.60% in the G0/G1, 0.81 ± 0.66% in the G2/M, and 57.88 ± 1.59% in the
S phase).
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Figure 1. (a) Cell proliferation and (b) cell viability alterations of HT-29 and SW480 colorectal cancer
cell lines following different folic acid (FA) supplies. Sulforhodamine B (SRB) was used for cell
proliferation detection (* p ≤ 0.05, *** p ≤ 0.001), while cell viability data were obtained by alamarBlue
assay (** p ≤ 0.01). FA-depleted cells were kept in media containing 0 ng/mL FA, whereas treated
cells were exposed to 100 and 10,000 ng/mL FA for 72 h. The percentages of cell proliferation and
viability were given relative to samples kept in the normal growth media. FA: folic acid.

3.2. Effect of Folic Acid Treatment on Genomic Stability

We analyzed genomic stability alterations affected by FA treatment with MN scoring
(Figure S1) and comet assay (Figure S2). According to immunocytochemistry (Figure 2a),
0.56 ± 0.05% of the HT-29 cells proved to have MN in the FA-depleted environment,
while, as a result of FA treatment, this value significantly (p ≤ 0.01) decreased (HT-29100:
0.17 ± 0.05%, HT-2910,000: 0.25 ± 0.09%). On the other hand, 0.79 ± 0.10% SW480 cells
kept in FA-free medium had MN, and the ratio was barely affected by the FA treatment
(SW480100: 0.74 ± 0.07%, SW48010,000: 0.77 ± 0.16%).

Besides DAPI staining, anti-γ-H2AX antibody was applied, and the rate of micronuclei
showing γ-H2AX positivity compared to all micronuclei was determined. Approximately
79% of these particles were γ-H2AX positive, independent of the cell type or the treatment
condition (HT-29: 76.68 ± 3.54%, SW480: 80.35 ± 6.46%).

In the case of comet assay, the percentage of DNA in the comet tail was the parameter
used to describe DNA damage (Figure 2b). In FA-depleted HT-29 cells, tail DNA was
37.35 ± 3.45%, which was even higher in SW480 cells with a 58.79 ± 0.83% rate. Following
FA supplementation, a reduction in comet tail length could be observed in HT-29 sam-
ples (HT-29100: 31.23 ± 3.41%, HT-2910,000: 20.07 ± 3.59%), while in FA-treated SW480
cells, prominent alterations were not detected (SW480100: 59.84 ± 1.89%, SW48010,000:
58.24 ± 2.56%).

3.3. Effect of Folic Acid Treatment on DNA Methylation

FA is involved in the DNA methylation process; thereby, the analysis of its alterations
was needed. The methylation levels of three LINE-1 CpG sites were summarized (Figure 3a)
and also visualized individually (Figure 3b) to assess global DNA methylation. Although
HT-29 cells had an 11.59% higher DNA methylation level than SW480 samples, remarkable
changes could not be detected for FA supplementation in any of the cell lines (HT-290:
59.30 ± 2.90%, HT-29100: 61.68 ± 4.17%, HT-2910,000: 60.42 ± 2.12%; SW4800: 48.76 ± 4.93%,
SW480100: 49.15 ± 6.13%, SW48010,000: 48.73 ± 7.27%).
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Figure 2. Genomic stability detection of HT-29 and SW480 cells exposed to different folic acid (FA)
concentrations (0, 100, 10,000 ng/mL). (a) Micronucleus (MN) scoring was performed on DAPI- and
anti-γ-H2AX-stained slides. Left: We obtained the results by proportioning the cells with MN with
all cells counted (** p ≤ 0.01, *** p ≤ 0.001). Right: Representative γ-H2AX-positive micronuclei are
indicated with arrows. (b) DNA integrity was evaluated with comet assay, additionally. Left: Graphs
show the changes in genomic stability in consideration of comet tail DNA percentage (* p ≤ 0.05).
Right: Characteristic comets of both cell lines were captured following different treatments. FA:
folic acid.

Next, we determined DNA methylation changes with RRBS in order to compare
the genome-wide methylome map of FA-depleted and 10,000 ng/mL FA-treated samples.
Following FA supplementation, the number of genes with methylated (HT-29hyper: 1436,
SW480hyper: 1368) and unmethylated (HT-29hypo: 1368, SW480hypo: 1370) CpG sites was
similar within a cell line and between the two cell types as well (Figure 3c). KEGG
enrichment analysis revealed that genes that underwent methylation changes following the
FA treatment were dominantly associated with carcinogenesis in both cell lines (Figure 3d).
The gene numbers in different pathways were within the range of 40–117. Based on the
localization of DMSs in distinct chromosomal states, the heterochromatin or low signal
regions (HT-29: 27.57%, SW480: 31.61%) along with active (HT-29: 22.29%, SW480: 20.29%)
and weak (HT-29: 18.57%, SW480: 17.81%) promoter sequences were mainly represented
(Figure 3e).
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Figure 3. DNA methylation analysis of HT-29 and SW480 cell lines exposed to different folic acid (FA)
concentrations. The methylation levels of long interspersed nuclear element 1 (LINE-1) CpG positions
(pos 1, pos 2, pos 3) were (a) summarized and also (b) visualized individually to detect global DNA
methylation changes. With the use of Reduced Representation Bisulfite Sequencing (RRBS) method, a
genome-wide methylome profile of 10,000 ng/mL FA-treated cells was established in the comparison
of cells kept in FA-free (0 ng/mL FA) media. (c) Firstly, the number of genes with altered methylation
in the investigated CpG sites was assessed. “Hyper” and “hypo” sections indicate the number of
genes with methylated and unmethylated CpG sites, respectively. The intersection of these two
categories refers to the genes that possess both methylated and unmethylated CpG dinucleotides.
(d) Heatmap shows the top 10 significantly (p ≤ 0.05) enriched Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways with the number of differentially methylated genes. (e) Pie charts
represent the localization of differentially methylated sites (DMS) in distinct chromatin states. FA:
folic acid; pos: CpG position; hyper: hypermethylation; hypo: hypomethylation; DMSs: differentially
methylated sites; heterochrom/lo: heterochromatin or low signal region; txn: transcription; CNV:
copy number variation; KEGG: Kyoto Encyclopedia of Genes and Genomes.

3.4. Effect of Folic Acid Treatment on Gene Expression

Folate can influence gene expression through its interplay in epigenetic modifications.
Microarray analysis of non-treated and 10,000 ng/mL FA-treated cells was performed to
investigate the above-mentioned phenomenon. We focused on transcripts owning gene
symbols, according to Ensemble BioMart annotation, that showed significant alterations
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with a fold change (FC) equal or greater than 1.5 and equal or lower than −1.5. Following
FA supplementation, genes with decreased expression predominated mainly in HT-29
cells (HT-29: 78.82% down- and 21.18% upregulation, SW480: 60.60% down- and 39.40%
upregulation) (Figure 4a). However, the number of altering genes (HT-29: 458, SW480:
769) (Figure 4a) and also the extent of the alterations analyzed with PCA (Figure S3) were
higher in the SW480 cell line. Moreover, according to PPI networks constructed by STRING,
the predicted functional associations of proteins encoded by these genes were also more
complex (HT-29: 113 nodes and 82 edges, SW480: 186 nodes and 221 edges). In HT-29 cells,
YWHAZ (11 edges), while in SW480, TNF (27 edges) were the hub proteins based on the
number of neighbors (Figure 4b).

In HT-29 cells, two transcripts (TC03001071.hg, TC03002732.hg) detecting the HES1
gene showed the greatest increase in their expression level after FA treatment (FC: 4.98 and
3.27), followed by FAM210B, TUBBP6, MAPKAP1, and TMEM185A (FC: 2.85, 2.65, 2.49, 2.42,
respectively). On the other hand, FAM95B1 detected by two transcripts (TC01003063.hg,
TC09001384.hg) was the most predominantly downregulated gene (FC: −3.15 and −3.15) in
this cell line along with LINC01783, LINC00905, TMOD2, and MIR450A2 (FC: −3.09, −2.34,
−2.24, −2.17, respectively). In the SW480 cell line, SLC7A11 had the highest expression
change in response to FA supplementation with a 5.12 FC, and the following four genes
(RNU1-2, KRTAP2-3, RNY5, and RUNX1-IT1) showed higher than 3 FC (4.12, 3.40, 3.18,
3.13, respectively). The greatest gene expression decrease was observed in the CCL2 gene
(FC: −5.90), then in CIC, SNORA38B, H4C12, and 5s ribosomal RNA genes or pseudogenes,
such as RNA5S1, RNA5SP150, RNA5SP226, and RNA5SP389 (FC: −4.22, −4.01, −3.76,
−3.72, respectively) (Figure 4c; Table S2). In the common set of HT-29 and SW480 cells,
seven genes, namely LOC727896, LOC105371030, RN7SL677P, RPPH1, SFN, TNFSF10, and
TXNIP were included based on our criteria (p ≤ 0.05 and FC ≥ |1.5|).

According to the PANTHER classification system, the “platelet-derived growth factor
(PDGF) signaling” pathway was the one wherein most of the analyzed genes (p ≤ 0.05
and ≥ |1.5| FC) of HT-29 cells were represented (SRGAP1, SRGAP2, SRGAP2B, SRGAP2C,
STAT3, RAB11B, and FOSB). In addition, all of these genes were overexpressed after
FA treatment. Concerning SW480 cells, the “inflammation mediated by chemokine and
cytokine signaling” pathway was mostly affected by FA treatment, as five genes (CCL2,
CCL7, CCL20, ITGA2, and PLCG2) were involved. Except for ITGA2, all genes showed
downregulation for FA supplementation.

Finally, RRBS and HTA data were linked as we evaluated the expression level of genes
possessing DMSs within the promoter region. Promoter methylation caused downregu-
lation of four (NABP1, ATG16L1, RPPH1, and TCEAL1) and five (EIF4G2, RAB31, NEU3,
SESN3, IFI6) genes in HT-29 and SW480 cells, respectively. Meanwhile, hypomethylation of
the promoter region corresponded with upregulation of 10 genes (TUBB2B, BIVM, SLC39A8,
SKIL, TMBIM6, DHRS3, ROR1, LGALS3, ERBB3, and MAPKAP1) in HT-29 and 8 genes
(SNRNP70, FOSL1, WDR1, NBPF8, STC2, NR2F1, NTSR1, and SERPINB1) in SW480 cells
(Figure 5).
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Figure 4. Genome-wide transcriptome alterations of HT-29 and SW480 cells following 10,000 ng/mL
folic acid (FA) supplementation detected by Human Transcriptome Array 2.0 (HTA 2.0). (a) Pie charts
represent the proportion of up- and downregulated genes. (b) Visual networks of protein–protein
interactions were generated by the StringApp of Cytoscape software based on the list of genes
with significant (p ≤ 0.05) expression alterations and ≥|1.5| fold change (FC). Colors refer to the
expression level of protein-coding genes (dark blue: FC ≤ −2, light blue: FC ≥ −2 and ≤−1.5, light
red: FC ≥ 1.5 and ≤2, dark red: FC ≥ 2). (c) Top 10 genes showing significant (p ≤ 0.05) up- and
downregulation visualized with volcano plots. Gray points represent all the transcripts detected by
HTA 2.0 microarray, while significantly (p ≤ 0.05) altering genes with FC ≥ |1.5| value were marked
with red and blue. P-val: p-value.
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Figure 5. The intersection of genome-wide DNA methylation and gene expression data obtained
by Reduced Representation Bisulfite Sequencing (RRBS) and Human Transcriptome Array (HTA)
2.0 analyses. Values represent the methylome and transcriptome pattern changes of 10,000 ng/mL
folic acid (FA)-treated HT-29 and SW480 cells compared to non-treated samples (0 ng/mL FA). Only
genes with promoter methylation status alteration in accordance with their expression level (p ≤ 0.05
and fold change ≥|1.5|) were listed (left) and also visualized in volcano plots (right). Gray points
represent all the transcripts detected by the microarray, while blue ones highlight down- and red
ones show upregulating genes from the list. met. status: DNA methylation status; met. diff.: DNA
methylation difference; expr. status: gene expression status; P-val: p-value.

4. Discussion

Folate deficiency has been shown to be associated with several disorders, such as
megaloblastic anemia [36], cardiovascular diseases [37], obstetrical complications [38,39],
neuropsychiatric conditions [40], and malignancies [41]. Its supplementation is considered
to be beneficial in the prevention of all the diseases mentioned above. However, great
care is required, as folate can promote the progression of established neoplasms, while
the low intake has an exactly opposite effect [41,42]. FA is commonly used in CRC care
as an adjunctive medication to promote the efficacy of chemotherapy medications [16,17].
However, its individual effect on FA-related cellular maintenance activities, along with
the genetic and epigenetic regulation, has not been evaluated comprehensively. Therefore,
we found it important to observe the short-term (72 h) impact of FA-free (0 ng/mL) and
FA-supplemented (100 ng/mL and 10,000 ng/mL) environments on two CRC cell lines
(HT-29 and SW480).

An adequate level of nucleotides is necessary for tumor progression, and FA can serve
this need by participating in DNA synthesis [2]. This phenomenon can be in the background
of the significantly (p ≤ 0.05) elevated HT-29 cell proliferation for 100 ng/mL FA treatment,
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along with an increased cell viability compared to the FA-depleted environment. These
observations were in line with the results of Pellis et al. [8]. Interestingly, supraphysiological
FA concentration caused lower proliferation than in FA-depleted samples. Previous studies
demonstrated that similarly high FA dose inhibited the proliferation of CRC cell lines (HT-
29, COLO-205, LoVo), along with endothelial and nasopharyngeal cancer cells, supposedly
via the activation of folate receptor α-mediated extracellular signal-regulated kinase (ERK)
pathway [7,43,44]. Conversely to HT-29 samples, cell proliferation and viability changes
could not be detected in the SW480 cell line. Farias et al. likewise verified that for various
FA exposures, SW480 cells had a different proliferation rate than other CRC cell lines
(HCT116, LS174T) [4].

It is already known that low folate levels can lead to genomic instability through
the disturbances of DNA methylation and nucleotide imbalance [45–50]. Since FA intake
might improve these conditions, we examined DNA integrity using MN scoring and comet
assay methods. SW480 cells inherently had greater genomic instability than the HT-29
cell line, comparing the samples kept in FA-free environment. The micronucleus number
significantly decreased for FA supplementation, and comets were shortened in parallel
with the applied FA dose regarding the HT-29 cell line. Therefore, the treatment facilitated
genomic stability, similarly to the results of Catala et al. using colonic epithelial cells and
fibroblasts [45]. On the other hand, FA treatment did not cause any remarkable changes in
the genomic stability of SW480 samples.

DNA methylation—one of the most intensely studied epigenetic modifications—is crucial
to normal genome regulation [51–53]. After FA is converted into 5-methyltetrahydrofolate
(5-methyl-THF) by the MTHFR enzyme, it participates in the synthesis of SAM, the main
methyl donor molecule [42]. Hence, we investigated global DNA methylation alterations
with LINE-1 bisulfite sequencing in response to FA treatment. HT-29 samples had an 11.59%
higher baseline DNA methylation level than SW480 cells, in agreement with their CIMP
statuses [19]. However, remarkable changes were not detected in any of the samples after
FA supplementation. Stempak et al. came to similar results when analyzing folate-deficient
and sufficient HCT116 and Caco-2 CRC cell lines [54].

Thereafter, DNA methylation was analyzed at a higher resolution on the single-
nucleotide level with RRBS method. Our results highlighted that the methylation pattern
did not differ much between the two cell lines following 10,000 ng/mL FA supplementation
in regard to the affected gene numbers, pathways, and genomic regions. Additionally, FA
equally caused DNA hyper- and hypomethylation, as the numbers of genes possessing
methylated and unmethylated DMSs were relatively equivalent. This phenomenon may
explain the non-significantly altering global DNA methylation results. In the background
of the discrepancy between the facts that FA is a precursor in methyl donor formation,
but it also modulates DNA methylation in both directions, we suspect the dual nature of
SAM. Hence, this molecule is rather considered to be a methylome modulator than a pure
hypermethylating agent, based on the hypothesis suggested by Wang et al. and our recent
study results as well [22,55].

Enrichment analysis revealed that KEGG signaling pathways tightly related to car-
cinogenesis (such as “PI3K-Akt” [56], “MAPK” [57], “Rap1” [58], “regulation of actin
cytoskeleton” [59], “focal adhesion” [60], and “proteoglycans in cancer” [61]) were the most
dominantly affected ones by DNA methylation changes. The former two of the above-
mentioned processes have been reported to be influenced by the folic acid status [62,63].
Considering the distribution of DMSs in distinct genomic regions, we observed an en-
richment mainly in heterochromatin (or low signal) sequences, similarly to other RRBS
studies [64,65]. Besides these regions, active and weak promoter sequences were also
represented dominantly.

The methylation status of promoter-associated CpG islands is of particular importance
because it can modulate gene expression [21,42]; therefore, our study was complemented
with genome-wide transcriptome analysis of FA-depleted and 10,000 ng/mL FA-treated
samples. We observed that genes showing a decreased expression after FA treatment
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outnumbered the upregulated ones. In the SW480 cell line, not only the number of genes
with altering expression (p ≤ 0.05 and FC ≥ |1.5|) but also the extent of alterations and the
predicted functional associations between the encoded proteins were more prominent than
in HT-29 cells. YWHAZ and the cytokine-expressing TNF were considered as the coding
genes of hub proteins in the HT-29 and SW480 cell lines, respectively, both possessing signif-
icant (p ≤ 0.05) downregulation for FA supplementation. YWHAZ is a potential oncogene
that can enhance proliferation, migration, and metastasis in many cancer types; therefore,
its inhibition has strong clinical importance [66]. Moreover, ERK1/2 and PI3K/Akt/mTOR
pathways mentioned in this study earlier have been reported to be the downstream targets
of YWHAZ [66]. Not only the proliferation changes of HT-29 cells were supported by such
gene expression alterations, but also the increased genomic stability. We examined the
relevance of the top 10 up- and downregulated genes in DNA repair, and only HES1 [67],
STAT3 [68], and CCL2 [69] were reported to be involved in this process. The former two
had an increased expression in HT-29 cells, while the latter was silenced in SW480 cells
following the treatment, which could explain the different DNA repair abilities between
the cell lines.

Finally, we combined the results of RRBS and microarray analyses to investigate
whether FA actually affects gene expression by methylating or unmethylating the pro-
moter regions. We observed that promoter methylation caused transcriptional silencing
(p ≤ 0.05 and FC ≥ |1.5|) of four genes in HT-29 and five genes in SW480 cells following
10,000 ng/mL FA supplementation. On the other hand, promoter hypomethylation was
accompanied by the upregulation (p ≤ 0.05 and FC ≥ |1.5|) of 10 and 8 genes in the
HT-29 and SW480 cell lines, respectively. Due to the fact that the methylation status of the
promoter region was not in concordance with the expression of numerous genes, we sup-
pose that short-term FA treatment does not primarily exert its effect on gene regulation by
altering promoter methylation. The involvement of other mechanisms, for example, histone
methylation, can be implicated in this finding, as also hypothesized by Price et al. [70].

5. Conclusions

FA is a widely consumed vitamin known to be involved in an important epigenetic
regulatory process, DNA methylation. However, our results suggest that in HT-29 and
SW480 CRC cells, short-term FA supplementation can equally induce DNA hyper- and
hypomethylation that mainly affects the pathways related to carcinogenesis. Promoter
methylation changes could act on gene regulation, but we also suppose the involvement of
other FA-associated effects behind the great number of differentially expressed genes. As
opposed to SW480, FA treatment had a significant impact on the maintenance activities
of HT-29 cells, including proliferation, viability, and DNA repair. Apart from the distinct
molecular background between the two cell lines, expression alterations of genes contribut-
ing to the mentioned processes might explain this finding. Based on the results of this
study, we can conclude that the short-term effect of FA on the observed cell lines goes far
beyond the fundamental attributes connected to this vitamin.
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Simple Summary: Bleomycin, a chemotherapy drug, is currently injected into patients, but this can
damage healthy tissues. Ideally, we would like to apply bleomycin directly onto a skin tumour but
bleomycin is a big molecule and cannot pass through the skin or directly enter into cancer cells to
kill them. Therefore, we need to find new ways of packaging the drug to get it inside cancer cells.
Liposomes are small artificial bubbles made of from the same building blocks as our skin and cell
membranes that can be filled with pharmaceutical drugs. In this study we propose that liposomes
can assist with the delivery of bleomycin by improving penetration through the skin. We are using a
new compound called Bleosome, which contains liposomes packed with bleomycin. We found that
Bleosome penetrated more through the healthy skin of dogs and horses than bleomycin. These are
promising results, indicating that Bleosome may be an effective treatment, with easy application and
limited side-effects, to treat skin cancer.

Abstract: Bleomycin is a chemotherapy agent that, when administered systemically, can cause severe
pulmonary toxicity. Bleosome is a novel formulation of bleomycin encapsulated in ultra-deformable
(UD) liposomes that may be applicable as a topical chemotherapy for diseases such as non-melanoma
skin cancer. To date, the ability of Bleosome to effectively penetrate through the skin has not been
evaluated. In this study, we investigated the ability of Bleosome to penetrate through ex vivo skin
explants from dogs and horses. We visualized the penetration of UD liposomes through the skin
by transmission electron microscopy. However, to effectively image the drug itself we fluorescently
labeled bleomycin prior to encapsulation within liposomes and utilized multiphoton microscopy.
We showed that UD liposomes do not penetrate beyond the stratum corneum, whereas bleomycin
is released from UD liposomes and can penetrate to the deeper layers of the epidermis. This is the
first study to show that Bleosome can effectively penetrate through the skin. We speculate that UD
liposomes are penetration enhancers in that UD liposomes carry bleomycin through the outer skin
to the stratum corneum and then release the drug, allowing diffusion into the deeper layers. Our
results are comparative in dogs and horses and warrant further studies on the efficacy of Bleosome as
topical treatment.

Keywords: liposomes; Bleosome; Bodipy-FL; topical chemotherapy; skin penetration

1. Introduction

In both veterinary and human medicine there is an unmet clinical need for effec-
tive anti-cancer drugs that can be applied topically. Notably, the standard treatment of
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non-melanoma skin cancers (NMSC), including basal cell carcinoma and squamous cell car-
cinoma, are surgical modalities that can cause severe pain, inflammation, and scarring [1,2].
These side-effects can be significant given that the tumors may be spread over large areas of
the body, therefore anti-cancer drugs that can be applied topically would be therapeutically
and cosmetically valuable by reducing surgical costs and by avoiding undesirable scarring.
However, a major challenge in developing these non-invasive modalities is the degree of
penetration of the drug through the skin in sufficient quantities to target cancer cells [3].

Bleomycin belongs to a family of glycopeptide antibiotics and is used primarily as
a cytotoxic chemotherapy drug. In human medicine it is an effective treatment against
squamous cell carcinoma, malignant lymphomas, testicular cancers, germinal cell tumors,
AIDS-associated Kaposi sarcoma and osteosarcoma [4], and is commonly used as part of
combination chemotherapy regimens, as its toxicity does not overlap with that of other anti-
cancer drugs [5]. The proposed mechanism of action of bleomycin is the inhibition of DNA
synthesis by causing DNA single and double strand breaks [4]. At high concentrations,
cellular RNA and protein synthesis are also suppressed [6,7]. Generally, bleomycin admin-
istration is via the parenteral route, as oral bioavailability is limited [8]. Bleomycin toxicity
is dose-dependent and the most common adverse side-effect is pulmonary inflammation,
which has been reported to develop into fatal lung fibrosis in 1% to 3% of patients [9]. In
the case of NMSCs, topical application of bleomycin may avoid these systemic side-effects,
but because bleomycin itself is a large hydrophilic molecule with a polar charge, it is unable
to penetrate lipophilic skin barriers and efficiently diffuse across the plasma membrane to
reach its site of action [4,10]. To overcome these issues, bleomycin has been administered
by electrochemotherapy, which uses short electric impulses to transiently permeabilize the
cell membrane allowing delivery of non-permeant drugs to the interior of the cell. This
method has been successful in the management of skin tumors in both humans [11] and
companion animals [12], and does reduce the major systemic side-effects of bleomycin but
can also cause pain, muscle contractions, and discoloration of the area treated. Patients also
generally undergo a general or local anesthetic, which, especially in veterinary patients,
can be distressing for patients and owners.

In this study we have utilized a novel formulation of bleomycin called Bleosome,
which negates a number of adverse side-effects of bleomycin administered systemically
or by electrochemotherapy and does not require either local or general anesthetic. Bleo-
some consists of bleomycin encapsulated within ultra-deformable (UD) liposomes [13].
Liposomes have been heralded as ‘magic bullets’, as they are able to deliver a chemother-
apy payload directly into cancer cells [14]. Liposomes have a strong tendency to form in
aqueous solutions and are composed of spherical phospholipid bilayers that enclose an
aqueous internal compartment which can be loaded with desired cargo [15]. The proposed
benefits of carrier-mediated drugs include greater solubility, longer duration of exposure,
selective delivery of the drug to the site of action, enhanced therapeutic index and the
potential to overcome resistance associated with the free-form of the drug. Unfortunately,
conventional liposomes cannot effectively penetrate through the skin barrier due to their
rigidity [16]. However, UD liposomes, which include an edge activator, usually a single
chain surfactant added to the phospholipid bilayer, can pass through the skin via pores
that are much smaller in diameter than their own diameter by undergoing rapid changes
in shape and fusing with lipids [17]. Skin is a complex organ consisting of a stratified
cellular epidermis, an underlying dermis of connective tissue, and beneath the dermis
there is a layer of subcutaneous fat separated from the rest of the body by a vestigial layer
of striated muscle [18]. Beyond initial penetration of the skin, the mechanism by which
UD liposomes improve drug delivery is yet to be fully elucidated. Two mechanisms have
been proposed: (1) UD liposomes act as drug carrier systems, where intact UD liposomes
enter the stratum corneum carrying the encapsulated drug deeper into the skin [19]; or
(2) UD liposomes act as penetration enhancers, where liposome bilayers enter the stratum
corneum and modify the intracellular lipid lamellae, releasing the encapsulated drug and
enabling the penetration of the free drug deeper into the skin [20,21]. Here we show that
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Bleosome can penetrate further through ex vivo skin explants than free bleomycin in both
canine and equine species. To determine the mechanism by which UD liposomes improve
drug delivery, we utilized a combination of transmission electron microscopy (TEM) and
multiphoton microscopy (MP) to visualize the UD liposomes and fluorescently labeled
drug, respectively. We found that UD liposomes act as penetration enhancers: liposomes
are visible throughout stratum corneum but not beyond, whereas the fluorescently labeled
drug is seen within the stratum corneum as dense spots as the drug is enclosed with the
liposome, but in the deeper layers of the epidermis the drug is more diffuse, indicating that
it has been released from the UD liposome. This is the first study to show that this novel
formulation of bleomycin can effectively penetrate through the skin of dogs and horses
highlighting its clinical potential.

2. Materials and Methods

2.1. Cell Culture

A canine melanoma cell line, CML10 (a kind gift from Dr Lauren Wolfe, Auburn Uni-
versity) was grown in Dulbecco’s modified Eagle’s medium (DMEM) low glucose supple-
mented with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin (ThermoFisher
Scientific, Waltham, MA, USA). A canine mastocytoma cell line, C2 (a kind gift from Dr
Richard Elders, University of Edinburgh) was grown is Eagle DMEM (ThermoFisher Scien-
tific) supplemented with 5% FBS, 1% non-essential amino acids, 1% Glutamax and 25 mg of
gentamicin. All cell cultures were maintained at 37 ◦C in a humidified 5% CO2 incubator.

2.2. Stock Solutions of Bleosome and Bleomycin

Bleosome and bleomycin were provided at 0.2% in a cream. Both formulations were
manufactured by Ascot Laboratories Ltd. (London, UK) and were a kind gift from SPS
Animal Care Ltd. (London, UK). All compounds were stored at 4 ◦C.

2.3. Cell Viability

Cells were seeded in triplicate in opaque 96-well plates (Corning, Glendale, AZ, USA)
at 500 cells/well. Cells were incubated 37 ◦C, 5% CO2 for 24 h prior to being treated with
the indicated dose of Bleosome or bleomycin. Cell viability was assayed 48 h after treatment
using the CellTiterGlo® Luminescent Cell Viability Assay (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. Luminescence was recorded using a Viktor3
luminometer (PerkinElmer, Waltham, MA, USA). Data were averaged and then normalized
against the average signal of untreated/negative control samples.

2.4. Fluorescent Labelling of Bleomycin

We coupled bleomycin sulfate (A2–B2) (120 mg) to the green fluorophore boron-
dipyrromethene (BODIPY-FL). This reaction was carried out twice: (1) at a ratio of 0.7 BODIPY-
FL NHS (8.1 mg): 1 bleomycin sulfate (45 mg); and (2) at a ratio of 0.8 BODIPY-FL NHS
(14.6 mg): 1 bleomycin sulfate (71 mg). Both compounds were dissolved in DMSO, then
BODIPY-FL NHS solution (~5 mg/mL) was slowly added dropwise to the bleomycin
solution (~20 mg/mL) over 30 min with a Pasteur pipette. The coupling reaction was
monitored by high-performance liquid chromatography/mass spectrometry (HPLC/MS)
at 30 min, 1.5 h and 3 h and allowed to continue overnight to achieve complete conversion.
Two batches displayed a very similar reaction profile and an ~85% final purity of the crude.
Upon reaction completion, the two batches were combined in a round bottom flask to
give a 5 mL solution of crude labeled bleomycin in DMSO, which was diluted with water
(25 mL), snap-frozen and then freeze-dried overnight to remove the solvents. The resulting
red solid was then triturated in dichloromethane (DCM) in order to remove impurities,
notably succinimide-OH, which is released by the BODIPY-FL NHS upon coupling, and
additional fluorescent byproducts. Next, 5 mL of DCM was added and incubated until all
undissolved solid material settled at the bottom of the flask (approximately after 15 min).
The supernatant containing impurities and side-products dissolved in DCM was removed
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by means of a syringe. This process was repeated five times until the supernatant was
colorless. This final product was re-dissolved in water (10 mL), transferred in a vial, snap-
frozen and then freeze-dried overnight again, resulting in 121 mg of a fine, red powder
that was characterized by HPLC/MS. The final product was sent at 4 ◦C, in the dark, to be
encapsulated into UD liposomes and formulated into a 0.2% cream (F-Bleosome). A small
amount was retained as an equivalent non-encapsulated fluorescently labeled bleomycin
(F-bleomycin).

2.5. Skin Sample Preparation

Canine and equine skin samples were collected from cadavers donated to the Royal
(Dick) School of Veterinary Studies (RDSVS) at The University of Edinburgh with consent
to be used for teaching and/or research. Specimens were taken from the shaved flank and
abdomen of cadavers, and stretched taut by attaching to a cork block; subcutaneous fat
was removed using a scalpel. Each sample was then immediately wrapped in aluminum
foil, sealed in a plastic bag, snap-frozen and stored at −20 ◦C. The Veterinary Ethical
Review Committee of The University of Edinburgh deemed that this study raised no
ethical concerns.

2.6. Transmission Electron Microscopy

Skin samples were thawed at RT in PBS and cut to 2 × 2 cm2 sections. Each skin sample
was treated with the indicated dose of drug for the indicated time. The appropriate sample
was then cut into 1 cm thick slices that were fixed in 3% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.3 for 2 h then washed 3 × 10 min in 0.1 M sodium cacodylate buffer,
pH 7.3. Samples were then post-fixed in 1% osmium tetroxide, 0.1 M sodium cacodylate
for 45 min at RT, then washed 3 × 10 min in a 0.1 M sodium cacodylate buffer. Samples
were then dehydrated in 50%, 70%, 90% and 100% ethanol for 3 × 15 min each followed by
2 × 10 min in propylene oxide and then embedded in TAAB812 resin. Ultrathin sections
were cut using a Lecia Ultracut S ultramicrotome at a thickness of 60 nm, stained with
5% uranyl acetate and 2% lead citrate and imaged on a JEOL JEM-1400 TEM (JEOL, Ltd.,
Akishima, Japan) equipped with Gatan OneView camera (Gatan, Pleasanton, CA, USA) at
King’s Buildings at The University of Edinburgh.

2.7. Multiphoton Microscopy

Skin samples were thawed at RT in PBS and cut to 2 × 2 cm2 sections. Each skin
sample was treated with the indicated dose of drug for the indicated time. Each skin
section was initially stained on both sides with Hoechst 33342 (Thermofisher Scientific)
at 0.02 mg/mL in PBS by incubating for 30 min in the dark at RT on both sides. Skin
samples were then washed in PBS and treated with the indicated dose of drug for the
indicated time by spreading 0.1 mL cream evenly on the epidermal surface. Care was
taken to avoid treating the sides of the section. After the indicated time point the residual
cream was removed with a cotton swab and the sample was washed with PBS. All samples
were positioned in 35 × 10 mm petri dishes (gridded NunclonTM Delta, Thermofisher
Scientific) with the epidermis side anchored to the bottom of the dish by 4% agarose with
the subcutaneous side facing upward, toward the microscope lens. The dish with the
sample was filled with PBS and positioned in the visualising plate of the MP. All samples
were imaged with a Zeiss (Cambridge, UK) LSM7 MP intravital multiphoton microscope
equipped with W Plan-Apochromat 20×/1.0 DIC D = 0.17 M27 75 mm objective lens and a
Coherent chameleon ultraII pulsed laser with OPO (wavelength 690 to 1400 nm). Green
(NDD R4 ET535/30) and blue (NDD R3 ET460/36) filters were used. Multidimensional
acquisition was performed with the Z-stack tool, setting 150 slices as average with an
interval of approximately 3 μm. 3D images were visualised, processed and interpreted
using Imaris (Biplane) software (version 9.1.2, Oxford Instruments, Abingdon, UK).
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2.8. Quantification

Imaris 9.1.2 (Bitplane) software (Oxford Instruments, Abingdon, UK) was used to
analyze 3D images acquired by MP. Structures labelled with Hoechst 33342 staining that
did not emit or emitted a low green fluorescent signal (including a majority of auto-
fluorescent skin appendages such as connective tissue) were considered as “surfaces”
(“surfaces” had NDD R3-blue source channel), while all the elements emitting high levels
of the green signal, either labelled with Hoechst 33342 (such as cellular nuclei) or not
(F-Bleosome and F-bleomycin), were labelled as “spots” (“spots” had NDD R4-green source
channel). After this distinction, the program distinguished between the “spots far from
surfaces” (green particles emitting high- intensity green fluorescence far from the particles
emitting blue and low-intensity green fluorescence), from the “spots close to surfaces”
(green particles emitting high-intensity green fluorescence, and blue fluorescence very close
to auto-fluorescent skin and cellular structures, emitting low-intensity green fluorescence),
using a specific threshold (0.5). The aim was to target the green particles that were far from
the auto-fluorescent skin structures and that were not stained with Hoechst 33342 (cellular
nuclei were always close to intracellular auto-fluorescent elements and thus recognised as
“spots close to surfaces”). This system enabled us to identify F-bleomycin and F-Bleosome
particles within the examined skin section, recognised as green emitting particles far enough
from auto-fluorescent structures (“spots far from surfaces”). All images were visualised
from the subcutaneous side of the skin section. Imaris automatically compensated for the
inversion and depths were compared to fluorescent images. In the equine skin samples,
there was a discrepancy between the computer compensated values and the images, and
here we manually compensated for this inversion by making all particles relative to the
deepest particle in each image.

2.9. Statistics

Data were analysed using Minitab® 17 Statistical Software (Minitab Ltd., Coventry,
UK). p-values < 0.05 were considered statistically significant. When data followed a normal
distribution, two-sample t-tests and Pearson’s chi-squared tests were used to compare
differences between two samples, or one-sample t-tests to determine whether the sample
mean was statistically different from a known or hypothesised mean. A general linear
model (2-way ANOVA- analysis of variance) was used to understand if in two groups
there was an interaction between two independent variables on the dependent variable. A
Fisher’s post-hoc test was used to compare differences between time points post-treatment.

3. Results

3.1. Preparation of BODIPY-Labeled Bleomycin for Fluorescent Imaging of Bleosome through
the Skin

In this study we were assessing if a novel formulation of bleomycin encapsulated
in UD liposomes penetrates through the outer layers of the skin better than the free
drug. Fluorescent labeling of a drug is a valuable tool to allow visualization within an
enclosed biological system, and in this case to quantify the degree of penetration through
the skin. When preparing fluorescent versions of drugs, labels must be introduced at
appropriate amounts and positions so they do not interfere with activity. Here, we aimed to
produce mono-labeled bleomycin as we considered that this would be less disruptive to the
pharmacological activity of the drug than the incorporating of multiple labels (Figure 1A).

Preliminary experiments were carried out to determine the optimum fluorophore
to bleomycin ratio to produce mono-labeled bleomycin. The experimental procedure is
detailed in materials and methods and highlighted in Figure 1B. The coupling reaction was
monitored by HPLC/MS (Figure 1C). The final compound contained 88% mono-labeled and
12% free-bleomycin (Figure 1C(vi)), and was subsequently encapsulated into UD liposomes
to produce fluorescent Bleosome (F-Bleosome) and the equivalent un-encapsulated control
(F-bleomycin).
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Figure 1. Cont.
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Figure 1. Fluorescent labeling of bleomycin with BODIPY-FL. (A) Molecular structure of bleomycin
showing the metal binding domain with the potential amine groups available for BODIPY-FL binding
highlighted (dots: blue dots indicate all potential binding sites; and green dots indicate preferred
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binding sites); the DNA binding domain encompassing the bithiazole tail; and the carbohydrate
moiety required for cellular uptake. (B) Schematic representation of the labeling process of bleomycin
with BODIPY-FL. The reaction products of BODIPY-FL NHS added to bleomycin sulfate were ana-
lyzed by HPLC/MS and recovered from DMSO by lyophilization. Succinimide-OH and fluorescent
impurities were removed by trituration with DCM. The compound was dried overnight and the final
product obtained was a red powder (which turns fluorescent green in solution). (C) HPLC profiles
of coupling of BODIPY-FL to bleomycin. Using 45 mg bleomycin after (i) 30 min and (ii) overnight.
Using 71 mg of bleomycin after (iii) 30 min and (iv) overnight. Combined labelled bleomycin batches
(v) before and (vi) after the final lyophilization step. According to their absorbance profile and
mass spectra: peak 1.83 (red circle) corresponds to succinimide-OH; peak 3.38 (black circle) to free
bleomycin; peak 4.22–4.12 (green circle) corresponds to the mono-labeled bleomycin; 5.20 (yellow
circle) corresponds to double-labeled bleomycin; peak 7.63 (blue circle) corresponds to free (unbound)
BODIPY-FL; 8.05 (violet circle) corresponds to a minor impurity of the fluorophore. (vi) the final
compound consisting of 87.55% mono-labeled bleomycin and 12.45% free bleomycin. (D) F-Bleosome
has comparable cytotoxic effects to unlabeled Bleosome. The cancer cell lines C2 (i) and CML10 (ii)
cells were treated with the indicated concentrations of Bleosome and F-Bleosome, and cell viability
was assayed after 48 h.

3.2. F-Bleosome Retains the Same Efficacy as Unlabeled Bleosome

To determine if the coupling of BODIPY-FL to bleomycin impaired the cytotoxicity
of the drug, a canine mastocytoma cell line (C2) and a canine melanoma cell line (CML10)
were treated with increasing doses of either F-Bleosome or Bleosome and cell viability
was assayed 48 h after treatment (Figure 1D). There was no significant difference between
the killing effect of F-Bleosome and Bleosome, indicating that the fluorophore coupled to
bleomycin did not affect the cytotoxicity of the drug. These results were consistent in both
cell lines tested.

3.3. Liposomes Do Not Penetrate beyond the Stratum Corneum

Canine skin explants were treated with 0.1 mL of Bleosome for 0 (vehicle control), 0.5,
2, 4, 6 and 8 h, fixed and visualized by TEM. All the epidermis was visible including the
layers of the stratum corneum. Within the 0 h control, no liposomes were observed in any
of the epidermal structures (Figure 2A), whereas liposomes were visible in all skin explants
treated with Bleosome over the time course (Figure 2B–F). Liposomes do penetrate through
the corneocytes of the stratum corneum but do not penetrate deeper over time and were
not identified beyond the external keratinocyte layer (Figure 2B–F).

3.4. Bleosome Penetrates Further through Skin Than Bleomycin

Canine and equine skin sections were treated with 0.1 mL of either F-Bleosome or F-
bleomycin for 0 h, 10 min, 4 h and 6 h and visualized by MP. The skin has several structures
that are inherently auto-fluorescent such as collagen, hair follicles and cellular nuclei. All
images were compared to the 0 h control to establish background fluorescence. Hoechst
staining was used to stain nuclei blue, however the intensity of the blue was similar to the
green of BODIPY-FL, to differentiate we set the ‘blue’ of Hoechst 33342 to ‘magenta’ during
image acquisition. At the image analysis stage, in the merged image, when magenta and
green overlap it appears as white. Hoechst 33342 does not stain liposomes or bleomycin,
therefore objects appearing green are considered as the drug.
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Figure 2. Transmission electron microscopy visualization of liposomes through canine skin at
different time points after a single Bleosome administration. (A) Skin samples were treated for 0 h
(control) with Bleosome, visualized at different magnification: (i) ×1200, (ii) ×1200, (iii) ×1200;
(B) images of samples treated for 30 min with Bleosome: (i) ×1200, (ii) ×5000, (iii) ×10K; (C) images
of samples treated for 2 h: (i) ×500, (ii) ×2500, (iii) ×5000; (D) images of samples treated for
4 h: (i) ×1200, (ii) ×2500 K, (iii) ×10 K; (E) images of samples treated for 6 h: (i) ×2500, (ii) ×2500,
(iii) ×2500; (F) images of skin samples after 8 h of Bleosome treatment: (i) ×500, (ii) ×1200, (iii) ×2500.
Representative liposomal nanoparticles are circled in red within the keratinocytes of the stratum
corneum only.
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Treated canine skin samples are shown from the side-view and the top-view
in Figure 3A,B, respectively. The untreated control did not display any distinct solid
green particles but there was a basal level of auto-fluorescence, mainly due to cutaneous
structures, that were also stained by Hoechst and appeared white on the merged image
(Figure 3A(i),B(i)). Distinct round green fluorescent dots, corresponding to fluorescent
BODIPY-FL-labeled bleomycin encapsulated in UD liposomes were visible at a superficial
level in the skin sample 10 min after treatment with F-Bleosome (Figure 3A(ii),B(ii)). Over
time F-Bleosome particles penetrate deeper through the skin, at a higher overall number
and increased in size with a less defined spherical shape (Figure 3A(iv,vi,vii),B(iv,vi,vii).
In comparison, the fluorescently labelled free drug, F-bleomycin, is not readily detectable
in the deeper layers of the skin and there is no notable change over treatment time of
number, size or depth of F-bleomycin (Figure 3A(iii,v,vii),B(iii,v,vii). Imaris software was
used to identify and quantify the number of fluorescent particles within each sample.
Calibration of the software, as detailed in materials and methods, failed to identify the
fluorescently labelled drug located close to auto-fluorescent skin structures, leading to a
consistent underestimation of the overall number of fluorescent particles. Skin sections
treated with F-Bleosome contained a significantly higher number of particles at all time
points than those treated with F-bleomycin (Table 1, p-value 0.002). Ten minutes post-
treatment F-Bleosome and F-bleomycin particles were found at a similar superficial level
within the skin (Figure 3C(i)), but by 4 h and 6 h post-treatment F-Bleosome particles were
identified significantly deeper (at an average depth of 307 μm and 452 μm, respectively)
than F-bleomycin (at an average depth of 167 μm and 237 μm, respectively) (Figure 3C).

Table 1. Number of particles detected within canine skin treated with either F-Bleosome of F-
bleomycin after 10 min, 4 h and 6 h.

Time Point Treatment Average Number of Particles (n = 3)

10 min F-Bleosome 87

4 h F-Bleosome 85

6 h F-Bleosome 618

10 min F-bleomycin 8

4 h F-bleomycin 34

6 h F-bleomycin 178

Equine skin showed similar results to canine skin whereby more F-Bleosome particles
penetrated through the skin and to a greater depth than F-bleomycin at the indicated time
points (Figure 4A,B). Using Imaris software we determined that the overall number of
particles was significantly higher at each time point for those skin samples treated with
F-Bleosome compared to F-bleomycin (Table 2, p-value 0.000) and significantly deeper at
4 h and 6 h post-treatment (at an average depth of 117 μm and 166 μm, respectively, for
F-Bleosome compared to 67 μm and 65 μm, respectively, for F-bleomycin) (Figure 4C). Our
results confirm that UD liposomes are effective drug carriers of bleomycin through the
canine and equine skin.
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Figure 3. Bleosome penetrates deeper into canine skin than free-bleomycin. (A) Side view of canine
skin sections treated with F-Bleosome and F-bleomycin at the indicated time points. (i) control
(untreated skin section); (ii,iv,vi) correspond to the 3-D images of the skin sections treated with
F-Bleosome after 10 min, 4 h and 6 h. Representative F-Bleosome molecules are indicated by red
arrows. (iii,v,vii) correspond to the side view of the 3-D sections after 10 min, 4 h and 6 h of F-
bleomycin treatment. (B) Top view of corresponding canine skin sections. (i) control (untreated skin
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section); (ii,iv,vi) correspond to the 3-D images of the skin sections treated with F-Bleosome
after 10 min, 4 h and 6 h. Representative F-Bleosome molecules are indicated by red arrows.
(iii,v,vii) correspond to the side view of the 3-D sections after 10 min, 4 h and 6 h of F-bleomycin
treatment. (C) Box plots comparing the depth of the drug molecules (μm) through the canine skin
sections treated with F-Bleosome (blue plot) and F-bleomycin (orange plot) after (i) 10 min, (ii) 4 h
and (iii) 6 h. (iv) Comparison of all three time points. * Indicates statistically significant difference
(p-value < 0.05, two-way ANOVA).

Figure 4. Cont.
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Figure 4. Bleosome penetrates deeper into equine skin than free-bleomycin. (A) Side view of equine
skin sections treated with F-Bleosome and F-bleomycin at the indicated time points. (i) control
(untreated skin section); (ii,iv,vi) correspond to the 3-D images of the skin sections treated with F-
Bleosome after 10 min, 4 h and 6 h. Representative F-Bleosome molecules are indicated by red arrows.
(iii,v,vii) correspond to the side view of the 3-D sections after 10 min, 4 h and 6 h of F-bleomycin
treatment. (B) Top view of corresponding equine skin sections. (i) control (untreated skin section);
(ii,iv,vi) correspond to the 3-D images of the skin sections treated with F-Bleosome after 10 min, 4 h
and 6 h. Representative F-Bleosome molecules are indicated by red arrows. (iii,v,vii) correspond
to the side view of the 3-D sections after 10 min, 4 h and 6 h of F-bleomycin treatment. (C) Box
plots comparing the depth of the drug molecules (μm) through the equine skin sections treated
with F-Bleosome (blue plot) and F-bleomycin (orange plot) after (i) 10 min, (ii) 4 h and (iii) 6 h.
(iv) Comparison of all three time points. * Indicates statistically significant difference (p-value < 0.05,
two-way ANOVA).

Table 2. Number of particles detected within equine skin treated with either F-Bleosome of F-
bleomycin after 10 min, 4 h and 6 h.

Time Point Treatment Average Number of Particles (n = 3)

10 min F-Bleosome 120

4 h F-Bleosome 305

6 h F-Bleosome 500

10 min F-bleomycin 4

4 h F-bleomycin 37

6 h F-bleomycin 412

4. Discussion

Bleomycin is an anti-neoplastic antibiotic used in treatment regimens to treat several
types of human cancer including cervical and uterine cancer, squamous cell carcinoma,
testicular and penile cancer and certain types of lymphoma [22–24]. The clinical use of
bleomycin as a stand-alone therapy is limited by its toxicity to the lung causing irreversible
pulmonary damage and fibrosis in approximately one fifth of all patients [25]. However,
bleomycin has potential as a topical treatment in both human and veterinary medicine for
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diseases such as NMSCs and equine sarcoids, due to its low toxicity against non-cancer cells
and hematopoietic tissues [26,27], however its molecular structure impedes penetration
through the skin [4]. The application of nanotechnology to overcome biological hurdles
is overhauling biomedical research and clinical applications. Here, we utilized a novel
formulation of bleomycin encapsulated in UD liposomes (Bleosome).

Bleosome has previously been shown to have a lethal effect on an immortalized human
keratinocyte cell line and a cell line derived from a primary squamous cell carcinoma [13]
and has potential as a clinically relevant modality for horses with occult and/or verru-
cose sarcoids [28]. However, to date there has been limited evidence that Bleosome can
effectively penetrate through the skin compared to free-bleomycin and limited insight
into the mechanism of the UD liposomes’ enhanced skin penetration. In this study, we
showed for the first time that Bleosome effectively penetrates deeper into the skin than
free-bleomycin, and that these results are consistent in two model systems: canine and
equine. We visualized UD liposomes approximately 150 nm in diameter using TEM. TEMs
are powerful analytical tools that transmit a beam of electrons through a thin slice of a tissue
to capture the very fine details of that specimen; they are of a magnification of up to thou-
sands of times higher than that of a light microscope [29]. UD liposomes did not penetrate
beyond the external keratinocyte layer of canine skin even after 8 h of treatment. Similar
results were observed by Bouwstra et al. (2003) [30], whereby intact surfactant-based elastic
vesicles were not found beyond the stratum corneum of human skin.

To complement the TEM, we fluorescently labelled bleomycin prior to encapsulation
in UD liposomes to enable us to visualize the drug by MP (Figure 5A). BODIPY-FL was se-
lected, as it is relatively non-polar and non-charged fluorophore that should have minimum
effect on the functional properties of bleomycin after conjugation [31]. To our knowledge
this is the first time that BODIPY-FL has been conjugated to bleomycin, and our main
concern was that the reactive succinimidyl group of BODIPY-FL NHS could potentially
bind to all available amine groups in the metal binding domain of bleomycin, which may
impair the DNA binding and cleavage and affect the efficacy of the fluorescently labeled
drug [4]. We effectively mono-labeled bleomycin with BODIPY-FL prior to encapsulation
in UD liposomes (F-Bleosome) and confirmed the comparable cytotoxic effect on cell lines
compared to unlabeled Bleosome. Using F-Bleosome we were able to visualize the drug
within the UD liposomes as it penetrated through the skin. We found that F-Bleosome
penetrated beyond the keratinocyte layer and penetrated deeper over time compared to
F-bleomycin, which was mainly retained in the superficial layers of the skin. The epidermal
thickness of the skin is estimated to be approximately 40 μm and 30 μm for canine [32]
and equine [33] skin respectively, and in both models F-Bleosome penetrated beyond the
epidermis and was identified within the dermal layers of the skin. In some instances we
also identified F-Bleosome particles in close proximity to structures that are likely to be
small blood vessels, indicating that F-Bleosome can penetrate beyond the epidermis, an
avascular component of the skin. We noted that the shape of F-Bleosome particles changed
over time: 10 min post-treatment they are well demarcated and spheroidal whereas at later
time points there were less clearly defined and more diffuse. Given that UD liposomes,
as visualized by TEM, were not observed beyond the stratum corneum, we propose that
UD liposomes act as penetration enhancers. Our model is consistent with that proposed
by Verma et al. (2003) [20], whereby within the superficial layers of the skin Bleosome
consists of bleomycin encapsulated within UD liposomes; once Bleosome passes beyond
the stratum corneum, we hypothesize that the UD liposomes are damaged by their interac-
tion with hardy keratinocytes, which are highly keratinized and flat, causing disruption
of the liposomal membrane. These damaged UD liposomes then become leaky, and the
previously encapsulated bleomycin is released and able to freely penetrate deeper into
the cellular and vascular dermal layer of the skin (Figure 5B). We therefore propose that
UD liposomes are penetration enhancers that can transport encapsulated drugs across the
epidermis and release them in the deeper layers of the skin.
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Figure 5. Proposed mechanism of penetration of Bleosome through the skin. (A) Schematic represen-
tation of the experimental techniques used to assess the penetration of Bleosome through the skin.
Skin was collected from cadavers of dogs and horses. Subcutaneous fat was removed using a scalpel
and hair (in the case of dogs and horses) was removed using electric clippers. Skin explants were cut
into 2 × 2 cm2 sections and treated with either Bleosome or free bleomycin and visualized by the
TEM (top) for liposomes assessment (yellow arrow) or treated either with F-Bleosome or F-bleomycin
and visualized by the MP (bottom) for drug particles assessment (green arrow). (B) UD liposomes
act as penetration enhancers to increase the penetration of encapsulated bleomycin through animal
and human skin. We propose that when liposomal vesicles interact with the outermost keratinocytes,
they are disrupted, allowing the release of the entrapped bleomycin and consequently the enhanced
penetration of the drug to the inner layers of the skin.

Our results support further studies to investigate the clinical application of Bleosome
as a topical treatment for NMSCs. In both human and veterinary patients these types of
tumors are usually not fatal, but their treatment represents a clinical challenge as they are
often highly invasive and result in life-long disfiguration of the patient [1]. An effective
topical treatment for these types of tumors would negate the need for patients to undergo
disfiguring surgery and could be safely applied at home. Clinical use in human NMSCs has
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shown minimal side-effects and scarring (Chopra, S. personal communication). Within the
context of veterinary medicine, topical treatments should be designed for rapid absorption
to minimize companion animals from licking and swallowing any external treatments,
which may be harmful if swallowed. Here we showed that Bleosome can more effectively
penetrate through the healthy skin of dogs and horses, and can reach the deeper layers
of skin better than the free drug. Future studies should focus on the rate of absorption,
penetration through tumor samples, and efficacy against NMSCs. Two promising prelimi-
nary studies showed that Bleosome in combination with either 5-fluorouracil or tazarotene
was more effective at treating horses with sarcoids than either treatment alone [28], and
Bleosome alone has been used to treat humans with NMSC (Chopra, S. personal commu-
nication). The current study adds to a body of evidence that Bleosome is potentially an
effective non-invasive treatment, with minimum side-effects, for NMSC in both human
and veterinary medicine.

5. Conclusions

Innovation and novel formulations of established anti-neoplastic drugs have the
potential to affect clinical practice and patient outcomes quicker than completely new
drugs for which there is no prevailing pharmacological, pharmacokinetic or clinical data
available. Bleosome is a novel formulation of bleomycin that has potential as a topical
chemotherapy to treat NMSC and negate the adverse side-effects of pulmonary toxicity
when administered systemically. In this study we show for the first time that Bleosome
can effectively penetrate through the skin of dogs and horses better than the free drug
which cannot pass beyond the stratum corneum. Using novel imaging techniques, we have
also elucidated the mechanism of UD liposome enhanced skin penetration of bleomycin.
From our results we conclude that Bleosome is able to penetrate through skin better than
free-bleomycin as UD liposomes can penetrate through the protective, hardy, outer layers
of skin which impair passage of the free-drug, and then once beyond the keratinocyte layer
the UD liposomes break-up to release the drug, enabling it to diffuse deeper through the
skin. This study provides a scientific underpinning to preliminary clinical observations
that Bleosome may be an effective treatment of NMSCs.

6. Patents

S.C holds a patent (GB2398495) “A drug delivery preparation comprising at least
one anti-tumor drug and a topical carrier for the drug” and has a patent pending for
“Compounds, Compositions and Methods for the Treatment or Prevention of Hair Loss”.
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Simple Summary: Comparative oncology is centered around the study of naturally occurring tumors
in animals as a parallel and complementary model for human cancer research. Canine mammary
tumors pose as excellent models since they share similarities in their spontaneous nature, histological
subtypes, genetic background, and clinical course, which would be impossible to reproduce in murine
models. Our study aimed to investigate cancer heterogeneity in primary tumors and metastasis, by
applying bottom-up proteomics and mass spectrometry imaging to identify potential disease-state
markers. We have demonstrated that the malignant phenotype may have arisen as a consequence of
alterations in the expression of proteins involved in immune evasion facilitating metastatic events.
To our knowledge, this is the first study to use mass spectrometry imaging in a dog model of breast
cancer, that have demonstrated that poorly described proteins might play important roles in cancer
spreading and should be further validated as potential early-stage tumor biomarkers.

Abstract: New insights into the underlying biological processes of breast cancer are needed for the
development of improved markers and treatments. The complex nature of mammary cancer in dogs
makes it a great model to study cancer biology since they present a high degree of tumor heterogeneity.
In search of disease-state biomarkers candidates, we applied proteomic mass spectrometry imaging
in order to simultaneously detect histopathological and molecular alterations whilst preserving
morphological integrity, comparing peptide expression between intratumor populations in distinct
levels of differentiation. Peptides assigned to FNDC1, A1BG, and double-matching keratins 18
and 19 presented a higher intensity in poorly differentiated regions. In contrast, we observed a
lower intensity of peptides matching calnexin, PDIA3, and HSPA5 in poorly differentiated cells,
which enriched for protein folding in the endoplasmic reticulum and antigen processing, assembly,
and loading of class I MHC. Over-representation of collagen metabolism, coagulation cascade,
extracellular matrix components, cadherin-binding and cell adhesion pathways also distinguished
cell populations. Finally, an independent validation showed FNDC1, A1BG, PDIA3, HSPA5, and
calnexin as significant prognostic markers for human breast cancer patients. Thus, through a spatially
correlated characterization of spontaneous carcinomas, we described key proteins which can be
further validated as potential prognostic biomarkers.

Keywords: breast cancer; canine model; comparative oncology; MALDI imaging; tumor progression
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1. Introduction

The estimated number of human breast cancer cases is still increasing worldwide,
accounting for 11.6% of all new cases of cancer and 6.6% of deaths due to the disease
until 2018 [1,2]. Even with a thorough histological examination and the use of well-
recognized gene expression patterns for molecular subtyping [3], a reliable classification for
clinical prognosis and therapy decision making might be challenging. In order to find new
prognostic markers and develop more efficient and precise treatments, a deeper molecular
understanding of the disease is necessary.

To gain new insights into tumor growth and revolutionary therapy research, a trust-
worthy animal model that mimics the fundamental aspects of human cancer is required. In
this context, spontaneous canine mammary tumors are an excellent example of the intricate
biology behind heterogeneous cancer progression. Pet dogs not only experience the same
environment and risk factors as people, but they also share anatomical and histological
similarities, comparable clinical features, as well as more homologous DNA and protein
sequences compared to rodent models [4–7]. Moreover, the large population of dogs and
improvements in the pet–owner relationship can simultaneously benefit both sides by
helping researchers to improve the assessment of novel treatments for humans by treating
pet animals with cancer [5].

It has been recognized that cancer is hardly a disease of tumor cells solely, but instead a
disorder of imbalance in which tumor microenvironment plays crucial roles in development
and malignancy [8,9]. Mass spectrometry imaging (MSI) enables the spatially correlated,
label-free, and highly multiplexed molecular analysis directly from histological sections,
and therefore is a useful tool for analyzing tumor heterogeneity in cancer tissues [10]. One
advantage of MSI is the possibility of investigating cancer cells simultaneously with their
immediately adjacent microenvironment, reducing the interference of other extra-tumor
stroma components which could lead to misinterpretations. Despite limitations, such as
the restricted analytical depth and the challenging high-dimensional datasets [11], the
combination of bottom-up and top-down proteomics approaches, achieved by combin-
ing MSI and LC-MS/MS, represents a valuable tool for basic and translational oncology
research [12].

Therefore, we aimed to explore tumor heterogeneity and molecular alterations in
pathways involved in cancer progression, which could favor diagnosis, prognosis, and
therapeutic strategies. To date, only a few studies have employed MSI in canine cancer, all
of which comprised lipid profiling to identify molecules that might be used to discriminate
between tumor types, or tumoral and non-tumoral areas [13–15]. To our knowledge, this is
the first study to explore tumor heterogeneity using MSI in a dog model of breast cancer.
Here, we have identified variations in peptide expression between cell populations in
different degrees of differentiation, therefore malignancy, which may lead to the discovery
and improvement of potential biomarkers.

2. Materials and Methods

2.1. Tissue Samples

All procedures were approved by FZEA/USP Ethics Committee (CEUA nº 8632101017).
Mammary tumor samples from five unspayed dogs submitted to elective mastectomies
were obtained in a collaboration with the Veterinary Hospital of the Faculty of Animal
Science and Food Engineering (FZEA/USP) in Pirassununga, Brazil, and the Veterinary
Hospital Dr. Vicente Borelli, from the Octávio Bastos Teaching Foundation (UNIFEOB)
in São João da Boa Vista, Brazil. Patients had no previous history of either surgical or
chemotherapy treatments.

2.2. TMA Construction

All tumor samples were divided into smaller fragments of ∼= 1 cm3 after surgical exci-
sion. Fragments were fixed in a 10% buffered formalin solution and processed according to
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standard procedures. The diagnosis of mammary cancer was confirmed by histological
evaluation following the classification proposed by Goldschmidt et al. [16].

For tissue microarray (TMA) arrangement, formalin-fixed, paraffin-embedded (FFPE)
blocks were sectioned into 4 μm thick pieces, hematoxylin and eosin (HE) stained, and
regions were marked for a good depiction of intratumor heterogeneity across the solid mass.
Areas containing epithelial and myoepithelial cells, as well as stromal regions including
vessels, inflammatory cells, and connective tissues were chosen. From each tumor, up
to 5 punches/cm3 were taken, and the 2 mm cores were assembled with at least 1 mm
spacing between samples. The number of cores varied between 40 and 56 cores per TMA.
In addition, metastatic cells in lymph nodes or other secondary sites (i.e., lungs) as well as
non-neoplastic mammary glands from different animals were also placed asymmetrically
at one end of each block for control purposes. After assembly, TMAs were sectioned and
stained with HE to assess the integrity of the samples.

2.3. Mass Spectrometry Imaging

For matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-
MSI), FFPE TMAs were sectioned into 4 μm-thick sections and mounted on indium-tin-
oxide (ITO)-coated glass slides (Bruker Daltonics, Bremen, Germany) additionally coated
with 0.05% poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA) and 0.1% Nonidet P-40
(Sigma-Aldrich, St. Louis, MO, USA). Sections were dewaxed in xylene, rehydrated,
and washed with deionized water after an hour on a hot plate at 60 ◦C. Heat-induced
antigen retrieval was performed in citrate buffer (10 mM at pH 6) at 121 ◦C for 20 min,
then cooled to room temperature for 120 min. Trypsin (0.02 μg/mL in deionized water,
Trypsin Gold, Promega Corporation, Wisconsin, WI, USA) was applied for tissue digestion
using the SunCollect (SunChrom, Friedrichsdorf, Germany) automated pneumatic spray
platform (15 layers at 10 μL/min). Slides were then incubated for 18 h using the SunDigest
(SunChrom) incubator at 37 ◦C and 95% of relative humidity. Following digestion, MALDI-
matrix (25 mg/mL of 2,5-dihydroxybenzoic acid in 50% aqueous acetonitrile and 0.1%
trifluoroacetic acid) was also applied using the SunCollect (7 layers at (1) 10 μL/min,
(2) 20 μL/min, (3) 30 μL/min, (4+) 40 μL/min).

MALDI-FT-ICR-MSI data acquisition was performed in positive ion mode on a
9.4 T solariX equipped with CombiSource™ and dynamically harmonized ParaCell™
(Bruker Daltonics). Data were acquired over an m/z range between 600–3500 Da, 200
laser shots per pixel, and the small laser focus (~50 μm diameter) with a pixel size of
100 × 100 μm2. Instrument calibration was performed using Peptide Calibration Standard
(PepMix, Bruker Daltonics).

2.4. Histopathological Staining and Annotation

Excess MALDI-matrix was removed with 70% ethanol after MALDI-MSI. TMA slides
were stained with HE and later scanned (Philips Slide Scanner, Andover, MA, USA) on
5, 10, 20, and 40× magnification. Cores that were eventually lost or damaged during
tissue processing and/or staining were not included in the analyses. Using flexImaging
(v5.0, Bruker Daltonics), scanned images were co-registered to the MSI data allowing for
virtual microdissection. The annotation of regions of interest (ROIs), mainly comprised
cancer epithelial cell populations. Annotation step avoided major vessels and ducts along
with necrotic and desmoplastic areas, in order to minimize the interference caused by
the influence of MALDI-matrix signals accumulating in empty spaces. Tumor ROIs were
categorized into two different groups based on morphological criteria of the malignancy
of canine mammary cancer adapted from the well-established grading system published
by Goldschmidt et al. [16], as follows: (i) well-differentiated tumor populations (WD),
presenting uniform cell morphology to a moderate degree of cell and nuclei pleomorphism,
none to occasional hyperchromatic nuclei and none to occasional nucleoli. Differentiated
tubules in >25% of region area and rare to occasional mitoses. (ii) poorly differentiated
tumor populations (PD), showing a high degree of pleomorphism, hyperchromatic nuclei,
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presence of prominent and/or multiple nucleoli. Differentiated tubules in <25% of the
region assuming areas of solid growth, where frequent mitoses could be observed.

2.5. MALDI-MSI Data Processing

Raw data were exported as an imzML file for preprocessing and peak picking using
the SCiLS Lab Software (v2016b, Bruker Daltonics, Bremen, Germany). In the R environ-
ment (www.r-project.org accessed 15 July 2021), data processing was conducted using the
rMSIproc package [17]. Spectra were aligned using a maximum shift of 50 ppm, alignment
iterations = 3, and alignment oversampling = 2. Data were root-mean-squared (RMS)-
normalized, and peak picking was conducted setting a signal to noise ratio (S/N) = 7 and
a binning tolerance of 12 scans. Peaks detected in less than 5% of the total number of
spectra were removed. After statistical analysis (described in the following paragraph),
the list with significant peaks was checked for the presence of isotope peaks using mMass
5.5.0 [18]. Deisotoping was performed using a max charge of 1+ and isotope mass tolerance
of 0.02 m/z for monoisotopic mass selection.

2.6. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

For LC-MS/MS, tissue tryptic digestion was performed as previously described in
the MALDI-MSI methods. A solution of 50% aqueous acetonitrile and 0.1% trifluoroacetic
acid was used for peptides extraction from the TMAs. Then, extracted peptides were
desalted using C18 ZipTips (Millipore, Billerica, MA, USA) according to the standard
protocol, and later dried. Lyophilized peptides were dissolved in 95/3/0.1 (% v/v/v)
water/acetonitrile/formic acid and analyzed by online C18 nano HPLC MS/MS with a
system consisting of an Easy-nLC 1200 gradient HPLC system (Thermo Scientific, Bremen,
Germany), and an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific). Next,
the sample was injected onto a precolumn (100 μm × 15 mm, C18 Reprosil-Pur C18-AQ, 3
μm, 120 A, and eluted via a homemade analytical nano-HPLC column (50 cm × 75 μm;
Reprosil-Pur C18-AQ 1.9 μm, 120 A (Dr. Maisch, Ammerbuch, Germany). The gradient
was run from 2 to 36% solvent B (20/80/0.1 water/acetonitrile/formic acid (% v/v/v) in
120 min. The nano-HPLC column was drawn to a tip of ~10 μm acting as the electrospray
needle of the MS source. The mass spectrometer was operated for a cycle time of 3 s in
data-dependent MS/MS mode, with an HCD collision energy at 32 V and recording of the
MS2 spectrum in the orbitrap, with a quadrupole isolation width of 1.2 Da. The resolution
was set to 120,000, the scan range 400–1500, at an AGC target of 4,000,000 at a maximum fill
time of 50 ms in the master scan (MS1). Precursors were dynamically excluded after n = 1
with an exclusion duration of 60 s, and with a precursor range of 20 ppm. The charge states
2–4 were included. For MS2, the first mass was set to 110 Da, and the MS2 scan resolution
was 30,000 at an AGC target of 40,000 at a maximum fill time of 60 ms.

As post-analysis, raw data were converted to peak lists using Proteome Discoverer
version 2.2 (Thermo Electron), and protein identification was carried out by comparing the
lists to the Canis2019 database (24,669 entries) on Mascot v. 2.2.04 (www.matrixscience.com,
accessed on 15 July 2021). Mascot searches were performed using 10 ppm and 0.02 Da
tolerance for precursor and fragment mass, respectively, and trypsin was defined as the
protease. Methionine oxidation and the main formaldehyde reaction product on Lysine
(+12.000 m/z) were set as a variable modification, while Carbamidomethyl (C) was a fixed
modification. Peptides with an FDR ≤ 1% in combination with a mascot ion score ≥25
were accepted. For peptide identity assignment (IDs), observed MALDI-MSI signals were
matched to LC-MS/MS data considering a maximum mass error of ±10 ppm. Single
peptides assigned to different proteins from the same family were kept since they may be
helpful for a full comprehension of the results.
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2.7. Statistical Analysis
2.7.1. Discriminative m/z Signals

Groups were pre-adjusted so that the number of spectra obtained from each animal
was randomly—and equally—sampled before statistical analysis. Discriminative peaks
between annotated WD and PD tumor regions were examined using a receiver operating
characteristic (ROC) analysis and then tested for significance using the Mann–Whitney
Wilcoxon Test followed by Benjamini–Hochberg (BH) post-test correction. For that, the
mean intensity of each m/z feature in every ROI was calculated and tested. Then, the same
number of spectra from each condition (n = 3000) were used for the ROC curve, and signals
with AUC ≥ 0.70 in at least three out of five ROC analyses were tested. Only m/z signals
presenting a p-value ≤ 0.05 and FDR ≤ 0.05 were considered significant.

2.7.2. Functional Enrichment Analysis

For a more comprehensive knowledge base about protein function, the human genome-
coding database was employed as a reference set. Thus, gene ontology (GO) and pathway
enrichment analysis were determined through the overrepresentation test on the PAN-
THER classification system (www.pantherdb.org, accessed 15 November 2021), using the
REACTOME (version 65) database [19]. Protein symbols retrieved from peptides with
unique matches were used as input and statistical analysis was performed using Fisher’s
exact test followed by FDR correction. Enriched GO terms and pathways were considered
significant if FDR ≤ 0.05.

2.7.3. Independent Comparative Validation

To further evaluate the significance of relevant proteins found in canine samples as
prognostic factors in human breast cancer, an in silico validation was performed using an
online survival analysis tool [20] (www.kmplot.com, accessed 15 July 2021). The datasets
include gene expression (Affymetrix microarrays) and survival data from Gene Expression
Omnibus (GEO and The Cancer Genome Atlas (TCGA). Overall survival (OS) and distant
metastasis-free survival (DMFS) were analyzed using protein IDs as input, and the optimal
probe [21] was selected for the assessment of the expression levels. All possible cutoff
values between the lower and upper quartile were computed, and the best performing
threshold was used to divide patients into two different cohorts. No restrictions were made
regarding tumor subtypes such as ER, PR, and HER2 status, grade, or stage. No restrictions
were made regarding patient treatment. Survival curve, number-at-risk, hazard ratio (and
95% confidence intervals), and log-rank p were displayed on the Kaplan–Meier plot. A
protein was considered a significant marker when p-value ≤ 0.05.

3. Results

3.1. Patients, Tumor Samples and Tissue Annotation

Canine mammary gland FFPE tissue samples were examined using MSI. The study
included 17 mammary tumors surgically removed from five female dogs diagnosed with
metastatic disease, confirmed by positive anti-cytokeratin immunostaining in lymph nodes
and other metastatic sites (patient information and histological classification of samples
are detailed in Supplementary Table S1). Epithelial and myoepithelial populations, stromal
areas consisting of connective tissue and peritumoral inflammatory cell infiltration, as well
as metastatic regions and non-neoplastic glands were assembled in ten TMA blocks. A total
of 453 cores, from which 320 were viable, were submitted to pathological classification and
annotation. From annotated regions, a total of 282 tumor ROIs were selected and further
categorized as WD and PD (Figure 1). We obtained 70 WD and 212 PD ROIs, along with
21 metastasis regions and seven ROIs of non-neoplastic mammary glands. In addition,
108 stroma-only regions were annotated, but not included in any statistical analysis.
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Figure 1. Peptide expression was compared between neoplastic cell populations in two distinct levels of differentiation
(well-differentiated, WD, and poorly differentiated, PD), from 17 tumor samples assembled in FFPE tissue microarrays.
Protein identity assignment of significant features was performed based on mass matching to an LC-MS/MS derived
peptide database. Protein IDs were then submitted to functional enrichment analysis and promising prognostic marker
candidates were validated in silico using a human gene expression database. HE stained TMA core shows the annotation
of a WD (blue) and a PD (red) region of interest (ROI), detailed in the images on the right. ROIs were classified based on
morphological criteria such as tubule differentiation, cell, nuclei, and nucleoli pleomorphism. Arrows point to atypical
mitoses inside a PD tumor region.

3.2. Protein Identification and Discriminative m/z Signals between Low and High Grade
Intratumor Regions

After data processing and peak picking, a list containing 1780 m/z features was ob-
tained from the examined tissues. Next, molecular dissimilarities between WD and PD
subpopulations that could be contributing to tumor malignancy were determined. After
deisotoping, 168 differentially expressed m/z signals were found (Supplementary Table S2),
where the majority of features (162) were more intensely expressed in WD tumor regions
compared to PD (Figure 2A).
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Figure 2. (A) Volcano plot shows the discriminative peaks (AUC ≥ 0.70 and FDR ≤ 0.05) in WD vs. PD group. Higher
intensity levels in PD tumors are indicated in red, lower intensity levels are indicated in blue (B) Boxplot analysis of
representative peptide expression of six discriminative m/z signals in canine mammary carcinoma tissues. Normalized
absolute intensity data and error bars are shown for WD and PD tumor areas, as well as non-neoplastic mammary gland
used as control. Ions at m/z 867.513, 1041.613, and 1166.611 were more expressed in PD ROIs, while signals at m/z 1084.559,
1428.710, and 1833.897 presented a lower expression in the same regions. (*) p < 0.05 (**) p < 0.01 (****) p < 0.0001.

Protein identity assignment of the 168 discriminating features based on mass matching
to the LC-MS/MS derived peptide database resulted in 38 proteins IDs with unique

45



Cancers 2021, 13, 5901

matches (from 47 corresponding peptides), and 10 extra IDs from four signals which were
assigned to two or more proteins belonging to the same family/type (keratin 18 and 19,
KRT18/KRT19 at m/z 1041.613 with a mass error of 7.37 ppm; heat shock protein 90 alpha
family class B member 1 and class A member 1, HSP90AB1/HSP90AA1 at m/z 1311.563
with a mass error of 5.11 ppm; tropomyosin 1 and 2, TPM1/TPM2 at m/z 1332.648 with
a mass error of 7.42 ppm; and beta tubulins, TUBB4B/TUBB/TUBB2A/TUBB1 at m/z
1636.829 with a mass error of 0.42 ppm). A full list of identity assignments can be found
in Supplementary Table S3. Peptides whose identities were assigned to Fibronectin type
III domain containing 1 protein (FNDC1, at m/z 867.513, mass error = 9.61 ppm), Alpha-
1B-glycoprotein (A1BG, at m/z 1166.611, mass error = 2.25 ppm), and double-matching
keratins 18 and 19 (KRT18/KR19 at m/z 1041.613, mass error = 7.37 ppm) were among m/z
signals showing higher intensity in PD regions (Figure 2B). Besides those peptides, ions
at m/z 679.547, m/z 742.305, and m/z 1158.647 were found to be also overexpressed in PD
regions, but the identities could not be retrieved from LC-MS/MS data.

3.3. Functional Enrichment Analysis of Differentially Expressed Peptides between Well and Poorly
Differentiated Tumor Populations

To increase our understanding of biological and molecular pathways distinguishing
WD and PD populations, gene ontology (GO) was performed using protein IDs retrieved
from LC-MS/MS data of discriminative m/z signals between conditions. GO of unique
IDs significantly enriched for terms such as protein folding in endoplasmic reticulum,
extracellular matrix structural constituent, molecule activity, cadherin binding, and cell
adhesion (Table 1).

Table 1. Biological processes and molecular function terms enriched in GO analysis using 38 proteins IDs retrieved from
LC/MS-MS data.

Biological Process Fold Enrichment IDs FDR

Protein folding in endoplasmic
reticulum >100 CANX, HSPA5, PDIA3 2.7 × 10−2

Extracellular matrix structural
constituent conferring tensile strength 52.16 COL1A1, COL1A2, COL6A3, COL12A1 1.73 × 10−3

Extracellular matrix structural
constituent 18.98 COL1A1, COL1A2, COL6A3, COL12A1,

VCAN, EMILIN2 1.3 × 10−3

Structural molecule activity 6.81
COL1A1, COL1A2, COL6A3, COL12A1,

VCAN, EMILIN2, LMNA, EPB41L2,
CTNNA1

4.95 × 10−3

Cadherin binding
Cell adhesion molecule binding

17.75
11.01

LIMA1, EEF1D, CALD1, TNKS1BP1,
HSPA5, FLNA, TAGLN2, SERBP1,

DDX3X, CTNNA1, BAG3

1.07 × 10−7

9.50 × 10−6

Besides a general overview of GO processes, we also performed a functional pathway
enrichment of differentially expressed peptides using the open-access and peer-reviewed
REACTOME database, which describes possible reactions if all annotated proteins were
present and active simultaneously in a cell. Pathways directly involved in collagen
metabolism, coagulation cascade, extracellular matrix proteoglycans, and signaling by
receptor tyrosine kinase showed as significant in enrichment analysis (Table 2).

A1BG, which absolute intensity was higher in the malignant phenotype, was signif-
icant for three different pathways involved with platelet mechanisms, such as platelet
activation, aggregation, and degranulation. In addition, calnexin (CANX), heat-shock
protein family A member 5 (HSPA5), and protein disulfide isomerase family A member
3 (PDIA3), which in GO enriched for protein processing in endoplasmic reticulum, also
played an important role for antigen presentation associated to the class I MHC, presenting
the second-highest fold enrichment value among all significant pathway classes (Table 2
and Figure 2B). All three proteins were found to be less intense in PD tumor regions
(Figure 3A).
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Table 2. Significant REACTOME enriched pathways. Results are sorted by the hierarchical relations between over-
represented functional classes, which may be interpreted as a group rather than individually.

Pathway Name Fold Enrichment IDs FDR

GP1b-IX-V activation signaling >100 COL1A1, COL1A2, FLNA 2.47 × 10−3

Platelet activation signaling and aggregation 12.39 COL1A1, COL1A2, FLNA, A1BG, HSPA5,
TAGLN2 4.13 × 10−3

Antigen presentation: folding, assembly and
peptide loading of class I MHC 61.69 CANX, HSPA5, PDIA3 4.85 × 10−3

Collagen chain trimerization 48.60 COL1A1, COL1A2, COL6A3, COL12A1 4.34 × 10−3

Collagen biosynthesis and modifying
enzymes 31.92 COL1A1, COL1A2, COL6A3, COL12A1 3.51 × 10−3

Collagen formation 24.03 COL1A1, COL1A2, COL6A3, COL12A1 5.58 × 10−3

Assembly of collagen fibrils and other
multimeric structures 35.64 COL1A1, COL1A2, COL6A3, COL12A1 4.63 × 10−3

Collagen degradation 33.42 COL1A1, COL1A2, COL6A3, COL12A1 4.43 × 10−3

Degradation of the extracellular matrix 15.28 COL1A1, COL1A2, COL6A3, COL12A1 2.41 × 10−2

ECM proteoglycans 28.14 COL1A1, COL1A2, COL6A3, VCAN 4.83 × 10−3

Platelet degranulation 16.84 A1BG, HSPA5, FLNA, TAGLN2 1.95 × 10−2

Response to elevated platelet cutosolic Ca2+ 16.20 A1BG, HSPA5, FLNA, TAGLN2 2.08 × 10−2

Signaling by receptor tyrosine kinases 8.19 COL1A1, COL1A2, COL6A3, STMN1,
HNRNPM, CSN2, CTNNA1 5.38 × 10−3

3.4. Tissue Distribution of FNDC1 and A1BG Peptides

Next, we further explored the spatial distribution of m/z signals with a higher inten-
sity in PD regions and whose identities could be assigned from the LC-MS/MS data. First,
we compared ion intensities between tumor regions presenting an aggressive morphologi-
cal phenotype with non-neoplastic mammary gland tissues. Both peptides at m/z 867.513
and 1166.611, respectively assigned to FNDC1 and A1BG proteins, were significantly more
intense in PD tumor over control regions (p = 0.0006 for m/z 867.513 and p = 0.0395 for
m/z 1166.611). Then, we examined tissue distributions of both peaks across the entire
sample, including tumor microenvironment, lymph nodes, and metastatic sites. Besides
tumor regions, the FNDC1 peptide was also of high intensity across metastatic areas in
lymph nodes and other secondary tumor sites, as lungs and abdominal masses (Figure 3B).
Similarly, the A1BG peptide was detected across primary tumor tissue in both WD and PD
regions, as well as in immune cell clusters, as demonstrated in Figure 3C. Ion abundance
varied between intratumor infiltrating cells and tissue-resident leukocytes in the lymph
nodes. In the latter, the peptide distributions seemed anatomically homogeneous, since no
distinction between cortex and medulla could be observed.

3.5. Prognostic Value of FNDC1, A1BG, CANX, HSPA5 and PDIA3 in Human Breast
Cancer Patients

As demonstrated by molecular tissue distributions and functional enrichment analyses,
FNDC1, A1BG, CANX, HSPA5, and PDIA3 were related to the immune system response
against tumor cells and/or cancer spreading to distant sites in canine cancer, and thus
being promising candidates for further validation as comparative prognostic biomarkers.
Therefore, we intended to study the relationship between gene expression of such proteins
and clinical outcomes of human breast cancer patients using the Kaplan–Meier plotter
online database. In silico validation explored the overall survival (OS, n = 943 patients)
and distant metastasis-free survival (DMFS, n = 958 patients) prognostic values that were
obtained according to the low and high expression of each gene. We observed that the high
expression of FNDC1 (probe 226930_at, p = 8.3 × 10−6), as well as the low expression of
A1BG (probe 229819_at, p = 3.4 × 10−6) and HSPA5 (probe 230031_at, p = 0.0017) were
associated with worse DMFS. In addition, high expression of FNDC1 (probe 226930_at,
p = 0.019) and the low expression of PDIA3 (probe 227033_at, p = 0.0037), HSPA5 (probe
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230031_at, p = 0.0024) and CANX (probe 238034_at, p = 0.0013) were also associated with a
worse overall survival in breast cancer patients (Figure 4).

Figure 3. MSI data of canine samples. (A) WD (blue line) and PD (red line) tissue distribution of m/z signals assigned to
proteins enriched in protein folding in endoplasmic reticulum, and folding, assembly, and loading of MHC class I pathway:
protein disulfide isomerase family A member 3 (m/z 1084.559), calnexin (m/z 1215.622) and heat-shock protein family A
member 5 (m/z 2042.051). (B) Signal of FNDC1 peptide at m/z 867.513 is strong across primary tumor and metastatic
areas. (C) A1BG peptide at m/z 1166.611 was found to be expressed not only across primary tumor areas but also by
inflammatory cells (IC) in canine samples. Corresponding HE staining shows signal distribution in tumor cells, tumor areas
with infiltrating inflammatory cells, and across the lymph node (LN).
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Figure 4. Prognostic values of FNDC1, A1BG, PDIA3, CANX and HSPA5 for OS and DMFS in human breast cancer patients.
Gene expression and clinical outcome data were analyzed using Kaplan–Meier plotter. Patients with expression above the
threshold are indicated in red line, and patients with expression below the threshold in black line. HR = hazard ratio.
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4. Discussion

In the present study, we performed MSI to assess and compare peptide expression in
282 cancer regions annotated within 17 tumor samples from five different patients, mini-
mizing the effect of genetic background and macroenvironment influence. By analyzing
heterogeneous intratumor subpopulations and metastatic sites, we demonstrated that
FNDC1, A1BG, CANX, HSPA5, and PDIA3 may be key factors to tumor malignancy in
a canine model of breast cancer. A strong indication would be that peptides assigned to
these proteins were not only significant to discriminate between phenotypes, but they also
presented a significant prognostic value, as demonstrated in the survival analysis based on
gene expression data of human breast cancer.

The degree of differentiation generates relevant information regarding clinical behav-
ior, and it still has a direct impact to determine patient diagnosis and prognosis [22–25].
Here, the histological grading system was used to divide intratumor populations into
two distinct groups based on their level of differentiation: well- and poorly differentiated
tumor regions (WD and PD). A total of 168 m/z signals were able to discriminate between
WD and PD groups, in which the majority of ions presented a lower intensity in tumor
regions with a more malignant morphological phenotype. As it may be, a small part of this
effect might have been due to a greater amount of stroma elements in WD populations,
since well-differentiated breast carcinomas do not show as many solid grow patterns as
in PD regions. However, the importance of such molecules in the context of tumor de-
velopment and progression should not be diminished. It is well known that the tumor
microenvironment, which includes extracellular matrix (ECM) molecules, inflammatory
cells, cancer-associated fibroblast, and blood vessels, is closely associated with carcinogene-
sis, cell proliferation, survival, invasion, and metastasis [8,26,27]. Collagen, for example, is
one of the most abundant ECM proteins and withstands consecutive stages of degradation,
redeposition, and remodeling, where both the increase and decrease in its deposition may
be associated with the increase in tumor malignancy [28–30]. Here, peptides assigned to
collagens types I, VI, and XII were recurrent in several significant terms in GO and pathway
enrichment analysis, representing an important link between tumor microenvironment
and cancer cells.

Peptides with a lower intensity in PD populations were assigned to proteins involved
in molecular functions such as the coagulation cascade, ECM structure, and cell adhesion.
Interestingly, we also observed a decreased expression in PD regions of m/z signals assigned
to proteins such as calnexin, HSPA5, and PDIA3, which enriched for protein processing
in the endoplasmic reticulum (ER) and peptide folding, assembly, and loading of class
I MHC. Cells undergoing malignant progression have increased proliferation and the
ability to adapt under adverse environments, frequently leading to ER stress resulting
in protein misfolding, reduced ER processing, and the unfolded protein response (UPR)
activation [31,32]. In normal physiology, misfolded and mutated proteins are cleaved into
peptides which will be transported from the cytosol to the ER and later loaded into the
MHC complex for antigen presentation triggering an immune response through CD8+ T
cells [33]. Hence, losses or defects in transport and peptide loading in MHC may disrupt
and impede antigen processing and presentation, thus having a profound effect on patient
therapy and tumor cell survival against the immune system [34]. Accordingly, in our study,
the low gene expression of calnexin, HSPA5, and PDIA3 had a significant prognostic value
for OS and DMFS in human breast cancer patients.

PDIA3 interacts with lectin chaperones calreticulin and calnexin to modulate folding of
newly synthesized glycoproteins [35], and the low expression of PDIA3 has been associated
with poor overall survival for non-small lung cancer and gastric cancer, due to the formation
of a complex with MHC class I [35–37], corroborating with our results. HSPA5 (also known
as BiP) is a master regulator of the UPR [38]. Fae and collaborators demonstrated PDIA3
and HSPA5 to be recognized by heart infiltrating and peripheral T cells in chronic rheumatic
heart disease patients, suggesting that these proteins may be involved in an autoimmune-
mediated tissue response as autoantigen targets of antibodies [39]. In cancer, future studies
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could be performed to determine whether the same mechanism also participates in tumor
progression and metastasis due to evasion from infiltrating immune cells.

Moreover, during protein folding, HSPA5 associates with calnexin, a highly abundant
transmembrane chaperone that folds synthesized glycoproteins in the ER lumen, playing
a central role in glycoprotein quality control [40–44]. The upregulation of calnexin has
been associated with a worse prognosis in several types of cancer, but results are still
controversial. Although its increased expression was shown to negatively regulate tumor
MHC I surface expression and promote STAT3 oncogene activation leading to tumor
malignancy [45,46], calnexin expression levels were significantly higher only in Stage I
lung cancer patients when compared to healthy controls, while in colorectal cancer (CRC),
no associations were found between higher expressions of calnexin in CRC Stages II or
III compared to normal tissue samples [47,48]. Additionally, low or defective expression
of calnexin in primary breast cancer was reported to be associated with a higher risk of
brain metastases, due to defects in T-cell-based immunosurveillance [49]. These results
corroborate our theory that downregulation of PDIA3, HSPA5, and calnexin, at a certain
point of tumor progression, may contribute to malignancy by promoting tumor-immune
system evasion through a dysregulation in peptide processing and antigen presentation,
having a direct impact on patient outcome and therapy efficiency.

Among the six peptides with a higher intensity in PD regions, tissue distribution of
m/z signal at 867.513, assigned to the Fibronectin type III domain-containing 1 protein
(FNDC1, also known as ASG8), revealed that this ion was not only more intense in tumors
over control regions, but also highly expressed across metastatic sites. In addition, its high
expression was associated with a shorter DMFS in human patients. The fibronectin III
domain-containing proteins are found in tandem arrays in ECM proteins such as fibronectin
and tenascin [50], sharing an identical protein fold similarly to the immunoglobulin domain,
but with a limited amino acid sequence identity [51]. Although fibronectin III domains role
in cell adhesion and migration has been described [52,53], specifically FNDC1 expression
and function still remain poorly understood. In normal tissues, FNDC1 seems to be
involved in angiogenic events, such as hypoxia-induced apoptosis of cardiomyocytes and
vascular epidermal growth factor-mediated signal processing during angiogenesis [54,55].
In cancer, FDNC1 expression was shown to be altered by deregulated epigenetic CpG
island methylation in salivary gland adenoid cystic carcinomas [56]. In addition, FNDC1
knockdown inhibited gastric and prostate tumor cell proliferation, invasion and also
downregulated the expression of important proteins involved in epithelial-to-mesenchymal
transition (EMT), but the mechanisms have still not been elucidated [57,58]. These findings,
combined with the results observed in our work, strongly suggest that FNDC1 may be a
potential cancer biomarker candidate. To our knowledge, this is the first report to suggest
that FNDC1 may also play an important role in breast cancer metastatic disease.

Besides FNDC1, LC-MS/MS analysis of peptides with a higher intensity in PD also
identified a signal corresponding to the Alpha-1B-glycoprotein (A1BG). Significantly en-
riching for pathways of the coagulation cascade, tissue distribution of the m/z signal at
1166.611 showed by MSI analysis demonstrated that A1BG peptide was mainly expressed
by inflammatory cells infiltrating tumor areas and also in the lymph nodes. Addition-
ally, the low expression of A1BG showed to predict a worse DMFS prognosis in human
breast cancer patients. A1BG, with still unknown functions, shows homology to the
immunoglobulin supergene family and has been implicated in immune response inflam-
mation processes [59–61]. Mainly found in the serum, plasma, and other bio-fluids such as
pancreatic juice and urine, A1BG expression has been pointed out as a relevant biomarker
for several types of cancer [62–66]. A1BG together with Complement C3 was shown to be
overexpressed in serum samples from patients with squamous cell carcinoma of the cervix
and grade III cervical intraepithelial cancer, compared to healthy control women [67,68].
Moreover, sialylation changes of A1BG and Complement C3 were demonstrated in blood
samples of control and breast cancer patients, suggesting that such modification in the
protein glycosylation pattern of these proteins may also serve as a potential biomarker [69].
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The capacity of tumor cells to produce and release A1BG is still uncertain. To date, only a
few studies have demonstrated its expression in cancer cells [64,67], and therefore, further
experiments are needed to validate A1BG expression and prognostic significance in tumor
tissue samples.

5. Conclusions

Through the comparison of the proteomic profile of intratumor cell populations in
different degrees of differentiation, we demonstrated that the malignant phenotype may
have arisen as a consequence of alterations in the expression of key proteins such as FNDC1,
A1BG, CANX, HSPA5, and PDIA3 and that most of these variations may be involved in
tumor evasion against inflammatory cells facilitating cancer spreading. A strong indication
would be that all five proteins were presented as significant prognostic values for overall
survival and metastasis-free survival in human patients, as demonstrated in an independent
validation. Now, further investigations are necessary to deeply characterize how such
variations evolve with malignancy. Therefore, dog samples are useful proof of concept
experiments, and novel comparative studies can be applied for many other types of cancer,
and other disease conditions.
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Simple Summary: Breast cancer (BC) has common characteristics in women and female dogs, such
as high recurrence, metastasis, and mortality rate. In both species, BC prognosis is limited due to its
heterogeneous molecular aspects. Although conventional biopsy remains the gold standard for BC
diagnosis, liquid biopsy is a very promising tool, especially for patient follow-up. We investigated
the effectiveness of liquid biopsy in the diagnosis and follow-up of women and female dogs with BC,
using both core biopsy and plasma samples processed by next generation sequencing (NGS) assay.
We noted that NGS is a sophisticated technique generating multiple and complex results, which
must be validated. Notably, the number of genetic variants increased as the disease progressed. We
conclude that liquid biopsy can be considered more effective when performed from the onset of the
disease and continues to be applied for monitoring the follow up of BC patients, helping to drive the
clinician’s decision for medical intervention.

Abstract: Introduction: Breast cancer (BC) is the malignant neoplasm with the highest mortality rate
in women and female dogs are good models to study BC. Objective: We investigated the efficacy of
liquid biopsy to detect gene mutations in the diagnosis and follow-up of women and female dogs
with BC. Materials and Methods: In this study, 57 and 37 BC samples were collected from women and
female dogs, respectively. After core biopsy and plasma samples were collected, the DNA and ctDNA
of the tumor fragments and plasma were processed for next generation sequencing (NGS) assay. After
preprocessing of the data, they were submitted to the Genome Analysis ToolKit (GATK). Results: In
women, 1788 variants were identified in tumor fragments and 221 variants in plasma; 66 variants
were simultaneously detected in tumors and plasma. Conversely, in female dogs, 1430 variants were
found in plasma and 695 variants in tumor fragments; 59 variants were simultaneously identified
in tumors and plasma. The most frequently mutated genes in the tumor fragments of women were
USH2A, ATM, and IGF2R; in female dogs, they were USH2A, BRCA2, and RRM2. Plasma of women
showed the most frequent genetic variations in the MAP3K1, BRCA1, and GRB7 genes, whereas
plasma from female dogs had variations in the NF1, ERBB2, and KRT17 genes. Mutations in the
AKT1, PIK3CA, and BRIP genes were associated with tumor recurrence, with a highly pathogenic
variant in PIK3CA being particularly prominent. We also detected a gain-of-function mutation in the
GRB7, MAP3K1, and MLH1 genes. Conclusion: Liquid biopsy is useful to identify specific genetic
variations at the beginning of BC manifestation and may be accompanied over the entire follow-up
period, thereby supporting the clinicians in refining interventions.
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1. Introduction

Breast cancer (BC) in women and dogs shares similarities, such as high rate of recur-
rence and metastasis and a high mortality rate [1,2]. BC represents the second leading
cause of cancer death in women worldwide [3]. In both species, the prognosis of the
disease is often limited since it is a very heterogeneous type of neoplasia, characterized by
the coexistence of different cell clones in the tumor. Such heterogeneity is considered the
essential driving force for tumor clonal evolution, which can be induced by chemotherapy
as a result of the expansion of resistant cell clones; these cell clones are the main cause of
tumor recurrence and repeated failures in cancer treatment [4,5].

BC is a complex disease encompassing several distinct entities at the molecular and
clinical presentation. Hereditary BC is represented mainly by mutations in the BRCA1 and
BRCA2 genes [6,7] and accounts for only a small percentage of cases; otherwise, most BCs
are sporadic and result from the accumulation of somatic changes [8]. Recent advances
in sequencing-based technologies have provided understanding of genetic changes and
deregulation of oncogenic signaling pathways, involving growth signaling, stress-related
response, metabolism, and cell–cell communication, which affect the growth and progres-
sion of cancer. Together with the host’s response to cancer, these somatic changes determine
the clinical course of the disease [9,10].

Although conventional biopsy remains the gold standard for the diagnosis of BC [11],
liquid biopsy is a very promising tool, especially for patient monitoring. Genetic diversity
and dynamic changes in genomic profiles can be determined and accompanied through
liquid biopsy, which allows for a better precision of prognosis and treatment [12].

Therefore, using circulating tumor DNA (ctDNA), it is possible to detect genetic
alterations in the tumor, such as specific mutations that arise from the disease and during
therapy, both in human and canine BC. Somatic mutations in AKT1, PIK3CA, PTEN and
TP53 genes are found at high frequency in human BC, representing 26.4% in PIK3CA, 24.7%
in TP53, 3.8% in PTEN, and 2.8% in AKT1, according to the Somatic Mutations in Cancer
Catalog (COSMIC) [13]. These changes are indicative of progression or may be responsible
for the chemoresistance and consequent recurrence and spread of tumor, resulting from
the process of clonal evolution [14,15].

There is a growing need to monitor the genomic profiles of tumor cells at the beginning
of the process and in the patient follow-up, especially to detect disease recurrence and
metastasis. However, repeat tissue biopsy is not practicable, whereas circulating tumor
cells detached from a primary tumor are present in the bloodstream and can be easily
obtained [16,17]. Liquid biopsy using ctDNA is a non-invasive and replicable method,
being useful for tumor cell counting, pathological characterization and molecular assay. In
addition, liquid biopsy with ctDNA may replace tissue biopsy to predict drug sensitivity
and resistance, monitor drug responsiveness, and to examine metastasis [18–20].

In this context, one of the techniques of special interest is next-generation sequencing
(NGS), which has been incorporated into clinical practice to identify mutations in cancer
patients while targeting treatment with specific drugs [21,22]. The advent of NGS panels
in clinical practice favors novel therapeutic choices, particularly for patients with limited
therapy options [23].

Therefore, the objective of this work was to verify the effectiveness of liquid biopsy
in detecting variants of interest using plasma and tumor fragments obtained during the
diagnosis and also during the monitoring of women and female dogs with BC using
NGS technique.
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2. Materials and Methods

2.1. Ethics

The study was approved by the Research Ethics Committee (CEP) (Protocol number
CAAE 83446118.5.00005415) and by the Ethics Committee on the Use of Animals (CEUA)
(Protocol number 001-003244/2013) of the Faculdade de Medicina de São José do Rio Preto,
(FAMERP).

2.2. Sample Collection

Women attended and were diagnosed with BC at the Gynecology and Obstetrics Section
of the Medical School of São José do Rio Preto, (FAMERP). A total of 57 samples were analyzed:
plasma (n = 16) and core biopsy (n = 16) from women newly diagnosed with BC and plasma
(n = 4) from women, comprising four relapses and 11 remissions; 10 control women without
previous disease were also evaluated. The inclusion criterion was the presence of a malignant
breast tumor, confirmed by histopathological examination. The exclusion criterion for the
control group was the presence or history of cancer. All information regarding the prognosis
(response to therapy, development of metastases, recurrences or deaths), and results of
anatomopathological and immunohistochemical tests of patients were obtained through
consultation in the electronic medical record of the patients.

For canine BC, 37 samples were examined: 11 from tumor fragments and plasma of
female dogs with newly diagnosed BC. We also studied eight follow-up dogs (mastec-
tomized) and seven dogs without neoplasms obtained from the Veterinary Clinics in São
José do Rio Preto (SP), Jaboticabal (SP), Catanduva (SP), São Paulo (SP), and Sinop (MT),
Brazil. The inclusion criteria for the canine species were: presence of breast tumor(s) with
or without metastasis and absence of comorbidities. For the control group, the exclusion
criteria were: presence or history of neoplasia. Blood and fragment collections for the newly
diagnosed group were performed at the time of surgical excision and blood collection
from the control group and the follow-up group was carried out in routine and return
visits, respectively. In the canine species, information regarding the prognosis (response to
therapy, development of metastases, relapses or deaths) were obtained from clinical form.

2.3. DNA and ctDNA Extraction

The DNA and ctDNA of tumor fragments and plasma from women and female
dogs were extracted using the AllPrep® DNA/RNA/Protein Mini Kit (Qiagen, Hilden,
Germany) and QIAmp Circulating Nucleic Acid Kit (Qiagen®), respectively. The integrity
and quality of the extracted DNAs were verified by the Qubit Fluorometric Quantitation
equipment (Thermo Fisher Scientific, Santa Clara, CA, USA).

2.4. Preparation of DNA and ctDNA Sequencing Libraries for Illumina System

The genomic libraries were built with the SureSelectXT Low Input Target Enrichment
System for Illumina Paired-End Multiplexed Sequencing Library Kit (Agilent Technologies,
Santa Clara, CA, USA), following the manufacturer’s recommendations. After DNA
and ctDNA were fragmented, and end repair and 3’ends adenylation of fragments was
performed by adding a nucleotide (a-tailing Mix) to the 3´end in order to prevent them from
binding to each other during the ligation of adapters. Bar-coded adapters were ligated to
the DNA fragments and a PCR reaction was performed to produce the sequencing libraries.
The quality of libraries and quantification were performed using Agilent 2100 Bioanalyser
and qPCR with KAPA Library Quantification kit (KAPA Biosystems, Foster City, CA, USA).

2.5. Next-Generation Sequencing

A 20 pM sample pool was loaded into specific cartridges for sequencing on the
Illumina MiSeq® with the Illumina® MiSeq Reagent Kits v2 (300 cycles) (Illumina, San
Diego, CA, USA). The kit generates around 4.5–5 Gb and running time was approximately
24 h. The sequencing data were extracted in fastQC format, making it possible to check
the quality metrics. The samples were distributed in five cartridges. A panel of 168 genes
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involved in breast carcinogenesis were analyzed (Table S1), being 89 from humans and
79 from dogs. The Illumina Experiment Manager® program (Illumina, San Diego, CA,
USA) was oriented to associate each identified read. Vertical and horizontal sequencing
coverage was 200 times for DNA samples extracted from tumor fragments and 2000 times
for samples extracted from free circulating plasma DNA. This criterion was determined
since tumor samples theoretically have higher quality and quantity than free DNA samples
circulating in plasma, allowing the number of base readings to be lower.

2.6. Bioinformatics Analysis

The quality values of the sequences were obtained using FastQC. After pre-processing
the results, in BAM format, data were subjected to workflow, according to the good practices
of GATK (Genome Analysis ToolKit, from the Broad Institute, USA) (Figure 1). The hg38
version of human genome and the CanFam3.1 version of canine genome were used as
references for all data processing of women and dogs, respectively. In both species, a pool
of normal breast samples (PoN) was used to filter out non-tumor variants. using the tools
Mutect2, GenomicsDBImport, and CreateSomaticPanelOfNormals from the GTAK package.
For the women’s samples, the vcf file of the genomAD project (germline variants) was used
to reduce the contamination of germline variants. For the dog’s samples, a normal panel of
germline variants (https://data.broadinstitute.org/vgb/dog/dog/canFam3/variation/
broad.canine.pon.germline.snps.vcf.gz; accessed on 20 May 2021) was also used to reduce
contamination of these variants. Only variants which passed through the GATK filters, that
is, the somatic variants, were included. The annotation of women and dogs was performed
using the Annovar and VEP programs, respectively.

 

Figure 1. Presentation of the Workflow GAKT (https://gatk.broadinstitute.org/hc/en-us/articles/
360035894731-Somatic-short-variant-discovery-SN Vs-Indels-; accessed on 20 May 2021).

The output from the previous step (filtered vcf file) was used for annotation, using the
Annovar program, in the case of women, and the VEP program (from Ensembl) in the case
of female dogs.

2.7. Statistical Analysis

The results were analyzed by R test (version 3). The association between the clinical
outcome of women and the occurrence of mutations was evaluated using Fisher’s exact test.
Statistical significance was set at p < 0.05. Graphics were generated from GATK (Genome
Analysis Toolkit, Broad Institute, Cambridge, MA, EUA).

59



Cancers 2021, 13, 5233

3. Results

3.1. Characterizing Human and Canine Population with BC

Considering the newly diagnosed group, the mean age was 58.18 years, with the
majority of women displaying invasive ductal carcinoma (26.66% grade 1 and 73.33%
grade 2). The molecular subtype was based on immunohistochemical tests (12.50% luminal
subtype A, 31.25% luminal B, 12.50% hybrid luminal, and 37.50% triple negative. The
sample P12/C12 was diagnosed as fibroadenoma; however, it was a borderline tumor. The
patient had high Ki-67 and underwent radiotherapy. Therefore, despite being diagnosed
as fibroadenoma, the tumor had an aggressive behavior and showed important genetic
variants in the NGS analysis (Table 1). The mean age of the follow-up group (disease
recurrence) was 52.25 years (50% had the luminal molecular subtype B, 25% had HER2
positive and 25% had triple negative) (Table 2). Regarding the patients in remission stage,
the mean age was 60.90, and 1 patient (9.09%) was in remission for 4 months, two patients
(18.18%) for 3 years, and eight patients (72.72%) for more than five years. Among the
treatments used in the remission group, three patients (27.27%) underwent chemother-
apy combined with radiotherapy, three (27.27%) received only chemotherapy, 1 (9.09%)
received only radiotherapy, one (9.09%) received hormone therapy, one (9.09%) underwent
only mastectomy, one (9.09%) underwent mastectomy followed by chemotherapy and
radiotherapy, and one (9.09%) was treated with radiotherapy combined with hormone
therapy (Table 3). The mean age of the control group was 59.50 years (Table 4).

Table 1. Histopathological features of BC samples in newly diagnosed patients.

Core Molecular

Plasma Biopsy Age Pathology TNM Subtype Immunohistochemistry

P01 C01 60 Invasive ductal
carcinoma T2N0M0 Luminal B

C.D.I Grade 2
(ER+/PR+/HER2−/Ki-67+

(20–25%)/E-cadherin+/Cytokeratin
5/6)−

P02 C02 57 Invasive ductal
carcinoma TNM1 Luminal

Hybrid

C.D.I. Grade 2
(ER+/PR−/HER2+/Ki-67+ (40%)/E-

cadherin+/Cytokeratin 5/6−)

P03 C03 42 Invasive ductal
carcinoma T2N0M0 Luminal

Hybrid

C.D.I. Grade 2
(ER+/PR+/HER2+/K-67+

(25%)/E-
cadherin+/Cytokeratin 5/6−)

P04 C04 44 Invasive ductal
carcinoma T2N0M0 Luminal B

C.D.I. Grade 2
(ER+/PR+/HER−
/KI-67+(90%)/E-

cadherin+/Cytokeratin 5/6−)

P05 C05 43 Invasive ductal
carcinoma T4bN3M0 Triple Negative

C.D.I. Grade 2
(ER−/PR−/Her2−

/Ki-67+(95%)/E-
cadherin+/Cytokeratin 5/6+)

P06 C06 61 Invasive ductal
carcinoma T2N0M0 Luminal B

C.D.I. Grade 2
(ER+/PR+/HER2+/KI-67+/E-
cadherin+/Cytokeratin 5/6−)

P07 C07 61 Invasive ductal
carcinoma T3N3M0 Triple Negative

C.D.I. Grade 2
(ER−/PR−/Her2−/Ki-67+(70%)/E-

cadherin+/Cytokeratin 5/6+)

P08 C08 88 Invasive ductal
carcinoma T4N1MX Triple Negative

C.D.I. Grade 2
(ER-/PR-/HER2-/KI-67+(40%)/E-

cadherin+/Cytokeratin 5/6+)

P09 C09 53 Invasive ductal
carcinoma

T4N1M
0-IIIB Triple Negative

C.D.I. Grade 2
(ER−/PR−/HER2−/Ki-67+(50%)/

E-cadherin +/Cytokeratin5/6−)
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Table 1. Cont.

Core Molecular

Plasma Biopsy Age Pathology TNM Subtype Immunohistochemistry

P10 C10 42 Invasive ductal
carcinoma T2N0M0 Luminal B

C.D.I. Grade 2
(ER+/PR+/HER+/Ki-67+(50%)/
E-cadherin+/Cytokeratin 5/6+)

P11 C11 62 Invasive ductal
carcinoma

T4N3
M0-IIIC Luminal B

C.D.I. Grade 2
(ER+/PR+

/HER2−Ki-67+(40%)/E-
cadherin+/Cytokeratin 5/6−)

P12 C12 46 Fibroadenoma Not
applicable Not applicable

C.DI. Grade 2
ER+/Ki67+ (50%

stroma and 50% epithelium)

P13 C13 68 Invasive ductal
carcinoma T2N0M0 Luminal A

C.D.I. Grade 1
(ER+/PR+/Her2−/Ki-

67+(<10%)/E-
cadherin+/Cytokeratin 5/6−)

P14 C14 90 Invasive ductal
carcinoma T3N1M0 Luminal A

C.D.I. Grade 1
(ER+/PR+/HER2−/Ki-67+(10%)/
E-cadherin+/Cytokeratin 5/6−)

P15 C15 51 Invasive ductal
carcinoma T3N1M0 Triple Negative

C.D.I. Grade 1
(ER−/PR−/HER2−/Ki-67+(25%)/E-

cadherin+/Cytokeratin 5/6−)

P16 C16 63 Invasive ductal
carcinoma T4BN1M0 Triple Negative

C.D.I. Grade 1
(ER−/PR−/HER2−/Ki-

67+(>30%)/E-
cadherin+/Cytokeratin 5/6−)

TNM classification of malignant tumors: T—primary tumor, N—regional lymph nodes, M—distant metastasis.

Table 2. Histopathological and clinical data of women with BC followed-up with disease recurrence.

Molecular

Plasma Age Pathology TNM Subtype Immunohistochemistry

Rec1 60 Invasive Breast
carcinoma T2N2MX Luminal B

C.D.I. Grade 2 (ER+/PR+/HER2−/Ki-67+(40-
50%)/E-

cadherin+/Cytokeratin 5/6−)

Rec2 47 Invasive ductal
carcinoma T4N0M 0 Luminal B

C.D.I. Grade 2
(ER+/PR−/HER2−/

Ki-67+(70%)/E-cadherin+/Cytokeratin 5/6−)

Rec3 51 Invasive ductal
carcinoma T3N1M0 Triple Negative

C.D.I. Grade 1
(ER−/PR−/HER2−/Ki-67+(25%)/E-

cadherin+/Cytokeratin 5/6−)

Rec4 51
Metastatic

ductal breast
cancer

T2N1Mx HER2
positive

C.D.I. Grade 2 (ER+/PR+/HER2+/Ki-67+(40-
50%)/E-

cadherin+/Cytokeratin 5/6−)

TNM classification of malignant tumors: T—primary tumor, N—regional lymph nodes, M—distant metastasis.
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Table 3. Data from women with BC in remission.

Plasma Age Remission Treatment

Rem1 83 6 years + Chemotherapy + Radiotherapy
Rem2 58 5 years + Chemotherapy + Radiotherapy
Rem3 55 5 years + Chemotherapy
Rem4 46 5 years + Mastectomy
Rem5 47 5 years + Chemotherapy
Rem6 47 5 years + Hormone therapy
Rem7 65 3 years + Radiotherapy + Hormone therapy
Rem8 63 5 years + Radiotherapy
Rem9 53 4 months + Chemotherapy + Radiotherapy
Rem10 74 5 years + Chemotherapy + Radiotherapy + Mastectomy
Rem11 79 3 years + Chemotherapy

Table 4. Data of women used as a control group.

Plasma Age Information

Control1 63

Healthy women without a family history of
breast cancer and without any other disease

Control2 78
Control3 41
Control4 70
Control5 56
Control6 73
Control7 70
Control8 62
Control9 32

Control10 50

The age of newly diagnosed female dogs ranged from 7 to 16 years, with an average
age of 11.72 years. Due to the miscegenation of the population, most animals were SRD,
i.e., without a defined race. Based on the histopathological information, three patients were
classified as T1, 5 as T2, and 3 as T3; 10 as N0 and 1 as N1; 1 as M1. The histopathological
features of breast tumors from 11 female dogs were multiple: represented by three mixed
carcinomas, grade I; two complex carcinomas, grade II; one tubular carcinoma, grade I;
one breast osteoma, one breast osteosarcoma, one ductal apocrine carcinoma, one complex
adenoma, and one mast cell tumor (Table 5). It is noteworthy that ductal apocrine and mast
cell carcinomas were initially diagnosed as breast cancer, but later, they were characterized
as skin cancers. They were maintained in the study due to its high frequency of mutations.
The age female dogs in follow-up ranged from 8 to 13 years, with an average age of
10.62 years. Based on the histopathological information, four patients were classified as T2,
2 as T3; 2 as N0, 3 as N1 and 1 as N2 as N1; 4 as M1. The histopathological features of breast
tumors from 8 female dogs were: one papillary carcinoma, grade II; one tubular carcinoma,
grade III; one carcinosarcoma, one mixed carcinoma, grade II; one osteosarcoma; and one
complex carcinoma, grade I (Table 6).
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Table 5. Histopathological and clinical data of female dogs with newly diagnosed BC.

Plasma
Age

(years)
TNM Pathology Castrated Breed

F1 P1c 10 T2N0M0 Mixed Carcinoma,
grade I Yes MBD

F2 P2c 15 T2N0M1 Osteosarcoma Yes Pekinese

F3 P3c 7 T2N0M0 Complex
carcinoma, grade II No MBD

F4 P4c 10 T1N0M0 Complex
adenoma No MBD

F5 P5c 10 T1N0M0 Osteoma No Poodle
F6 P6c 7 T3N0M0 Mast cell tumor Yes Beagle

F7 P7c 12 T3N0M0 Ductal apocrine
carcinoma No Dachshund

F8 P8c 16 T2N0M0 Mixed carcinoma,
grade I Yes MBD

F9 P9c 13 T1N1M0 Tubular carcinoma,
grade I Yes Yorkshire

F10 P10c 16 T3N0M0 Mixed carcinoma,
grade I Yes MBD

F11 P11c 13 T2N0M0 Complex
carcinoma, grade II Yes Belgian Shepherd

TNM classification of malignant tumors: T—primary tumor, N—regional lymph nodes, M—distant metastasis. MBD = mixed-breed dogs.

Table 6. Histopathological data of follow-up female dogs with BC.

Plasma
Age

(years)
TNM Pathology Castrated Breed

Fu1 13 * * Yes Poodle
Fu2 12 * * No Maltese
Fu3 10 T2N0M1 Papillary carcinoma, grade II Yes Labrador

Fu4 10 T2N1M1 Tubular carcinoma,
grade III Yes SRD

Fu5 8 T2N1M0 Carcinosarcoma Yes Beagle

Fu6 9 T3N1M0 Mixed carcinoma,
grade II Yes Poodle

Fu7 13 T3N0M1 Osteosarcoma Yes Cocker sp

Fu8 10 T2N2M1 Complex Carcinoma,
grade I No MDB

* Information not available. TNM classification of malignant tumors: T—primary tumor, N—regional lymph nodes, M—distant metastasis.
MBD = mixed-breed dogs.

3.2. Detection of Individual Relevant Genetic Variants in Tumor Fragments and in Plasma of
Women with BC

To examine the efficacy and functionality of liquid biopsy, high quality samples were
extracted from plasma and tumor fragments to generate genomic library construction.
In women, a total of 1788 and 221 gene variants were detected in tumor fragments and
plasma, respectively; 66 gene variants were simultaneously identified in patients’ tumors
and plasma. Among these variants, 24 were located in the exon regions (exonic variants)
(Table S2).

The most commonly mutated variant found in women fragments was the missense
variant. The main single nucleotide variant in tumor fragments of women was C > A
(57.49%) and C > T (29.73%) (Figure 2A,B). The most frequent top mutated genes in tumor
fragments of women were USH2A, ATM, IGF2R, MKI67, and MAP3K1 (median variants
per sample = 20; missense, nonsense, and splice site mutations) (Figure 2C,D).
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Figure 2. Genetic variation in tumor fragments of women with BC. (A) Representative variant classification. (B) Single-
nucleotide variant (SNV) classification. (C) Representative variants per fragment sample. (D) Top mutated genes showing
multiple variant mutations. Graphics were generated in the R language, using the Maftools package.

After examining the plasma of BC patients, we observed that missense variation was
the most common or abundant mutated variant in women. The main single-nucleotide
variant in plasma of women was C > T (53.65%) and C > A (17.07%) (Figure 3A,B). The most
frequent top mutated gene in the plasma of women were MAP3K1, BRCA1, GRB7, USH2A,
and TP53 (median variants per sample = 2; missense, inframe deletion, and frameshift
mutations) (Figure 3C,D).

3.3. Detection of Individual Relevant Genetic Variants in Tumor Fragments and in Plasma of Dogs
with BC

In female dogs, a total of 695 and 1430 gene variants were detected in tumor fragments
and plasma, respectively; 59 gene variants were simultaneously identified in female dogs’
tumors and plasma (Table S3).

The most commonly mutated variant found in female dog fragments was the missense
variant. The predominant nucleotide variants in female dogs was T > C (23.89%) and C >
T (20.68%) (Figure 4A,B). The most frequent top mutated genes in female dogs, USH2A,
BRCA2 and RM2, CEP55, and GATA3 genes were the most representative mutated genes
(median variants per sample = 31; missense, nonsense, splice site, and frameshift mutations)
(Figure 4C,D).
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Figure 3. Genetic variation in plasma samples of women with BC. (A) Representative variant classification. (B) Single-
nucleotide variant (SNV) classification. (C) Representative variants per plasma sample. (D) Top mutated genes showing
multiple variant mutations. Graphics were generated in the R language, using the Maftools package.

Figure 4. Genetic variation in tumor fragments of dogs with BC. (A) Representative variant classification. (B) Single-
nucleotide variant (SNV) classification. (C) Representative variants per fragment sample. (D) Top mutated genes showing
multiple variant mutations. Graphics were generated in the R language, using the Maftools package.
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After examining the plasma of BC patients, we observed that missense variation was the
most common or abundant mutated variant in canine samples. The main single nucleotide
variant in plasma of female dogs was C > T (29.27%) and T > C (26.42%) (Figure 5A,B).
The most frequent top mutated genes in the plasma of women were MAP3K1, BRCA1,
GRB7, USH2A, and TP53 (median variants per sample = 2; missense, inframe deletion, and
frameshift mutations). In female dogs, NF1, ERBB2, KRT17, PMS2, and MAP3K1 genes
were the most representative mutated genes (median variants per sample = 56; missense
and frameshift mutations) (Figure 5C,D).

Figure 5. Genetic variation in plasma samples of dogs with BC. (A) Representative variant classification. (B) Single-
nucleotide variant (SNV) classification. (C) Representative variants per plasma sample. (D) Top mutated genes showing
multiple variant mutations. Graphics were generated in the R language, using the Maftools package.

3.4. Breast Cancer Driver Genes in Women Share Similar Variant Mutations in Tumor Fragments
and Plasma

We sequenced 89 BC-related genes in 15 newly diagnosed breast cancer patients. Among
the sequenced gene mutations, 40 genes exhibited at least one driver somatic mutation
that included missense (64.18%), nonsense (8.89%), inframe (0.44%), frameshift (0.66%),
synonymous (25.58%), startloss (0.11%) and stoploss (0.11%) mutations. The five most
affected genes were MAP3K1 (altered in 10 samples, 62%), followed by USH2A (10 cases,
62%), ATM (9 cases, 56%), IGF2R (9 cases, 56%), and EGFR (8 cases, 50%) (Figure 6A). Moreover,
89 genes were sequenced in plasma samples of 16 newly diagnosed breast cancer patients, and
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18 genes presented missense (53.19%), inframe (19.14%), frameshift (6.38%) and synonymous
(21.27%) mutations. The most affected genes were MAP3K1 (altered in eight samples, 67%),
BRCA1, ERBB2, FOXC1, and GRB7 (2 cases, 17%) (Figure 6B).

Figure 6. Oncoplots depicting the distribution of most representative variants in BC-associated genes
regarding the individual tumor fragments (A) and plasma samples (B) of women. The upper plot
shows the frequency of mutation for each tumor sample and lower left plots exhibit the mutations in
each tumor sample (most deleterious mutation types are shown). The lower right plots indicate the
frequency of samples mutated in fragments and plasma of patients. Graphics were generated from
the R language, using the Maftools package.

Considering the common variants shared by tumor fragments and plasma of women,
we identified important gene variations in ACTR3B (C > T mutation), BRCA1 (T > A), CDC6
(C > T), CENPF (T > A), CHEK2 (T > C), EXO1, GATA3, and GRB7 (G > A), IGF2R (G >
A and T > C), KIF2C (G > A), KRT5 (G > T and A > TG), MAP3K1 (C > T and CAA > -),
MKI67 (T > C), MMP11 (T > C), MYBL2 (C > T), PMS2 (C > T), TP53 (T > C), TYMS (T > C),
USH2A (G > A, G > T, and T > G) (Figure 7A). Notably, while the somatic mutation rate of
BRCA1 was 43.7%, the mutation rate of TP53 was 50% (Figure 7B).

We also performed the analysis of genetic variants in the plasma of women with
BC who are in remission or with recurrence. Thus, in women in remission, we observed
missense (25.14%), nonsense (0.28%), inframe (0.57%), frameshift (0.57%) and synonymous
(73.40%) mutations. On the other hand, women with recurrent disease presented missense
(85.71%) and inframe (14.28%) mutations. We further identified 10 variants coexisting
between patients in remission and after relapsed disease which were detected in AKT1,
NF1, AURKA, MSH6, MAP3K1, ALOX12-A, MTOR, TYMS, CDH1, and DLG2 genes (Figure
7C). Moreover, in women, there was also an association between mutations in AKT1
(CA > TG, p = 0.01), PIK3CA (A > G, p = 0.02) and BRIP (T > C, p = 0.02) genes with
tumor recurrence, highlighting a highly pathogenic variant in PIK3CA gene, according to
CLINVAR. We observed that women in remission had more variants than women with
recurrence. This probably occurred because some patients classified within the remission
group did not show, at the time of sample collection, clinical evolution of disease; however,
the disease progressed during the course of the study.
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Figure 7. Gene variants shared by tumor fragments and plasma samples of women with BC. (A) Circos plot depicting
the correlation between fragment and plasma shared samples and gene variants in patients. (B) Gene map of the somatic
mutation in BRCA and TP53 genes. (C) Total variants detected during remission and relapse of the disease. Graphics were
generated from the R language, using the VennDiagram, circlize, dplyr and reshape2 packages.

3.5. Breast Cancer Driver Genes in Dogs Share Similar Variant Mutations in Tumor Fragments
and Plasma

Regarding the female dogs, we sequenced 79 BC-related genes, and those with high
number of variants shared by tumor fragments and plasma were GATA3 and mTOR
(missense), SFRP1 (frameshift insertion), BRCA2 (multi hit), FOXC2, ATM, TGFBR3, and
BRIP1 (missense and multi hit mutations). A total of 56 genes exhibited at least one
somatic mutation in tumor fragments including missense (76.83%), nonsense (1.87%),
inframe (5.88%), frameshift (10.92%) and splice (4.46%) mutations. The most affected
genes were BRCA2 (altered in 13 samples, inframe and multi hit mutations), CEP55
(13 cases, frameshift, missense, and multi hit mutations), GATA3 (13 cases, missense
mutation), SFRP1 (13 cases, frameshift and multi hit mutations), and USH2A (13 cases,
missense and multi hit mutations) (Figure 8A). Additionally, from 79 genes sequenced in
plasma samples of dogs with BC, we identified 61 genes harboring missense (87.27%), non-
sense (1.88%), inframe (1.87%), frameshift (7.47%), and splice (1.46%) mutations. The
most affected genes were GATA3 (altered in 11 samples, missense mutation), PMS2
(10 cases, missense and multi hit mutations), KRT17 (9 cases, missense and multi hit
mutations), MAP3K1 (9 cases, missense, splice, and multi hit mutations), and NF1 (9 cases,
missense and multi hit mutations) (Figure 8B).
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Figure 8. Oncoplots depicting the distribution of most representative variants in BC-associated mutated genes regarding
the individual tumor fragments (A) and plasma samples (B) of dogs. The plots exhibit the mutations in each tumor sample
(most deleterious mutation types are shown). Graphics were generated from the R language, using the Maftools package.
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Considering the most representative variants shared by tumor fragments and plasma
of dogs, we identified important gene variations in ATM (C > A mutation), CCNE1 (G >
C), FGFR4 (C > T), and GATA3 (G > A and C > CT) (Figure 9). The genetic variants in
the plasma of dogs with BC were evaluated during the follow-up. The most common
mutations were missense (75.37%), inframe (12.67%), frameshift (7.46%) and splice (4.47%).
In dogs, the G > C variant (missense mutation) of CCNE1 gene was detected in all paired
samples of fragments and plasma (100.00%). In addition, the G > A and C > CT variants
(missense mutation) of GATA3 gene were commonly found in nine (81.8%) and eight
(72.7%) paired fragment and plasma samples, respectively (Figure 9A). Figure 9B highlights
the correlations between gene variants and female dogs’ samples. We further explored
blood samples of dogs to identify gene variants during the patient follow-up. Of note,
missense mutation in AKT1, ATM, CDK2, GATA3, and ERBB2 genes, and inframe deletion
in mTOR gene were commonly detected in both disease remission and metastasized disease
(Figure 10), thereby revealing potential targets to be screened during the course of disease.

Figure 9. Genetic mutations shared by tumor fragments and plasma samples of dogs. (A) Common
genetic variants in 11 corresponding samples. (B) Circos plot depicting the correlation between
samples and gene variants in female dogs. Graphics were generated from the R language, using the
Maftools, circlize, dplyr and reshape2 packages.
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Figure 10. Genetic variant mutations identified in the plasma samples of dogs obtained during remission (A) and after
disease relapse (B). Graphics were generated in the R language, using the Maftools package.

3.6. Main Variants Associated with Disease Progression Shared by Both Species

We found that the number of variants increased with disease progression. Women
classified in the remission group (Rem5, Rem6, Rem7, Rem8 and Rem9) did not show
clinical development of the disease at the time of sample collection. However, liquid
biopsy analysis revealed a high number of mutations in these patients. This observation
was consistent with the subsequent clinical evolution, as in these patients the disease
progressed with the appearance of metastases.

After comparing the data between women and female dogs, both in the fragment
and plasma samples, we observed important genes which were commonly altered. In
tumor fragments, the BRCA2 and USH2A genes showed many variants in both species.
Otherwise, in the plasma, we detected several variants in the ATM, ERBB2 and MAP3K1
genes shared between women and female dogs.

4. Discussion

We performed genomic analysis in 57 BC samples in women, using core biopsy of
fragments and plasma. By recognizing the similarities of BC molecular background in
human and canine species, we further evaluated 37 BC samples (biopsy of fragments and
plasma) in dogs. The canine mammary tumor (CMT) has been proposed as a promis-
ing model resembling woman BC, since they share common components regarding the
physiopathology of the disease [2,24]. We extracted DNA from these samples to construct
a genomic library for NGS, ensuring the high quality of the procedures with respect to
the efficacy and functionality of liquid biopsy. While women had more mutations in the
fragments vs. plasma, the dogs showed more mutations in the plasma vs. tumor fragments;
this fact could be explained by individual tumor heterogeneity. The mammary tumors of
female dogs are generally bulkier and more numerous than those of women. Therefore,
fragments removed from female dogs will not represent all existing tumor clones. On the
contrary, since BC is smaller in women, the fragment achieves a greater representation of
the tumor as a whole [2,25].
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Women with BC classified into the remission group had a high number of mutations.
This fact was consistent with their later clinical evolution, as these patients presented
disease progression with the occurrence of metastasis. This supports the importance of
liquid biopsy in detecting mutations that can predict the clinical course of disease. The
investigation of tumor variants in ctDNA, isolated from plasma, may provide substantial
information regarding the tumor, such as the development of chemoresistance and presence
of residual and recurrent disease [19,26].

These events occur because the genomic characteristics of a metastatic tumor are
different from those found in a primary tumor, due to the interval between occurrences.
Furthermore, genomic differences are intensified after treatment, including chemother-
apy [27]. In order to monitor the mutational dynamics during a treatment, the acquisition
of tissue biopsies would be inadequate and difficult to perform, since they are invasive
procedures with potential clinical complications. Thus, the assessment of ctDNA is indis-
putably an ideal method, allowing the monitoring of response to treatment by evaluating
the dynamics of genetic changes that occur in the tumor during exposure, for example,
to a chemotherapeutic agent, being excellent for anticipating the recognition of relapse.
In addition, conventional biopsy has shown limitations in terms of tumor representation,
since neoplastic cells are heterogeneous [12,16].

Our data showed that most BC analyzed was classified as luminal type and missense
mutations were the most frequent. In fact, this is in agreement with previous studies which
documented that primary BC had more missense mutations in luminal/ER+ and epider-
mal growth receptor 2 positive (HER2+) subtypes while in triple negative breast cancers
(TNBCs), nonsense, frameshift, and complex mutations were more common variations [8].

The USH2A gene was one of the most frequently mutated genes observed in tumor
fragments from women and dogs, as well as in the plasma of women. This gene encodes
the Usherin protein, which contains laminin EGF motifs, a pentraxin domain and several
type III fibronectin motifs [28]. The mutation spectrum is very heterogeneous and includes
over 1500 mutations with more than 690 variants presumed to be pathogenic, which span
the whole USH2A gene, consisting of nonsense, missense, deletions, duplications, splicing
variants and pseudo-exon inclusion variants [29].

Li et al. [30] detected USH2A variants in families that did not carry germline mutations
of the BRCA1 and BRCA2 genes. They further concluded that these variants did not increase
the risk of BC. In turn, Natraja et al. [31] verified the expression of chimeric transcripts in
a chromosomal region comprising the USH2A gene in samples of micropapillary breast
carcinomas. Furthermore, Santarpia et al. [8] also found variants in the USH2 gene in
women with triple negative BC, which has a more reserved prognosis. In a recent work
by Kim et al. [32], pathogenic germline variants of this gene were found in patients with
BC. This supports the need for further studies that correlate variants of USH2A gene with
BC risks.

In women, the ACTR3B gene showed concordance and a high frequency of somatic
mutation in most tumor/plasma pairs. This gene is related to cytoskeleton and cell
motility [33]. However, to date, there are no studies correlating ACTR3B changes with
BC. The AURKA gene also showed concordance and high frequency of somatic mutation
in most tumor/plasma pairs in women being further associated with tumor recurrence.
This proto-oncogene encodes a protein kinase that plays a central role in mitosis and its
overexpression or amplification was observed in several types of tumors, including BC.
AURKA overexpression has been associated with a more aggressive phenotype and worse
prognosis in BC patients [34].

The CCNE1 and GATA3 genes harbored somatic variants in most of the fragment/plasm
a pairs in dogs. The CCNE1 gene encodes cyclin E, a key kinase complex for cell cycle
regulation from G1 to S phase. CCNE gene amplification is highly associated with the
development of BC, especially TNBC [35]. According to Huang et al. [7], CCNE1 amplifi-
cation represents an independent risk factor in non-BRCA carriers with TNBC. Moreover,
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Zhao et al. [35] reported that CCNE1 amplification may confer resistance to chemotherapy
and is associated with poor overall survival in patients with TNBC.

GATA3 has emerged as a prominent transcription factor required for maintaining
mammary gland homeostasis, and its loss is associated with aggressive BC development.
Yu et al. [36] reported that GATA3 and UTX expressions are positively correlated and
demonstrated that GATA3/UTX complex synergistically regulates a cohort of genes in-
cluding DICER and UTX, which are critically involved in the epithelial-to-mesenchymal
transition (EMT). The GATA3 gene encodes a transcription factor and is mutated in about
10% of BC. Recent genomic analysis of human BCs revealed high-frequency mutation
in GATA3 in luminal tumors, suggesting an important driver function [37]. Notably, the
alterations found in tumor and plasma of women with BC were also observed in the work
of D’Amico et al. [38]. According to the authors, the apparent lack of agreement between
some specific alterations is potentially determined by intratumoral heterogeneity and can
be overcome by plasma-based analysis of variants.

In the present study, we detected a pathogenic variant in the PIK3CA gene correlated
with tumor recurrence. According to the Catalog of Somatic Mutations in Cancer (COS-
MIC), somatic mutations in the PIK3CA gene occur in about 26.4% of BCs in women [13].
The PIK3CA gene is a proto-oncogene highly mutated in many tumor types. The PIK3CA
protein is activated by growth factors via direct interaction with receptors in the presence
of adapter proteins such as the IRS proteins. These interactions recruit PI3K to its substrate,
phosphatidyl-inositol 4,5-bisphosphate (PIP2), allowing the generation of the second lipid
messenger phosphatidyl-inositol 3,4,5-triphosphate. Mutations in PIK3CA gene are associ-
ated with increased risk of advanced BC, resistance to hormonal treatment, increased risk
of metastasis, and worse prognosis. The same mutations are correlated with being hormone
receptor positive and HER2 negative in about 40% of BC patients and are associated with
tumor growth, resistance to endocrine treatment, and poor overall prognosis. More recent
studies have shown that the use of PIK3CA inhibitors has protective effects in women with
advanced BC [39–41].

A pathogenic variant in PIK3CA gene was found in canine plasma following recurrent
CMT and in newly diagnosed female dogs. Lee et al. [42] reported that PIK3CA was
the most frequently mutated gene in CMT (45% of cases). Furthermore, canine PIK3CA
A3140G (H1047R), which is known as the mutational hotspot of human BC, was also a
hotspot in CMT. Targeted sequencing confirmed that 29% of CMTs had the same PIK3CA
A3140G mutation. Integration of the transcriptome suggested that PIK3CA (H1047R)
induces cell metabolism and cell cycle via an increase in PCK2 and a decrease in CDKN1B
without affecting apoptosis. The authors also identified other significantly mutated genes
in the dogs, including SCRN1 and CLHC1, which were not reported in the human BC.
Nevertheless, we couldn’t identify SCRN1 and CLHC1 variants in the present study [42].

According to Sobhani et al. [43], the presence of a PIK3CA mutation represents an
independent negative prognostic factor in BC in women. PIK3CA mutations in canine
tumors may alter downstream molecules of PI3K/Akt/mTOR signaling pathway [44].
Alsaihati et al. [45] studied 182 samples from dogs and 886 samples from human BC,
and described that CMT harbors frequent PI3K pathway alteration and PIK3CA H1047R
mutation. They reinforced PI3K signaling as the most frequently altered pathway in both
human BC and CMT.

The BRCA2 gene also showed a large number of variants in CMT. The canine BRCA2
is a tumor suppressor gene which encodes the BRCA2 protein, involved in DNA repair
through interaction with RAD51 recombinase. This process is mediated by eight BRC
repeats that are encoded by BRCA2 exon 11. Maués et al. [46] investigated the frequency
of variants in BRCA2 exon 11 using 48 blood and tissue DNA samples from CMT. Seven
single nucleotide polymorphisms (SNPs) were identified, three of which were evaluated as
possibly or probably deleterious variants. Importantly, a total of 97.9% of dogs had one
to three polymorphisms considering the seven SNPs identified in this study, suggesting a
possible correlation between the canine BRCA2 exon 11 polymorphisms and mammary
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carcinogenesis. According to a recent work by Oliveira et al. (2021) [47], SNPs are common
in the BRCA2 gene of female dogs with mammary tumors. In this work, the group studied,
through liquid biopsy, germline genetic variants in 20 plasma samples from dogs with
mammary cancer. Thus, eleven single nucleotide polymorphisms (SNPs) were detected,
most of them in the exon 11, and two indels (deletion/insertion) in the BRCA2 gene.

Previously, Yoshikawa et al. [48,49] studied the expression level of canine BRCA2
gene and confirmed a reduced level in mammary tumor samples compared with healthy
mammary gland, thereby associating this occurrence with canine mammary tumorigenesis.
The open reading frame contained four missense variations, one insertion variation, and
one silent variation, some of which were located in functional domains. Huskey et al. [50]
performed whole genome sequencing on 14 purebred dogs diagnosed with mammary
tumors from four breed-specific pedigrees (Golden Retriever, Siberian Husky, Dalmatian,
and Standard Schnauzer) and highlighted variants in orthologs of human BC susceptibility
genes. They identified variants in BRCA2 and STK11 genes that appear to be associated
with CMT risk and demonstrated that these variants were identified in both fragment and
plasma of dogs, being not frequent in women.

On the basis of liquid biopsy precision, our premise is to create clinical strategy options
in oncology, with the objective of providing a more accurate and effective treatment to
each patient, based on the individual genetic profile of the malignancy. Genetic diversity
and dynamic change in genomic profiles of patients may be determined and accompanied
by liquid biopsy, which allows for better treatment efficacy, structuring individualized
therapeutic strategies [51,52].

Caveats and limitations of the study are related to the number of control samples.
Because some control samples were not in sufficient quality for NGS analysis, we prioritize
the evaluation of tumor and plasma samples obtained from BC patients. However, we
emphasize that the number of control samples (n = 10) satisfies all statistical criteria by
providing a reliable comparative data analysis. Moreover, among the tumor samples, there
is a benign tumor, fibroadenoma. This sample remained in the study because it showed
an aggressive behavior, with high expression of Ki-67 and important genetic alterations,
which demonstrates the need for a more detailed study of this type of tumor.

5. Conclusions

We showed that liquid biopsy is useful for characterizing genetic variants and can
help physicians choose a more appropriate medical intervention. In addition, liquid biopsy
proved to be efficient in identifying the similarity of mutations in specific genes in both
human and canine mammary tumors. Finally, liquid biopsy is an excellent method to
detect new genetic mutations in the early stages and follow-up of breast cancer patients.
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Simple Summary: Head and neck squamous cell carcinomas (HNSCC) are among the most common
cancers worldwide. In contrast to the advances in prevention and treatment of other types of cancer,
the five-year survival rate for HNSCC is only about 50% and it has not changed for the past 50 years.
This poor prognosis is mainly due to a shortage of suitable markers for early detection, delayed diagnosis
and/or referral, and ineffectiveness of chemotherapy. The aim of this study was to explore the inhibitory
role of LEKTI in matriptase-dependent squamous cell carcinogenesis and to investigate additional players
operating in this pathway. We found that Kallikrein-5 is necessary for PAR-2-mediated IL-8 release,
YAP1-TAZ/TEAD activation, and matriptase-mediated oral squamous cell carcinoma migration. This
knowledge can contribute for the development of future targeted therapy in HNSCC.

Abstract: Head and neck squamous cell carcinoma remains challenging to treat with no improvement
in survival rates over the past 50 years. Thus, there is an urgent need to discover more reliable
therapeutic targets and biomarkers for HNSCC. Matriptase, a type-II transmembrane serine protease,
induces malignant transformation in epithelial stem cells through proteolytic activation of pro-HGF
and PAR-2, triggering PI3K-AKT-mTOR and NFKB signaling. The serine protease inhibitor lympho-
epithelial Kazal-type-related inhibitor (LEKTI) inhibits the matriptase-driven proteolytic pathway,
directly blocking kallikreins in epithelial differentiation. Hence, we hypothesized LEKTI could inhibit
matriptase-dependent squamous cell carcinogenesis, thus implicating kallikreins in this process.
Double-transgenic mice with simultaneous expression of matriptase and LEKTI under the keratin-
5 promoter showed a prominent rescue of K5-Matriptase+/0 premalignant phenotype. Notably, in
DMBA-induced SCC, heterotopic co-expression of LEKTI and matriptase delayed matriptase-driven
tumor incidence and progression. Co-expression of LEKTI reverted altered Kallikrein-5 expression
observed in the skin of K5-Matriptase+/0 mice, indicating that matriptase-dependent proteolytic
pathway inhibition by LEKTI occurs through kallikreins. Moreover, we showed that Kallikrein-5 is
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necessary for PAR-2-mediated IL-8 release, YAP1-TAZ/TEAD activation, and matriptase-mediated
oral squamous cell carcinoma migration. Collectively, our data identify a third signaling pathway
for matriptase-dependent carcinogenesis in vivo. These findings are critical for the identification of
more reliable biomarkers and effective therapeutic targets in Head and Neck cancer.

Keywords: LEKTI; SPINK5; KLK5; OSCC; matriptase

1. Introduction

Head and neck squamous cell carcinomas (HNSCC) are among the most common
cancers worldwide, with over 800,000 new cases diagnosed yearly [1]. In contrast to the
advances in prevention and treatment of other types of cancer, the five-year survival rate
for HNSCC is only about 50% and is unchanged for 50 years [2,3]. Generally, this poor
prognosis is due to a shortage of suitable markers for early detection, delayed diagnosis
and/or referral, and ineffectiveness of chemotherapy [3–5]. Accordingly, there is an urgent
need to identify more reliable therapeutic targets and biomarkers of prognosis in HNSCC.

Several studies demonstrated that dysregulated expression of Type II Transmembrane
Serine Proteases (TTSPIIs) is associated with different types of cancers [6]. Matriptase,
a TTSPII, is indeed dysregulated in several cancers [7]. List et al. (2005) showed that
Matriptase induces malignant transformation when expressed in epithelial stem cells [8].
It has been shown that PI3K-Akt-mTor signaling, elicited by proteolytic activation of
pro-hepatocyte growth factor (pro-HGF), is a molecular pathway by which matriptase pro-
motes malignant transformation [9]. Another essential component of matriptase-mediated
oncogenesis is the upregulation of NFkB-induced inflammatory cytokines dependent on
Protease Activated Receptor 2 (PAR-2) proteolytic cleavage by matriptase [10].

Matriptase was also implicated in Netherton Syndrome (NS), an epidermal disorder
caused by mutations in the SPINK5 gene, which encodes for the Lympho-Epithelial Kazal-
Type-related Inhibitor (LEKTI). LEKTI inhibits matriptase-dependent skin desquamation
in NS by the direct inhibition of Kallikreins 5 (KLK5) and 7 (KLK7), which are known for
their role in the degradation of corneodesmosomes at the outermost layers of the stratum
corneum [11]. Kallikrein-related peptidases (KLKs) comprise a large family of secreted
serine proteases expressed in several tissues [12,13]. Kallikreins are secreted as inactive
zymogens and generally depend on proteolytic cleavage at the carboxy-terminal end of
either arginine or lysine for activation [14] and are often dysregulated in inflammatory
skin disorders and many human cancers [12,15]. Abnormal functional levels of the KLKs
in diseased states are a result of unbalanced activation and inhibition events. These
peptidases function cooperatively in signaling cascades or complex regulatory networks,
often bridging multiple protease families and classes [16] Accordingly, matriptase is able to
activate pro-KLK5 and pro-KLK7 [11].

In this study, we found a decrease in LEKTI expression in poorly differentiated OSCCs.
This led us to the hypothesis that LEKTI could be a tumor suppressor by regulating KLK
activation by matriptase. Indeed, double-transgenic mice with simultaneous expression
of matriptase and LEKTI under the keratin-5 promoter led to the inhibition of matriptase-
dependent carcinogenesis through downregulation of KLK5 expression. Significantly,
KLK5 promoted the release of IL-8 and activated the Yap1-TAZ/TEAD transcription
network through PAR-2 activation. In conclusion, our study identifies a novel proteolytic
pathway that contributes to the matriptase-driven malignant transformation.

2. Material and Methods

2.1. Human Tissue Samples

In this study, 127 cases of human Oral Squamous Cell Carcinomas (OSCCs) diagnosed
between 2005 and 2016 were selected from Pathology Service (SERPAT) of Ribeirao Preto
Medical School, University of São Paulo, to compose a tissue microarray (TMA). Formalin-
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fixed and paraffin-embedded TMAs were composed of well-differentiated OSCCs, W.D.C.,
n = 37; moderately-differentiated OSCCs, M.D.C., n = 59; and poorly-differentiated OSCCs,
P.D.C., n = 31. Only cases whose diagnoses were made in the following regions of the oral
cavity were considered: jaw, floor of mouth, retromolar, mouth, oral cavity, tongue, cheek
mucosa, gingiva, gum, larynx/pharynx, hard palate, and lips.

2.2. Tissue Microarray Construction

An experienced pathologist (ARS) reviewed the hematoxylin and eosin slides to
delineate the most significant area of each tumor to prepare the TMA. From the preselected
donor paraffin blocks, 2 mm diameter cylinders were removed and sorted into a paraffin
block recipient using the TMA Builder Kit (Histopathology Ltd., Pécs, Hungary).

2.3. Ethics Statement

The study was performed in accordance with the Declaration of Helsinki [17] and ap-
proved by the Ethics Committee on Human Research of Ribeirao Preto Clinical Hospital and
Ribeirao Preto Medical School, University of São Paulo (protocol: 50533515.6.0000.5440, ap-
proved on 21 June 2016). Histopathological analysis was performed on paraffin-embedded
non-identified samples comprising incisional biopsies. In this situation, patient consent is
waived according to Brazilian laws.

The K5-LEKTI mice were generated in accordance with protocols approved by the
National Institute of Dental and Craniofacial Research Animal Care and Use Committee.
All mice were kept and bred in the animal facility of the Department of Cell and Molecular
Biology and Pathogenic Bioagents, Ribeirao Preto Medical School, University of São Paulo,
Brazil. All experiments involving mice were approved by the Ethics Committee on Animal
Research of Ribeirao Preto Medical School, University of São Paulo (protocol: 003/2015-1,
approved on 29 June 2015) and were performed in accordance with the Guidelines of the
Brazilian College of Animal Experimentation.

2.4. Mice

The generation of Keratin5-matriptase transgenic mice (K5-Matriptase+/0) has been de-
scribed [8]. Keratin5-LEKTI transgenic mice (K5-LEKTI+/0) were generated by cloning the
full-length 3-kb mouse LEKTI cDNA (NM_001081180.1) into the pBK5-vector containing the
5.2-kb bovine keratin-5 regulatory sequences, beta-globin intron-2, and 3′-polyadenylation
sequences [18]. The linearized vectors were microinjected into the male pronucleus of FVB
zygotes, which were implanted into pseudopregnant mice. Founder animals carrying the
transgene were identified by PCR analysis of genomic DNA extracted from tail biopsies. WT
and K5-Mariptase+/0/K5-LEKTI+/0 were generated by interbreeding of K5-Mariptase+/0 with
K5-LEKTI+/0 mice. The study was strictly littermate controlled to avoid genetic background
differences from confounding data interpretation. The transgenic mice were genotyped by
PCR of genomic DNA extracted from tail biopsies as described previously [19].

2.5. Cells

The HNSCC cell line Cal 27 was a kind gift from Dr. J. Silvio Gutkind (University
California San Diego, San Diego, CA, USA). Cal 27 are derived from a human tongue
SCC [20]. Generation of Cal 27 KLK5 knockout cells was previously reported [21]. Both WT
and KLK5 knockout Cal 27 cells were authenticated by STR profiling (DATAPEP-FMUSP,
Sao Paulo, SP, Brazil) with the following results: TH01 6, 9.3; D5S818 11, 12; D13S317 10, 11;
D7S820 10; D16S539 11, 12; CSF1PO 10, 12; vWA 14, 17; TPOX 8; Amelogenin X. HEK293T
cells are from ATCC and were not further authenticated (Catalog# CRL-3216, Manassas,
VA, USA). Cells were cultured as previously described [21].

2.6. Antibodies and Recombinant Proteins

The following primary antibodies were used for IHC: anti-SPINK5 (3 μg/mL; clone
HPA009067, Merck, Darmstadt, Germany), anti-Matriptase-ST14 (1:400 dilution, Catalog#
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AF3946, R&D Systems, Minneapolis, MN, USA) and anti-mouse Kallikrein 5 (1:800 dilution;
Catalog# MAB7236, R&D Systems). The following biotinylated secondary antibodies were
used: goat anti-mouse IgG, goat anti-rat IgG, rabbit anti-sheep IgG (1:400; Vector Laborato-
ries, Burlingame, CA, USA). The following conjugated primary antibodies were used for
flow cytometry: anti-CD45-PeCy7 (clone 30-F11), anti-Ly6G-APC (clone IA8), anti-CD11c-
FITC (clone HL3), anti-MHCII-BB700 (clone M5/114.15.2) from BD Bioscience (Franklin
Lakes, NJ, USA), and anti-CD64-APC-Cy7 (clone X54-5/7.1) and anti-CD16/CD32 mono-
clonal antibody (clone 93) from eBioscience (San Diego, CA, USA). The following human
recombinant proteases were used: Recombinant Human Matriptase/ST14 Catalytic Do-
main (Catalog# 3946-SE) and Recombinant Human Kallikrein 5 Protein (Catalog# 1108-SE),
from R&D Systems.

2.7. SPINK5 mRNA Expression Analysis in K5-LEKTI+/0 Mouse Epidermis

Newborn WT and K5-LEKTI+/0 FVB/NJ mice were euthanized by decapitation. Dis-
sected skin was incubated in PBS containing 10 mM EDTA for 5 min at 56 ◦C to separate
the dermis from the epidermis. The epidermis was immediately covered with RNALater
(MilliporeSigma, Burlington, MA, USA), and incubated overnight at 4 ◦C. For the extraction
of total RNA, we used TRIzol (Thermo Fisher Scientific, Waltham, MA, USA). Epidermis
was added to 1 mL of TRIzol buffer and 100 mg of Precellys® zirconium oxide beads (Bertin
Technologies, Montigny-le-Bretonneux, France). The samples were homogenized using a
Precellys-24 tissue homogenizer (Bertin Technologies) for three pulses at 6800 rpm for lysis
and homogenization. The samples were then transferred to a new RNase/DNase-free tube
for chloroform extraction. The upper phase was transferred to a new tube for isopropanol
precipitation. Samples were vortexed and centrifuged at 12,000× g for 30 min. The pellet
was then washed with 70% ethanol in DEPC water, and the material was dried. RNA
was resuspended in DEPC water. RNA samples were quantified, and cDNA synthesis
was performed from 1 μg total RNA using the Kit ™cDNA Synthesis SuperScript® VILO
(Catalog# 11754, Thermo Fisher Scientific). The qRT-PCR reaction was performed in the
7500 Real-Time PCR System according to the protocol of TaqMan Master Mix (Applied
Biosystems, Thermo Fisher Scientific) manufacturer. Gapdh and Hprt1 were used as inter-
nal controls. LEKTI gene expression was evaluated using mouse SPINK5 TaqMan probes
(Mm00486343_cn). All reactions were repeated three times, and the experiments were
validated with the use of negative controls.

2.8. Histological and Immunohistochemical Analysis

Adult mice were euthanized by CO2 inhalation, and newborn mice were euthanized
by decapitation. Mouse tissues were fixed overnight in 4% paraformaldehyde and em-
bedded in paraffin. Both mice and TMA paraffin blocks were cut into sections 6 μm thick
and mounted on glass slides. Tissue sections were processed for histology and stained
either with hematoxylin and eosin (H&E), toluidine blue, or immunostained for LEKTI,
Matriptase, or KLK5. For IHC staining, antigen retrieval was performed by boiling samples
in 0.01 M sodium citrate buffer, pH 6, for 12 min. After non-specific antigen blocking was
performed, the sections incubated overnight at 4 ◦C with the primary antibodies followed
by incubation with appropriate biotin-conjugated secondary antibodies and the Vectastain-
ABC Elite kit (Vector Laboratories, Burlingame, CA, USA). Staining was developed by
incubation with 3,3′-diaminobenzidine (25 mg/mL, Merck) and H2O2 and the sections
were counterstained with hematoxylin. Non-immune anti-rabbit IgG was used as negative
control (3 μg/mL, Catalog# 011-000-003, Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA) for LEKTI, Matriptase, and KLK5. Images were obtained on an Olympus
VS120 slide scanner (Olympus Corporation, Tokyo, Japan). Quantification of the total
epithelial area, the stained epithelial area of each sample and counts of metachromatically
stained mast cells were performed using the Image J software [22]. Briefly, for TMA slides
stained for LEKTI or Matriptase, ratios between the total epithelial and immunolabeled
epithelial area (μm2) were calculated and plotted as a percentage (%); zero values were
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included where samples lacked LEKTI staining. For mice skin samples, the height of the
epidermis (epithelial thickness) and mast cell count per 103 μm2 were quantified.

2.9. Mouse Skin Dissociation

Mouse dorsal skin was extracted from euthanized healthy WT, K5-LEKTI+/0, K5-
Matriptase+/0, and K5-LEKTI+/0/K5-Matriptase+/0 FVB/NJ mice. The dorsal skin was
shaved and a depilatory cream was applied to remove remaining fur. The depilated skin
was cleaned with PBS before extraction. An area of 15 mm × 35 mm of back skin was
excised and cut into three pieces before being put in a 50 mL tube with 20 mL of HBSS
and quickly washed twice by vortexing. The tissue was drained and placed into a 50 mL
conical tube containing 10 mL of pre-dissociation buffer (RT HBSS with phenol red, without
calcium or magnesium, 5 mM EDTA, and 10 mM HEPES), incubated for 30 min at 37 ◦C
with agitation, and vortexed for 10 s before being strained through a 70 μm strainer. Tissue
pieces were transferred to a Petri dish and finely cut into small fragments (2.2 mm ×
2.2 mm) that were transferred to a new tube containing fresh pre-dissociation buffer and
incubated again for further 30 min, vortexed vigorously for 10 s, strained and washed
with 50 mL HBSS to remove excess EDTA. Collagenase digestion of skin was performed
by incubating the strained tissue pieces in a new 2 mL Eppendorf tube containing 1.5 mL
fresh digestion buffer (HBSS supplemented with 1 mg/mL collagenase D (Roche, Basel,
Switzerland), 1 mg/mL collagenase type IV (Worthington Biochemical Co., Lakewood, NJ,
USA), 100 μg/mL DNAse, 1 mM CaCl2) and 100 mg of Precellys® Zirconium-Oxide Beads
of 1.4 mm (Bertin Technologies). The tissue was incubated for 1–2 h at 37 ◦C with agitation
and was briefly vortexed every 15 min. After dissociation, the contents were filtered
through a 70 μm strainer into a new 50 mL conical tube, and flow-through containing the
digested tissue was washed with 50 mL of DMEM with 10% FBS, centrifuged for 5 min at
350× g, and the cell pellet was resuspended in PBS for flow cytometry analysis.

2.10. Flow Cytometry

Skin isolated total cells were counted using an Automated Cell Counter (Countess
I, Invitrogen, Thermo Fisher Scientific). The cell suspension (2.1–13 × 105 cells/sample)
was incubated for 15 min at RT with fixable dead cell stain (Thermo Fisher Scientific)
and washed with AutoMACS Rinsing Solution containing 0.5% BSA (Mylteni Biotec,
Bergisch Gladbach, Germany). The cell suspensions were then incubated for 10 min at 4 ◦C
with anti-CD16/CD32 monoclonal antibody, followed by incubation for 30 min at 4 ◦C
with anti-CD45, anti-Ly6G, anti-CD11c, anti-MHCII, and anti-CD64. The samples were
acquired using a BD FACSCanto II cytometer and CellQuest software (BD Biosciences).
Total events per sample were collected and analyzed according to size and granularity,
single events, live cells, and fluorescence intensity using FlowJo software (BD Biosciences).
The following gating strategy was used: leukocytes (CD45+) in total live and single cells;
Ly6G+ (neutrophils) and Ly6G− in CD45+ cells; dendritic cells (DC–CD11c+MHCIIHigh)
and myeloid cells (MY–CD11c+MHCII+) in total Ly6G− cells, and macrophages (CD64+) in
total myeloid cells.

2.11. Chemical Carcinogenesis

The shaved dorsal area of mice was treated with five applications of 25 μg of 7,12-
dimethylbenzanthracene (DMBA) diluted in 100 μL of acetone. Applications started at five
weeks of age and were performed every three weeks. The tumor incidence and size in the
carcinogen-treated mice were monitored every three weeks. Mice with ulcerating tumors or
tumors reaching a diameter of >2 cm were euthanized before the termination of the study at
48 weeks of age. Tumors and organs were collected and fixed and processed for histology.

2.12. PAR-2 Activation Assay

The PAR-2 activation assay was performed as previously described [10]. Briefly, HEK293T
cells were cultured in DMEM and co-transfected with pCDNA3.1-PAR-2 (50 ng), pRL-Renilla
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luciferase (20 ng), and SRE-Firefly luciferase (50 ng) plasmids. At 16 h post-transfection, cells
were treated for 6 h with 100 nM hrKLK5, or 15 nM hrMatriptase, which was used as a
positive control. PAR-2 activation was measured using the Dual-Glo Luciferase Assay System
according to the manufacturer’s instructions (Promega, Madison, WI, USA). Luminescence
was measured using a Victor X3 plate reader (Perkin Elmer, Waltham, MA, USA), and SRE
activation was determined as the ratio of firefly to Renilla luciferase counts.

2.13. TEAD Activation Assay

To measure TEAD activity, HEK293T cells in 12-well plates were co-transfected
overnight with 8 × TEAD-Luc (0.25 μg/cm2) and pCDNA3.1-PAR-2 (50 ng). The next day,
cells were serum-starved overnight and stimulated with 10 nM hrKLK5 for 6 h; luciferase
activity was measured using a Dual-Glo Luciferase Assay Kit (Promega) and a Microtiter
plate luminometer (SpectrMax iD3, Molecular Devices LLC, San Jose, CA, USA). Luciferase
normalization was performed in every case by co-transfecting a Renilla Luciferase Vector
(0.025 μg/cm2) (Promega).

2.14. Cytokine Release

WT or KLK5 KO Cal 27 cells were plated at 2 × 105 cells per well in 24-well plates and
cultivated for 16 h in DMEM containing 10% FBS. Cells were then starved for 2 h before
stimulation with hrMatripase for 24 h. Supernatants from cell cultures were collected
and measured by ELISA using the DuoSet ELISA kits (R&D Systems) according to man-
ufacturer’s protocols for human IL-8/CXCL8 (Catalog# PD8000C), TNF-alpha (Catalog#
DY210), and IL1-beta (Catalog# DBL50).

2.15. Scratch Assay

The Scratch assay was performed as previously described21. Briefly, WT or KLK5 KO
Cal 27 cells (2 × 105 cells) were cultured on glass coverslips, serum-starved for 16 h and
treated or not with hrMatriptase. At time “0” a 10 μL plastic tip was used to scratch the
cells in the middle of each coverslip and wound closure was evaluated for up to 48 h.
The coverslips were imaged at 0, 24, and 48 h after scratching using an DMI4000 Leica
epifluorescence microscope. The FIJI image processing package [22] was used to measure
the area between the edges of the scratch in all time points. The following formula was
used to calculate the wound closure area: Wound Closure Area = Area [T0] − Area [Tn].

2.16. Statistical Analysis

GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA, USA) was used for
data analysis and preparation of graphs. Normality tests were performed. Data from
experiments with two groups were analyzed using a t-test. Data from experiments with
three or more groups were analyzed using one-way analysis of variance test (ANOVA) and
post-test as indicated in the figure legends.

3. Results

3.1. LEKTI but Not Matriptase Is Differentially Expressed in Human OSCCs

Matriptase expression and activity are dysregulated in several human cancers [7]. In
particular, matriptase was previously found to be ubiquitously expressed in HNSCCs of
different anatomical locations and different presumed etiology [9]. Conversely, a recent
study from our group showed that LEKTI was downregulated in OSCCs [21]. Because
LEKTI has also been shown to inhibit a matriptase-driven proteolytic pathway in termi-
nal epithelial differentiation [11], we hypothesized that it could play a role in matriptase
mediated squamous cell carcinogenesis. To investigate this, we performed an immunohisto-
chemical evaluation of TMAs comprised of human OSCCs of different anatomical locations
of the oral cavity and of the following histopathological grades: well-differentiated car-
cinomas (W.D.C., n = 37), moderately differentiated carcinomas (M.D.C., n = 59), and
poorly differentiated carcinomas (P.D.C., n = 31). While LEKTI expression is remarkably re-
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duced in M.D.C.s and P.D.C.s, where the majority of the samples were negative (Figure 1A,
top panel), matriptase expression was found in 70% of the samples in all three groups
(Figure 1A, bottom panel). Quantification of the immunostained area in all samples con-
firmed decreased expression of LEKTI in less differentiated samples (Figure 1B), while
matriptase expression remained unaltered among the different groups (Figure 1C). Matrip-
tase expression was found throughout in both W.D.C. and P.D.C. samples (Figure 1D–G),
and LEKTI expression was limited to well-differentiated cells in W.D.C.s (Figure 1I,J). These
results are consistent with our previous work where increased protease/inhibitor ratio was
associated with increased pathological grades and poor prognosis [21].

Figure 1. Unlike LEKTI, matriptase is not modulated in poorly differentiated carcinomas. (A) IHC staining for LEKTI
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(orange) and matriptase (purple) in human OSCCs TMAs (W.D.C. n = 37, M.D.C. n = 59, and P.D.C. n = 31) showed
that the number of positive samples for LEKTI (top panel) prominently decreases in the less differentiate samples, while
for matriptase (bottom panel) this number remains similar. (B) Quantification of stained area confirmed that LEKTI is
significantly decreased in M.D.Cs. and P.D.Cs.; p-values (One-Way ANOVA) are displayed in the graph. (C) Quantification
of stained area shows that matriptase expression does not vary among W.D.Cs., M.D.Cs., and P.D.Cs.; (B,C) Data are
expressed in mean ± SD. (D–G) Representative images of matriptase IHC staining in well-differentiated and poorly differ-
entiated carcinomas. (H–K) Representative images of LEKTI IHC staining in well-differentiated and poorly differentiated
carcinomas. Black arrows show deeper staining, while yellow arrowheads show diffuse staining. Lower magnifications
(D,F,H,J)-bar = 100 μm; Higher magnifications (E,G,I,K) bar = 200 μm; Counterstaining with hematoxylin to visualize tissue
architecture.

3.2. Generation of K5-LEKTI Mice

To further investigate the role of LEKTI in matriptase-dependent squamous cell
carcinogenesis, we generated transgenic mice that express LEKTI in basal keratinocytes.
Full-length murine LEKTI cDNA was cloned under the control of bovine keratin-5 promoter
in the pBK5 vector (Figure 2A) [18]. Pronuclear injection of the transgene into multiple
two-cell embryos generated five founders (Table 1). The keratin-5-LEKTI transgene was
detected in two mice by PCR amplification of genomic tail DNA (Figure 2B). The transgenic
founders were fertile and transmitted the transgene to the next generation. The mouse
line FVB-K5-LEKTI-B1 was selected to establish the colony (K5-LEKTI+/0, Table 1). K5-
LEKTI+/0 mice do not display any particular phenotype as evidenced by representative
images of 3 and 11-month-old WT and K5-LEKTI+/0 mice (Figure 2C–F). qPCR analysis
of RNA extracted from the epidermis of newborn WT and K5-LEKTI+/0 (Figure 2G) mice
showed an average five-fold increase of LEKTI mRNA expression in the transgenic mice.

Figure 2. Generation of Keratin5-LEKTI transgenic mice. (A) Schematic structure of the K5-LEKTI transgene comprised of a
bovine keratin-5 promoter (K5), rabbit-globin exons, a rabbit-globin intron, the mouse LEKTI cDNA and a rabbit-globin
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polyadenylation signal (PolyA). (a,b) position of primers used for qPCR and (c,d) genotyping. The linearized transgene
vector was microinjected into the male pronucleus of FVB/NJ zygotes, which then were implanted into pseudopregnant
mice. (B) LEKTI transgenic founders were genotyped by PCR using genomic DNA from tail biopsies with the primer pair
indicated on the vector (c,d). Genotyping gel showing positive 425 bps amplified bands from founder mice. pBK5-LEKTI
vector was used as template for positive control. (C–F) Images of 3 (C,D) and 11 months (E,F) old WT (C,E) and K5-LEKTI+/0

(D,F) mice showing no differences on the outward phenotype. (G) qPCR analysis of the epidermis of newborn WT (black
dots) and K5-LEKTI+/0 (orange dots) mice show a five-fold increase of LEKTI mRNA expression in transgenic compared to
WT mice. WT n = 7 and K5-LEKTI+/0 n = 6; values are expressed in mean ± SD. p-values (two-tailed unpaired parametric
t-test) are displayed in the graph.

Table 1. Generation of Keratin5-LEKTI transgenic mice.

Transgenic Founder Gender a Skin Phenotype LEKTI Expression

FVB-K5-LEKTI-A1 F No No

FVB-K5-LEKTI-B1 F No Yes b

FVB-K5-LEKTI-B2 F No No

FVB-K5-LEKTI-B5 F No Yes

FVB-K5-LEKTI-C1 M No No

FVB-K5-LEKTI-D2 F No No
a—F: female; M: male. b—Transgenic K5-LEKTI+/0 mice with higher expression of LEKTI.

3.3. Co-Expression of LEKTI in Basal Keratinocytes Attenuates Matriptase-Dependent
Premalignant Phenotype

Matriptase induces malignant transformation when expressed in epithelial stem cells,
and this process is preceded by a premalignant phenotype characterized by hyperplasia,
dysplasia, and dermal inflammation [8]. To investigate whether LEKTI could play an
inhibitory role in this context, we induced concomitant expression of both Matriptase
and LEKTI in basal keratinocytes of transgenic mice. For that, transgenic mice expressing
matriptase cDNA under the control of Keratin 5 promoter (K5-Matriptase+/0) were inter-
bred with the K5-LEKTI+/0 mice (Figure 3A). Double-transgenic mice (K5-LEKTI+/0/K5-
Matriptase+/0) showed a prominent rescue of matriptase-dependent premalignant pheno-
type. The animals were analyzed at 3 and 11 months of age, and co-expression of LEKTI
and matriptase partially rescued matriptase-driven alopecia and ichthyosis (3-month-old
mice, Figure 3A, and 11-month-old mice, Figure S1A). In addition, epidermal hyperplasia
(Figure 3B and Figure S1B, top panels, yellow dashed line delimitates epidermal thick-
ness) and dermal mast cell recruitment (Figure 3B and Figure S1B, bottom panels, black
arrows) were also diminished, as verified by H&E histological evaluation and toluidine
blue metachromatic staining, respectively.
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1 
  

Figure 3. Co-expression of LEKTI attenuates matriptase-mediated premalignant skin phenotype. (A) The scheme shows the
breeding of K5-LEKTI+/0 with K5-Matriptase+/0 mice and the resulting litter of WT, K5-LEKTI+/0, K5-Matriptase+/0, and
K5-Matriptase+/0/K5-LEKTI+/0 mice. Images show the outward appearance of these mice at 3 months of age. Matriptase-
induced alopecia and ichthyosis are considerably attenuated by co-expression of LEKTI in Matriptase+/0/K5-LEKTI+/0.
LEKTI+/0 in 3-month-old mice. (B) Representative histological appearance of dorsal skin of littermate WT (first column),
K5-LEKTI+/0 (second column), K5-Matriptase+/0 (third column), and K5-Matriptase+/0/K5-LEKTI+/0 mice (forth column)
stained by H&E (top panels) and Toluidine Blue (bottom panels) at 3 months of age. Bars = 100 μm. Yellow dashed
lines show the limits between epidermis and dermis. Black arrows show metachromatically stained dermal mast cells.
(C) Quantification of epidermal thickness in littermate WT (n = 7, black dots), K5-LEKTI+/0 (n = 6, orange dots), K5-
Matriptase+/0 (n = 5, purple dots), and K5-Matriptase+/0/K5-LEKTI+/0 (n = 11, green dots) at 3 months of age˙ Data are
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expressed in mean ± SD. (D) Quantification of the dermal mast cell accumulation in the skin of littermate WT (black
dots), K5-LEKTI+/0 (orange dots), K5-Matriptase+/0 (purple dots), and K5-Matriptase+/0/K5-LEKTI+/0 (green dots) at
3 months of age. Data are expressed in mean ± SD. (E–J) Myeloid cellular infiltration was evaluated in skin samples by flow
cytometry. (E) Total cells (×105) were assessed by automated cell counter using trypan blue. The percentage of (F) leukocytes
(CD45+), (G) neutrophils (Ly6G+ gated on CD45+), (H) dendritic cells (DC–CD11c+MHCIIHigh gated on CD45+Ly6G), (I) other
myeloid cells (MY–CD11c+MHCII+ gated on CD45+Ly6G−), and (J) macrophages (CD64+ gated on myeloid cells) in the skin.
WT (black dots), K5-LEKTI+/0 (orange dots), K5-Matriptase+/0 (purple dots), and K5-Matriptase+/0/K5-LEKTI+/0 (green dots).
(K) Representative flow cytometry of skin samples by groups. Data are representative of one experiment (n = 3/group) and are
expressed as means ± SD. p-values (One-Way ANOVA with Tukey’s post-hoc test) displayed in the graphs.

Further quantification of epidermal thickness and dermal mast cell recruitment
showed that matriptase-dependent premalignant phenotype is indeed ameliorated by
concomitant LEKTI expression (Figure 3C,D and Figure S1C,D). To further investigate the
role of LEKTI in the attenuation of matriptase induced dermal inflammation and myeloid
cells infiltration into the skin, we performed flow cytometry analysis of cells isolated from
digested dorsal skin samples of 3-month-old mice. In accordance with histopathological
data, our results demonstrated that K5-Matriptase+/0 mice present a significant increase in
the total number of inflammatory cells in the skin (Figure 3E). The inflammatory infiltration
was confirmed by an elevated percentage of leukocytes (CD45+ cells) in K5-Matriptase+/0

mice, which decreased in K5-LEKTI+/0/K5-Matriptase+/0 mice (Figure 3F). Concerning
myeloid cells, we analyzed neutrophils, dendritic cells, and macrophages. Although there
was no difference in neutrophils (Ly6G+) among groups (Figure 3G), K5-Matriptase+/0 mice
showed a significant reduction in the percentage of dendritic cells (D11c+MHCIIHigh), not
observed in the double-transgenic group (Figure 3H). Notably, a significant increase in the
percentage of macrophages (CD64+) was observed in K5-Matriptase+/0 mice and rescued
in double-transgenic mice (Figure 3J). Considering other myeloid cells (CD11c+MHCII+),
LEKTI expression in both K5-LEKTI+/0 and K5-LEKTI+/0/K5-Matriptase+/0 mice induced
a significant increase of this population in comparison to WT and K5-Matriptase+/0 mice
(Figure 3I). Representative flow cytometry differences among groups are displayed in
Figure 3K.

Overall, our data confirms that LEKTI can act as a tumor suppressor downstream of
matriptase activation, as evidenced by its ability to modulate matriptase induced hyperpla-
sia and inflammatory cell recruitment.

3.4. Co-Expression of LEKTI with Matriptase in Basal Keratinocytes Delays the Onset and
Progression of Chemically Induced Carcinogenesis and Decreases KLK5 Expression

Ras-dependent SCC is potentiated by the topical application of the genotoxic agent
DMBA in K5-Matriptase+/0 mice [8]. To explore the inhibitory role of LEKTI in the initiation
and progression of matriptase driven carcinogenesis, we used a one-stage carcinogenesis
model where DMBA was applied to the dorsal skin of WT, K5-LEKTI+/0, K5-Matriptase+/0,
and K5-Matriptase+/0/K5-LEKTI+/0 mice every three weeks for a total of five applica-
tions (Figure 4A). While WT and K5-LEKTI+/0 mice did not develop any lesions, all
K5-Matriptase+/0 mice developed lesions at around 14–17 weeks of age. More importantly,
there was an average 3-week delay in the emergence of lesions in K5-Matriptase+/0/K5-
LEKTI+/0 mice compared to K5-Matriptase+/0 mice (Figure 4B). Tumor progression was
also hampered by co-expression of LEKTI, as evidenced by a smaller number of lesions
and the reduced average size compared to lesions of K5-Matriptase+/0 mice (Figure 4C,D).
At 26 weeks of age, Matriptase+/0 mice display an increase in tumor size compared to
the double-transgenic mice (Figure 4E). The observed delay in onset and progression of
DMBA-induced carcinogenesis indicates that LEKTI could be working as a suppressor of
squamous cell carcinogenesis in the context of dysregulated matriptase.
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Figure 4. Co-expression of LEKTI with matriptase in basal keratinocytes delays the onset and progression of chemically
induced carcinogenesis. (A) One-stage chemical carcinogenesis scheme: dorsal skin of mice was exposed 5 times to
25 μg of DMBA, starting at week 5 of age, every 3 weeks, and were followed for up to 48 weeks of age. WT (n = 20),
K5-LEKTI+/0 (n = 17), K5-Matriptase+/0 (n = 11), and K5-Matriptase+/0/K5-LEKTI+/0 (n = 16). (B) Kaplan–Meier analysis
of tumor-free survival. WT (black upside-down triangle), K5-LEKTI+/0 (orange squares), K5-Matriptase+/0 (purple dots),
and K5-Matriptase+/0/K5-LEKTI+/0 (green triangles). (C,D) Matriptase induced tumor progression in K5-Matriptase+/0,
and K5-Matriptase+/0/K5-LEKTI+/0 mice. Data are expressed in mean ± SD. (C) number of lesions and (D) percentage of
lesion of each size in littermate K5-Matriptase+/0 (purple dots) and K5-Matriptase+/0/K5-LEKTI+/0 (green triangles) mice
from 14 to 26 weeks of age. p-values (multiple t-tests) are displayed in the graphs. (E) Representative images of the outward
appearance of littermate WT, K5-LEKTI+/0, K5-Matriptase+/0, and K5-Matriptase+/0/K5-LEKTI+/0 mice at 26 weeks of age.
(F) Klk5 IHC staining of the skin of 3-month-old WT, K5-LEKTI+/0, K5-Matriptase+/0, and K5-Matriptase+/0/LEKTI+/0

mice. Black arrowheads indicate stained areas; Negative secondary antibody control; Bar = 100 μm.
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Since LEKTI is unable to inhibit matriptase directly [11], we hypothesized that there
is another matriptase protease substrate in squamous cell carcinogenesis. In this respect,
LEKTI inhibition of the matriptase-dependent proteolytic pathway could occur through
the inhibition of epithelial kallikreins. In fact, immunohistochemical analysis of KLK5 ex-
pression in skin biopsies of 3-month-old mice showed that this protease is increased in
K5-Matriptase+/0 mice. Notably, concomitant expression of LEKTI and matriptase in
basal layer keratinocytes is sufficient to revert the aberrant KLK5 expression found in
K5-Matriptase+/0 mice (Figure 4F).

3.5. KLK5 Activates YAP1-TAZ/TEAD Transcription via PAR-2 and Induces
Matriptase-Mediated Release of IL-8 and Cell Migration in OSCC Cells

Because PAR-2 was previously shown to be essential for matriptase-driven prema-
lignant progression and squamous cell carcinogenesis, we next investigated whether
KLK5 activates PAR-2. For this purpose, we used a reconstituted cell-based assay in which
HEK293 cells were transfected with a PAR-2 expression vector and a serum response
element (SRE)-luciferase reporter plasmid. The transfected cells were then exposed to
hrKLK5 to determine PAR-2 activation. As expected, KLK5 treatment was able to activate
PAR-2 (Figure 5A, matriptase-dependent activation of PAR-2 was used as positive control).
Importantly, KLK5-dependent PAR-2 activation was also responsible for an increase in
Hippo-YAP1/TEAD transcriptional activity, as measured by luciferase assay with a re-
porter containing tandem TEAD-binding sites in HEK293T cells transfected with PAR-2 and
treated with hrKLK5 (Figure 5B). Because PAR-2 activation also leads to NFkB activation,
we sought to investigate the extent to which KLK5 contributes to the release of proinflam-
matory cytokines. To this aim, we used WT and KLK5 KO OSCC cell lines [21] treated
or not with hrMatriptase for 24 h, and proinflammatory cytokine release was evaluated
by ELISA. Matriptase-dependent release of IL-8 occurred only in cells expressing KLK5
(Figure 5C). TNF-α release was stimulated by matriptase in both WT and KLK5 KO cells
(Figure 5D). Because both NFkB and Hippo signaling pathways may lead to increased cell
migration in cancer [23,24], a scratch wound healing assay was used. WT and KLK5 KO
OSCC Cal 27 monolayers were treated or not with hrMatriptase, scratched, and wound
closure was evaluated for up to 48 h. Interestingly, matriptase-dependent wound closure
after 24 h took place solely in cells expressing KLK5. After 48 h, however, hrMatriptase
treatment induced wound closure in both WT and KLK5 KO cells (Figure 5E, third and
fourth columns) and this effect was partially inhibited in KLK5 KO cells (Figure 5E, fourth
column) compared to WT cells (Figure 5E, third column). Wound closure was also delayed
in untreated KLK5 KO cells (Figure 5E, second column) compared to WT cells (Figure 5E,
first column). Quantification of the wound closure confirmed a significant delay in both
matriptase-treated (striped columns) and untreated (unstriped columns) KLK5 KO cells
(red columns) when compared to WT cells (white columns) after 24 and 48 h (Figure 5F).
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Figure 5. KLK5 activates YAP1-TAZ/TEAD transcription via PAR-2 and induces matriptase-mediated release of IL-8 and
cell migration in OSCC cells. (A) KLK5-mediated PAR-2 activation analysis. HEK293T cells were transfected with pCDNA
3.1-PAR-2, pRL-Renilla luciferase and SRE-Firefly luciferase reporter plasmids and treated with hrKLK5 for 6 h, PAR-
2 activation was measured by Luciferase activity. hrMatriptase was used as positive control for PAR-2 activation. p-values
(One-Way ANOVA with Tukey’s post-hoc test) are displayed in the graphs. (B) Transcriptional activity of TEAD was also
measured by luciferase assay with a reporter containing tandem TEAD-binding sites in HEK293T cells transfected with
pCDNA 3.1-PAR-2 plasmid and treated with hrKLK5 for 6 h. p-values (two-tailed unpaired parametric t-test) are displayed
in the graphs. (C,D) WT and KLK5 KO OSCC Cal 27 cell lines were serum-starved for 2 h, treated or not with hrMatriptase
for 24 h, and proinflammatory cytokine release was evaluated by ELISA. (C) hrMatriptase treatment stimulated the release
of CXCL-1/IL-8 in WT cells but not in KLK5 KO cells. (D) hrMatriptase treatment stimulated the release of TNF-α in
both WT and KLK5 KO cells, although in KO cells this effect was very discreet. p-values (One-Way ANOVA with Tukey’s
post-hoc test) are displayed in the graphs. (E,F) WT and KLK5 KO OSCC Cal 27 monolayers were serum-starved for 16 h,
treated or not with hrMatriptase, scratched, and wound closure was evaluated for up to 48 h. (E) Representative images
showing that hrMatriptase treatment induces wound closure in both WT and KLK5 KO cells (third and fourth columns)
and this effect is partially inhibited in KLK5 KO cells (forth column) compared to WT cells (third column). Wound closure
was also delayed in untreated KLK5 KO cells (second column) compared to WT cells (first column). (F) Quantification of
the wound closure shows a delay in both matriptase treated (striped columns) and untreated (unstriped columns) KLK5 KO
cells (red columns) when compared to WT cells (white columns) after 24 and 48 h. p-values (One-Way ANOVA with Tukey’s
post-hoc test) are displayed in the graphs. (A–F) Data are representative of two independent experiments and values are
expressed in mean ± SEM.
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4. Discussion

This study aimed to explore the inhibitory role for LEKTI in matriptase-dependent
SCCs and investigate additional players operating in this pathway. We showed here that
LEKTI expression is either absent or remarkably reduced in less differentiated, more aggres-
sive OSCCs, while matriptase expression is prevalent among OSCCs of different grades.
Protease to inhibitor unbalance has been associated with uncontrolled proteolysis and
malignant disorders before [25,26], and this result is in agreement with recent findings from
our group, where LEKTI was shown to be downregulated in OSCCs in comparison with
premalignant lesions and normal oral mucosa, with increased KLK5/SPINK5 mRNA (pro-
tease/inhibitor) ratio being associated with worse prognosis [21]. Furthermore, SPINK5 ex-
pression levels have been found to be downregulated in head and neck squamous cell
carcinomas (HNSCCs) [27–29].

Consisting with an inhibitory role for LEKTI in the development of SCCs, we show that
co-expression of LEKTI with matriptase in basal keratinocytes partially reverts matriptase-
mediated premalignant phenotype, as evidenced by reduced alopecia, hyperplasia, and
myeloid cell recruitment. In line with the fact that the tumorigenic microenvironment of
SCCs often displays reduced quantities of myeloid CD11c+ dermal DCs, which indicates dis-
ruption in the DC immunostimulatory capacity [30,31], we showed a matriptase-dependent
significant decrease in DCs. This was accompanied by increased macrophage infiltration, a
phenotype rescued by co-expression of LEKTI in the skin of transgenic mice. Conspicuous
influx of tumor-associated macrophages in SCC lesions can contribute to carcinogenesis
and tumor growth [32]. More importantly, LEKTI expression also delayed the onset and
progression of chemically induced carcinogenesis. Comparable inhibition was previously
observed by co-expression of the matriptase cognate inhibitors hepatocyte growth factor
inhibitors 1 and 2 (HAI-1 and HAI-2) [8,33].

In agreement with the fact that LEKTI inhibits matriptase-dependent skin desquama-
tion in Netherton Syndrome by the direct inhibition of KLK5 [11] and our data shows that
concomitant expression of LEKTI with matriptase rescues aberrant KLK5 expression. This
indicates a role for KLK5 as a matriptase substrate. Dysregulated KLK5 has been impli-
cated in a wide range of epithelial cancers [21,34–38]. Our data supports the existence of a
matriptase-activated KLK5-dependent PAR-2 signaling axis in SCCs. PAR-2 is activated by
several trypsin-like serine proteases, including matriptase and KLK5, signaling to various
downstream pathways that modulate cell proliferation, migration and invasion, and cy-
tokine production [10,21,36,39]. Regarding the potential mechanisms by which KLK5 can
contribute to tumorigenesis, we show that KLK5 can induce PAR2 dependent activation of
NFKB and Hippo-YAP1. Indeed, it has been shown that PAR-2 can lead to NFκB activation
in inflammation and SCCs, and PAR-2 can be activated by KLK5 in OSCC [7,33,36,40,41].
In addition, PAR-2 activation by SLIGRL (PAR-2 peptide agonist) can result in YAP1 activa-
tion [42]. Hippo–YAP1/TEAD regulates organ size, tissue homeostasis, and tumorigenesis
in mammals. Abnormal upregulation of this pathway occurs in many human malignancies
and promotes tumor formation, progression, and metastasis [43,44].

Tumor invasion and metastasis are complex biological processes in which detachment
and migration rely on matrix-degrading proteases. Knockdown of matriptase in endome-
trial cancer cells inhibits migration and invasion ability in vitro [45], and our recent work
showed that CRISPR-mediated disruption of KLK5 blocks OSCC cell migration [21]. Our
current results showed impaired matriptase-mediated migration in KLK5 KO OSCC cells,
supporting a potential role of this pathway in cancer invasion and metastasis.

Taken together, our data support a model wherein matriptase activates PAR-2 via
KLK5 and modulates SCC development and progression. This knowledge can contribute
for the development of targeted therapeutics in HNSCC.
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5. Conclusions

Our data identify a third signaling pathway for matriptase-dependent carcinogenesis
in vivo, wherein matriptase activates PAR-2 via KLK5 and thus modulates SCC develop-
ment and progression.
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Citation: Piotrowski, I.; Zhu, X.;

Saccon, T.D.; Ashiqueali, S.; Schneider,

A.; de Carvalho Nunes, A.D.;

Noureddine, S.; Sobecka, A.; Barczak,

W.; Szewczyk, M.; et al. miRNAs as

Biomarkers for Diagnosing and

Predicting Survival of Head and Neck

Squamous Cell Carcinoma Patients.

Cancers 2021, 13, 3980.

https://doi.org/10.3390/

cancers13163980

Academic Editor: David Wong

Received: 7 July 2021

Accepted: 3 August 2021

Published: 6 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affili-

ations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Radiobiology Lab, Department of Medical Physics, Greater Poland Cancer Centre, 61-866 Poznan, Poland;
igor.piotrowski@wco.pl (I.P.); agnieszka.sobecka@wco.pl (A.S.); wojciech.barczak@oncology.ox.ac.uk (W.B.)

2 Department of Electroradiology, Poznan University of Medical Sciences, ul. Garbary 15,
61-866 Poznan, Poland

3 Burnett School of Biomedical Sciences, College of Medicine, University of Central Florida,
Orlando, FL 32827, USA; xiang.zhu@ucf.edu (X.Z.); sarah.ashiqueali@knights.ucf.edu (S.A.);
anunes@umn.edu (A.D.d.C.N.); sarahnoureddine@knights.ucf.edu (S.N.);
Michal.Masternak@ucf.edu (M.M.M.)

4 Centro de Desenvolvimento Tecnológico, Universidade Federal de Pelotas, Pelotas 96010-610, Brazil;
tatiana.saccon@ufpel.ucf.edu

5 Faculdade de Nutrição, Universidade Federal de Pelotas, Pelotas 96010-610, Brazil;
augusto.schneider@ufpel.edu.br

6 Department of Head and Neck Surgery, Poznan University of Medical Sciences, 61-701 Poznan, Poland;
mateusz.szewczyk@wco.pl (M.S.); wojciech.golusinski@wco.pl (W.G.)

7 Department of Head and Neck Surgery, Greater Poland Cancer Centre, 61-866 Poznan, Poland
8 Department of Otolaryngology and Maxillofacial Surgery, University of Zielona Gora,

65-417 Zielona Gora, Poland
9 Department of Maxillofacial Surgery, Poznan University of Medical Sciences, 61-701 Poznan, Poland
* Correspondence: p.golusinski@cm.uz.zgora.pl

Simple Summary: Head and Neck Squamous Cell Carcinoma (HNSCC) is the sixth most common
cancer worldwide. It arises from the epithelium of the upper aerodigestive tract. Increasing evidence
suggests that there is a significant role of microRNAs in HNSCC formation and progression. The
aim of this study was to explore and compare the expression of HNSCC related miRNAs in tumor
vs neighboring healthy tissue of HNSCC patients with tumors located in either the oral cavity,
oropharynx, or larynx. Our results demonstrated that expression of these miRNAs was significantly
different not only between healthy and tumor tissues, but also among tumor locations. Further
analysis indicated that microRNA expression could be used to distinguish between tumor and
healthy tissues, and prognose the overall survival of patients.

Abstract: Head and Neck Squamous Cell Carcinoma (HNSCC) is the sixth most common cancer
worldwide. These tumors originate from epithelial cells of the upper aerodigestive tract. HNSCC
tumors in different regions can have significantly different molecular characteristics. While many
microRNAs (miRNAs) have been found to be involved in the regulation of the carcinogenesis
and pathogenesis of HNSCC, new HNSCC related miRNAs are still being discovered. The aim of
this study was to explore potential miRNA biomarkers that can be used to diagnose HNSCC and
prognose survival of HNSCC patients. For this purpose, we chose a panel of 12 miRNAs: miR-146a-
5p, miR-449a, miR-126-5p, miR-34a-5p, miR-34b-5p, miR-34c-5p, miR-217-5p, miR-378c, miR-6510-3p,
miR-96-5p, miR-149-5p, and miR-133a-5p. Expression of these miRNAs was measured in tumor
tissue and neighboring healthy tissue collected from patients diagnosed with HNSCC (n = 79) in
either the oral cavity, oropharynx, or larynx. We observed a pattern of differentially expressed
miRNAs at each of these cancer locations. Our study showed that some of these miRNAs, separately
or in combination, could serve as biomarkers distinguishing between healthy and tumor tissue, and
their expression correlated with patients’ overall survival.
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1. Introduction

Head and Neck Squamous Cell Carcinoma (HNSCC) accounts for approximately
830,000 new cases and 430,000 deaths annually, making it the sixth most common cancer
worldwide [1]. HNSCC includes tumors located in the oral cavity, larynx, nasopharynx,
oropharynx, and hypopharynx, contributing to the heterogeneous nature of this disease.
The most commonly recognized risk factors for oral and laryngeal cancer include tobacco
use and alcohol consumption, whereas the oropharyngeal tumors are often linked to
infection by human papillomavirus (HPV). Although some progress has been made in
the diagnosis and therapy of HNSCC, the 5-year survival of these patients over the last
couple of decades has improved modestly compared to the survival of patients diagnosed
with other solid tumors [2]. Malignant transformation in HNSCC begins with hyperplasia
of mucosal epithelial cells followed by dysplasia, formation of carcinoma in situ, and
finally invasive carcinoma. Recognition of molecular markers that are responsible for
carcinogenesis and progression of the disease is crucial for enhanced understanding of the
mechanisms behind these processes and could assist in improved diagnosis and prediction
of patients’ outcomes.

MicroRNAs (miRNA) are non-coding, short (around 22 nucleotides in length), RNA
molecules that regulate the expression of genes through binding to mRNAs, ultimately
targeting them for degradation [3]. miRNAs are shown to regulate over 60% of human
protein-coding genes [4], and are active in many physiological processes, including apop-
tosis, aging, and the cell cycle [5,6], as well as in the development of many pathological
processes [7]. miRNAs also play an important role in carcinogenesis. Some research shows
that miRNA expression profile in solid tumors is significantly altered from that of healthy
tissue [8]. Since miRNAs are stably expressed in human tissues and are linked with the
initiation and progression of cancer, they could serve as biomarkers for diagnosis, predic-
tion of response to therapy and treatment outcome [9]. Research on HNSCC indicated
that many miRNAs are differentially expressed in cancer tissue, with some classified as
oncogenic, and others as tumor suppressors [10]. Although the roles of miRNAs in cancer
are widely studied, novel cancer-related miRNAs are still being identified [11].

Since miRNAs play a crucial role in cancer development, many studies have investigated
the application of miRNA expression analysis as a prognostic tool for HNSCC. Recently
published data showed that expression of miRNAs in healthy and tumor tissue of oral
squamous cell carcinoma can be associated with patient prognosis, and could be used to
predict recurrence and patient survival [9,12]. Several studies demonstrated that expression
of miRNAs in patients’ serum could be used as a factor predicting patients’ survival, disease
progression, or risk of developing side effects [13–15]. Some researchers also pointed out that
prognostic, cancer-related miRNAs present in the bloodstream likely originate from tumor
cells [14,16]. Identifying a miRNA expression profile in HNSCC tumor is of remarkable
importance for establishing pathways of disease development and progression, which could
help to elucidate potential targets in novel therapeutic approaches.

To achieve this objective, we investigated the differential expression of miRNAs in
HNSCC, analyzed the potential of these miRNAs as biomarkers distinguishing between
healthy and tumor tissue, and correlated their expression with patient survival. We assessed
matched tumor and neighboring healthy tissues collected from 79 patients with either
oral cavity, oropharynx, or larynx HNSCC and we investigated 12 miRNAs of interest:
miR-146a-5p, miR-449a, miR-126-5p, miR-34a-5p, miR-34b-5p, miR-34c-5p, miR-217-5p,
miR-378c, miR-6510-3p, miR-96-5p, miR-149-5p, and miR-133a-5p. The panel was selected
based on a literature search of their differential expression in HNSCC tissue [11,16–23].
Among them, miR-378c and miR-6510-3p were identified in our previous study via analysis
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of the Cancer Genome Atlas (TCGA) dataset of HNSCC cases [11]. The miRNA panel was
chosen to include both miRNAs with oncogenic (i.e., miR-96-5p) and tumor suppressor (i.e.,
miR-217-5p) activity, as both types of miRNA can be associated with disease progression
and outcome [20,21]. Although the miRNAs chosen for analysis were previously shown to
play a role in HNSCC, their expression in tumor and healthy tissue in different HNSCC
locations and association with patient survival have not been fully investigated.

2. Materials and Methods

2.1. Study Subjects

In this study, we recruited a total of 79 patients diagnosed with head and neck squa-
mous cell carcinoma in either the oral cavity (n = 37), oropharynx (n = 9), or larynx (n = 33),
between 2015 and 2017 at the Department of Head and Neck Surgery at The Greater
Poland Cancer Centre in Poznan, Poland. Table 1 presents patients’ characteristics. Staging
was determined based on the TNM 7th edition by The Union for International Cancer
Control (UICC). Exclusion criteria for participation in the study was defined as follows:
patients diagnosed with more than one malignancy, patients previously undergoing other
therapeutic modalities such as chemo- and radiotherapy, and HPV positive malignancies.
The study protocol was approved by the Ethics Committee of the Poznan University of
Medical Sciences (Decision No. 915/16), and written informed consent was provided by
all participants.

Table 1. Clinical characteristics of the study group.

Tumor Location
Characteristic Oral Cavity Oropharynx Larynx

Number of subjects 37 9 33
Age (years, mean ± SD) 59.3 (±11.2) 52.9 (±12.1) 62.2 (±12.5)
Sex, n (%)
Male 30 (81%) 5 (56%) 25 (76%)
Female 7 (19%) 4 (44%) 8 (24%)

T stage, n (%)
T1-2 26 (70%) 6 (67%) 4 (12%)
T3-4 11 (30%) 3 (33%) 28 (85%)
NA 0 (0%) 0 (0%) 1 (3%)

N stage, n (%)
N0 11 (30%) 0 (0%) 14 (42%)
N+ 25 (68%) 8 (89%) 17 (52%)
NA 1 (3%) 1 (11%) 2 (6%)

M stage, n (%)
M0 37 (100%) 9 (100%) 30 (91%)
NA 0 (0%) 0 (0%) 3 (9%)

Grading, n (%)
G1 6 (16%) 0 (0%) 2 (6%)
G2 27 (73%) 2 (22%) 24 (73%)
G2/G3 1 (3%) 0 (0%) 1 (3%)
G3 3 (8%) 4 (44%) 5 (15%)
NA 0 (0%) 3 (33%) 1 (3%)

SD—standard deviation; T stage—size of tumor; N stage—spread to lymph nodes; M—distant metastasis;
NA—data not available.

2.2. Experimental Methods

Patients were subjected to primary surgical treatment, during which cancer tissue
as well as normal epithelium tissue (within 2 cm distance from the tumor margin) were
collected. Both tissues were placed in cryovials on dry-ice directly following the surgical
excision and subsequently transferred to −80 ◦C freezer, and later to liquid nitrogen for
long-term storage.
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The frozen tissue samples were homogenized with a mortar and pestle with Qiazol
(Qiagen, Valencia, CA, USA). Total RNA was isolated using a commercial column purifi-
cation system (miRNeasy Mini Kit, Qiagen, Valencia, CA, USA) with a DNase treatment
(RNase-free DNase Set, Qiagen, Valencia, CA, USA) following manufacturer’s instruc-
tions. RNA concentration and purity were measured spectrophotometrically (absorbance
at 260, 230, and 280 nm) using Epoch™ Microplate Spectrophotometer (BioTek, Winooski,
VT, USA).

To measure miRNA expression, 10 ng of total RNA were reverse-transcribed using
TaqMan® Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, Foster City, CA,
USA), according to the manufacturer’s instructions. For the RT-qPCR reaction a 1:10 dilu-
tion of cDNA template was prepared. RT-qPCR was performed using the Quantstudio™
7 Flex System. We used TaqMan® Advanced miRNA Assays (Applied Biosystems, Fos-
ter City, CA, USA) with primers specific for selected miRNA: miR-146a-5p (478399_mir),
miR-449a-5p (478561_mir), miR-126-5p (477888_mir), miR-34a-5p (478048_mir), miR-34b-5p
(478050_mir), miR-34c-5p (478052_mir), miR-217-5p (478773_mir), miR-378c-5p (478864_mir),
miR-6510-3p (480744_mir), miR-96-5p (478215_mir), miR-149-5p (477917_mir), miR-133a-
5p (478706_mir). Supplemental Table S1 presents stem loops used for miRNA expression
analysis. Each reaction was performed in two technical replicates. The 2−ΔΔCt method
was used to calculate and normalize expression of each miRNA, in which −ΔΔCt was
calculated as:

−ΔΔCt = average (ΔCt healthy tissue) − ΔCt tumor tissue, (1)

where

ΔCt = Ct target gene − Ct housekeeping gene. (2)

The housekeeping gene was miR-16-5p. In the above calculation, −ΔΔCt > 0 denotes
upregulated expression, whereas −ΔΔCt < 0 denotes downregulated expression, relative
to healthy tissue.

2.3. Statistical Analysis

Through RT-qPCR experiments, we obtained 1785 expression data points with an
observed Ct of <40 and 135 non-detects without an assigned Ct value. We noticed that
the non-detect rate in our RT-qPCR experiment increased with average ΔCt of each gene
(Figure 1A), suggesting that the non-detects are not randomly distributed and imputa-
tion must be implemented. We first evaluated the bias of the non-detects imputed by a
conventional method of setting the Ct of each non-detect to 40. The results showed that
the bias caused by such an imputation method remarkably skewed the data towards low
expression (Figure 1B). To deal with this issue and impute the missing expression data more
appropriately, we then performed the expectation-maximization (EM) algorithm proposed
by McCall et al. [24] using R package (HTqPCR, www.bioconductor.org/packages/release/
bioc/html/HTqPCR.html, accessed on 11/16/2020) [25]. The results indicated that the EM
algorithm produced unbiased imputation for the non-detects (Figure 1C).

Wilcoxon matched-pairs signed-ranks test was used to compare the expression of
each miRNA in tumor tissue vs. in healthy tissue. Heatmap was produced to visualize
the expression profile of each miRNA across tumor locations and tissue types. To evaluate
the accuracy of each miRNA expression as a biomarker in distinguishing tumor from
healthy tissue, we performed bootstrap logistic regression based on which ROC curves
were produced, and sensitivity, specificity, and AUC were estimated. In addition, we
performed stepwise logistic regression to explore whether combined miRNA expressions
can be used as a more valid biomarker in the diagnosis of HNSCC. Finally, we assessed
the prognosis value of each miRNA through survival analysis using the Kaplan–Meier
survival curves. In this analysis, we first used R package (survminer) to find an optimal
cut-off, splitting the expression of each miRNA into low and high expression. We then
compared survival curves between low and high expression using logrank test. To further
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evaluate the prognosis of the selected miRNAs on overall survival of the HNSCC patients,
we performed multiple Cox regression analysis with age at diagnosis, T stage, and N
stage included as confounding variables. Due to the fact that the results of the small
cohort of oropharyngeal cancer (n = 9) might be prone to bias, they were only presented
in Supplementary Figures. Statistical analysis was performed using Stata MP software
14.1 (StataCorp LLC, College Station, TX, USA) and R packages. All tests were two-tailed
and the p value < 0.05 was considered to be statistically significant.

Figure 1. The scatter plot (A) indicating that the non-detect rate increases with average ΔCt by location, tissue type and gene.
The boxplots showing the comparison of −ΔCt residues between observed expressions and non-detects, (B) if conventional
imputation of setting the Ct of each non-detect to 40 was conducted, and (C) if expectation-maximization (EM) algorithm
was used to estimate the Ct of each non-detect.

3. Results

3.1. miRNA Expression

First, we measured the expression of selected miRNAs in tumor tissue and neighboring
healthy tissue of HNSCC patients. In oral cancer, we observed upregulation of miR-
146a-5p, miR34b-5p, and miR34c-5p, and downregulation of miR-126-5p, miR378c-5p,
miR-6510-3p, and miR-149-5p in tumor tissue compared with neighboring healthy tissue
(Figure 2A). In laryngeal cancer, we observed upregulation of miR-146a-5p, miR-449a-5p,
miR-34a-5p, miR-34b-5p, miR-34c-5p, and miR-96-5p and downregulation of miR-6510-3p
(Figure 2A). The median values of miRNA expressions in tumor tissue relative to healthy
tissue are presented in supplementary materials (Table S2). Clustering analysis of miRNA
expression in each sample revealed that the expression of miRNAs strongly depended on
the tissue type (tumor or healthy) and, to a lesser extent, on the tumor location (Figure 2B).
Figure 2C presents a simple summary of miRNA expression analysis. The results of
miRNA expression analysis for all three tumor locations (including oropharyngeal cancer)
are presented in Supplementary Figure S1.

3.2. miRNA Expression as a Biomarker to Distinguish Healthy Tissue from Tumor Tissue
3.2.1. Expression of Individual miRNAs as a Biomarker

For the analysis of miRNAs as biomarkers, we considered expression of miRNAs
showing both sensitivity and specificity ≥ 0.8 as strong candidates, and miRNAs showing
both sensitivity and specificity ≥ 0.7 as potential, weaker candidates. For some miRNA
expressions (miR-34c-5p and miR-149-5p in oral cancer, miR-34c-5p in laryngeal cancer)
our analysis was not able to determine a unique threshold value, and ROC could not be
accurately estimated.
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Figure 2. Expression of miRNAs in tumor tissue and nearby healthy tissue of HNSCC patients.
(A) Boxplots showing the comparison of expression of 12 miRNAs between tumor tissue and nearby
healthy tissue in the oral cavity, and larynx. Expression was calculated using −ΔΔCt method; values
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above 0 denote upregulation, and values below 0 denote downregulation of miRNA, compared with
healthy tissue. Wilcoxon signed-rank test was performed. (B) Heatmap and dendrogram showing
the overall expression profile of the 12 miRNAs in patient samples. Samples were grouped by tissue
type and tumor location. The colors in the heatmap represent the value of −ΔΔCt ranging from
downregulation (dark blue) to upregulation (red). (C) Summary of findings on miRNA expressions
as biomarkers in diagnosis of HNSCC (“↓” denotes downregulation and “↑” denotes upregulation).

For oral cancer, no miRNA expression reached the threshold sensitivity and specificity
for a strong biomarker (Figure 3A). Expression of miR-378c-5p (sensitivity = 0.811, speci-
ficity = 0.703, ROC Area = 0.813, threshold = −0.3), and miR-6510-3p (sensitivity = 0.946,
specificity = 0.784, ROC Area = 0.913, threshold = 0.08) demonstrated satisfying sensi-
tivity and moderate specificity (indicating a higher risk of false positives) as biomark-
ers. The sensitivity and specificity of the expression of miR-126-5p (sensitivity = 0.784,
specificity = 0.784, ROC Area = 0.790, threshold = −0.3) was close to 0.8, suggesting that
this miRNA might be a candidate biomarker.

Figure 3. ROC curves showing miRNA biomarkers with potential in distinguishing tumor tissue from nearby healthy tissue
in oral (A) and laryngeal (B) cancer.

For laryngeal cancer, no miRNA expression reached the threshold sensitivity and
specificity for a strong biomarker (Figure 3B). Expression of miR-449a (sensitivity = 0.849,
specificity = 0.727, ROC Area = 0.815, threshold = 0.74), and miR-6510-3p (sensitivity = 0.909,
specificity = 0.758, ROC Area = 0.854, threshold = 0.14) presented as weaker biomarker
candidates, with high sensitivity and moderate specificity (higher risk of false positives).
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ROC curves for all miRNAs, analyzed in tissues collected form oral, oropharyngeal, and
laryngeal cancer, are presented in Supplemental Figures S2–S4.

3.2.2. Combined Expression of miRNAs as a Biomarker

Since the expression of some miRNAs in neighboring healthy tissue compared to
tumor tissue exhibited potential for use as biomarkers distinguishing between the two tis-
sues, we decided to further investigate whether combined miRNA expression could be
used with higher success. For oral cancer samples, we observed that the combined ex-
pression of miR-6510-3p and miR-34c-5p could be used as a biomarker with high success
(sensitivity = 0.919, specificity = 0.946, ROC Area = 0.952) (Figure 4A). Similar analysis
was performed for miRNA expression in laryngeal tumor and neighboring healthy tissue,
where the combined expression of miR-449a-5p, miR-6510-3p, and miR-133a-5p showed
strong ability to distinguish tumor tissues (sensitivity = 0.909, specificity = 0.879, ROC
Area = 0.932) (Figure 4B).

Figure 4. ROC showing accuracy of combined miRNA expression as a biomarker in distinguishing oral (A) and laryngeal
(B) tumor tissue compared with neighboring healthy tissue. (A) Combined expression of miR-6510-3p and miR-34c-5p as
a biomarker distinguishing oral tumor tissue from nearby healthy tissue with a threshold of −0.194 determined by the
best model: logit(tumor) = −2.239 − 1.127(miR-6510-3p) + 1.392(miR-34c-5p). (B) Combined expression of miR-449a-5p,
miR-6510-3p, and miR-149-5p as a biomarker in distinguishing laryngeal tumor tissue from nearby healthy tissue with a
threshold of −0.212 determined by the best model: logit(tumor) = −1.855 + 0.438(miR-449a-5p) − 1.246(miR-6510-3p) +
1.473(miR-149-5p). In both models, if logit(tumor) score is greater than its corresponding threshold, the diagnosis is positive,
otherwise the diagnosis is negative.

3.3. Association of miRNA Expressions with Survival of HNSCC Patients

Since expression of some of the selected miRNAs in tumor tissue was significantly
different than in neighboring healthy tissue, we proposed that expression of these miRNAs
could have a marked impact on patient survival. In oral cancer, low expression of miR-449a-
5p (cutoff = −1.55), miR-34a-5p (cutoff = −0.70), miR-217-5p (cutoff = 2.73), miR-96-5p (cut-
off = −0.10), and miR-133a-5p (cutoff = −7.53) in tumor tissue correlated with a significantly
shorter survival (Figure 5A). Survival of patients with laryngeal cancer was significantly
reduced in patients with high expression of miR-146a-5p (cutoff = 2.31) or low expression
of miR-449a-5p (cutoff = 0.04) in tumor tissue (Figure 5B). Supplemental Figures S5–S7
present survival data for all miRNAs expressed in the tumor tissues collected from oral,
oropharyngeal, and laryngeal cancer.
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Figure 5. Relation between miRNA expression and overall survival. (A,B) Kaplan Meier survival curves showing
comparison of overall survival between low and high miRNA expression defined by optimal cutoff of −ΔΔCt in oral (A)
and laryngeal (B) cancers. (C) Summary of multiple Cox regression analysis for oral and laryngeal cancer investigating
hazard ratio (HR) of high expression vs. low expression of each miRNA in separate survival models with age at diagnosis,
T staging and N staging under control. HR < 1 denotes high miRNA expression at lower risk compared to low expression.
HR > 1 denotes high miRNA expression at higher risk than low expression.

To verify whether relative miRNA expression in tumor tissue correlated with patient
survival, we performed multiple Cox regression analysis, controlling for age at diagnosis,
T stage, and N stage (Figure 5C). The analysis indicated that in oral cancer high expression
of miR-449a-5p (HR = 0.068), miR-126-5p (HR = 0.214), miR-34a-5p (HR = 0.155), and
miR-133a-5p (HR = 0.153) had a lower hazard, corresponding to a higher survival rate, and
high expression of miR-217-5p (HR = 5.21) corresponded to a higher hazard and a lower
survival rate. In laryngeal cancer, high expression of miR-146a-5p (HR = 9.671), miR-34a-5p
(HR = 3.466), miR-34b-5p (HR = 6.761), and miR-378c-5p (HR = 3.77) was associated with a
higher hazard and lower survival rate.

We also conducted multiple Cox regression analysis to investigate whether the com-
bined miRNA expression was associated with patients’ overall survival when controlled for
age at diagnosis, T staging, and N staging. No significant association with age or staging
was observed (Supplementary Table S3).

4. Discussion

Although the role of miRNAs in HNSCC development has been widely studied, and
new miRNAs with significant oncogenic or cancer suppressor roles are being discovered,
expression of these miRNAs in tumor and healthy tissue of patients with HNSCC at
different sites has rarely been addressed. We investigated whether the differences in
expression of miRNAs can be used as markers to distinguish between tumor and healthy
tissue, and whether miRNA expression correlates with patient survival. Based on a
literature search for miRNAs differentially expressed in HNSCC tissue [11,16–23], and
on our previous study using deep sequencing on small cohorts of HNSCC patients [11],
we selected a panel of 12 miRNAs for analysis: miR-146a-5p, miR-449a-5p, miR-126-5p,
miR-34a-5p, miR-34b-5p, miR-34c-5p, miR-217-5p, miR-146a-5p, miR-378c-5p, miR-6510-3p,
miR-96-5p, miR-149-5p, and miR-133a-5p. Expression of these miRNAs was measured in
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tumor and healthy tissue of 79 patients diagnosed with HNSCC located in either the oral
cavity, oropharynx, or larynx.

It is noted that miR-146a-5p has previously been described in several types of cancer,
including head and neck cancer [26]. Zhu et al. [27] observed upregulation of miR-146a-5p
in oral cancer cell lines compared with normal keratinocyte cell line, and showed that
miR-146a-5p inhibits NF-κB1 and reduces apoptotic cell death in oral cancer cell lines.
Recent results show that expression of this miRNA in HNSCC is also connected with the
status of human papillomavirus (HPV) infection [28]. Hung et al. also confirmed that
this miRNA has an oncogenic and pro-metastatic effect in oral cancer by targeting genes
involved in the NF-κB pathway [16]. The same authors also observed a high plasma level
of miR-146a-5p in patients with oral cancer compared to controls, which decreased after
surgery, suggesting that the miRNA present in plasma originated from the tumor. This
indicates that miR-146a-5p might be a useful HNSCC marker in both tumor tissue and
circulation. It is important to note that other studies point towards an anti-oncogenic effect
of miR-146a-5p related to the targeting of SOX2 in oral cancer cell lines [29]. Only one
study connected miR-146a-5p expression with laryngeal cancer and observed an increased
risk of this cancer in individuals with the rs2910164 polymorphism in the miR-146a-5p
gene [30]. In our study, we showed an upregulation of miR-146a-5p in oral and laryngeal
tumor tissue, which was also observed by others [27]. Furthermore, our results indicate
that laryngeal cancer patients with high expression of miR-146a-5p show worse overall
survival, which is in line with its oncogenic role described in the literature.

It is noted that miR-449a-5p has been identified as a potential anti-oncogenic factor
in several cancers [31,32]. Expression of miR-449a-5p was shown to be downregulated in
tumor tissue compared with normal tissue in nasopharyngeal carcinoma [17]. Studies show
that miR-449a has a suppressive effect on the progression, migration, and sphere formation
of nasopharyngeal cancer cells [33,34]. In nasopharyngeal cancer, this miRNA was found
to suppress LDH oncogenic activity [33]. Recently a decreased expression of miR-449a-5p
was shown to correlate with positive nodal status in laryngeal cancer [35]. Interestingly,
in our study, the expression of miR-449a-5p was significantly upregulated in laryngeal
tumor tissue compared with healthy tissue. Downregulation of miR-449a-5p in oral and
laryngeal tumor tissue compared with healthy tissue also correlated with reduced overall
survival. Additionally, miR-449a-5p expression showed potential value as a biomarker for
differentiating between healthy and cancerous tissue, with relatively high sensitivity and
moderate specificity in laryngeal cancer.

The role of miR-126-5p has been described in different cancer types. Sasahira et al.
observed its downregulation in oral tumor tissue relative to normal oral mucosa [18]. The
same authors showed that decreased levels of miR-126-5p activate vascular endothelial
growth factor (VEGF)-A and, consequently, prompt angiogenesis and lymphangiogene-
sis. Additionally, low expression of miR-126-5p in tumor tissue correlated with a more
advanced stage of the disease, positive nodal status, as well as a poor disease-free sur-
vival rate in oral cancer patients. Low expression of miR-126-5p in oral squamous cell
carcinoma has also been observed by others, with evidence of negative regulation of tu-
morigenesis via targeting of KRAS, as well as migration and invasion of cancer cells via
downregulation of ADAM9 [36,37]. miR-126-5p was also detected in serum exosomes of
oral carcinoma patients, and its level correlated with patient survival [38]. Our analysis
showed a markedly downregulated expression of miR-126-5p in tumor tissue compared
with healthy tissue in patients with oral tumors. Low expression of miR-126-5p was also
associated with a lower survival rate. Interestingly, in esophageal cancer, this relationship
might be opposite—patients with low tumor expression of miR-126 were characterized by
worse prognosis than patients with high miR-126-5p expression [39]. This suggests that the
location of HNSCC tumor might play a crucial role in the effect that miRNA expression has
on the therapy outcome. While miR-126-5p is downregulated in tumor tissue compared
to healthy tissue, it is upregulated in plasma of patients with oral cancer compared with
healthy individuals, suggesting its potential as a biomarker [40]. Our analysis showed
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that miR-126-5p expression is a moderate biomarker in distinguishing between tumor and
healthy tissue in oral cancer.

Similar to miR-126-5p, the dysregulation of miR-34 family expression has been ob-
served in various types of cancer. miRNAs of the miR-34 family, and miR-34a in particular,
are directly regulated by p53, which is a tumor suppressor protein [41]. The miR-34 family
is involved in cell-cycle regulation, downregulation of epithelial-to-mesenchymal transition
(EMT), suppression of stem-like phenotype, induction of apoptosis and senescence, and
inhibition of glycolysis [41]. In a comprehensive meta-analysis, Li et al. concluded that
miR-34a-5p is generally expressed at lower levels in HNSCC tumor tissue compared with
control tissue [42]. Li et al. also suggested that the level of miR-34a measured in tumor
tissue might serve as a clinical biomarker of the disease progression. Our data showed
an upregulation of miR-34a-5p in laryngeal cancer tissue compared with healthy tissue,
and no difference in oral cancer. An upregulation of miR-34a in tumor vs healthy tissue
was also observed by Kalfert et al. only in oropharyngeal cancer, and not in laryngeal
cancer [43]. Kalfert et al. underscored that the difference in expression of miR-34a supports
the hypothesis of site-specific oncogenesis of HNSCC. Additionally, Kalfert et al. showed a
positive correlation between p16 positivity, which is a surrogate marker for HPV infection,
and miR-34a expression. As only oropharyngeal cancer cases showed p16 positivity, the
miR-34a increase in this tumor location might be explained by p16 status. However, it
cannot explain the increase in miR-34a-5p observed in our study, since HPV positivity
was one of the exclusion criteria. In our study, oral cancer patients with high expression
of miR-34a showed significantly better overall survival than patients with low miR-34a
expression, which is in line with the tumor suppressor role of this miRNA. For laryngeal
cancer the Cox analysis revealed that high expression of miR-34a-5p was also associated
with lower survival rate.

Despite having a similar tumor suppressive role to miR-34a, miR-34b has been found
to be upregulated in HNSCC tumor tissue compared with neighboring healthy tissue [44].
Roy et al. observed a significant upregulation of miR-34b expression in oral cancer tissue
compared with normal tissue, however the normal tissue was collected from distinct
healthy patients [45]. A significant upregulation of miR-34b-5p was also observed in both
oral and laryngeal cases of HNSCC in our study. Ren et al. showed that expression of
miR-34b was significantly downregulated in metastatic oral cancer tissue compared with
nonmetastatic tissue, which is consistent with suppressive effect of miR-34b on EMT [46].
Our analysis indicated that in laryngeal cancer patients, higher expression of miR-34b-5p
was associated with lower survival rate.

Both miR-34b and miR-34c are encoded by a common transcript, separate from miR-
34a [47]. Severino et al. showed that, similar to miR-34b, miR-34c expression is upregulated
in HNSCC tumor tissue compared with tumor-free margins [44]. However, other studies
exhibited downregulated expression of this miRNA in laryngeal carcinoma tumor tissue
compared with negative margins [48,49]. miR-34c acts as a tumor suppressor, with some
studies displaying suppressive effect of this miRNA on cancer growth and invasiveness [48],
and others showing significantly worse overall survival in patients with low expression of
miR-34c in laryngeal tumor tissue [50]. Our results revealed that miR-34c-5p expression
was significantly upregulated in tumor tissue compared with neighboring healthy tissue in
both oral and laryngeal tumor tissue.

Research on the role of miR-217-5p in cancer revealed a potential suppressive effect in
different cancer types [20]. In esophageal cancer, this miRNA was found to be repressed
after exposure of cells to cigarette smoke condensate, which in turn resulted in overex-
pression of miR-217-5p’s direct target, kallikrein 7 (KLK7), which induced growth and
invasiveness of cancer cells [51]. Miao et al. demonstrated that the expression of miR-217 is
significantly lower in laryngeal cancer tissue compared with adjacent paracarcinoma tissue,
and also confirmed its suppressive effect on cancer migration, invasion, and proliferation,
as well as its ability to induce apoptosis and G1 arrest in a laryngeal cancer cell line [20].
Our results indicated no regulation of miR-217-5p in oral or laryngeal cancer tissue com-
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pared with healthy tissue. Additionally, our results revealed a tendency of shorter overall
survival of oral cancer patients with high expression of miR-217-5p. The inverse correlation
of miR-217-5p expression with survival is contradictory to its anti-tumorigenic role.

Although miR-378c-5p has been recognized in some types of cancer, its role was not
yet described in HNSCC. In colon cancer, expression of miR-378c is significantly downreg-
ulated in tumor tissue compared with normal colorectal mucosa tissue [52]. miR-378c was
recognized as a potential early, progressively downregulated marker in carcinogenesis of
esophageal carcinoma [53]. Results previously published by our group showed the differ-
ential expression of miR-378c in a TCGA dataset of HNSCC cases for the first time [11]. We
demonstrated a significant downregulation of miR-378c in HNSCC tumor tissue compared
with neighboring healthy tissue. Additionally, expression of miR-378c inversely correlated
with the cancer T stage, suggesting a potential role in disease progression. In the current
study, we confirmed the downregulation of miR-378c-5p in oral tumor tissue compared
with healthy tissue. In laryngeal cancer, no significant regulation was observed. High
expression of this miRNA in laryngeal tumor tissue was associated with lower survival
rate. Expression of miR-378c-5p also displayed potential as a biomarker differentiating oral
tumor tissue from healthy tissue with good sensitivity and moderate specificity.

The data on miR-6510-3p related to cancer are very scarce. Chen et al. found that
this miRNA is significantly downregulated in oral lichen planus (OLP) buccal mucosa
compared with normal mucosa from healthy individuals [54]. OLP is characterized by
a tumor-like microenvironment and is associated with an increased risk of developing
oral squamous cell carcinoma [55,56]. The downregulated expression of miR-6510-3p
in OLP suggests that it might play a significant role in premalignant transformation in
squamous cell carcinoma development. In a previous study, we demonstrated significant
downregulation of miR-6510-3p expression in HNSCC tumor tissue compared with healthy
tissue, as well as an inverse correlation between miR-6510-3p expression and the cancer T
stage [11]. In this study, a strong downregulation of miR-6510-3p in tumor tissue compared
to healthy tissue was also observed in both investigated tumor locations. Our study
also showed that miR-6510-3p expression in oral and laryngeal cancer could serve as a
biomarker distinguishing between healthy and tumor tissue, with very high sensitivity
and specificity.

The role of miR-96-5p has previously been recognized in different types of cancer,
including HNSCC. Wang et al. determined that this miRNA is significantly upregulated in
oral tumor tissue compared with adjacent normal tissue, and confirmed that miR-96-5p
induces proliferation, invasion, and EMT in oral cancer cells through reduction in FOXF2
expression [21]. Other studies on oral cancer cell lines suggested that miR-96-5p can induce
chemo- and radio-resistance [57]. In our study, the increased expression of miR-96-5p
in oral cancer tissue was not significant; however, we did observe a significantly shorter
overall survival of patients with low expression of miR-96-5p, which seems contradictory
to its pro-oncogenic role proposed by others. We also observed upregulated miR-96-5p
expression in laryngeal cancer tissue. These results suggest that the change in expression
of this miRNA might depend on the location of HNSCC.

The role of miR-149-5p has been described in several types of cancer including HN-
SCC [58,59]. The data on miR-149-5p expression in HNSCC tumor tissue suggests potential
dependence on tumor location. Recent results indicate that in oral carcinoma cells miR-
149-5p targets CDK6, an oncogene that regulates the cell cycle [60]. Tu et al. showed
that the level of miR-149 was downregulated in HNSCC tumor tissue compared with
non-cancerous tissue matched to the tumor location [22]. Additionally, expression of this
miRNA in lymph node metastatic lesion was lower than both matched primary tumor and
matched non-cancerous tissue and its low expression correlated with worse survival. This
suggests that miR-149-5p might be an important factor in HNSCC progression. Similarly,
research on tongue squamous cell carcinoma displayed downregulation of this miRNA
in tumor tissue [61]. Interestingly, in oral cancer, the expression of miR-149-5p was sig-
nificantly upregulated in tumor tissue compared with peripheral control tissue [62]. Our
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results showed that expression of miR-149-5p was significantly downregulated in oral
tumor tissue, but no difference was observed in laryngeal cancer.

It is noted that miR-133a-5p has been recognized as a HNSCC suppressor inducing
apoptosis and inhibiting migration of cancer cells [23,63]. Several studies showed down-
regulation of miR-133a in HNSCC tumor tissue of various locations compared with normal
adjacent tissues [63,64]. Recent research indicates that in oral carcinoma miR-133a-5p acts
as a tumor suppressor, inducing apoptosis, and inhibiting proliferation, migration and
invasion through regulation of Notch signaling pathway [65]. Others indicated that the
suppressive effect of this miRNA in laryngeal cancer might be related to the targeting of
CD47, a transmembrane protein widely expressed in tumor cells [66]. Our results also
indicated a downregulation of miR-133a-5p expression in oral and laryngeal tumor tissue;
however, the difference was not significant. The low expression of this miRNA in oral
cancer patients also correlated with shorter overall survival.

We also analyzed whether miRNA combinations could be used as a biomarker. Our
analysis allowed us to identify two sets of miRNAs in oral and laryngeal cancer. In oral
cancer combined expression of miR-6510-3p and miR-34c-5p showed very high sensitivity
and specificity in distinguishing between tumor and healthy tissue. Both miRNAs were
previously found to have a suppressive role in HNSCC. In laryngeal cancer, the com-
bined expression of miR-449a-5p, miR-6510-3p, and miR-149-5p presented as a valuable
biomarker for distinguishing tumor and healthy tissue. Similar to the oral cancer miRNAs,
these three biomarker miRNAs were shown to have tumor suppressive effects in HNSCC.
Both sets were better in distinguishing the two tissues than any single miRNA expression
separately. This suggests that the combined targets of these miRNAs can potentially accel-
erate cancer progression and malignancy, decreasing the chances of disease-free survival.
However, in this study we were not able to demonstrate a correlation between expression
of these miRNA sets and overall survival of patients.

Although our study reveals some new findings regarding the expression of selected
miRNAs in tumor and healthy tissue of patients diagnosed with oral, oropharyngeal, or
laryngeal cancer, it has some limitations. The analysis of oropharyngeal cancer was based
on a small sample of patients (n = 9). Although we observed significant differences in
miRNA expression in this group, the power to make a correct conclusion about survival
and ROC analysis may be limited due to the small sample size. In the future, further
investigations in a larger cohort are needed. In this study we focused on identifying
miRNAs regulated differently in tumor tissue with neighboring healthy tissue. While this
comparison might be used for prediction of treatment outcome, its value as a biomarker for
cancer diagnosis is limited. Further analysis of miRNA expression should be performed on
patients’ serum and circulating tumor cells in patients’ plasma, which could be used as a
routine diagnostic tool.

5. Conclusions

In this study, we conducted analysis of the expression of several miRNAs in tumor and
healthy tissue collected from patients diagnosed with HNSCC in the oral cavity, orophar-
ynx, and larynx regions. Our results demonstrated that tumor tissue differs significantly
in expression of miRNAs from healthy tissue and that the tumors of different locations
differed in expression of some miRNAs. Additionally, the expression of miR-449-5p was the
strongest predictor of overall survival in oral cancer, with several other miRNAs showing
some correlation with survival. Analysis of combined expression of miRNAs presented
two groups of miRNAs (miR6510-3p and miR-34c-5p for oral cancer, and miR449a-5p,
miR-6510-3p, and miR-133a-5p for laryngeal cancer), which showed a very strong ability to
distinguish between tumor tissue and neighboring healthy tissue. Future research on miR-
NAs should focus on an in-depth investigation of their mechanisms of action in HNSCC.
Specifically, the mechanism related to the effects of miR-6510-3p expression in this tumor
should be investigated, since its role in HNSCC has not yet been described.
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Simple Summary: There is no effective treatment currently available for patients with anaplastic,
recurrent papillary, or follicular thyroid cancers. Reactive oxygen species (ROS) are believed to hold
promise as a new therapeutic strategy for multiple human cancers. However, studies on ROS inducers
for human thyroid cancer treatment are scarce. This study assesses the anticancer activity and the
detailed downstream mechanisms of piperlongumine, a ROS inducer, in human thyroid cancer cells.
We demonstrate that piperlongumine inhibits cell proliferation, regulates the cell cycle, and induces
cellular apoptosis in various types of human thyroid cancer cells. The antihuman thyroid cancer
activity of piperlongumine was through ROS induction, and it further suppressed the downstream
Akt signaling pathway to elevate mitochondria-dependent apoptosis. A mouse xenograft study
demonstrated that piperlongumine was safe and could inhibit tumorigenesis in vivo. The present
study provides strong evidence that piperlongumine can be used as a therapeutic candidate for
human thyroid cancers.

Abstract: Thyroid cancer (TC) is the most common endocrine malignancy, and its global incidence
has steadily increased over the past 15 years. TC is broadly divided into well-differentiated, poorly
differentiated, and undifferentiated types, depending on the histological and clinical parameters. Thus
far, there are no effective treatments for undifferentiated thyroid cancers or advanced and recurrent
cancer. Therefore, the development of an effective therapeutic is urgently needed for such patients.
Piperlongumine (PL) is a naturally occurring small molecule derived from long pepper; it is selectively
toxic to cancer cells by generating reactive oxygen species (ROS). In this study, we demonstrate the
potential anticancer activity of PL in four TC cell lines. For this purpose, we cultured TC cell lines and
analyzed the following parameters: Cell viability, colony formation, cell cycle, apoptosis, and cellular
ROS induction. PL modulated the cell cycle, induced apoptosis, and suppressed tumorigenesis
in TC cell lines in a dose- and time-dependent manner through ROS induction. Meanwhile, an
intrinsic caspase-dependent apoptosis pathway was observed in the TC cells under PL treatment. The
activation of Erk and the suppression of the Akt/mTOR pathways through ROS induction were seen
in cells treated with PL. PL-mediated apoptosis in TC cells was through the ROS-Akt pathway. Finally,
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the anticancer effect and safety of PL were also demonstrated in vivo. Our findings indicate that PL
exhibits antitumor activity and has the potential for use as a chemotherapeutic agent against TC. This
is the first study to show the sensitivity of TC cell lines to PL.

Keywords: novel therapeutic strategy; safe anticancer treatment; anaplastic thyroid cancer; recurrent
thyroid cancer; effective treatment

1. Introduction

Thyroid cancer (TC) is the most common malignancy of the endocrine organs, and
its incidence has steadily increased in the past 15 years [1,2]. Most tumors (>95% of TCs)
are derived from follicular cells, whereas, some tumors (medullary TC) are derived from
C cells. Follicular cell-derived TCs are broadly divided into well-differentiated (DTC),
poorly differentiated (PDTC), and anaplastic (ATC) types, depending on the histological
and clinical parameters. DTC includes papillary TC (PTC) and follicular TC (FTC); most
DTCs have a slowly progressive course and a normally favorable prognosis. Although the
initiated treatment in most patients with PTC and FTC is effective, 10–15% of patients have
tumor recurrence. By contrast, ATC is rare; this type is highly aggressive and 100% lethal
within one year after diagnosis [3,4]. Currently, there is no effective treatment for ATC,
because the patients fail to respond to the available radiotherapy and chemotherapeutic
agents [5]. Therefore, the development of an effective therapeutic for ATC and recurrent
DTC and PDTC is urgently needed.

Piperlongumine (PL), also known as piplartine, is an amide alkaloid isolated from long
pepper, Piper longum L. [6]. PL exerts extensive biological activities, including antiplatelet,
antimicrobial, antiangiogenetic, antidiabetic, antidepressant, antiatherosclerotic, neuropro-
tective, and anticancer properties [7]. PL also exerts antitumor activity in selectively affected
transformed cell types in lymphoma [8], melanoma [9], glioblastoma [10], oral [11], head
and neck [12], lung [13], breast [14], liver [15], cholangiocarcinoma [16], renal [17], pancre-
atic [18], gastric [19], colon [20], bladder [21], and prostate [22] cancers, without affecting
normal cells. The anticancer activities occur through the p38/JNK, MAPK, and NF-κB
pathways and by the induction of high levels of reactive oxygen species (ROS) [16,23,24].
PL also causes cell death through both caspase-dependent apoptosis and necrosis and
induces the downregulation of Bcl2 expression and the activation of caspase-3, poly (ADP-
ribose) polymerase (PARP), and JNK [16,24]. PL has shown antitumor activity in several
whole-animal models, and it is highly safe when used in vivo [25,26]. However, no study
has provided evidence for the effects of PL against TC. In the present study, we aimed to
evaluate the therapeutic effects of PL in human multidrug-resistant PTC, FTC, and ATC
cells. Furthermore, the anticancer mechanisms of PL were also determined in these cells,
and a mouse xenograft model was used to confirm the therapeutic property of PL in vivo.

2. Results

2.1. Piperlongumine Inhibits Cell Proliferation and Colony Formation of Human Thyroid
Cancer Cells

To investigate the effects of PL in human TCs, we performed the cell viability test
using the CCK-8 assay on four human TC cell lines (IHH-4, WRO, 8505c, and KMH-2; see
Section 4.1) treated with various concentrations of PL (0, 1, 2, 3, 4, and 5 μM) for 24 and 48 h.
Cell growth was inhibited by PL treatment in each cell line in a dose- and time-dependent
manner (Figure 1A), suggesting that PL could suppress cell growth in various types of
human TC cells. The IC50 values of PL in these cells are shown in Table 1. Among them,
KMH-2 was more sensitive to PL treatment, and distinctly, WRO was more resistant when
incubated with PL. In addition, to assess whether PL could suppress cellular proliferation,
an in vitro colony formation assay was conducted, and the results showed that PL could
significantly reduce colony formation in a dosage-dependent manner (Figure 1B). Moreover,
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IHH-4 cells were more sensitive than the other cell lines in the PL anticolony formation
analysis (Figure 1B). Altogether, we demonstrated that PL is a potential anticancer agent
against multiple human TCs. Further, PL doses of 2 and 3 μM were selected as effective
doses for subsequent experiments owing to their abilities to suppress IHH-4, 8505c, and
KMH-2 cells below 50% of the control.

 

Figure 1. Suppression of tumor growth and colony formation by piperlongumine (PL) in vitro in
human thyroid cancer cells. Three types of human thyroid cancer cells, namely, papillary thyroid
cancer (PTC) (IHH-4), follicular thyroid cancer (FTC) (WRO), and anaplastic thyroid cancer (ATC)
(8505c and KMH-2), were incubated with PL, and the (A) cellular viability and (B) colony formation
were examined. Dimethyl sulfoxide (DMSO) was used as a negative control. Three independent
experiments of cellular viability were conducted. Compared with the control group, * indicates
p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.
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Table 1. IC50 values of piperlongumine in human thyroid cancer cells.

Time (h)
Cell Line

IHH-4 WRO 8505c KMH-2

Piperlongumine (μM)
24 3.2 12.52 3.3 2.4

48 2.8 5.58 2.8 1.7

2.2. PL Induces G2/M Phase Cell Cycle Arrest and Cellular Apoptosis through the Intrinsic
Caspase-Dependent Pathway in Human Thyroid Cancer Cells

Because PL treatment reduced the viability of TC cells (Figure 1), we further examined
whether growth inhibition by PL led to cell cycle alteration and apoptosis. Cell cycle
analysis indicated that a large cell population was in the G2/M phase with 6–12 h treatment
in all the TC cell lines after PL treatment (Figure 2), suggesting that PL could promote cell
cycle arrest at the G2/M phase in human TCs. Cellular apoptosis was also observed to
occur in a dosage-dependent manner in all the cells treated with PL (Figure 3A). Moreover,
the expression or the activation of caspases, such as caspase-8, caspase-9, and caspase-3,
and PARP were examined. As shown in Figure 3A, caspase-9, caspase-3, and PARP were
activated due to PL treatment in a dose-dependent manner. However, caspase-8 was not
activated in PL-mediated apoptosis. These data suggest that PL induced cellular apoptosis
in KMH-2 and IHH-4 cells through an intrinsic pathway, and the extrinsic pathway was
not involved.

To unravel whether caspase activation is involved in PL-mediated cellular apoptosis in
IHH-4, 8505c, and KMH-2 cells, the Z-VAD-FMK was used. The activation of caspase-3 and
PARP were significantly reversed in the cells with pre-treatment of Z-VAD-FMK (Figure 3B),
confirming that PL can induce a caspase activation in human TC cells. Furthermore,
PL-induced cellular apoptosis was significantly reversed in the cells pre-incubated with
Z-VAD-FMK (Figure 3C), demonstrating that caspase-dependent apoptosis occurred in
IHH-4, 8505c, and KMH-2 cells when treated with PL. Altogether, our findings demonstrate
that PL inhibited cell growth and induced apoptosis in human TC cell lines through an
intrinsic caspase-dependent pathway.

Figure 2. Cont.
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Figure 2. Induction of cell cycle arrest at the G2/M phase by piperlongumine (PL) in human thyroid
cancer cells. Human thyroid cancer cells, namely, (A) IHH-4, (B) WRO, (C) 8505c, and (D) KMH-2
cells, were incubated with a control medium or PL, and the cell cycle was examined with fluorescence-
activated cell sorting (FACS) flow cytometry. Dimethyl sulfoxide (DMSO) was used as a negative
control. Three independent experiments were conducted. * indicated comparing with the untreated
group. * indicates p < 0.05. ** indicates p < 0.01. *** indicates p < 0.001.
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Figure 3. Cont.
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Figure 3. Activation of mitochondria-dependent cellular apoptosis by piperlongumine (PL) in
human thyroid cancer cells. (A) Three human thyroid cancer cells were incubated with PL, and the
expression of caspases and poly (ADP-ribose) polymerase (PARP) was examined by western blotting.
(B) Z-VAD-FMK was used to suppress PL-mediated caspase-dependent apoptosis, and the activation
of caspase and PARP was assessed by western blots, and (C) the cellular apoptosis was determined
with flow cytometry. Dimethyl sulfoxide (DMSO) was used to be a negative control. GAPDH was
used as a loading control. Three independent experiments were conducted. The data include western
blotting, and the flow cytometry dot plot was shown with a representative experiment. * indicated
comparing with the untreated group and # showed comparing with PL treated group. ** and ##
indicates p < 0.01. *** and ### indicates p < 0.001.

2.3. ROS Induction Is Involved in PL-Mediated Antitumor Behavior in Human Thyroid
Cancer Cells

PL exerts anticancer activity in various types of cancers by promoting the induction of
ROS [27]. In the present study, the induction of ROS in IHH-4, 8505c, and KMH-2 cells under
PL treatment was also determined (Figure 4A). Pre-treatment with N-acetylcysteine (NAC;
a selective ROS scavenger) significantly reduced PL-mediated ROS activation (Figure 4A).
Moreover, the suppression of PL-induced ROS using NAC showed significant reversal of
cytotoxic effects of PL in IHH-4, 8505c, and KMH-2 cells, according to cellular viability and
colony formation (Figure 4B,C). In addition, cells pre-treated with NAC showed complete
reversal of PL-induced cell cycle progression at the G2/M phase (Figure 4D).
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Figure 4. Modulation of cell growth, tumorigenesis, and cell cycle by piperlongumine (PL) by
inducing reactive oxygen species (ROS) in human thyroid cancer cells. Three human thyroid cancer
cells were incubated with PL, and NAC was used to inhibit ROS activation. (A) The expression of
ROS was determined with fluorescence-activated cell sorting (FACS) flow cytometry. (B) Cellular
viability and (C) colony formation were examined. (D) Cell cycle regulation was determined by
FACS flow cytometry. Dimethyl sulfoxide (DMSO) was used as a negative control. ROS expression in
(A) was confirmed with two independent experiments, and a representative experiment was shown.
The cell viability, colony formation, and cell cycle were obtained in three independent experiments.
* indicated comparing with the untreated group and # showed comparing with PL treated group.
* and # indicates p < 0.05. ** indicates p < 0.01. *** and ### indicates p < 0.001.
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Furthermore, the role of ROS in PL-mediated cellular apoptosis in IHH-4, 8505c, and
KMH-2 cells was also evaluated. The activation of caspase-9, caspase-3, and PARP were
determined in these cells under PL treatment; however, the activation of caspases and PARP
in these cells after incubation with PL was reduced in the presence of NAC (Figure 5A).
Moreover, the number of apoptotic cells significantly increased under PL treatment, but
these effects were blocked by pre-treatment with NAC (Figure 5B). Taken together, these
findings indicate that PL induces TC apoptosis and cell cycle arrest, as well as in vitro
tumorigenesis, by generating and inducing intracellular ROS.

Figure 5. Piperlongumine (PL)-mediated cellular apoptosis was regulated by inducing reactive oxygen
species (ROS) in human thyroid cancer cells. Three human thyroid cancer cells were treated with PL;
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(A) the activation of caspase and poly (ADP-ribose) polymerase (PARP) and (B) cellular apoptosis
were investigated by western blotting and fluorescence-activated cell sorting (FACS) flow cytometry.
NAC was used to suppress PL-induced ROS. DMSO was used as a negative control. GAPDH
was used as a loading control. Three independent experiments each for western blotting and flow
cytometry were conducted, and western blots and the flow cytometry dot plots of a representative
experiment are shown. * indicated comparing with the untreated group and # showed comparing
with PL treated group. * and # indicates p < 0.05. ** and ## indicates p < 0.01. *** indicates p < 0.001.

2.4. PL Induces Cellular Apoptosis through the ROS-Modulated Akt Pathway

ROS is involved in apoptosis regulation by regulating Erk, JNKs, p38, and through the
Akt/mTOR pathways in many types of cancers [28,29]. Thus, we further assessed whether
Erk, JNK, p38, and Akt activation are involved in regulating the apoptotic effect caused
by PL. PL increased p-ERK expression, but decreased the expression of p-p38, p-Akt, and
p-mTOR in KMH-2 cells (Figure 6A). Because ROS activation was found to occur in these
cells under PL treatment (Figure 4), herein, the relationship of ROS with Erk, p38, and Akt
pathways was further examined. The activation of Erk and the suppression of the Akt
pathway under PL treatment were found to be reversed by NAC pre-treatment (Figure 6B).
However, p38 activation in PL-treated cells showed no significant difference without or
with co-incubation with NAC (Figure 6B). This finding suggested that PL-mediated ROS
activation may be the upstream pathway of the Erk and Akt pathways. PL-mediated
ROS activation could induce TC apoptosis and regulate the activation of the Erk and Akt
pathways. We further evaluated the activation of caspase-3 and PARP in cells treated
with PL in combination with or without PD98059 (an inhibitor of Erk) and perifosine (an
inhibitor of Akt). We demonstrated that reducing PL-mediated Erk activation could not
reverse PL-mediated cellular apoptosis (Figure 6C), and an increase in PL-mediated Akt
inactivation could promote PL-mediated cellular apoptosis (Figure 6D). In addition, a
dominant active Akt construct was transfected to reverse PL-suppressed Akt activation
in KMH-2 cells, and the PL-mediated activation of caspase-3 and PARP was found to
be inhibited (Figure 7A). Moreover, the PL-mediated cellular apoptosis was significantly
reduced in KMH-2 cells in the presence of constitutive Akt activation (Figure 7B). These
findings demonstrate that PL treatment in TC cells can activate ROS, reduce Akt signaling,
and finally, induce cellular apoptosis.

2.5. PL Reduces Tumor Growth and Induces Tumor Cell Apoptosis In Vivo

PL displays a good antitumor behavior in various human cancers [23]. We demon-
strated that PL exerts anticancer activities, such as cell cycle arrest, growth inhibition, and
apoptosis induction, and suppresses colony formation in vitro. In the present study, a
mouse xenograft model was used to evaluate the anti-TC activity and the safety of PL
in vivo. Nude mice received a subcutaneous injection of IHH-4 cells into the right flank
and intraperitoneal injection of PL at various doses. Tumorigenesis was examined every
two days, and the bodyweight of mice was also recorded. The tumor volumes in the
mice treated with PL (10 mg/kg) were significantly lower than those in the control groups
(Figure 8A,B). Moreover, the tumor weight in the PL (10 mg/kg) treatment group signifi-
cantly decreased when compared with that in the control group (Figure 8C). To address the
safety of PL in this study, we assessed the bodyweight and the pathological phenomena of
mouse tissues by (hematoxylin and eosin) HE staining. The bodyweight of mice showed
no significant difference between the control and PL treatment groups. Furthermore, no
pathological findings in the liver and kidney were detected in the control or PL treatment
groups (Figure 8D). In addition, there was no significant infiltration of immune cells in
any of the tissues (Figure 8D). Finally, tumor cell apoptosis in vivo was assessed with
the TUNEL assay, which revealed that PL treatment could induce tumor apoptosis in a
dose-dependent manner in vivo (Figure 8E). These data demonstrate that PL exhibits good
therapeutic action against human TCs and is safe for treatment in vivo.
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Figure 6. Regulation of the activation of the Erk and Akt signaling pathways by piperlongumine (PL)
through reactive oxygen species (ROS) induction. KMH-2 cells were used to evaluate the regulation
of signaling pathways under PL treatment. (A) The expression and the activation of Erk, JNK, p38,
Akt, and mTOR were examined by western blotting in PL-treated cells. (B) NAC was used to block
PL-mediated ROS induction and p38 activation, and the resulting expression of Erk and Akt was
examined by western blotting. (C) PD98059 was used to suppress PL-mediated Erk activation, and
(D) perifosine was used to promote PL-mediated Akt activation, and the activation of caspase-3
and PARP was examined by western blotting. DMSO was used as a negative control. GAPDH was
used as a loading control. Three independent experiments were conducted, and a representative
experiment is shown.
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Figure 7. Piperlongumine (PL) induced cellular apoptosis through the Akt signaling pathway. KMH-
2 cells were used to verify the involvement of the Akt signaling pathway in PL-caused apoptosis. (A)
KMH-2 cells were transfected with or without constitutively active Akt construct, and the expression
and the activation of Akt, caspase-3, and PARP were investigated by western blots after incubation
with PL for 24 h. (B) Cellular apoptosis was investigated by flow cytometry. pBSSK+ was used as
a negative control of transfection. pmAKT was a constitutively active form of the ATK construct.
DMSO was used as a negative control. GAPDH was used as a loading control. Three independent
experiments each for western blotting and flow cytometry were conducted, and the western blots
and flow cytometry dot plots of a representative experiment are shown. * indicates p < 0.05.
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Figure 8. Piperlongumine significantly inhibited human thyroid cancer cell growth in vivo. IHH-4-
bearing mice were treated with either dimethyl sulfoxide (DMSO) (n = 5) or PL (n = 5/group). (A)
Representative images of excised tumors from each group. (B) Tumor volume and (C) tumor weight
were measured to reflect tumor growth in vivo. (D) Hematoxylin and eosin staining to determine
cellular pathology and immune cell infiltration. 200× magnification. (E) Apoptosis in tumors was
measured by terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) staining,
and the brown staining indicates apoptotic cells. 40× magnification. DMSO was used as a negative
control. * indicates p < 0.05. ** indicates p < 0.01.

3. Discussion

TC predominantly affects women worldwide; among all TCs, ATC and recurrent
PTC and FTC display a highly aggressive nature. Currently, no effective treatments have
been reported. Recently, it is growing interest to develop therapeutic compounds from
natural products. Our findings indicate that PL induces a ROS-mediated mechanism,
which perturbs numerous cellular signaling pathways and finally elevates apoptosis in TC
cells. This finding is based on two crucial findings. Primary, ROS accumulation happened
in PL-incubated cells. Second, blocking of ROS with NAC considerably suppressed all PL-
induced effects, including the activation of caspases, reducing apoptotic gene expression,
and inhibition of cell survival signaling.

Activation of either the intrinsic apoptosis pathway or the extrinsic apoptosis pathway
may cause the activation of effectors of various caspases, leading to cellular apoptosis.
Caspases can be classified according to their function and activation as initiator caspases
(caspases 2, 8, and 9) or executioner caspases (caspases 3, 6, and 7) [30]. Our results indicate
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that PL generates ROS and activates caspase-9 and caspase-3. However, caspase-8 is not
involved. Caspase-9 is well known to be one of the key factors for the intrinsic pathway.
These mechanisms were initiated by the generation of ROS, due to PL treatment. As shown
in our study, pre-treatment with NAC could fully inhibit this cascade of events (Figure 5).
Caspase-mediated pathways related to apoptosis were induced by PL in these cells, as
confirmed by the addition of the Z-VAD-FMK pan-caspase inhibitor, which completely
suppressed cell death induced by PL (Figure 3). Moreover, overexpression of Bcl-XL and
Bcl-2 can act against the cytotoxic effect of chemotherapeutic drugs, suggesting a potential
role of these proteins in TC resistance to drug-induced cytotoxicity [31]. In this study,
we also determined the decrease in Bcl-XL expression in KMH-2 cells under PL treatment
(Figure 3A), suggesting that PL treatment in human TC cells can induce cellular apoptosis
through the intrinsic mitochondrial death pathway.

Previous research has indicated that PL is highly selective in targeting cancer cells,
but not healthy cells [7]. Furthermore, a good safety profile has been observed in previous
in vivo toxicological testing, showing high absorption through the gastrointestinal tract
and >50% of bioavailability after oral administration of PL in mice [32]. The effects of PL
on various molecular targets involved in cancer development and progression have been
reported, focusing on its low toxicity and advanced pharmacokinetic features. However,
owing to the lack of nanomolar potency and less soluble in water of PL, its applicability is
presently limited. Pharmaceutical chemists may be able to derive compounds characterized
by improved anticancer activity and appropriate drug-like physicochemical parameters.
In addition, the use of modern drug delivery systems may improve the efficacy and solve
issues related to water solubility [33]. Recently, great efforts have been made in to optimize
PL activity through physicochemical parameters, pharmacokinetics, and safety, making PL
a good candidate for future anticancer therapy.

Standard treatment for TC usually includes surgery, thyroid-stimulating hormone
suppressive therapy, and radioactive irradiation (RAI) for the ablation of TC remnants [34].
However, approximately 5% of TC patients have metastasis, and there is currently a lack of
effective drugs and limited efficacy of RAI for this condition. Several naturally occurring
products, such as flavonoids, resveratrol, quercetin, catechins, myricetin, apigenin, and
curcumin, have been investigated as having the potential to slow down or inhibit ded-
ifferentiation and cancer progression [35]. Some human studies have also described the
beneficial effects of plant-derived products with the potential for TC management and
have found that different classes of flavonoids may have distinct effects in determining TC
risk [36].

ROS-independent molecular targets of PL, such as PI3K/Akt/mTOR inhibition, have
been reported [37]. PL also has anti-invasive properties, such as inhibiting the expression
of Twist, N-cadherin, p120-ctn/vimentin/N-cadherin complex, IL-6, IL-8, MMP-9, and
ICAM-1 [38]. PL also shows antiangiogenic effects by decreasing the expression of vascular
endothelial growth factor protein [39]. Furthermore, PL works in concert with existing
breast and prostate cancer treatments by increasing the efficacy of the chemotherapeutics
5-fluorouracil, cisplatin, doxorubicin, paclitaxel, and curcumin, increasing intracellular
ROS levels, and enhancing the radiosensitivity of cancer cells [38,40,41]. ROS generation is
strictly regulated in normal physiology; however, dysregulated ROS activation can cause
cellular damage [42]. Because there is usually a higher level of ROS production in cancer
cells than in normal cells, once intracellular ROS production is increased, cancer cells
are more sensitive than normal cells, resulting in cellular damage [43,44]. Furthermore,
exogenously generated ROS-induced oxidative stress is considered an effective therapy is
owing to its selective effects against cancer cells, and PL has been reported to induce ROS
in cancer cells, but not in normal cell lines [45,46]. Although enhancing intracellular ROS
has been believed to be a new therapeutic strategy for multiple human cancers, related
studies in TC remain scarce.

In this study, we found that PL significantly inhibited tumor growth in four TC
cancer cell lines through G2/M phase arrest, in agreement with the findings of previous
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reports [12,19]. PL-induced ROS generation led to TC cell apoptosis by activating the Akt
signaling pathway, thereby initiating caspase and PARP activation (Figure 7). Because
these effects were fully abolished by the addition of the ROS scavenger NAC, as well as
Akt inducer and dominant active Akt transfection, these results indicate that the antitumor
activity of PL was primarily due to ROS generation (Figures 3–7). Prolonged exposure to
PL for 48 h enhanced the number of apoptotic cells, and the effect was completely reversed
by co-exposure to NAC (Figure 3C). Inhibition of cell survival signaling by the Akt/mTOR
pathway was also targeted by PL. In previous studies, PL has been shown to inhibit cell
growth in various cancer cell lines, with an IC50 value of less than 10 μM, in agreement
with the small micromolar doses observed here [12–15,19].

Human TC cell lines are frequently used for TC studies, with various lines originating
from differentiated and undifferentiated human thyroid tumors. They have maintained
hallmarks of cancer cells and are pure, genetically identical, and easily cultured, and can be
genetically operated [47]. The cell line originates from clinical specimens and is generated
by the selection of the resistance or rapidly proliferating cells during passages. The IHH-4
line used in this study was derived from a patient with cervical lymph node metastasis;
it possesses multidrug resistance in PTC, accounting for approximately 80% of all TCs
reported. The KMH-2 and 8505c lines are derived from ATC, which is undifferentiated,
grows rapidly in elderly patients, and is not sensitive to most therapies [48]; as such, it
is often fatal. PL showed great inhibitory effects against all three cell lines, suggesting
broad applicability in TC treatment. In addition, WRO cells seemed more resistant to
PL treatment than IHH-4, KMH-2, and 8505c cells (Figure 1). Because the PL-mediated
anticancer effect in this study is through ROS and downstream Akt signaling (Figure 9),
we also detected ROS induction in WRO cells under PL treatment. We demonstrated that
higher doses of PL are required for raising ROS levels in WRO cells than in IHH-4, KMH-2,
and 8505c cells (Figures 4A and S1).

Figure 9. Illustration of the mechanisms involved in piperlongumine-mediated cellular apoptosis.

Cell proliferation and cell survival are modulated with an intricate network, such
as signaling pathways; controlling one or two factors of them may not be enough to
manage malignant growth. Because of the increased metabolism in malignant cells, ROS
accumulation is common, and can be used as a therapeutic target for malignant cells. In
the present study, we demonstrated that PL successfully induces ROS overexpression in
TC cells to interfere with cell survival mechanisms and achieve apoptosis induction.
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4. Materials and Methods

4.1. Cell lines and Cell Culture

The human multidrug-resistant PTC cell line (IHH-4) and ATC cell lines (KMH-2
and 8505c) were purchased from the Japan Collection of Research Bioresources Cell Bank
(JCRB). The FTC cell line (WRO) was provided by Prof. Jen-Der Lin [49]. IHH-4 and
KMH-2 cells were cultured with Dulbecco’s minimal essential medium (DMEM) + Roswell
Park Memorial Institute (RPMI) (1:1) medium (Gibco, Gaithersburg, MD, USA); 8505c cells
were maintained with MEM (Gibco); and WRO cells were incubated in RPMI 1640 medium
(GIBCO) supplemented with 10% fetal bovine serum (Biological Industries, Kibbutz Beit
Haemek, Israel), at 37 ◦C in a 5% CO2 incubator. The passage ranges for the cell lines used
in this study were p05–p20 post-purchase.

4.2. Cell Viability Assay

The cells (5 × 103 cells/well) were seeded in a 96-well cell culture dish, and the plate
containing the previous medium was incubated. After overnight incubation, the cells were
administrated with the control medium (containing 0.01% DMSO) or PL (Cayman, MI,
USA). After administration for 24 and 48 h, cell survival was detected with a CCK-8 assay
kit (Enzo Life Sciences, Farmingdale, NY, USA). Three independent assays were performed.

4.3. Colony Formation Assay

The cells were cultured in 6-well plates (103 cells/well), and the plates were cultured
at 37 ◦C with the previous medium. And the cells were administrated with DMSO or
PL. After 12 days of incubation, the colony of the cells and the colony morphology were
detected under 10% crystal violet (Sigma-Aldrich, St. Louis, MO, USA) staining. The
colony size and the colony number were examined.

4.4. Cell Cycle Analysis

Cells (1 × 106 cells/dish) were cultured in a 10 cm culture plate. After overnight
cell attachment, the cells were administrated with DMSO or PL with various durations.
The process for cell cycle analysis was referred to as previously reported [4,50,51]. Three
independent assays were performed.

4.5. Cell Death Analysis

Cells were treated with DMSO or PL for various durations. The process for determin-
ing apoptosis with flow cytometry was referred to as previously reported [52]. The protein
expressions involved in the mechanisms that PL-mediated apoptosis were examined with
Western blots. caspase-3, caspase-8, caspase-9, anti-PARP, and anti-GAPDH antibodies
were purchased from Cell Signaling Inc. (Danvers, MA, USA). GAPDH was used as
a loading control. Z-VAD-FMK, a pan-caspase inhibitor, was purchased from ApexBio
Technology LLC (Houston, TX, USA). The inhibitor of ROS, NAC, was purchased from
Cayman. Moreover, the MAPK and Akt signaling pathways, including the total forms
and phosphorylated forms of ERK, JNK, p38, Akt, and mTOR (all antibodies were pur-
chased from Cell Signaling), were examined in the cells after PL treatment. PD98058 and
perifosine, inhibitors of Erk and Akt, respectively, were purchased from LC Laboratories
(Woburn, MA, USA). The plasmid, including pBSSK+ and constitutively active human
Akt1 construct (pmAkT), were used as previously reported [50]. Three independent assays
were performed.

4.6. Measurement of Cellular ROS

Cells (5 × 105/dish) were treated with DMSO or PL for various durations. The
cells were stained with dichlorofluorescin diacetate (DCFH-DA, 10 μM; Sigma-Aldrich)
at 37 ◦C for 30 min; they were then washed three times with ice-cold phosphate-buffered
saline (PBS). The fluorescence expressed by cells was measured by flow cytometry (Becton
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Dickinson, San Diego, CA, USA). In the ROS blocking experiments, cells were pre-treated
with NAC for 2 h.

4.7. Western Blotting

Cells were treated with DMSO or PL for various durations and were lysed with the
M-PERTM protein extraction reagent (Thermo Fisher Scientific Inc., Rockford, IL, USA)
with a 0.1% protease inhibitor cocktail. The sample containing total protein was loaded,
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels to separate proteins
and then transferred the proteins on polyvinylidene fluoride membranes. The proteins
were detected after blocking with a primary antibody and a secondary antibody. The
experimental process could refer to our previous paper [53]. All original western blots are
included in Figures S2–S75.

4.8. Xenograft Study

Six-week-old female nude mice (BALB/cAnN.Cg-Foxn1nu/CrlNarl) were purchased
from the National Laboratory Animal Center. Mice were maintained in the animal facility
of National Chiayi University, Chiayi, Taiwan. Because PTC is common in TC patients, we
used a multidrug-resistant PTC cell line (IHH-4) to examine the anticancer activity of PL
in vivo. IHH-4 cells (2 × 106 cells/mice) were subcutaneously injected into the nude mice
in the right flank. When the tumor growth was less than 1 mm3, the mice were divided
into three groups of five animals each, and were then administrated with DMSO or PL. In
the experimental group, mice received injections with PL (containing 5 and 10 mg/kg) on
days 1, 3, 5, 7, 9, and 11. The mice received an injection of DMSO to be the control group.
The tumor size was also measured on these days. The tumor volume was estimated using
the following equation: L × S2/2, where L is the longest diameter, and S is the shortest
diameter). After treatment for 11 days, mice were sacrificed, and tumor weights were
determined. The experimental protocol complied with Taiwan’s Animal Protection Act
and was approved by the Laboratory Animal Care and Use Committee of the National
Chiayi University (IACUC Approval No. 102021).

4.9. Immunohistochemical Staining and TUNEL Assay of Tissue Sections

The tumor tissues were fixed with formalin (Sigma-Aldrich) at 4 ◦C for 24 h, and
soaked with 100% alcohol for 5 min. Specimens were embedded with paraffin after
incubation with xylene. Finally, the specimens were sectioned into 4 μm slices. The
specimens were stained with HE (Sigma-Aldrich) for 15 min at room temperature, and the
stained specimens were visualized under a microscope. In addition, the specimen slices
were stained by the terminal deoxynucleotidyl transferase-mediated nick end labeling
(TUNEL) assay with the DeadEnd™ Colorimetric Apoptosis Detection System (Promega,
Madison, WI, USA) referring to the manufacturer’s instructions. Briefly, the slides were
incubated by equilibration buffer for 10 min, and treated with proteinase K for 10 min.
The samples were washed with PBS and treated with TdT enzyme at 37 ◦C for 1 h. The
slides were then incubated with horseradish peroxidase-labeled streptavidin, and detected
with diaminobenzidine. Finally, the images of the specimens were examined under a
microscope.

4.10. Statistical Analysis

Data are shown as the mean ± SD in the experiments. Differences between the control
group and test groups were analyzed with a one-way analysis of variance and Fisher’s
least significant difference test. In the in vivo mice study, the Mann–Whitney U-test was
used. Statistical significance was defined at p < 0.05, < 0.01, or < 0.001 in the statistical tests.

5. Conclusions

Our findings demonstrate that PL exhibits antitumor activity against TC cell lines, in-
cluding ATC and multiple drug-resistant PTC and FTC cells, by inhibiting cell proliferation,

129



Cancers 2021, 13, 4266

enhancing G2/M phase arrest, and promoting apoptosis. In addition, PL can trigger TC cell
death through intrinsic cellular apoptosis by ROS induction and inhibition of downstream
Akt signaling (Figure 9). This is the first study to report that TC cell lines are sensitive to
PL. The study also investigated the anti-TC mechanisms of PL in detail, which suggested
that it is a potential chemotherapeutic agent for TC treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13174266/s1, Figure S1: Modulation of cellular ROS with piperlongumine (PL)
treatment in WRO cells., Figures S2–S75: Original western blots.
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Simple Summary: Although polyinosinic-polycytidylic acid-poly-l-lysine carboxymethylcellulose
(poly-ICLC) is widely used as a standalone agent for treating human cancers, there are no reports
on its use for treating canine cancers. We aimed to investigate the clinical efficacy, quality of life,
and adverse events of poly-ICLC treatment in dogs with advanced cancers. Our results showed that
intratumoral poly-ICLC therapy was well tolerated in dogs with advanced cancers, with clinical
benefit and improved quality of life scores observed in some dogs. Our findings suggested that
patients with lower tumor burden may benefit more from this treatment.

Abstract: Polyinosinic-polycytidylic acid-poly-l-lysine carboxymethylcellulose (poly-ICLC) is a
synthetic double-stranded viral RNA analog widely tested as a component of human therapeutic
cancer vaccines and as a standalone agent for treating human cancers. However, there are no reports
on the use of poly-ICLC for treating canine cancers. This study aimed to investigate the clinical
efficacy, quality of life (QL), and adverse events of poly-ICLC treatment in dogs with advanced
cancers. The treatment protocol consisted of weekly intratumoral doses of poly-ICLC. The canine
patients underwent clinical, laboratory, and imaging tests, and their owners answered weekly QL
questionnaires. Fourteen canine patients with different types of spontaneous advanced tumors were
enrolled. Most dogs had received prior conventional therapies. Five dogs received at least 12 doses
of poly-ICLC: the injected tumor was stable in three dogs, there was a partial response in one, and
the injected tumor significantly enlarged in the other. The QL scoring remained stable or increased in
most cases. Mild adverse events related to poly-ICLC were observed in 10 of the 14 patients. The
data showed that intratumoral poly-ICLC therapy was well tolerated in dogs with advanced cancers,
with clinical benefit and improved QL scores observed in some dogs.

Keywords: cancer; dog; therapy; quality of life; viral RNA

1. Introduction

Poly-ICLC (polyinosinic-polycytidyl acid, stabilized with poly-L-lysine and car-
boxymethylcellulose), or Hiltonol® is a synthetic double-stranded viral RNA analog that
mimics a danger signal by acting as a pattern recognition receptor agonist [1,2]. Poly-ICLC
was initially developed as an interferon inducer, but the current evidence indicates broader
biological effects, including specific antitumor and antiviral activities [3,4]. Although
Poly-IC and Poly-ICLC have similar effects, as both are recognized by the cytosolic RNA

Cancers 2021, 13, 2237. https://doi.org/10.3390/cancers13092237 https://www.mdpi.com/journal/cancers
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helicase MDA-5 and by TLR3, in order to improve Poly-IC stability to endogenous RNAses
in humans, a modified version complexed with poly-Lysine and carboxymethyl cellulose
(poly-ICLC) was developed and used in innumerous clinical trials [1,5].

Poly-ICLC activates multiple elements of innate and adaptive immunity, including
induction of interferons (IFNs), cytokines and proinflammatory chemokines, maturation of
dendritic cells, natural killer cell cytotoxicity, and specific T cell responses, through Toll-like
receptor 3 (TLR3) and melanoma differentiation-associated protein 5 (MDA5) [6–8]. The
exact interaction between dsRNA, IFN, and IFN-inducible systems has not been fully
elucidated, but the role of dsRNAs, such as Poly-ICLC may be bimodal: starting with the
induction of IFN-related genes and the expression of dsRNA-dependent systems, such as
2′5′OAS, PKR, TLR3, RIG I, MDA5, and probably others, followed by their activation by
dsRNA [3,8,9].

Poly-ICLC has been widely tested as a component of therapeutic vaccines for hu-
man cancers, including melanoma, gastrointestinal carcinoma, squamous cell carcinoma,
gliomas, and multiple myelomas [10–14]. In addition, it has been experimentally employed
as a standalone agent for treating established tumors [15–21].

Cancer is a growing cause of death in canines worldwide [22,23]. Although the
prevalence rates of different types of cancer vary, it is estimated that up to 1 in 4 dogs
will develop cancer at some point in their life and that almost 50% of dogs over 10 years
of age will die from cancer-related problems [23]. The choice of therapeutic protocols
for treating canine cancers depends on the histological type and stage of the disease, the
general condition of the animal, and the owner’s finances, since many treatments can be
very expensive. Standard approaches such as surgery, chemotherapy, and radiotherapy are
ineffective in many cases.

The concept of human cancer treatment has changed in recent years, with the immune
response’s modulation against tumor cells proving to be an effective therapeutic strategy in
an increasing number of cancer types [24–27]. The field of veterinary cancer immunother-
apy has also advanced in the past few decades, but with few approved therapies [28,29].
Nevertheless, cancer immunotherapies are expected to expand the availability of veterinary
oncology treatment options in the future.

Poly-ICLC has been investigated in a series of clinical studies in humans, alone
or as an adjuvant in cancer vaccines (10–20). As a standalone therapy, when applied
intratumorally, the tumor itself is the antigen source, resulting in “autovaccination”. These
studies have indicated the clinical safety of using this product in humans, with evidence of
efficacy against cancer. Therefore, we investigated whether poly-ICLC treatment could be a
therapeutic alternative for canine cancer patients. To our knowledge, there are no previous
reports on the use of poly-ICLC for treating canine cancers.

This study aimed to evaluate the clinical efficacy, safety, and quality of life that resulted
from intratumoral injections of Poly-ICLC in dogs with advanced cancers.

2. Materials and Methods

2.1. Patient Eligibility

All the owners of the dogs included in this study signed informed consent forms.
Canine patients with histologically confirmed unresectable tumors of the following

types: carcinomas, adenocarcinomas, sarcomas, and lymphomas were considered for
the trial. Patients were required to present at least one site with an accessible primary
tumor that could be easily injected with poly-ICLC. The lesion had to measure at least
10 mm in the longest diameter and the patient was required to present acceptable renal,
hepatic and hematological functions. Owners had to be willing to comply with all the
study requirements.

Patients were excluded if they presented, in addition to the tumor, clinically significant
unstable medical conditions that could compromise the patient’s safety, severe hepatic
impairment, defined as alanine aminotransferase or aspartate aminotransferase > 3 times
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the upper limit of normal (ULN), total bilirubin > 2 times ULN, or kidney disease classified
by the IRIS classification higher than grade II.

2.2. Treatment Plan

The study was conducted at the PROVET–Veterinary Oncology Hospital and ALL
CARE Vet Hospital in São Paulo, Brazil. As there are no previous reports in the literature of
intratumoral Poly-ICLC applications in dogs and taking into account a previous publication
of lethality of an intravenous (IV) dose of 1 mg of Poly-ICLC/kg of body weight in 1 of
3 adult dogs [30], the decision was made to use approximately 1/10 of the IV dose for
safety reasons. In human clinical trials in which Poly-ICLC was used intratumorally, the
frequency of application ranged from one to three times a week [18,20]. We proposed to
administer one injection per week to increase compliance with the treatment. The treatment
plan consisted of weekly intratumoral injections of poly-ICLC for 12 weeks. Poly-ICLC was
administered according to the animal’s weight as follows: animals from 2–5 kg received
0.25 mg, from 5–10 kg received 0.5 mg, and >10 kg received 1 mg. Half of the respective
dose was administered in the first week of treatment. If well tolerated, the complete dose
was administered between the second and twelfth weeks.

Poly-ICLC was injected at one or more points within a single target lesion throughout
the treatment. Analgesics using tramadol hydrochloride and dipyrone were allowed and
used as necessary. The use of corticosteroids was avoided as much as possible, unless the
inflammatory response was intense and the veterinarian deemed it necessary. No other
antitumor therapies were used during the study period. Upon completing the 12-week
treatment period, all canine participants continued receiving poly-ICLC on a compassionate
basis for as long as the veterinarian judged that the patient benefited from the treatment.

2.3. Evaluation Schedule

During screening for inclusion in the study, the canine patients underwent clinical and
laboratory evaluations (hematological, blood biochemistry, and urinalysis), a lesion biopsy,
tumor staging by ultrasound, radiography, and computed tomography, and immune-
inflammatory evaluation (immunophenotyping, complete blood count-based inflammatory
score, and immunological evaluation of the tumor biopsy through immunohistochemistry
tests). During all visits, immediately prior to the poly-ICLC injection, the patients un-
derwent clinical evaluation and physical examination, including caliper measurement of
tumor diameter. In addition, the owners completed the weekly QL questionnaire.

Following the sixth week of treatment and up to ten days after the end of the exper-
imental treatment, the imaging exams and the laboratory evaluations were repeated. A
tumor biopsy was taken for histological and immunological evaluation after week 12 of
the treatment.

2.4. Disease Assessment—Response to Therapy

The response to therapy was determined for the injected (target) lesions and nonin-
jected (or nontarget) lesions. The tumor responses were defined as stable disease (SD),
partial response (PR), or complete response (CR) according to the canine response evalua-
tion criteria in solid tumors v1.0 [31]. The tumors were assessed using the one-dimensional
measurement of the injected lesion with a caliper. In addition, noninjected lesions were
assessed using a computed tomography scan at week 12 of the treatment.

Adverse events were classified according to veterinary cooperative oncology group—
common terminology criteria for adverse events (VCOG, 2016) [32]. Toxicity was fully
evaluated throughout the study duration and included blood hematologic and biochemical
panels, including hematologic, liver, and kidney function.

2.5. Quality of Life Scoring

The QL assessment was performed for all dogs during poly-ICLC treatment and
consisted of a questionnaire answered by the dog’s owner. The questionnaire consisted of
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12 questions with a choice of four answers [33]. Responses to each question ranged from
zero to three points, resulting in up to 36 points. A score of zero was considered the worst
QL, and 36 was the best. The questions addressed behavior, interaction with the owner,
assessment of pain, appetite, sleep disturbances, and signs of vomiting, diarrhea, urinary
incontinence, or repletion.

3. Results

3.1. Patients’ Characteristics

The characteristics of the canine patients are presented in Table 1. Nine females
and five males from different breeds (7 Mongrels, 1 Cocker Spaniel, 1 Labrador, 1 Teckel,
1 Maltese, 1 Shih-Tsu, and 1 Bulldog) aged 3–16 years and presenting different types of
spontaneous tumors were enrolled in the study.

Table 1. Characteristics of the canine patients.

Dog Breed
Age

(Years)
Gender Primary Tumor Location TNM

WHO
Stage

Metastasis
Prior

Therapies

1 Mongrel 16 Male * STS Jaw T3N1M1 IV Olfactory
bulb

Surgery,
chemotherapy

(4 Dx)
2 Mongrel 3 Male * STS Thorax T4N1M1 IV LN, lungs None

3 Cocker
spaniel 13 Female * STS Abdominal

region T4N1M1 IV
LN, lungs,

liver,
spleen

Surgery, ECT

4 Mongrel 8 Female * STS Mandible T3N1M0 III LN
Surgery,

chemotherapy
(5 Dx)

5 Mongrel 16 Female * STS Thorax T4N1M1 IV Lungs,
liver None

6 Labrador 11 Female Histiocytic
sarcoma Thorax T3N1M1 IV

LN, lungs,
skin, liver,

spleen,
intestinal

serosa, my-
ocardium,
esophagus

None

7 Teckel 12 Male * Carcinoma Dorsal to the
left eye T2N0M0 II none Radiotherapy

8 Maltese 13 Female * Carcinoma Left perianal
region T3N1M0 III LN Chemotherapy)

(RTKi)

9 Mongrel 15 Female * Adenocarcinoma

Breast, inguinal
region and

inner face of
the right pelvic

limb

T4N2M1 IV LN, skin,
liver

Surgery,
chemotherapy

(4 Dx, 1 Cb)

10 Mongrel 12 Female * Adenocarcinoma Paravertebral T3N2M1 IV Subcutaneous,
lungs None

11 Shih-tzu 15 Female * Adenocarcinoma Breast, vulva T3N1M1 IV LN, liver,
skin

Surgery,
chemotherapy

(4 Cb)

12 Mongrel 9 Female * Adenocarcinoma Breast T4N2M1 IV
LN, lungs,
skin, liver,

spleen

Surgery,
chemotherapy

(5 Dx, 6 Cb)

13 Bulldog 11 Male * Multicentric NHL Lymphoid
tissue stage IV IV Liver,

Spleen
Chemotherapy
(Vc, Cc, Dx, Pr)

14 Mongrel 10 Male * Multicentric NHL Lymphoid
tissue stage IV IV Liver,

Spleen

Chemotherapy
(1 Vc, 1 Cc, 1

Dx)
1 STS, soft tissue sarcoma; NHL, non-Hodgkin’s lymphoma; LN, lymph node; TNM (Tumor, Lymph node, and Metastasis); WHO, World
Health Organization. ECT, eletrochemotherapy; Dx, doxorubicin; Cb, carboplatin; Vc, Vincristine; Cc, cyclophosphamide; RTKi, toceranib
(receptor tyrosine kinase inhibitor). * Castrated/Spayed.

There were five cases of soft tissue sarcomas, one histiocytic sarcoma, two carcinomas,
four adenocarcinomas, and two multicentric non-Hodgkin lymphomas. Most cases were in
the World Health Organization (WHO) stage IV (11/14 cases), 2/14 cases were in stage III,
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and 1/14 cases was stage II. Most tumors (13/14) had metastasized, mostly to the lymph
nodes, lungs, liver, and spleen. Prior therapies included surgery (6/14), chemotherapy
(8/14), radiotherapy (1/14), and electrochemotherapy (1/14). Two of the 14 cases had no
prior treatment.

3.2. Response to Therapy

The target lesions’ responses, injected with Poly-ICLC, are presented in Table 2 and
Figure 1.

Table 2. Response to treatment of target lesions injected with poly-ICLC. Dogs were separated according to the number of
weeks of treatment.

Dog
Treatment
Duration
(Weeks)

Dose of
poly-ICLC

(mg)
BOR

Survival
(Days)

Survival after
poly-ICLC (Days)

Concurrent
Disease

Status

4 30 1.00 PD 411 259 None alive
7 22 0.50 SD 346 206 MVI alive
8 31 0.25 PR 520 252 CKD, MVI, TVI dead (kidney and heart failure)
9 21 1.00 SD 470 181 None Dead (euthanasia)

11 21 0.50 SD 2108 178 MVI, TVI alive
10 8 1.00 SD 123 133 None dead (euthanasia)
6 6 1.00 PD 133 112 None dead (euthanasia)
5 3 0.50 NE 555 77 MVI alive

13 3 1.00 PD 218 24 MVI, TVI Dead (respiratory failure)
1 2 0.50 NE 607 46 MVI, TVI Dead (seizure)

14 2 1.00 PD 100 24 None Dead (respiratory failure)
2 1 0.25 PD 127 13 None Dead (probable cause?)

12 1 0.25 PD 443 6 MVI Dead (euthanasia)

BOR, Best Overall Response; SD, stable disease; PD, progressive disease; CKD, chronic kidney disease; MVI, mitral valve insufficiency; TVI,
tricuspid valve insufficiency; NE, Not Evaluable. According to RECIST (Response Evaluation Criteria in Solid Tumours), a requirement for
SD is that it should be met at least once no less than 6–8 weeks after the first dose of trial treatment/baseline assessment, otherwise the best
response will be Not Evaluable (NE).

 
Figure 1. Spider plot of tumor burden changes during intratumoral Poly-ICLC therapy in 12 patients. The longest diameters
of the injected lesions are demonstrated as changes from baseline of one lesion from each dog, except from Dog #10 that had
two lesions injected with Poly-ICLC.

In the canine patients that completed the course of treatment of 12 weeks or more, 3/5
exhibited less than a 20% increase in the size of the target lesion (SD), 1/5 exhibited at least
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a 30% reduction in tumor diameter (PR), and one presented more than a 20% increase in
tumor size (PD).

Three of the five animals were alive 21 weeks after the start of poly-ICLC treatment,
with just one being euthanized because of eventual progressive disease and another animal
died due to a preexisting cardiac condition. Thus, in most canine patients that received
the full proposed treatment course, a prolonged stabilization of the injected tumor was
achieved. An adenocarcinoma patient that left the study after eight weeks for reasons
unrelated to the disease (dog 10) exhibited stability of the injected lesion confirmed by
CT measurement at week nine. The majority of cases received less than the full course of
treatment due to either progressive disease or other issues that precluded continuation
in the study. The three patients that presented stages II and III (dogs 4, 7, and 8) had the
best outcomes in the study. The disease remained stable in patient 4 for 12 weeks before
progressing. Patient 7 is still being treated on a compassionate basis, and although the
tumor increased in size in the first month of treatment, it remained practically stable for
the following five weeks before starting to decrease. Patient 8 presented PR in the injected
lesion and died of diseases unrelated to the tumor 31 weeks after starting the treatment.

The remaining patients that were treated with poly-ICLC for six weeks or less had
progressive disease (6/8 cases). In these cases, the treatment was generally unable to
restrict tumor growth, possibly due to its more advanced stage at the start of treatment.
Notably, the initial size of the injected tumors of those patients that were unable to complete
the full course of treatment were, in all cases except dog 13, more than twice as large as
the tumors of the patients that were able to complete the treatment. The baseline mean of
the size of the injected tumors in the dogs that received the full course of treatment was
3.64 cm, whereas in the dogs that received six or fewer injections, the mean baseline tumor
size was 9.86 cm.

For quantifying the effects of poly-ICLC on nontarget lesions, five patients that had
at least two measurements of the lesions using computed tomography were analyzed
(Table 3). Most metastatic lesions increased in size, and new metastases were identified in
three of the five cases. Overall, the nontarget lesions progressed in four patients, whereas
one patient presented SD. Thus, even in the cases where there was an apparent control of
the target tumor, there was no abscopal effect.

Table 3. Response to treatment in nontarget lesions, not injected with poly-ICLC.

Dog
Treatment
Duration
(Weeks)

Baseline
Tumor Burden

Nontarget Lesions

Final
Tumor Burden

Nontarget Lesions

BOR
Nontarget

Lesions

BOR
Target and

Nontarget Lesions

4 30 LN: 1 enlarged (3.8 cm) LN: 1 enlarged (3.9 cm) SD SD
8 31 LN: 2 enlarged (4.6 cm and 1.9 cm) LN: 3 enlarged (4.5, 2.1, 1.4 cm) PD PD

9 21 Liver: 2 nodules (4.6 cm and 2.9 cm) Liver: 2 nodules (4.7 and 3,3 cm) + another
Spleen: 2 nodules (0.9 and 2.2 cm) PD PD

10 6 Lungs: unquantifiable nodules Lungs: unquantifiable nodules PD PD

11 21 Liver: 1 nodule (5.1 cm)
LN: 3 enlarged (1.7, 0.9, 0.5 cm)

Liver: 4 nodules (7.0, 1.0, 0.3, 0.7 cm)
LNs: 4 enlarged (2.1, 1.0, 1.5, 1.2 cm)

Stomach: 1 nodule (1.2 cm)
PD PD

BOR, best overall response; SD, stable disease; PD, progressive disease; LN, lymph nodes.

3.3. Quality of Life Scoring

The variation of the QL scores in relation to the baseline measurements of canine
patients that received one, two, or more poly-ICLC injections are presented in Figure 2. The
QL score remained stable during the treatment for most dogs. The only dog that presented
partial tumor response (dog 8) presented an increase in QL scores throughout the treatment
period that varied from 8% to 37% in relation to the baseline measurement. Before starting
the treatment, this dog had difficulties defecating, probably due to the perianal lesion and
lymph node enlargements, which resolved after three doses of poly-ICLC. In this patient,
analgesics could be reduced and were removed from the treatment protocol after nine
weeks of treatment with poly-ICLC.
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Figure 2. Spider plot of quality of life scores during intratumoral poly-ICLC therapy in 12 patients.
The quality of life scores are demonstrated as changes from baseline.

One patient (dog 9) presented a marked decrease in QL scores that reached 56% at week
21. This patient presented a very large subcutaneous lesion that evolved with an important
inflammation of the subcutaneous tissue of the caudal and ventral abdominal region and
edema of the hind paw. Treatment with corticosteroids decreased the inflammation, but
the disease progressed with many nodules in the inguinal and the inner face of the right
pelvic limb. The patient was euthanized 181 days after the initiation of treatment due to
progressive disease and marked QL decrease.

A combination chart with quality of life and tumor response is shown in Figure 3.
There was no obvious correlation between measured tumor response and quality of life.

 
Figure 3. Combination chart of the average change from baseline QL scores and tumor response
scores during intratumoral poly-ICLC therapy in 12 patients.

3.4. Adverse Events

The adverse events related and unrelated to poly-ICLC treatment are presented in
Table 4. All 14 dogs that received at least one intratumoral dose of poly-ICLC were included
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in this assessment. Adverse events related to poly-ICLC were mild and included grade 1
lethargy and fatigue in half of the dogs. Allergic/hypersensitivity reactions were observed
in three dogs: one had a grade 1 reaction, and two had grade 2 reactions. There was no
discontinuation of the treatment due to adverse events.

Table 4. Adverse events related and not related to poly-ICLC treatment.

Adverse Events Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 TOTAL

Related to poly-ICLC
Lethargy/fatigue 7/14 0 0 0 0 7/14

Allergic reaction/ hypersensitivity 1/14 2/14 0 0 0 3/14
Not related to poly-ICLC

Skin ulceration 0 2/14 2/14 0 0 4/14
Seizure 0 0 0 1/14 1/14 2/14

Dyspnea 0 0 0 0 3/14 3/14
Increased alkaline phosphatase 1/6 2/6 2/6 0 0 5/6

Increased ALT 0 2/6 2/6 0 0 4/6
Increased BUN 2/6 1/6 0 0 0 3/6

Increased creatinine 1/6 0 0 0 0 1/6
Decreased hemoglobin 5/6 1/6 0 0 0 6/6

Cystitis 1/6 0 0 0 0 1/6

4. Discussion

This study represents the first report on the use of poly-ICLC for treating canine
cancers, in which a strategy of therapeutic intratumoral injections of the dsRNA viral
mimic and TLR agonist, poly-ICLC was tested. This strategy was well tolerated and
generated clinical benefit in some patients.

There is considerable interest in developing immunotherapies for canine cancers [34–36].
Poly-ICLC represents a highly practical potential option for this aim. Poly-ICLC, a synthetic
complex of carboxymethylcellulose, polyinosinic-polycytidylic acid, and poly-L-lysine,
can stimulate cytotoxic cytokine release and increase the tumoricidal activities of var-
ious immunohematopoietic cells by inducing interferon-gamma production [18]. This
phenomenon has been extensively investigated in humans as a standalone therapy or
combined with vaccine antigens.

Salazar and colleagues [15] first investigated in 1996 the use of poly-ICLC for the
long-term treatment of human cancers at a dose similar to that used in our study. This
was a pilot study for the treatment of malignant gliomas and showed prolonged quality
of survival with tumor stabilization or regression. Several trials have been conducted
since then, including poly-ICLC as the therapeutic immunostimulant for different types of
human cancers (10–20).

The present trial involved 14 dogs, of which five received the planned 12 weekly doses
of poly-ICLC. Three of these dogs presented stable disease, and one showed partial re-
sponse. Notably, the quality of life of the patients receiving long-term poly-ICLC remained
stable or improved throughout the planned treatment.

The owners reported important improvements in the quality of life of their dogs.
Considering the advanced neoplasm of these animals, we consider the achievement of
at least three months of stable disease with a good quality of life to be clinically relevant,
although randomized placebo control studies would be required to confirm this clinical
effect. The best outcome shown in the three patients that presented less advanced disease
(WHO stages II and III) may signify that patients with lower tumor burden may receive
increased benefit from this treatment.

Nine animals received from one to six doses of poly-ICLC due to their poor clinical
condition in most cases. All nine patients were in WHO stage IV and had metastasis.

All 14 dogs included in our study were evaluated for adverse events. Regardless of
the type of cancer, the WHO stage, and number of doses received, the adverse events of
intratumoral poly-ICLC injections were mild and consisted only of lethargy/fatigue similar
to that described in human studies [18]. Low-grade allergy/hypersensitivity reactions
were observed in two animals.
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Given the advanced stage of the canine patients’ tumors included in our study and
the multiple mechanisms for immune suppression in oncologic patients, using a single
immune stimulator may not be enough for inducing robust anticancer immunity. Recently,
Kyi et al. [18] tested poly-ICLC in patients with recurrent metastatic disease therapy (head
and neck squamous cell cancer and melanoma) in which prior systemic treatment had
failed. Patients received two intratumoral treatment cycles, followed by intramuscular
boosters biweekly for seven weeks, with a one-week rest period. One patient completed
two IT treatment cycles and achieved clinical benefit (SD and progression-free survival
of six months). Poly-ICLC was well tolerated in patients with solid cancer and generated
local and systemic immune responses, as evident in the patient achieving clinical benefit.
These results were similar to those obtained in our study.

In a recent study [37], it was shown that intratumoral injection of poly-ICLC was
significantly less effective in inducing tumor T cell infiltration and controlling growth of
tumors in mice as compared with systemic (intravenous or intramuscular) administration.
Systemically administered Poly-ICLC resulted in the enhancement of T cell infiltrates into
solid mouse tumors and correlated with a substantial therapeutic effect. Intramuscular or
combined IT and IM routes Poly-ICLC treatment may increase the therapeutic benefit in
these patients.

5. Conclusions

The goal of any trial to test new cancer therapies is to show that its use can improve
the patient’s condition without causing adverse events. Overall, it can be concluded from
our initial study that poly-ICLC is well tolerated in dogs with different types of advanced
cancers, exhibits clinical efficacy in injected lesions and improves the quality of life in
some cases. This justifies further trials of poly-ICLC for verifying its benefits for dogs with
specific cancers and the inclusion of intramuscular application to achieve an enhanced
systemic response.
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Simple Summary: The nervous system communicates with the whole organism, regulating several
physiological pathways. The modification of nerve activity could deregulate the state of cellular and
tissue homeostasis which could drive cancer development. This paper provides the current state
of knowledge, in an evidence-oriented manner, that the nervous system is able to participate in the
carcinogenesis process by inducing biochemical, physiological, and cellular modifications involved
in the hallmarks of cancer.

Abstract: The involvement of the nervous system in the development of cancer is controversial.
Several authors have shown opinions and conflicting evidence that support the early effect of the
nervous system on the carcinogenic process. For about a century, research has not been enough,
questions remain open, ideas are not discarded, and although more research is still needed to answer
all the questions, there is now enough evidence to support the theories and give hope of finding one
more possible form of treatment. It is clear that malignant neoplasms have endogenous characteristics
that allow them to establish and progress. Some of these characteristics known as hallmarks of
cancer, are damage mechanisms in the pathology but necessary during other physiological processes
which show some nerve dependence. The nervous system communicates with the whole organism,
regulating physiological processes necessary to respond to external stimuli and for the maintenance
of homeostasis. The modification of nerve activity could generate an overload and deregulate the
state of cellular and tissue homeostasis; this could drive cancer development. In this review, we
will address the issue in an evidence-oriented manner that supports that the nervous system is
able to participate in the initial and progressive process of carcinogenesis by inducing biochemical,
physiological, and cellular modifications involved in the hallmarks of cancer.

Keywords: nervous system; cancer hallmarks; tumor innervation; neurotumoral communication;
immunity neuromodulation

1. A Bit of History

The neurobiology of cancer is not a new concept. For a long time, it was claimed
that tumors were devoid of innervation, but in the nineteenth century, Young [1], through
histological preparations of impregnation with methylene blue, managed to observe nerve
fibers in the parenchyma of different tumor types, such as mammary carcinomas and
small round cell sarcomas. At that time, the accepted belief was that the nerves found in
neoplastic tissues were there due to their entrapment from their pre-existence in healthy
tissue. The transformation of healthy tissue and the accelerated cellular proliferation of the
malignant cells would cause the invasion of adjacent tissues and thus confine the nerves
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within the neoplastic tissue. This being the case, when nerves are deprived of their function
and invaded by neoplastic cells, they would eventually atrophy and disappear. In 1933,
Ryrie [2] explained different theories about the anatomical and physiological relationship of
nerve fibers in a neoplasm. His work highlights the thought of the existence of nerve fibers
in tumors, the possibility that these are newly formed, perineural invasion (PI), fibrosis
after damage as a result of PI and neural regeneration similar to peripheral damage within
the neoplastic tissue. However, he concluded that there is no reason to assume any trophic
influence on malignant cells [2]. In 1949, Shapiro published the results of his research
regarding the relationship between nerves and tumor cells, and their possible physiological
role in mesotheliomas and carcinomas in the anterior chamber of the eye, transplanted
in mice and rabbits, respectively. In his conclusion, he supports the suggestion that the
variation in the growth rate of tumors may be due to vasomotor changes caused by the
alteration in the innervation present in each tumor [3].

On the other hand, during the 1950s, some studies were conducted to show the
relationship between psychosomatic problems and the development of the disease. The
organism is considered as a whole, so psychosocial problems may be more associated with
the cause than with the effect of the disease, which is why it is suggested that the personality
structure could play a role in the pathogenesis of cancer in individuals predisposed [4].
Psychological therapy, until then, was little used as a palliative practice in cancer patients
and when exploring the benefit of intensive deep psychotherapy, a significant reduction
in the size of the tumors presented by the patients was reported, when recognizing and
working on traumatic events of their past [5]. On the contrary, it has been seen that patients
suffering from cancer and manifesting problems of depression, anxiety, chronic stress, or
social isolation, have poor prognoses, which include an accelerated progression of the
disease, higher rates of recurrences, and low response to treatments, compared to those
patients who do not have these disorders [6,7]. In other studies, when examining the
association of social stress with relapse and mortality rates in some hormone-sensitive or
lifestyle-related tumors, these have been found to be increased mainly in patients with
breast [6], colorectal, pancreatic [8], and gastric tumors [7], a fact that is currently being
corroborated in experimental works in vivo [9,10].

Until now, the role of the emotional factors in the carcinogenesis process is not entirely
clear, however, the balance seems to tilt towards active participation in the cancer initiation
and progression [11,12].

Some authors support that cancer is a disease of cellular differentiation, communi-
cation and tissue organization [13,14], and the environmental factor is described as one
of the most important elements in the progression stage. The emotional state, in many
cases, depends on the environment and has the ability to generate important biological
modifications which can cause the prolonged release of molecules that could stimulate the
formation of a tumor due to the signals it transmits and the processes it activates [10]. In
addition, modifications or interruptions in the interactions between the nervous system and
tissues are likely to transform the microenvironment and create the appropriate conditions
for tumor development [9].

Over the years, cancer research has taken a reductionist approach, neglecting the
complex functioning of a complete organism with all its component parts. Until now, the
cancer study model has excluded important mechanisms, such as cellular communica-
tion through gap junctions, stem cells, mechanical damage [13,15], dysbiosis [16,17], ion
channels [18–20], and the neurobiology of the oncological process.

2. Emotional State, Personality and Cancer

Several studies support that people who present different stress-generating situations,
such as a hostile family environment, a compromised economic situation or conditions
of neglect or isolation, present accelerated progression of the disease with an ineffective
response to treatment [6,21]. On the other hand, in different studies in which patients,
in addition to pharmacological treatment, receive group and/or individual emotional
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therapy, coupled with physical exercise, or another type of social support and in some
cases nutritional control, it was possible to observe an evident improvement, obtaining
favorable results with a better response to treatments, prolonging disease-free survival, and
notably improving quality of life [22,23]. Similarly, it has been proposed that character and
personality, which define how we face adversity, could predispose to the development of
breast cancer in women [24]. Studies in animals have produced results that support the fact
that type of behavior at an early age causes differences in the production of endogenous
glucocorticoids associated with the variation in the natural function of the Hypothalamic
Pituitary Adrenal (HPA) axis, causing oscillation in the function of the immune system
and generating individuals potentially susceptible to specific processes of disease at the
end of life [25]. Therefore, if personality and character can predispose to the appearance of
diseases due to the variations it causes in the functioning of the immune system, generally
causing a suppressive effect, this could be the basis of the individual differences in the
disease stages.

3. Participation of the Nervous System in Physiological Proliferative Processes

In support of the concept that the nervous system could play a central role in the
pathophysiology of cancer, there is evidence that in healthy tissues, nerves and some of
their products regulate various mechanisms deeply involved in the carcinogenesis process,
such as: control stem cell proliferation [26,27], angiogenesis [28], cell migration [29], cell
translocation [30], cell differentiation [31], recruitment and activation of immune cells [32],
and energy metabolism [33]. All of them are necessary mechanisms in proliferative physio-
logical processes such as embryogenesis, healing or epimorphic regeneration. In addition,
these normal physiological proliferative processes, are nerve-dependent. When nerves are
absent, they alter, delay, or these processes simply do not occur [27,34].

In the case of angiogenesis, it is known that nerves and blood vessels are closely
related in structure and organization, both during embryonic development as in response
to damage, and both depend on bidirectional signals for self-regulation [35]. In various
tumors, it has been possible to identify areas with intratumoral nerve fibers, located by im-
munohistochemistry [36–39]. These fibers are frequently found on the periphery of tumors,
some in the stroma and others in a perivascular manner, however, some blood vessels are
devoid of innervation, in our opinion this could cause failure in cellular communication
between both elements. Consequently, the angiogenic process would be deregulated and
this could partially explain the irregular formation of blood vessels and their heterogeneity
within a tumor [40].

4. Evidence of the Involvement of the Nervous System in Cancer

Research on the neurobiology of cancer is so far scant. However, today there is greater
interest and acceptance due to the evidence that is now available. For instance, epidemiolog-
ical studies report a correlation between neuroactive therapies (benzodiazepines, lithium,
or tricyclic antidepressants) with a reduced risk of cancer [41]. There is also an inverse
correlation between neurodegenerative diseases and cancer. A good example is the case of
patients with Parkinson’s disease or Alzheimer’s disease, where a low risk of cancer was
identified, both before and after diagnosis [42].

Cognitive damage is a frequent event in cancer patients, and in some cases, diffuse
brain damage has been identified through imaging studies. It is not clear whether this
damage can occur as an adverse effect of anti-cancer therapies or neurodegeneration
due to oxidative damage, inflammation and/or age effect associated with the oncologic
disease [43]. Another interesting finding is the one that has been seen in patients with
spinal cord damage and prostate denervation, who have a lower incidence of prostate
cancer [44].

Other studies in patients with breast cancer have reported that women who use beta-
blockers incidentally for some cardiovascular disease, before and/or during the year of
breast cancer diagnosis, show a reduction in progression and mortality or remain free of
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the disease for a longer period, compared to patients who did not undergo beta-blocker
treatment [45–47]. It is relevant to highlight that the use of beta-blockers seems to be more
efficient in triple-negative breast tumors, which represents an option to be studied as a
therapeutic target for this subtype of breast tumor, which has a highly aggressive biological
behavior and so far, and does not show fully efficient treatment options [47].

The parallel benefit of the use of beta-blockers has been observed in complementary
treatments in patients with other types of cancer, such as melanoma [48], pancreatic [49]
and lung cancer [50]. In addition, it has been experimentally observed that treatments
with beta-blockers in conjunction with other therapies, such as chemotherapeutics [51],
immunotherapies with αPD-1 [48], or metformin [52], experimentally prevent the tumor
growth and its progression. On the contrary, the action of catecholamines, when using
adrenergic agonists such as isoproterenol, increases the occurrence of metastases to distant
tissues compared to control tissues [9].

The development of metastases, via the hematogenous and/or lymphatic pathways,
has long been considered the most relevant mechanism in malignancy and the leading
cause of mortality in cancer patients. More recently, the neural pathway of metastasis was
described and called perineural invasion (PI). Perineural invasion is considered a strong
factor indicative of malignancy and has been associated with the worst prognosis [53].

Infiltration of neural tissues has been observed in various types of tumors, such as
pancreatic [54,55], squamous cell carcinomas [56], and colorectal carcinoma [57–59], among
others. Although the mechanisms by which this phenomenon occurs are not entirely clear,
in vitro studies have shown that nervous and tumor tissue can have mutual tropism and
exert chemoattraction, since the nervous tissue releases signaling molecules that guide
tumor cells towards them [60,61].

5. Tumor Innervation

The process of forming new nerve fibers is called axonogenesis. The mechanisms
by which tumors become innervated are still to be clarified, but for this new formation
to occur, the confluence of various stimuli that include growth factors, neurotrophins,
cytocines, and axonal guide molecules is necessary, resulting in the differentiation of neural
precursors and their development or elongation. Various factors related to the development
and activation of the nervous system have been found to be highly expressed in tumors,
such as pro-NGF, NGF, BDNF, NT, VEGF, FGF, TGFs, semaphorins, and netrins [41,62–64].
These neurotrophic factors could be the inducers of the new formation of nerve fibers
within tumor tissues. It is known that they can be produced by the same tumor cells
and/or inflammatory cells, exert autocrine or paracrine stimulation, and activate signaling
pathways through their action on TrkA and p75NTR receptors. The activation of these
receptors leads to the stimulation of cell proliferation and cell survival [65].

The possible ability of tumors to stimulate their own innervation as occurs with angio-
genesis and lymphangiogenesis, has been defined as neoneurogenesis [64,66]. Although
the presence of nerve fibers has been described in various types of tumors, neoformation
has only been described in prostate cancer [67]. Hyperinervation occurs in pancreatic
tumors that could be partially dependent on β2ADR signaling [49]. Interestingly, a recent
study has explained the presence of prostate tumor cells that presented expression patterns
similar to those found in the subventricular zone (SVZ) and when isolated they were able
to proliferate and differentiate into neurons, thus suggesting that the adrenergic neoforma-
tions observed in tumors may originate in situ from progenitor cells that could reach the
tumor from neurogenic areas of the brain [68]. However, other substances could influence
the modification in the number of nerve fibers present in tumors, for example, we can
find physiological nerve plasticity in reproductive organs due to variations in circulating
hormonal concentrations [69], therefore, it could be possible that some tumors stimulated
by hormones such as breast tumors, may suffer nerve plasticity due to the presence of
hormones in their microenvironment.
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6. Nerve Diversity in Varied Tumor Types

One question about tumor innervation is, if it is similar to the innervation in the
primary tissue where it originated, or if the tumor innervation is totally independent and
established according to the needs of the new neoplastic tissue.

The prostate and pancreas are highly innervated organs, and their function responds
to a large extent to nervous stimuli, likewise, the colon presents high nerve density and
it is in primary tumors of these organs that the innervation of neoplastic tissues has been
studied the most, seeking their presence and effect [49,67].

Perivascular denervation of sensory fibers (NPY, VIP, SP) and adrenergic fibers of
blood vessels present in the stroma and the submucosa adjacent to the tumor have been
observed in colon cancer studies. The greatest loss occurred in TH+ and NPY+ fibers
from tumors that showed a higher degree of malignancy, which raises potential temporary
modifications [39]. It is suggested that nerve degeneration is the result of the release of
tumor factors and that it could lead to bowel dysfunction [39,70]. In a study with a large
number of samples (n = 236) using tissue array slides immunostained for protein gene
product 9.5 (PGP9.5) to identify nerve tissue, Albo et al. [71] observed PGP9.5+ nerves in
the stroma of colon adenocarcinomas in 67% of the cases, being 11% considered as having
high nerve density (>20 nerves per hpf). Moreover, rectal tumors showed a high degree
of innervation (73%), of which 20% showed high nerve density. Patients with high nerve
density had a lower 5-year survival rate in comparison with those who did not show the
presence of nerves (40% vs. 86%) and high recurrence and median survival of 2.8 years vs.
9.7 years. For this reason, nerve density was considered a powerful independent prognostic
factor, of greater relevance than observing positive lymph nodes [71].

In the case of breast tumors, at first, the presence of nerve fibers was reported only at
the junction between healthy tissue and neoplastic tissue, without evidence of perivascular
innervation, and associated with well-differentiated tumors [36]. Twenty years later, in
another study, nerve fibers were observed in the tumor stroma and around blood vessels;
high nerve density was then associated with tumors with a higher degree of malignancy [37].
Although both studies present contradictory results, they cannot be considered determining
or misleading, since reports and information on the matter are still scarce.

In a recent study, the association between perineural invasion (PNI) and locoregional
recurrence (LRR) accounting for age, tumor size, nodal involvement, estrogen receptor,
progesterone receptor, HER2 status, histologic tumor grade, presence of lymphovascular
invasion (LVI), and receipt of chemotherapy and/or radiation among a broadly representa-
tive cohort of breast cancer patients was evaluated [72]. Their analyses revealed that PNI
represents a significant risk factor associated with LRR following the definitive treatment
of invasive breast cancer, and must be considered among other clinicopathologic features,
such as young age, lymphovascular invasion, and high-grade tumor [72].

The presence of peripheral innervation has been found in other types of tumors, as
well as the presence of neurotrophic factors that could benefit them, such is the case of
ameloblastomas [73], papillary thyroid carcinoma [74], and among others, some benign
tumors such as cutaneous neurofibromas, where a greater number of nerve fibers was
found in the evaluated neoplastic tissues, compared to the control tissue [75]. For the most
part, the abundance of nerves in newly formed tissues is associated with malignancy and
the nerve phenotypes mainly reported correspond to adrenergic innervation, although it is
important to note that there is nerve variation in the different histological classifications of
primary tumors of the same cell line.

7. Neurotumoral Communication

The interaction of neural elements with tumor cells is defined as neuro-neoplastic
synapses. The nerves in the tumor parenchyma, through the release of neurotransmitters,
can interact with membrane receptors on tumor cells and other types of cells present in
the stroma, for example, endothelial cells, leukocytes, and fibroblasts [76]. Neurotumoral
synapses can also occur in CNS tumors, such as gliomas. Gliomas form neurotumoral
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synapses through a presynaptic neuron and a postsynaptic tumor cell, and these synapses
can be as functional as synapses formed by neurons. Additionally, the presence of AMPA
receptors (AMPARs) in glioma cells of the postsynaptic region was also reported [77].
AMPARs are ionotropic glutamate receptors that are expressed throughout the CNS and
regulate most of the fast-excitatory transmission. The changes that occur at AMPARs
synapses lead to different forms of synaptic plasticity that trigger some of the important
mechanisms involved in learning and memory formation [78].

Neurotumoral communication could occur through two pathways, the humoral and
the neural, with an important function of the peripheral autonomic and sensory nerves [79].
Although it is mentioned that the hematogenous pathway does not turn out to be the
main provider for the delivery of neural stimuli towards a tumor [80], the transport of
stem cells and neural progenitors from the subventricular area of the brain, capable of
migrating and colonizing selectively a tumor and metastasis sites, occurs through blood
vessels. These progenitor cells can then differentiate into adrenergic neurons [65], and
therefore, the innervation of a tumor can occur from within itself. On the other hand, some
neurotransmitters may not originate from nerve cells and be synthesized in situ from other
stromal cells, such as lymphocytes, macrophages, and neutrophils, since these have the
necessary machinery for synthesis, release, and inactivation of catecholamines, in fact, the
phagocytic system is considered a diffuse adrenergic organ [81].

The release of neurotransmitters in tumors can occur as a consequence of a multidi-
rectional communication between the NS, the immune system, and tumor cells [80]. For
example, cytokines released by inflammatory and/or tumor cells could cross the blood-
brain barrier or transmit signals to the brain through afferent nerves, inducing structural
and functional changes in the brain [82], which could trigger a homeostatic imbalance and
influence the development of a neoplastic process. In this way, the central nervous system
could not only promote the progression of the disease, but also monitor the processes of
carcinogenesis initiation. Peripheral innervation would also intervene in an important
way in this communication, this being the means for the stimuli to reach their destination,
in addition, peripheral innervation controls various cellular phenomena similar to those
observed in tumors, so it would not be strange that innervation assumed a central role in the
pro and/or anti-carcinogenic mechanisms in the different stages of the disease (Figure 1).
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Figure 1. Physiological and neural modulation of the tumor. The communication of the nervous
system (NS) with the tumor can be direct, through the hematogenous (1) or neural route (2), or
indirect through the stimulation of other organs (3); this communication could be bidirectional.
Nerve fibers can be present in the periphery of the tumor, perivascularly, even in the stroma (4),
although they are generally scarce, the fibers present dilations that could amplify the signal several
nanometers away, activating membrane receptors of various cell types present in the stroma. The
direct influence of the NS on the tumor involves: the migration of progenitor cells through the blood
from the paraventricular nucleus (PVN) to the tumor (5), to subsequently differentiate into nerve
cells; increased infiltration by macrophages and MDSC cells in the tumor (6); the release of neural
products in the tumor (7); the increased expression of COX-2, CSF-1, TGFb, MMP9, VEGF, VCAM1
and the decrease in IFNb by adrenergic activation of macrophages within the tumor (8); the release of
neurotrophic factors such as NGF, BDNF and FGF by tumor cells that can induce neurite outgrowth
(9) and perineural invasion (10). Indirectly, adrenergic stimulation is capable of: mobilizing bone
marrow cells for subsequent recruitment into the tumor stroma (11); decreasing the mitotic activity
and differentiation of lymphocytes and the proliferation and cytotoxicity of NK cells (12); promoting
the trafficking of phagocytic cells (13); mobilization of energy from adipose tissue and liver (14) for
later use by tumor cells. In addition, according to the physiology of a healthy individual, the increase
in circulating glucocorticoids induced by stress causes a decrease in insulin levels, which results in an
increase in circulating glucose generating a protumoral effect. * Sympathetic neurons.
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8. Neuromodulation of Immunity

Both the Nervous System and the Immune System share soluble mediators and recep-
tors in common, for example, leukocytes have receptors for neurotransmitters and neurons
have Toll-like receptors (TLR), this is how communication occurs between systems and the
brain can detect when an inflammatory process is occurring. In general, we know that the
SNS promotes the humoral immune response and inhibits the cellular immune response
by decreasing the cytotoxic function of T lymphocytes and NK cells [83]. The general
conception of the functioning of the SNS and the PNS is that they have antagonistic effects,
but in fact, they work together. During physiological processes, both exert coordinated and
dependent functions on one another for the maintenance of homeostasis [84].

In the inflammatory process, sensory nerves pick up inflammatory signals during the
innate immune response and release neurotransmitters and neuropeptides such as SP, and
CGRP in response to damage. The release of pro-inflammatory mediators is set off and the
inflammatory response is triggered, which includes vasodilation, vascular permeability,
and pain. During this process, signals produced can be felt by the CNS, through the uptake
of cytokines, prostaglandins, and damage molecules that can cross the blood-brain barrier,
or by receiving an afferent signal captured by the vagus nerve [84].

Subsequently, through an efferent signal, the peripheral ganglia release acetylcholine
to stimulate peripheral nerves that release noradrenaline, this adrenergic activity in T
lymphocytes causes them to release acetylcholine and by cholinergic activation, the pro-
duction of TNFα, IL-1β and IL-12 is modulated in macrophages [83]. T lymphocytes will
now produce INFγ, achieving an anti-inflammatory effect [84] for the modulation of the
inflammatory process, bringing the tissue to a homeostatic balance. Some populations of
NK cells also have the ability to synthesize acetylcholine, either by neural stimulation or
by an inflammatory process, overexpressing genes related to cytokines and chemokines
involved in the regulation of the immune response and chemotaxis during the inflamma-
tory process, and underexpress genes related to cytotoxicity. The local effect of positive
NK cholinecetyltransferase (ChAT+) cells is the decrease in the migration of infiltrating
monocytes/macrophages and the presence of pro-inflammatory cytokines [83]. Another
anti-inflammatory mechanism, which is regulated by the vagus nerve, is the release of
dopamine in the adrenal glands; this effect has been observed in experimental sepsis mod-
els stimulated with electroacupuncture, which manages to modulate the production of
catecholamines [85].

Adrenergic stimuli, on the other hand, influence the migration of immune cells locally
in the initial phase of inflammation, regulated by α-receptors. In the late stages, adrenergic
signals have an anti-inflammatory impact and are regulated by β-receptors. Noradrenaline
has anti-inflammatory effects at high concentrations and, conversely, at low concentrations,
it exerts a pro-inflammatory effect [85].

Both macrophages and precursor monocytes express β-adrenergic receptors. The
stimulation of these receptors in macrophages produces the synthesis of different cytokines
such as IL-6, IL-10, and TNFα. It also modulates the organization and dynamics of actin
and the deformation of macrophages to induce phagocytosis and migration [86] (Figure 1).

9. Intrinsic Properties of Malignant Tumors and Their Mechanisms Related to the
Nervous System

In 2000, Hanahan and Weinberg published the first hallmarks of cancer. In 2011, the
same authors added another four elements to the model, which already considered the
interactions of cancer cells with the stroma and recognized the latter as an active participant
in the process of tumorigenesis. Today, 14 essential characteristics have been described that
add up to the formation and progression of cancer [87–89]. The nervous system, directly or
indirectly, can influence some of these necessary elements and other factors that have been
found relevant in the development of cancer, for example, the modulation of stem cells, the
stimulation of ion channels or the alteration of the microbiota [90]. Below, we describe how
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the nervous system could influence the main mechanisms involved in the formation and
malignancy of neoplastic tissues (Figure 2).

Figure 2. Influence of the nervous system in hallmarks of cancer. The nervous system by its pleiotropic
effect can influence different mechanisms involved in the hallmarks of cancer. Communication occurs
via hematogenous or neural pathways and stimulates different types of cells inside and outside the
tumor. INDUCING TUMOR INNERVATION. Tumor and stromal cells release various neurotrophic
factors that induce peripheral nerves to innervate the tumor. Furthermore, DCX+ cells can differentiate
and generate tumor innervations. AVOIDING TUMOR SUPPRESSORS. The adrenergic stimulus causes
an increase in cAMP and activation of AKT, which results in the ubiquitination of p53 and its subsequent
degradation, which will cause the accumulation of DNA damage and the maintenance of cell division.
EVADING THE IMMUNE RESPONSE. Both the HPA axis and the SNA regulate the response to stress,
the consequent release of glucocorticoids and catecholamines have an immunosuppressive effect, sup-
press the production of proinflammatory cytokines and improve the production of anti-inflammatory
cytokines. TUMOR-PROMOTING INFLAMMATION. The mobilization of monocytes towards the blood
circulation depends on the local adrenergic activity of the bone marrow, in addition, CSF-1 increases its
expression by adrenergic activity in macrophages and favors its recruitment in the tumor. Proinflamma-
tory cytokines can activate the HPA axis. Cytokines released by chronic stress promote depression-like
behavior by disrupting the synthesis and signal transduction of neurotransmitters. ANGIOGENESIS.
Adrenergic stimulation and chronic stress favor the expression of proangiogenic factors and some
sympathetic nerve fibers can release NPY. GENETIC INSTABILITY AND MUTATION. Stress-related
hormones can cause DNA damage and promote cell transformation through the production of ROS,
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expression of DNA damage genes, and decreased DNA repair. The decrease in methyltransferase
due to stress favors gene expression and facilitates cell transformation and genotypic diversity.
TUMOR METABOLISM. Adrenergic stimulation produces energy mobilization from the liver, in-
creases glycogenolysis and gluconeogenesis in hepatocytes, also inhibits insulin secretion from the
pancreas, stimulates glucagon, and also increases lipolysis. These events favor the availability of
energy for the tumor. INVASION AND METASTASIS. The modification of the microenvironment
and the extracellular matrix, the formation of blood vessels and the presence of M2 macrophages,
are important events in the development of metastases that can be induced by adrenergic activation.
A perineural invasion is a form of metastasis in which communication occurs between the nerve
fiber and tumor cells. RESISTANCE TO CELL DEATH. Glucocorticoids have an antiapoptotic effect
and give survival signals to epithelial cells since they favor the expression of BCL-2 and IAP family
proteins and prevent cell death. SUSTAINED PROLIFERATION. The neurotrophins that are released
by tumor cells stimulate the nerve fibers that correspond to the release of neurotransmitters to activate
the receptors of the cells present in the tumor, where the adrenergic stimulus can activate calcium
channels and the mobilization of calcium activates IGF receptors that promote proliferation and
tumorigenesis. In addition, the expression of neurotrophins by binding to their receptor induces
proliferation and survival, an example of this is the binding of BDNF/TrkB. MICROENVIRONMENT.
The microenvironment of a tumor is dynamic, resulting from extensive communication between
tumor and stromal cells, inducing each other. The microenvironment is as important as the prolif-
eration of tumor cells, it could even be more powerful due to the transformation capacity it has on
epithelial cells. The nervous system may participate in the formation of the microenvironment of a
tumor in a pleiotropic manner.

9.1. Evasion of Tumor Suppressors, Genetic Instability and Mutation

Stress has been associated with the progression and malignancy of cancer. However,
some studies suggest that it can also facilitate genetic instability and mutation being
involved in the early stages of the carcinogenic process [91].

The 8-hydroxydeoxyguanosine (8-OH-dG) is a marker of oxidative DNA damage,
capable of causing mutagenesis and carcinogenesis, which occurs as a result of exposure to
carcinogens and other hazardous materials. By examining the formation of 8-OH-dG in
peripheral blood leukocytes in workers of a manufacturing corporation, it was determined
that 8-OH-dG levels were associated with the perception of psychological stress and
workload, being considered a risk factor for cancer, particularly in women [92].

It is well known that the formation of reactive oxygen species (ROS) causes DNA
damage. The prolonged serum elevation of glucocorticoid levels can negatively influence
mitochondrial function leading to mitochondrial damage with a negative impact on cellular
metabolism and consequent inflammatory reaction [92]. All these observations have been
drastically reduced through the administration of diazepam prior to a stressor stimulus and
antipsychotic drugs such as olanzapine [90], which reduced the perception of stress in the
individuals. This fact supports the idea that stress could be involved in preliminary steps
for the initiation of the carcinogenic process by the alteration of cellular metabolism, tissue
stress, consequent inflammation, the formation of ROS, and the consequent transformation
of the healthy microenvironment in a pro-tumoral microenvironment.

In other studies, the possible effects of stress on tumor initiation have been studied.
During the exposure of 3T3 fibroblasts to cortisol and noradrenaline for periods longer
than 10 min, it was possible to observe a modification in the expression of genes related
to the signaling pathways of DNA damage; also, the repair capacity and the regulation of
the cell cycle were negatively affected, the apoptosis of the damaged cells was avoided,
which eventually led to the transformation of cells. The effect of exposure to noradrenaline
caused greater damage compared to glucocorticoids, damage that managed to be blocked
with the use of propranolol or a glucocorticoid receptor antagonist [91]. These mechanisms
could certainly contribute to the formation of precancerous lesions.
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Another effect of adrenergic signaling that could be significantly involved in the cancer
initiation stage is decreased p53 function, which occurs through β-arrestin-1-mediated
AKT activation and Mdm2 phosphorylation and activation, leading to the nuclear export,
ubiquitination, and degradation of the p53 tumor suppressor. Both, adrenergic stimulation
and hypothalamic-pituitary-adrenal HPA axis stimulation can synergistically boost Mdm2
function and decrease p53 levels [93]. Stress also causes the decrease in methyltransferase,
which would also affect the repair capacity of DNA [94].

All this suggests that the NS could be involved in chromosomal instability and evasion
of tumor suppressors during the initial stages of tumorigenesis and that stress could also
participate in the initiation process. For this reason, the emotional state can be considered a
risk factor for cancer development and progression [91,93].

9.2. Evasion of the Immune System

The activation of the HPA axis occurs via afferent or by stimulation of inflammatory
mediators and counteracts the effects of inflammation by the effect of glucocorticoids
released from the adrenal cortex [95]. It is possible that this immunosuppressive activa-
tion could participate in the cell transformation process, where it is necessary for cells
to escape cytotoxic destruction for the progressive acquisition of malignant characteris-
tics. Glucocorticoids inhibit the availability and function of lymphocytes, NK cells and
macrophages; regulate gene transcription and gene expression of mediators, receptors,
adhesion molecules, and cytokines. The cytokines from which their synthesis is mainly
inhibited are the IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, TNFα, IFN-γ, GM-CSF. It is also
reported that glucocorticoids can increase the transcription of βARs in different tissues [96–
98], which triggers vasoconstriction by adrenergic stimulation.

In various studies, it has been observed that adrenergic stimulation has an immuno-
suppressive effect, for example, through T cell treatments with noradrenaline, epinephrine,
or adrenergic agonists (such as isoproterenol or terbutaline). In vitro inhibition of the
differentiation of naïve T lymphocytes to Th1 cells was also observed, by affecting early
events involved in the initiation of proliferation, which may be explained in part by de-
creased IL-2 production by activated T cells. Likewise, the production of INF-γ in Th1
cells is decreased [99]. NK cells also express adrenergic receptors, the adrenergic activa-
tion of these cells inhibits their number and cytotoxicity. This fact could be verified in an
experimental study by administering propranolol to mice stressed by sleep deprivation,
increasing the number of NK cells and their cytotoxicity in vitro with melanoma cells [98].
Adrenergic signaling also promotes the activation and proliferation of myeloid-derived
suppressor cells (MDSCs) and it has been proven that the use of propranolol can reverse
these effects [100].

9.3. Tumor Associated Inflammation

The inflammatory cells that colonize the tumor microenvironment provide molecules
that help maintain and support neoplastic cells. Molecules such as EGF, VEGF, FGF2,
metalloproteinases, cytokines, and chymosins, make this particular characteristic an or-
chestrator of much of the rest of the essential features involved during carcinogenesis [101].
Some tumor cells through oncogenic activation are self-sufficient in the production of
pro-inflammatory mediators such as cytokines, chymosins, prostaglandins and chemotac-
tic factors, such as GM-CSF and G-CSF that favor the recruitment of inflammatory cells
in the tumor and therefore the progression of solid tumors [102]. The immune system
communicates in an important way with the nervous system, and this has the ability to
influence pro-inflammatory and anti-inflammatory effects, which can undoubtedly favor
the development of tumors.

Macrophages, endothelial cells, smooth muscle cells, and immune cells such as B
and Th1 lymphocytes express β-adrenergic receptors. SNS affects clonal expansion, cy-
tokine production, and target cell receptors expression; modifying the balance between
the cellular and humoral immune response, increasing or inhibiting the response and
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mobilization of immunocytes. In macrophages, the response to adrenergic stimulation
depends on the receptor that is activated. β-AR stimulation inhibits the activation of
Ca2+-dependent K+ channels while α1-AR stimulation activates these Ca2+-dependent K+

channels. The mobilization of intracellular Ca2+ by adrenergic activation is important for
the modulation of the phagocytic activity of macrophages and thus it can be explained
that α-AR receptors regulate the improvement of phagocytic activity while β2-AR stim-
ulation suppresses it [99,103]. In malignant tumors, myeloid cells and tumor-associated
macrophages develop an immunosuppressed phenotype, which is regulated in part by
TGFβ activity, and the stimulation of β-AR decreases the production of IL-6, IL-1β, IL-18,
and increase in COX2 and CSF-1, the latter favoring the recruitment of macrophages in the
tumor microenvironment [9].

The inflammatory process associated with a tumor participates not only in the recruit-
ment and infiltration of differentiated inflammatory cells into the tumor parenchyma, but
also in the mobilization of hematopoietic and progenitor stem cells (HSPCs) from the bone
marrow for subsequent recruitment. The egress of HSPCs is regulated by G-CSF, which in-
duces peripheral β-adrenergic signaling and allows the decrease in the chemokine CXCL12
in the bone, this decrease is what allows HSPCs mobilization [26,30]. Damage to hematopoi-
etic regeneration and HSPC mobilization can occur due to sympathetic neuropathy in the
bone marrow [95].

In some tumors, it has been possible to observe the joint participation of neural and
immune elements. In induced hepatic tumors in rats, it was observed that Kupffer cells
stimulated with LPS + noradrenaline significantly increase the expression of IL-6 and TGF-
β compared to single induction with LPS. In addition, the blockade of the α1-ARs receptors
caused the decrease in the expression of mRNA of CD90 [104], a protein associated with a
higher incidence of metastases to distant organs [105], and a decrease in CD133, a marker of
cancer progression [106]. Moreover, the activation of Kupffer cells and increase in cytokine
levels was observed, which was related to the high density of nerve fibers present in
the tumor [107]. So, it is possible that sympathetic innervation promotes carcinogenesis
through the regulation of a pro-oncogenic inflammatory microenvironment.

9.4. Angiogenesis

One of the most relevant mechanisms for cancer growth and the one responsible for
the formation of one of the main pathways for the development of metastases is angiogen-
esis. Angiogenesis supports the maintenance and nutrition of tumor cells and helps the
formation of the microenvironment by altering the extracellular matrix. Angiogenic factors
are released mainly by tumor and endothelial cells; however, some sympathetic nerve
fibers may release NPY, which is a potent angiogenic factor [108]. VEGF is the transcen-
dental protein that promotes the proliferation of endothelial cells for the formation of new
blood vessels. Chronic stress adrenergic activation induces VEGF expression in endothelial
cells and in some types of tumor cells through the ADRβ2-PKA-CREB pathway [109,110].
CREB-induced HDAC2 has also been seen to epigenetically inhibit the antiangiogenic
factor TSP1 in prostate cancer models [111]. Multiple cells in the tumor stroma can secrete
proangiogenic factors, such is the case of macrophages that, by adrenergic stimulation,
can express VEGF, MMP9 [9], and G-CSF, which is also capable of mobilizing endothelial
progenitor cells from the bone marrow [102].

Dopamine is one of the various endogenous regulators of angiogenesis which can
modulate microvascular hyperpermeability, angiogenesis, and probably tumor growth.
Receptors for both dopamine and serotonin have been found in various tumor types such as
colon, ovaries, breast, kidney, and pancreas. Dopamine, by occupying the D2 receptors, can
inhibit angiogenesis, preventing the phosphorylation of VEGFR-2 from endothelial cells
in tumor tissue and blocking the effect of VEGF, generating an antiangiogenic effect [112].
Furthermore, some in vitro studies demonstrated that Dopamine D1 receptor agonists
suppress the proliferation of osteosarcoma OS732 cells, through the downregulation of the
ERK1/2 and P13K-Akt pathways [113,114]. These data indicate that dopamine may have a
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protective effect. In malignant tumors, the existence of low concentrations of dopamine has
been described. On the other hand, serotonin is associated with angiogenic development in
malignant tumors [113].

Perivascular nerve fibers have been described in breast tumors [37], colon [71], pan-
creas, prostate, ovarian tumors, and melanoma, among others [115]. Vascular malforma-
tions have been identified in different tumor types and it was observed that they have
smooth muscle around them [40]. From our perspective, it is possible that those vascular
malformations could be innervated and provide vasomotor stimuli.

9.5. Invasion and Metastasis

As mentioned above, the nerve fibers associated with a tumor can favor invasion
and metastasis through the IPN, stimulate the mesenchymal epithelium transition, the
synthesis of metalloproteinases, and confer positive survival signals to tumor cells, these
mechanisms provide the morphology required for cell mobilization [110,111].

The immune system in its communication with the NS participates in this process and
an example of this is the induction of the expression of pro-metastatic genes and genes char-
acteristic of the M2 phenotype, such as TGFβ, in addition to the reduction in the expression
of the IFN geneβ in macrophages located within the tumor microenvironment, in response
to stress [9]. Additionally, β2ADR activation has a direct effect on tumor cells because the
downstream signaling activates Src, regulated by PKA, and thus improves cell migration
and invasion and growth of ovarian tumors [116]. Moreover, the β2ADR-cAMP-PKA
pathway is involved in the activation of FAK, a focal adhesion kinase, implicated in cellular
motility through the rearrangement of the cytoskeleton, increasing the phosphorylation of
paxillin to improve the reassembly of F-actin and the remodeling of the extracellular matrix
through the release of MMPs. Increased FAK has been observed in patients with metastatic
prostate cancer and high levels of depression [117]. Similarly, there is evidence of reduction
in metastases in experimental studies and in patients with various types of cancer, who
have received treatment with selective and non-selective adrenergic antagonists, in a single
treatment or combined with adjuvants, where, in addition, it has been found that the main
regulator of these processes is β2ADR [52,110,118,119], however, it has also been reported
that β2ADR agonists may have the same effect [120].

The NS can also be involved in conditions associated with metastasis which occurs
during the neoplastic process. Such is the case of the common metastatic lesions to the
bone that occur in breast cancer, where the invasion of tumor cells favors bone remodeling,
causes osteolytic lesions, and induces outbreaks of sensory nerve fibers in the periosteum,
in addition to histological disorganization and consequently bone pain [121]. Similar results
were obtained in prostate cancer studies, where, in addition to sensory fibers, an increase
in the density and disorganization of adrenergic fibers in bone tissue colonized by tumor
cells, was observed [122]. In both studies, treatment with the anti-NGF antibody (mAb911)
was administered, which was able to reduce nerve outbreaks and the consequent pain. One
of the explanations for why breast cancer cells cause frequent metastases to bone is because
sympathetic nerves abundantly innervate bone tissue and release noradrenaline to regulate
remodeling and homeostasis. Osteoclasts express βARs and their stimulation causes the
expression of RANKL, an osteoclastogenic cytokine with promigratory properties to cancer
cells [123]. It should be considered that the lymphoid organs are also mainly innervated by
the SNS, and it is where a large part of the invasion by tumor cells occurs, so it would be
interesting to know if there is a predilection to areas where prometastatic colonization can
be directed by neural influence.

The participation of the NS in cancer metastasis is not contemplated in the mechanisms
accepted to date. However, the influence of the NS can occur through several regulatory
mechanisms that could explain the frequent metastases to sites with no apparent explana-
tion for their occurrence by the hematogenous route, such is the case of frequent metastases
to bone (a tissue highly innervated) in different tumor types [124]. In our opinion, there is
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a need to consider the inclusion of NS as a regulator of metastasis; however, more research
is needed.

10. Conclusions and Perspectives

For many years, cancer has been one of the most studied diseases worldwide; however,
to date there is no cure for this clinical condition, so it is possible that some pieces of the
puzzle are still missing in the study model. It is necessary to make a change in the
approach from which it has been seen for so many years and to be able to take a turn in the
understanding of this disease.

As a result of several investigations, the need to expand and generate new knowledge
in the cancer field has been widely recognized, but also in other areas that have been
discarded for a long time and that could give interesting answers to integrate theories not
very well accepted in their beginnings. One example of this is the Tissue Organization Field
Theory (TOFT), where it is proposed that carcinogenesis is a relationship problem where
reciprocal interactions occur between various cell types of the morpho-genetic field, and it
is tissue disorganization and not autonomous uncontrollable cell proliferation that is the
causal defect of cancer [125]. It is a reality that cancer is more than a proliferative disease,
we have cellular and tissue diversity, a stroma, a microenvironment, diversity of substances,
factors and molecules, all functioning at the same time for the benefit of the new tissue. It
is also a fact that the nervous system has a pleiotropic effect and that is why it may be able
to modulate multiple processes that occur during cancer, which is why further research is
required to determine its degree of participation in the different stages and tumor strains.

Because the neurobiology of cancer has so far been little explored, but with solid
evidence of its participation in the processes of carcinogenesis, the insertion of the nervous
system in the study model is considered of high relevance. The plasticity and nerve
remodeling of solid tumors, through various events such as axonogenesis, hyperinnervation
or denervation at specific times of their development, activate or suppress the mechanism
according to the requirements of the neoplasm, either for its formation or maintenance,
similar to how it occurs in organogenesis. It is to be expected that the variation in their
formation depends on the stage, grade and organ in which the tumors are located; there
may be other factors that determine the timing, type, and density of nerve formation, such
as metabolism, or the internal and external environment to which it is exposed. Finally, this
information might answer what its biological function is in the process of carcinogenesis
and how it could be used for the benefit of patients.

The nervous system represents a promising option for the understanding and, there-
fore, future treatment of cancer due to the pleiotropic effect it presents since it could attack
different mechanisms at the same time. First, it is necessary to know what type of tumors
are innervated and which are not, the phenotype of innervation present or absent, the
anatomical location, its function or effect to which they are associated, and finally, un-
derstand the integration of how the association with tumor cells, their microenvironment
and the organism occurs. It is relevant to visualize the possibility of generating future
therapeutic targets, prognostic and/or early biomarkers of disease, and understand the
possible etiopathogenesis of cancer contemplating all its parts.

With all the data collected in the multiple investigations carried out around the world
which have allowed a deepening of the knowledge and understanding of its biology,
it can be assumed with certainty that the nervous system has relevant participation in
different stages of carcinogenesis by providing survival signals to tumor cells, promoting a
favorable microenvironment for cell proliferation, and facilitating the migration of tumor
cells, although the mechanisms are not yet fully defined.

Cancer is a multisystem, multistage, multimechanism disease, so the deregulation
of different biological-systemic processes that can impact the carcinogenic process must
be considered. For the study of the neurobiology of cancer it is important not to forget
the complexity of organisms and reject reductionism, contemplating that living beings are
complex, multicellular organisms, with multiple internal and external agents influencing
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them, although there are genes or proteins that alone can generate disease and are impor-
tantly involved in the development of various pathologies, including cancer; the extensive
complexity of the neoplastic process does not allow any of its parts to be excluded for study,
understanding and possible prevention and/or cure. The knowledge we have about the
interactions between the nervous system and tumors is still limited, interest and research in
this branch of cancer biology are increasing and although there are currently no definitive
conclusions, a promising future is envisioned.
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Simple Summary: Hepatocellular carcinoma (HCC) is a highly incident and deadly malignant
neoplasia, and only a few anti-HCC drugs are currently available. Thus, the development of HCC
models has become essential for both basic and translational research, improving the understanding
of HCC pathophysiology and molecular landscape. The present paper provides a state-of-the-art
overview of in vivo and in vitro models used for translational modeling of HCC, focusing on their
molecular hallmarks. Our paper depicts the key features, advantages and disadvantages of the main
bioassays available, shedding light on standard HCC model choice.

Abstract: Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide and the
third leading cause of cancer-related death globally. HCC is a complex multistep disease and usually
emerges in the setting of chronic liver diseases. The molecular pathogenesis of HCC varies according
to the etiology, mainly caused by chronic hepatitis B and C virus infections, chronic alcohol consump-
tion, aflatoxin-contaminated food, and non-alcoholic fatty liver disease associated with metabolic
syndrome or diabetes mellitus. The establishment of HCC models has become essential for both basic
and translational research to improve our understanding of the pathophysiology and unravel new
molecular drivers of this disease. The ideal model should recapitulate key events observed during
hepatocarcinogenesis and HCC progression in view of establishing effective diagnostic and thera-
peutic strategies to be translated into clinical practice. Despite considerable efforts currently devoted
to liver cancer research, only a few anti-HCC drugs are available, and patient prognosis and survival
are still poor. The present paper provides a state-of-the-art overview of in vivo and in vitro models
used for translational modeling of HCC with a specific focus on their key molecular hallmarks.
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1. Hepatocellular Carcinoma: Worldwide Trends and Mechanisms

1.1. Epidemiology and Contributing Factors

Liver cancers, mainly represented by hepatocellular carcinoma (HCC), accounted for
about 840,000 incident cases and 780,000 deaths in 2018 [1]. HCC corresponds to approxi-
mately 78% of all hepatobiliary malignancies, being the sixth most incident neoplasm and
the third leading cause of cancer-related deaths worldwide [2]. HCC has a poor prognosis,
displaying an average survival of 11 months and a survival rate of 49–63%, 19–29%, and
17% after 1, 3, and 5 years of diagnosis, respectively [3,4]. Over 90% of HCC cases occur
in a fibrotic or cirrhotic background, which is considered the main risk factor [1,5]. More-
over, populational data on HCC display two important features: geographical and gender
disparities. Standardized incidence rates (cases or deaths per 100,000 people) in Asian
and African continents are ~2-fold higher than in Europe and North America [1]. While
most HCC cases globally are caused by chronic hepatitis B and/or C virus (HBV/HCV)
infections (44–56% to HBV and 20–21% to HCV), lifestyle-related risk factors are fast-
growing populational attributable factors for this malignancy in western HCC patients.
Non-alcoholic fatty liver disease (NAFLD) is closely associated with metabolic syndrome
and diabetes mellitus, which are independently linked to as many as 16% of HCC cases
worldwide [6]. Excessive and chronic alcohol intake leading to alcoholic liver disease (ALD)
is another important risk factor associated with 26% of HCC cases, standing only behind
HBV infection. In Central Asia and Central Sub-Saharan Africa, HBV and HCV chronic
infections are indeed the most prominent risk factors, responsible for 57–60% and 41–50%
of all cases, respectively [6]. On the other hand, in Central Europe and North America,
ALD and NAFLD-related metabolic syndromes are the most prominent ones, linked to
30–32% and 20–24% of all cases, respectively [6,7]. Since some authors consider chronic vi-
ral infections as the most important risk factors for HCC development, HBV/HCV-related
HCC attributable fraction may in part explain the geographical disparity feature. Another
important epidemiological feature is the marked male disparity (two to three-fold higher
in males), whose mechanisms may involve the predominance of risk factors in men and the
promoting/protective roles of sex hormones [2]. The influence of dietary factors on HCC
emergence is not fully understood, but many epidemiological studies point to a marked
protective effect of coffee consumption [8,9].

1.2. Hepatocarcinogenesis

Hepatocarcinogenesis represents a complex multistep process in which successively
more aberrant monoclonal populations of hepatocytes evolve [10]. The pro-inflammatory
and pro-fibrotic microenvironment forms the ideal background for the emergence of numer-
ous human hepatocarcinogenesis-promoting genetic and epigenetic abnormalities [11,12].
Many cancer driver pathways have been repeatedly altered in HCC according to the distinct
genotoxic insults and etiologies, allowing the classification of HCC in molecular and/or
immune subclasses [13]. To unveil the main molecular alterations involved in HCC, The
Cancer Genome Atlas Research Network (TCGA) has performed the first large-scale multi-
platform analysis of HCC, including the evaluation of somatic mutations, DNA methylation,
gene, protein, and microRNA (miRNA) expressions [14]. Further, Llovet et al. [13] recently
segregated HCCs into two major morphological/pathophysiological/molecular pheno-
types: proliferation and non-proliferation classes. The proliferation class is more aggressive
and poorly differentiated, frequently related to HBV-related etiology. The non-proliferation
phenotype is less aggressive, well-to-moderately differentiated, and linked to HCV, alcohol,
and NASH-related causes. Telomerase reverse transcriptase (TERT) promoter mutations
are the most common mutations in all HCCs analyzed (44%), frequently observed in both

165



Cancers 2021, 13, 5583

phenotypes and in co-occurrence with CDKN2A (p16) hypermethylation (53%), which
is more common in the non-proliferation class. Upregulation of TERT and downregu-
lation of CDKN2A enables the immortalization cancer hallmark. The activation of the
Wnt/β-catenin pathway, conferring sustained proliferation hallmark, was also frequently
featured in both phenotypes, as inactivating tumor suppressor AXIN1 (8%) and activating
oncogene CTNNB1 (27%) mutations were observed in proliferation and non-proliferation
classes, respectively. HBV-related proliferation class is also associated with the activation
of key proliferation pathways, as PI3K–AKT–mTOR, RAS–MAPK, MET, and IGF. TP53
mutations (31%), conferring “evasion of growth suppressors”, “genomic instability and
mutation”, and “resistance to cell death” cancer hallmarks, were frequently observed in
proliferation class, also in keeping with global DNA hypomethylation signature [13–15]. As
Wnt/β-catenin and TP53 pathways or TERT are altered in ~77% of HCCs, these dominant
molecular drivers are key molecular therapeutic targets and remain undruggable [13,14].

In light of the unknown HCC molecular landscape and the urgent need for novel
preventive and therapeutic strategies, the establishment of HCC models has become es-
sential for both basic and translational research. Recently, with the continuous emergence
of precision and personalized medicine, standardized and personalized HCC models are
warranted. To achieve these requirements, the model should recapitulate key pathophys-
iological and molecular events observed during hepatocarcinogenesis in view of being
effectively translated into clinical practice. Considering the current myriad of HCC models
in the literature, we provide a comprehensive overview of the main in vivo and in vitro
bioassays applied for HCC modelling, depicting their key molecular hallmarks.

2. In Vivo Models of HCC

2.1. Syngeneic and Xenograft Mouse Models

Syngeneic and xenograft experimental models are based on the injection or implanta-
tion of HCC cell lines or patient-derived xenograft (PDX) in either extrahepatic (heterotopic)
or intrahepatic (orthotopic) microenvironments. In the syngeneic mouse models, injection
of a murine HCC cell line enables the evaluation of molecular characteristics and tumor
growth in a microenvironment of immunocompetent animals [16]. The xenografts mouse
models comprise injection of human HCC cells or transplantation of fresh PDX into im-
munodeficient animals, such as non-obese diabetic/severe combined immunodeficiency
(NOD-scid) and athymic Balb/c nude mice, delivering a translational model of HCC that
recapitulates some of the relevant genetic alterations, i.e., TP53, FGFR1, and KRAS muta-
tions [16–19]. The scid-mutated mice are leucopenic and have a compromised function of B
and T lymphocytes, while NOD-scid mice feature both impairment of leucocyte activity and
diminished activity of natural killer cells and innate immunity, allowing them to be easily
grafted [20,21]. To establish a translational model to evaluate HCC, the PDX mouse model
underwent improvements, and humanized mice, which will be further reviewed (see
2.5 Humanized mouse models), have been developed [17]. These kinds of features make
syngeneic and xenograft mouse models widely employed in pre-clinical approaches of
new treatment protocols and adequate to unveil molecular traits and pathological aspects
similar to HCC patients. However, it is still uncertain whether morphologic, genomic,
and molecular aspects of engrafted HCC tumors remain similar to samples obtained from
patients [16].

To establish a reliable orthotopic PDX model, an early study by Sun et al. [22] evi-
denced that surgically removed HCC samples, further implanted into BALB/c nude mice
and selected according to its invasive potential, resemble translational features regarding
morphological aspects and increased alpha-fetoprotein expression (Table 1). Besides, the
LCI-D20 model showed take rates of 100% and transplantability through mouse genera-
tions, as well as spontaneous liver, lung, and lymph nodes metastasis after 6–24 weeks
of protocol. Regarding the metastatic potential, Genda et al. [23] yielded a PDX model
with an orthotopic injection of Li7 and KYN-2 cells into scid-mutated mice and showed
their metastatic potential, with 50% of the engrafted animals showing intrahepatic mi-
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crometastasis after 6 weeks. Besides, in vivo and in vitro assays unravel an underlying
p160ROCK-dependent mechanism in the metastatic activity of Li7 cells by suppressing Rho
signaling (Table 1) [23]. Likewise, the PDX mouse model with HCC samples obtained by
needle biopsies provides a striking similarity to the original biopsies by upregulating molec-
ular pathways related to hypoxia, cell cycle progression, and epithelial-to-mesenchymal
transition, even after at least 6 retransplantations into NOD-scid mice (Table 1) [24]. A
NOD-scid mouse model displaying an impairment in the interleukin 2 receptor tends
to increase HCC engrafted, making it a reliable model to evaluate the tumoral behavior
alterations in a human immune microenvironment [25]. Indeed, the tumoral microenvi-
ronment associated with the immune background enhances tumoral growth, suggesting
that HCC exerts a survival strategy of modulating immune checkpoints and attenuating
cytotoxic T cell activity. Hence, the plasma levels of pro-inflammatory cytokines, such as
tumor necrosis factor-α and human interferon-γ, increase (0–4 weeks of protocol) followed
by a marked decrease (4–8 weeks of protocol), mimicking the HCC survival behavior
in HCC patients [24]. Although these models do not resemble the whole landscape of
tumoral-immune dynamics, HCC establishment requires a short experimental time (com-
pared to chemical and diet-induced models, for example), maintaining key features of
the derived tumor. In this scenario, the PDX mouse models represent a promising and
translational strategy for discovering new drug therapies and the pivotal molecular mecha-
nisms underlying the HCC development since this model resembles some of the genomic,
morphological, immunological, and microenvironmental tumor characteristics observed
in patients.

Table 1. Summary of some of the patient-derived xenograft HCC protocols in mice.

Model Procedure
Animal (Species,

Strain, Age)
Timepoints and Incidence of Lesions References

Ectopic
implantation of

human HCC
in mouse;

- Samples of
human HCC
were sectioned
and inoculated on
the dorsum of the
mice; a region
pretreated with
anti-asialo GM1;

Female Balb/c athymic
nude mice at
4-week-old;

- 1st and 2nd generation: tumor
growth at the implantation site
with 100% (6/6) of
transplantability and size
averaged 1.0 cm in diameter at
4th week;

- 3rd generation: spontaneous liver
metastasis at 12th week;

- 4th generation: 100% (5/5) of
significant liver metastases in the
4th week;

- 8th week: all animals with
transplanted tumors died with
important metastases

[26]

LCI-D20:
orthotopic

Implantation of
human HCC

- Tissue fragments
measuring 2 mm3

of HCC from
30 human
patients were
implanted in the
left hepatic lobe
of the mice for 6
to 24 weeks;

Male BALB/cA nude
mice at 4 to 6-week-old

- At 2nd week: initial liver
metastasis with tumor colonies
around the site of origin;

- At 3rd: metastasis in mesenteric
and iliac lymph nodes, hepatic
hilum, mesentery and diaphragm;
micrometastasis in
pulmonary vessels;

- At 6th week: generalized liver
metastasis with vascular
micrometastasis; micrometastasis
in the lung parenchyma;

[22]
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Table 1. Cont.

Model Procedure
Animal (Species,

Strain, Age)
Timepoints and Incidence of Lesions References

HCC cells

- Different human
HCC cells were
cultured and
suspended in
saline solution at
1.108 cells/mL;
afterward, 20 μL
of cell suspension
was injected into
the mice’s liver
subserosa.

Male SCID at
6-week-old;

- At 6–7th week: the necropsy of the
implanted animals was performed
or before that period, if they
showed signs of stress;

- At 7th week: 2 of 12 cell lines had
formed tumors only in the muscle;
5 of 12 cell lines had formed
tumors in both muscles and lives;
other 5 cells line did not form
a tumor;

- Intrahepatic metastases observed
in 2 of 12 explored cells line (Li7;
KYN-2), with the presence of
neoplastic thrombi and new
neoplastic sites distinct from the
original or in the lobe that did not
undergo implantation.

[23]

HCC-LY5 and
HCC-LY10:
Ectopic and
orthotopic

Implantation of
human HCC

in mice;

- Ectopic
procedure: tissue
fragments
measuring 2 mm3

of HCC from
human patients
were transplanted
in the
subcutaneous
tissue of the right
flank of the mice.
Tumor growth
was measured
once a week by
palpation; when
the tumor mass
reached
10–15 mm, the
tumor was
removed,
reimplanted in
other mice, three
more times;

- Orthotopic
procedure:
fragments of
ectopic models
were implanted in
the left lobe of
nude mice;

NOD/SCID male and
female mice and T

cell-immunodeficient
BALB/c-nu/nu mice at

6 to 8-week-old

- Ectopic implantation:
- At 4th week: the necropsy of the

implanted animals was
performed.

- 5 of 24 human HCC samples were
transplantable (20.83%);

- The growth rate of the tumor and
the growth time increased
according to the advance of the
passages. Variable growth over
7–6 weeks (tumors with 2.7 mm3

to 7.2 mm3);
- Orthotopic implantation:
- At 6th week: the necropsy of the

implanted animals was
performed.

- The rate of tumor formation was
100% (8/8).

[27]
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Table 1. Cont.

Model Procedure
Animal (Species,

Strain, Age)
Timepoints and Incidence of Lesions References

Ectopic
implantation

from human HCC
needle biopsies

in mice

- 10 human HCC
needle biopsies
from patients
were transplanted
into the
subcutaneous
tissue of the mice

Nonobese,
diabetic/severe

combined
immunodeficiency
gamma-c mice at

10-week-old;

- 11 PDX models were established
with 10 human HCC
needle biopsies.

- 4th to 28th week after
implantation, it was the time
necessary to observe
tumor growth;

- PDX subcutaneous injection of a
biopsy cell suspension has a slow
growth compared to intact tumor
architecture;

- Retransplanted tumors showed a
shortened lag phase until the onset
of tumor growth compared to the
xenograft tumor derived from the
biopsy tissue;

[24]

2.2. Chemical-Induced Rodent Models
2.2.1. Diethylnitrosamine (DEN)

Diethylnitrosamine (DEN or DENA, PubChem CID:5921), which is also known as
N-nitrosodiethylamine (NDEA), is the most prominent and widely applied xenobiotic
in chemically induced models of HCC. Although the daily human ingestion of total N-
nitrosamines usually occurs in low microgram (μg) ranges, reaching 0.5 to 1.0 μg/day,
DEN holds the “Group 2A: probably carcinogenic to humans” classification according to
the International Agency for Research on Cancer [28–30]. Both volatile and non-volatile
nitrosamines account for human exposure, mostly through oral and respiratory routes,
as they can be detected (>0.1 μg/kg) in tobacco smoke, food additives, and cured or
smoked meat products as either naturally occurring compounds or formed after food
processing [29–32]. There is plenty of in vivo evidence showing that DEN bio-activation
occurs primarily in the liver (by the hepatocytes), mostly mediated by cytochrome P450
(CYP) 2E1. Thus, the constitutive activity of this cytochrome is strongly correlated to
DEN-related outcomes on tumorigenesis as incidence and severity (number and size) in
rodents [33,34]. DEN undergoes alpha-hydroxylation and dealkylation reactions, thereby
producing the unstable ethyl diazonium hydroxide molecule that may generate highly
reactive carbonium ions, oxygen (ROS) and nitrogen (RNS) species [35]. These highly
reactive metabolites may bind to different biomolecules, including DNA and proteins.
DNA alkylation or oxidation induced by DEN—such as the formation of O6-ethylguanine
and O4- and O2-ethylthymine adducts mainly in centrilobular (zone 3) hepatocytes - may
contribute to genomic instability, DNA damage, mutation, and tumor initiation [35–38].
Oxidative damage in proteins, such as conversion of protein thiol (-SH) groups to disulfides,
is also featured in the liver after DEN exposure and may have direct implications on protein
function and cell signaling [39]. As DEN was found to be a complete carcinogen in classical
rodent bioassays (i.e., a chemical that can induce HCC development without the association
of secondary chemical or surgical procedure as a promoter), this N-nitrosamine was widely
applied as an “initiating agent” in the past few years within a myriad of protocols in mice
and rats (Table 2). This chemical literally “initiates” the hepatocarcinogenic process by
the production of a stable, heritable mutational change in the target cell (hepatocytes).
Although it is not yet clear if this genomic alteration activates or inactivates one (or more
than one) oncogene or tumor suppressor gene at the level of a single hepatocyte, it is
mostly accepted that chemically induced preneoplastic lesions and HCC itself may clonally
expand from this single DEN- “initiated” hepatocyte [40]. Nonetheless, when administered
in drinking water or single or few non-necrogenic intraperitoneal (i.p.) injections to
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juvenile/adult mice, a long latency time is necessary to achieve a high burden of neoplastic
lesions (Table 2).

Table 2. Summary of some of the chemically induced hepatocarcinogenesis protocols in rats and mice strains.

Model Procedure
Animal (Species,

Strain, Age)
Timepoints and Incidence of Lesions References

DEN

Single i.p., 90 mg/kg b.w.
Juvenile (5 weeks)

C3H/He, DBA/2 and
C57BL/6 mice (male)

- Adenomas: 0–20% at week 24,
10–50% at 36, and 20–50% at
weeks 36–52 (strain-dependent)

- Carcinomas: 0% at week 24, 0% at
36, and 0–40% at weeks 36–52
(strain-dependent)

[41]

Multiple i.p. 1.5 or 3 mg/kg
b.w. for 1 week (4×/week)

Juvenile (6 weeks)
B6C3F1 and C3AF1

mice (male)

- Adenomas: 3–8% at weeks
100–120 (strain- and
dose-dependent)

- Carcinomas: 16–22% at weeks
100–120 (strain- and
dose-dependent)

[42]

Drinking water 15 mg/L for
3 weeks

Juvenile (4 weeks)
B6C3F1 mice (male) - Adenomas: 100% at week 24 [43]

Multiple i.p. 25, 50, or
75 mg/kg b.w., for 4 or 8

weeks (1×/week)

Juvenile (4 weeks)
C57BL/6 mice (male)

- Preneoplastic foci: 44–100% at
week 33 (dose-dependent)

- Adenomas: 0–33% at week 33
(dose-dependent)

- Carcinomas: 0% at week 33

[44]

Single i.p. 2.5, 10, 25 or
50 mg/kg b.w.

Infant (2 weeks)
BALB/c mice (male)

- Adenomas: 7–87% at week 24 and
10–100% at week 40
(dose-dependent)

- Carcinomas: 5–10% at both weeks
at week 40 (dose-dependent)

- [45]

Single i.p. 5 mg/kg b.w.
Infant (2 weeks)

C3H/HeJ, B6C3F1 and
C57BL mice (male)

- Adenomas: 90–100% at week 28
(strain-dependent) [46]

Single i.p. 1 mg/kg b.w.
Infant (2 weeks)

C3H/HeJ, B6C3F1 and
C57BL mice (male)

- Preneoplastic foci: 25–56% at week
22 and 46–100% at week 48
(strain-dependent)

- Adenomas + Carcinomas: 25–67%
at week 22 and 77–100% at week
48 (strain-dependent)

[47]

Single i.p. 1 mg/kg b.w. Infant (2 weeks)
B6C3F1 mice (male)

- Preneoplastic foci: 75% at week 17
and 100% at week 22

- Adenomas: 0% at week 17 and
12.5% at week 22

- Carcinomas: 0% at both weeks 17
and 22

[48]

Multiple i.p. 20 (1 dose), 30
(1 dose) and 50 mg/kg

(6 doses) b.w., for 8 weeks
(1×/week)

Infant (2 weeks)
C57BL/6 mice (male

and female)

- Adenomas + Carcinomas: 100% at
week 24

- Obs.: Liver Fibrosis
[49]

Gavage 80 mg/kg b.w.
(weeks ~6–7)

Adult (~6–7 weeks)
Sprague-Dawley rats

(male)

- Carcinomas: ~5–20% at week 48
and 70 [50]
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Table 2. Cont.

Model Procedure
Animal (Species,

Strain, Age)
Timepoints and Incidence of Lesions References

Single i.p., 200 mg/kg b.w.
(week 6)

Juvenile (4 weeks) F344
rats (male)

- Preneoplastic foci: 100% at
week 42

- Adenomas: 7% at week 42
- Carcinomas: 0% at week 42

[51]

Multiple i.p. 70 mg/kg b.w.,
for 10 weeks (1×/week)

Adult (6 weeks)
Sprague-Dawley rats

(male) - Carcinomas: 100% at week 20
- Obs.: Liver Cirrhosis

[52]

Multiple i.p. 30 mg/kg b.w.
for 11 weeks (2×/week)

Juvenile (4–5 weeks)
Sprague-Dawley rats

(male)
[53]

Multiple gavage 70 mg/kg
b.w. for 14 weeks (1×/week)

Juvenile (4–5 weeks)
Wistar rats (male)

- Carcinomas: 80% at week 30 and
100% at week 34

- Lung metastasis: 20% at week 34
- Obs.: Liver Cirrhosis

[54]

DEN and
CCl4

- DEN: Single i.p.
10 mg/kg b.w. (week 2)

- CCl4: Multiple i.p. 0.25
to 1.50 mg/kg b.w. for
8 weeks (3×/week)

Infant (2 weeks)
C3H/HeJ mice (male)

- Preneoplastic foci: 100% at
week 17

- Adenomas: 100% at week 17
- Carcinomas: 12.5% at weeks 17

[55]

- DEN: Single i.p.
10 mg/kg b.w. (week 2)

- CCl4: Multiple i.p. 0.2
mL/kg b.w. for 9 or 14
weeks (2×/week)

Infant (2 weeks)
B6C3F1 mice (male)

- Preneoplastic foci: 100% at week
17 and 25% at week 22

- Adenomas: 37.5% at week 17 and
100% at week 22

- Carcinomas: 20% at week 17 and
50% at week 22

[48]

- DEN: Single i.p.
200 mg/kg b.w.
(week 4–5)

- CCl4: Multiple gavage
0.5 mL/kg b.w. for 6
weeks (3×/week)

Juvenile (4–5 weeks)
F344 rats (male)

- Preneoplastic foci: ~81% at
week 16

- Adenomas: 100% at week 16
- Carcinomas: 73% at week 16

[56]

CCl4
- CCl4: Multiple i.p.

0.2 mL/kg b.w. for 9 or
14 weeks (2×/week)

Infant (2 weeks)
B6C3F1 mice (male)

- Preneoplastic foci: 0% at week 17
and 12.5% at week 22

- Adenomas: 0% at week 17 and
12.5% at week 22

- Carcinomas: 0% at week 17 and
25% at week 22

[48]

DEN and
TAA

- DEN: Multiple i.p. 20
(1 dose), 30 (1 dose)
and 50 mg/kg (6 doses)
b.w., for 8 weeks
(1×/week)

- TAA: Multiple i.p. 300
mg/kg b.w., for 4 or 8
weeks (2×/week)

Infant (2 weeks)
C57BL/6 mice (male

and female)

- Adenomas + Carcinomas: 100% at
week 24 (for both doses) [49]

- DEN: Single i.p. 200
mg/kg b.w. (week 6)

- TAA: Multiple i.p. 200
mg/kg b.w. for 24
weeks (2×/week)
(cycles of 3 weeks of
administration and 1
week of rest)

Adult (6 weeks) Wistar
rats (male)

- Preneoplastic foci: 100% at
week 26

- Adenomas: 30% at week 26
- Carcinomas: 10% at week 26

[57]
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Table 2. Cont.

Model Procedure
Animal (Species,

Strain, Age)
Timepoints and Incidence of Lesions References

DEN, TAA
and PB

- DEN: Single i.p. 200
mg/kg b.w. (week 6)

- PB: 0.05% diet for
1 week

- TAA: Drinking water
0.03% for 9, 10, 20 or
30 weeks

Adult (6 weeks) F344
rats (male)

- Adenomas: 0% at week 9, 16.7% at
week 20, 100% at weeks 30 and 40

- Carcinomas: 0% at weeks 9 and 20,
25% at week 30, and 75%
at week 40

[58]

DEN and
PB

- DEN: Single i.p.,
90 mg/kg b.w.
(week 5)

- PB: Drinking water
0.05% (week 7) for 17,
31 or 45 weeks

Juvenile (5 weeks)
C3H/He, DBA/2 and
C57BL/6 mice (male)

- Adenomas: 10–90% at week 24,
50–60% at 36, and 0–30% at weeks
36–52 (strain-dependent)

- Carcinomas: 0% at week 24, 0–40%
at 36, and 0–100% at weeks 36–52
(strain-dependent)

[41]

- DEN: Gavage
80 mg/kg b.w. (weeks
~6–7)

- PB: Drinking water
0.025, 0.05 or 0.1%
(weeks ~7–8) for ~48 or
~70 weeks

Adult (~6–7 weeks)
Sprague-Dawley rats

(male)

- Carcinomas: ~5–20% at week 48
and 50–60% at week 70

[50]

- DEN: Single i.p.,
200 mg/kg b.w.
(week 6)

- PB: Drinking water
0.05% (week 7) for
36 weeks

Juvenile (4 weeks) F344
rats (male)

- Preneoplastic foci: 100% at
week 42

- Adenomas: 64% at week 42
- Carcinomas: 50% at week 42

[51]

DEN,
2-AAF
and PH

- DEN: Single i.p.,
200 mg/kg b.w.
(week 1)

- 2-AAF: diet 0.02% for 2
weeks (weeks 3 and 4)

- PH: 67% (week 3)

Adult Fischer 344 rats
(male)

- Carcinomas: 68–71% at week 32,
75% at week 40

- Metastasis: ~3–4% at week 32, ~4%
at week 40

[59]

i.p. = intraperitoneal; b.w. = body weight. 2-AAF: 2-acetylaminofluorene; CCl4: carbon tetrachloride; DEN: diethylnitrosamine; PB:
phenobarbital; PH: partial hepatectomy; TAA: thioacetamide.

Mindful of these findings, the studies of Vesselinovitch et al. shed light on the kinetics
of using neonatal mice instead of juvenile/adult rodents. The main advantage of using
neonatal model protocols in mice, also known as the “infant model”, is the hepatic postna-
tal development context [42,60]. Compared to the adult liver, hepatocyte proliferation rates
are higher in the liver of neonatal mice [61]. Thus, when given at low doses ranging from 1
to 50 mg/kg body weight to neonatal mice at 15–20 postnatal days, the pro-proliferative
hepatic context promotes the clonal expansion of DEN-initiated hepatocytes, ultimately
favoring hepatocellular (pre)neoplastic lesion development and shortening the time for
HCC emergence compared to juvenile/adult animals. According to the findings of Vesseli-
novitch et al. [42], mice display a progressively lower HCC incidence as the age at DEN
administration increased from neonatal (46–69%) to juvenile/adult mice (9–10%) in a strain-
and dose-dependent manner. However, the fact that the latency time for HCC development
following neonatal DEN administration remains long inspired the use of different types of
promoters (i.e., substances or procedures that enhance tumorigenicity when administered
after a carcinogen) and the establishment of multi-stage protocols. The features of these
combined chemical and/or surgical procedures will be discussed in Sections 2.2.2–2.2.5.
In multiple weekly administrations in mice and rats (Table 2), DEN also acts as a hepato-
toxicant by causing damage and necrosis. These cellular processes trigger a progressive
inflammatory response that may lead to extracellular matrix (ECM) accumulation, leading
to fibrosis or cirrhosis (protocol-dependent) [49,52]. The chronic pro-inflammatory context,
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resulting in elevated levels of hepatomitogen cytokines, may promote clonal expansion of
DEN-initiated hepatocytes by paracrine signaling [62], increasing the burden of neoplastic
lesions in a shorter time (100% of animals at 20–24 weeks post-initiation) (Table 2), an effect
similarly obtained by using 2-stage protocols with fibrogenic promoters, such as carbon
tetrachloride (CCl4) and thioacetamide (TAA) [49,52,53].

Concerning the early molecular alterations caused by non-fibrogenic and subnecro-
genic DEN administration in the liver, Watanabe et al. [63] revealed some biologically
relevant mRNA networks both 4h and 28 days post-initiation in mice. Most of these genes
showed a dose-dependent increase after 4 h, but not after 28 days. At both time points,
genes were associated with cancer (i.e., Fos, Jun, and Myc oncogenes), cell cycle arrest,
and cell death (i.e., Bax, Cdkn1a, CCng1, and Gadd45) gene expression. Sequentially, the
first and smallest morphologically recognizable lesion in chemically induced models of
hepatocarcinogenesis in rodents are the preneoplastic foci, also called altered hepatocyte
foci, AHF. In general, foci present clear phenotypical variations and are usually classified
as basophilic, eosinophilic, or clear cell foci according to the tinctorial characteristic of most
hepatocytes in Hematoxylin and Eosin (HE)-stained sections [55]. These phenotypes seem
not to occur at random, considering that the cell lineages that originate from these lesions
are theorized to undergo a “metabolic turnover”. At first, DEN increases insulin growth
factor 2 (IGF-2) levels, and IGF-2 downstream signaling decreases glucose-6-phosphatase
(G6Pase) activity, promoting the emergence of glycogen storage phenotypes (eosinophilic
and clear cell). The strong eosinophilia may result from the enhanced smooth endoplasmic
reticulum (ER), peroxisome, or mitochondria. IGF signaling also promotes the Ras/Raf
mitogen-activated signaling cascade, enhancing cell proliferation. Progressively, foci shift
from anabolic to catabolic glucose metabolism to fuel cell proliferation, giving rise to the
basophilic phenotype [64–66]. Along with the deregulated energetics hallmark, some AHF
display Hras (10% of G6Pase-negative foci) and Braf (80–90%) oncogene mutations, which
may provide a proliferative and growth advantage to these foci as late-stage neoplastic
lesions also display these molecular alterations in higher frequency [67,68] (Figure 1). In
this respect, Braf mutations are proposed to induce ERK1/Akt hyperphosphorylation
and the induction of pro-survival/pro-proliferative complement component C5/C5a in
basophilic foci [68] (Figure 1). For these reasons, AHF are generally considered putative
preneoplastic lesions in chemically induced models, although the importance of morpho-
logically similar lesions (glycogen-storing foci and small-cell change) is not completely
understood in human hepatocarcinogenesis [65]. The molecular events that explain the
stepwise progression of AHF to HCC are not fully unveiled, but recent findings indicate
that some hepatocytes of DEN-induced AHF presenting oncogenic dephosphorylation
of CCAAT/enhancer-binding protein alpha (C/EBPα) acquire a “stemness” feature, be-
ing classified as potential tumor-initiating hepatocyte (PTIH) [69]. Similar events were
also described in the early and late stages of aggressive human HCC, suggesting that the
preneoplastic foci with PTIHs are the origin of mouse HCC [69] (Figure 1).

In medium-term post-initiation timepoints (22–24 weeks), DEN has minimal effect
on global miRNA expression and methylation profile in the liver, as only 8 miRNAs were
upregulated and global/gene-specific methylation remained unaltered [70,71] (Figure 1).
In more advanced stages, in a recent genome-wide investigation of stochastic point muta-
tions, a high burden of potential coding alterations was observed in tumors (benign and
malignant) harvested at 24–40 weeks post DEN initiation in C3H mice [38]. More than
80% of DEN-induced tumors had an activating hotspot mutation in either Hras or Braf,
and around 20% of samples carried an activating mutation in Egfr. In addition, truncat-
ing mutations of gene suppressor Apc were exclusive to HCCs (21%). These alterations
were considered putative oncogenic drivers of HCC in the DEN-induced model, as they
may lead to the constitutive activation of Ras/Raf/MEK/ERK and Wnt/β-catenin sig-
naling pathways, deregulating cell proliferation, growth, and survival processes. The
downregulation of tumor suppressor miR-144–3p, as observed in human HCC, may also
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be accounted for Ras/Raf/MEK/ERK pathway activation in DEN-induced HCC as this
miRNA downregulates Egfr [72] (Figure 1).

Figure 1. General depiction of the main molecular alterations and functional hallmarks involved in the development of
preneoplastic (foci) and neoplastic (adenomas and carcinomas) lesions in widely-applied chemically induced models in
mice. Strain-related and protocol-related variations should be considered. At late stages, molecular alterations are usually
screened in a pool of neoplastic alterations, not considering if they are benign or malignant. CCl4: carbon tetrachloride;
DEN: diethylnitrosamine; PB: phenobarbital. The figure was composed with the aid of illustrations from the SMART-servier
Medical Art available at https://smart.servier.com/ (accessed on 15 January 2021).

It is noteworthy that, as the occurrence of some mutations increased from benign to
malignant tumors, also considering that some HCCs had a “nodule-in-nodule” morpholog-
ical appearance at late stages, it has been hypothesized that the stepwise progression from
benign tumors to HCC, similarly to the corresponding human disease. Another mutational
profile also addressed activating Braf mutations in 89% of DEN-induced tumors carrying
the V637E substitution, equivalent to the human V600E BRAF mutation. Of note, activating
mutations in Pik3ca and inactivating mutations in the tumor suppressor Pten (PIK3CA
inhibitor), involved in cell growth and angiogenesis, were also observed in 16% of tumors.
Although common in the corresponding human disease, Tp53, Tert, and Ctnnb1 mutations
were not observed. Concerning the Wnt/β-catenin pathway, 5% of tumors displayed
inactivating mutations in the tumor suppressor Axin1 gene [73]. The transcriptomic pro-
file of DEN-induced tumors sampled 44 weeks post-initiation (benign/malignant) also
evidenced differential expressions of fetal/neonatal genes, such as Tff3, Akr1c18, Gpc3,
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Afp, and Abcd2, which are involved in robust physiological proliferative responses of
undifferentiated cells [74]. Compared to the other 9 genetically engineered mouse mod-
els, DEN-induced tumors in mice showed markedly lower expression of Cd86, which
is an immune-checkpoint stimulator, a feature predictive of poor prognosis concerning
immunotherapy strategies [75] (Figure 1). Of note, comparative analysis revealed that the
transcriptomic profile of DEN-induced HCC is similar to the poorer survival group of
human HCCs [76].

Ultimately, regarding the molecular alterations observed in models of multiple necro-
genic DEN administrations, Liu et al. [77] characterized gene expression profiles in rats
during the progression from liver cirrhosis to malignant lesions, also comprising adenomas,
early and late HCCs. Compared to the cirrhotic stage, transcriptomic changes in late
HCCs were increased by 32–46%, as 999 and 906 mRNAs were up- and downregulated,
respectively. Interestingly, all stages shared 349 upregulated and 345 downregulated genes,
which were mainly associated with fat metabolism (Scd2, Fap4, and Fabp5, upregulated),
oxidative stress (Akr1b7, Akr1b8, and Aldh3a1, upregulated), anti-oxidant defense (many
members of glutathione axis, as Gstm3), ECM synthesis (Itga6, Lamc1, Col1a1, and Spp1),
cell growth, proliferation and migration (upregulation of many annexin isoform-coding
genes, such as Anxa1, Anxa2, Anxa3, Anxa5, and Anxa7).

As further presented (Sections 2.2.2–2.2.8), there is a myriad of protocols applied
in chemical-induced models (e.g., different chemical compounds, doses, frequencies of
administration, etc.), and rat/mouse strains used (less or more susceptible), resulting in a
clear methodological heterogeneity, and in the absence of a standard model. In general,
regardless of the chemically induced protocol chosen, the models depicted in Section 2.2,
mainly those induced by DEN, have been widely applied for the screening of predisposing
and chemopreventive agents [57,78–83].

2.2.2. Carbon Tetrachloride (CCl4)

In chemically induced rodent models, another widely applied xenobiotic is CCl4 (Pub-
Chem CID:5943). This haloalkane, which is usually administered in multiple intragastrical
or intraperitoneal doses, is considered a promoter in 2-stage hepatocarcinogenesis models
after DEN initiation (Table 2). CCl4 is metabolized in the hepatocytes by CYP2E1 to form
the highly reactive oxygen trichloromethyl (*CCl3) and trichloromethyl peroxyl (*OOCCl3)
radicals that promote lipid/protein damage and hepatocyte death, triggering an inflam-
matory response [84]. Oxidative stress, cell death, and inflammatory mediators are the
stimuli for hepatic stellate cell (HSC) activation and collagen synthesis, ultimately leading
to liver fibrosis and cirrhosis (a scenario that is absent in models using single or some
DEN administrations) [5,85]. The establishment of a CCl4-induced pro-inflammatory and
pro-fibrogenic background is thought to promote the clonal expansion of DEN-initiated
hepatocytes, increasing the incidence of adenomas and HCC by 87.5% and 50%, respec-
tively, compared to mice receiving only DEN at 22 weeks post-initiation [48]. A similar
increase in neoplastic lesion burden is also observed in rats, suggesting a CCl4-mediated
acceleration of HCC development [56,86] (Table 2).

Although Braf mutations are dependent on the genotoxic mechanism of DEN, which
is absent in the CCl4 regimen, Yamamoto et al. [68] showed that these alterations are
maintained in (pre)neoplastic lesions induced by the DEN/CCl4 protocol, suggesting
the potential importance of this oncogene in tumors arising in a fibrotic context as well
(Figure 1). Different from models using initiating non-fibrogenic DEN protocols, epi-
genetic alterations are key events in DEN/CCl4-induced models of fibrosis-associated
hepatocarcinogenesis. In this scenario, adenomas and carcinomas feature global DNA
hypomethylation and decreased histone 3 lysine 9 trimethylation (H3K9me3), which are
indicators of genomic instability. Furthermore, HCCs present promoter hypermethylation
and functional downregulation of tumor suppressor Riz1, which was associated with accel-
erated tumor burden. Some of these alterations were also observed in the fibrotic tissue
surrounding the lesions while absent in non-fibrotic tissue in DEN-initiated animals [70]
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(Figure 1). In medium-term post-initiation timepoints (22 weeks), the DEN/CCl4 protocol
led to a distinct profile of 25 upregulated oncogenic and pro-fibrotic miRNAs, which are
associated with proliferation, apoptosis, inflammation, and fibrosis functional networks,
and thus also correlated with the increased neoplastic lesion burden [71] (Figure 1). Tumors
arising from the CCl4-induced fibrotic background also showed deregulated expression
of oncofetal genes, such as the upregulation of H19, Igf2, Cbr3, and Krt20 compared to
DEN-induced tumors (Figure 1). In particular, continuous activation of the IGF-2-mediated
axis in both tumors and surrounding fibrotic parenchyma, which is only observed in the
early stages of mice submitted to the DEN protocol, mediates excessive hepatocyte prolifer-
ative stimuli following CCl4-induced chronic liver injury, which could contribute to the
increased (pre)neoplastic lesion burden [66,74]. Even though CCl4 is routinely applied as a
promoter by establishing necrogenic, inflammatory, and fibrotic responses, some protocols
use this haloalkane as a complete carcinogen, as some hepatocytes are initiated by adduct
formation between *CCl3 radical and DNA while presenting decreased neoplastic lesion
burden compared to DEN and DEN/CCl4 protocols (Table 2) [48,74,84].

2.2.3. Thioacetamide (TAA)

TAA (PubChem CID 2723949) multiple i.p. injections or medium-long term admin-
istration in drinking water mimics chronic liver damage, fueling the development of
DEN-induced (pre)neoplastic liver lesions in an inflammatory scenario in rodents (Table 2).
TAA undergoes metabolic activation by CYP2E1 in the liver, generating S-oxide (TASO) and
S, S-dioxide (TASO(2)) reactive compounds that sequentially exert amine lipids, protein
damage, cell death, inflammatory response, HSC activation, excessive ECM synthesis, and
fibrosis/cirrhosis in a protocol-dependent manner [87]. Most of the relevant histopatholog-
ical and mechanistic data on DEN/TAA-induced hepatocarcinogenesis is derived from rat
models. In short- and medium-term experiments, the screening of glutathione-S-transferase
pi (GST-P)-positive foci by immunohistochemistry, which is not detected in normal liver,
is widely applied and well-accepted in rat models. Placental GST-P is a long applied
and accurate marker for the identification of putative preneoplastic lesions, as classical
findings demonstrated that known hepatocarcinogens and hepatopromoters enhance the
induction of GST-P+ foci, while non-hepatocarcinogens and non-hepatopromoters do not.
In addition, late-stage neoplastic lesions, as liver adenomas and carcinomas, feature in-
creased GST-P expression as well [88,89]. Noteworthy, TAA administration after single
DEN administration increased the number and liver area occupied by GST-P+ foci by 5-
and 10-fold compared to animals that were only initiated by DEN [90].

In the early stages of hepatocarcinogenesis, TAA promotion deregulated the expres-
sion of many G1/S and G2/M proteins, of which expression either increased or decreased,
contributing to the clonal expansion of hepatocytes populations featuring checkpoint dis-
ruption and genomic instability in GST-P+ foci (Figure 2). Epigenetic alterations may be
involved in these TAA-induced promoting mechanisms, such as the exon 2 of Cdkn2a
featured hypermethylation, which was not found in animals submitted only to DEN initia-
tion [90,91]. These early cell cycle alterations in GST-P+ foci may contribute to neoplastic
lesion emergence since 50% of DEN/TAA-induced poorly differentiated HCCs display
hypermethylation of exon 1 of Cdkn2a (Figure 2). The degradation (hyperphosphorylation)
of tumor suppressor Retinoblastoma protein (pRb) (Figure 2), which has a pivotal role in the
negative control of the cell cycle, is progressively increased in DEN/TAA-induced liver ade-
nomas and carcinomas, while absent in early fibrotic stages [58]. More recently, Mizukami
et al. [92] showed that TAA promotion might decrease the expression of TMEM70 and
UBE2E2, involved in oxidative phosphorylation and cell cycling, in GST-P+ lesions by hy-
permethylation (Figure 2). Findings indicated that these alterations were acquired in early
preneoplastic (foci) and increased in late neoplastic stages (adenomas and carcinomas) [92].
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Figure 2. General depiction of the main molecular alterations and functional hallmarks involved in the development of
preneoplastic (foci) and neoplastic (adenomas and carcinomas) lesions in widely-applied chemically induced models in
rats. Strain-related and protocol-related variations should be considered. At late stages, molecular alterations are usually
screened in a pool of neoplastic alterations, not considering if they are benign or malignant. 2-AAF: 2-acetylaminefluorene;
DEN: diethylnitrosamine; PH: partial hepatectomy; TAA: thioacetamide. The figure was composed with the aid of illustra-
tions from the SMART-servier Medical Art available at https://smart.servier.com/ (accessed on 15 January 2021).

Deregulation of the antioxidant axis, leading to increased oxidative stress, is also
proposed to have key roles during DEN/TAA-induced hepatocarcinogenesis in rats [57].
Repeated administration of TAA depletes different anti-oxidant systems, decreasing total
glutathione content and mRNA/activity of catalase, glutathione-S-transferase, and glu-
tathione peroxidase [57,93]. Interestingly, the upregulation of Anxa2 was also seen in the
liver of DEN/TAA-induced cirrhosis/hepatocarcinogenesis at 26 weeks post-initiation [57]
(Figure 2). A hierarchical cluster analysis revealed that neoplastic lesions arising from
both CCl4-induced and TAA-induced cirrhotic backgrounds in mice had similar mRNA
expression profiles, sharing the selective activation of the IGF-2 pathway in comparison
to the tumors that emerged from the non-cirrhotic scenario [74]. Like CCl4, repeated
treatment with TAA is proposed to have initiating potential, while not as pronounced as
DEN, as many DNA damage-inducible genes are upregulated, and (pre)neoplastic lesions
(protocol-dependent) are observed in response to different TAA regimens in both rats and
mice [74,94].

2.2.4. Phenobarbital (PB)

Phenobarbital (PubChem CID 4763) has been used for several decades as a promoter of
2-stage hepatocarcinogenesis models in rats and mice [41,45,50,95–97]. This non-genotoxic
barbiturate is usually given in low doses in drinking water or diet after the administration
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of an initiating carcinogen like DEN (Table 2). In contrast to multiple DEN administration
and CCl4 or TAA regimens, PB promotion leads to a non-fibrogenic hepatic event. While the
mechanisms regarding PB-related promotion are not fully elucidated, the hepatic context
of PB administration positively selects hepatocytes harboring the activating mutations
of the Ctnnb1 gene, which lead to activation of Wnt/β-catenin signaling in about 80% of
neoplastic lesions [98] (Figure 1). Moreover, most preneoplastic foci and neoplastic lesions
induced by DEN/PB protocol present strong eosinophilia, whereas the common DEN-
induced basophilic AHF is not as frequent [99]. For this reason, some authors denominate
PB as a “tumor selector” or “selective promoter” rather than a classical promoter [100],
considering that Hras mutations, which are frequent in DEN-induced tumors, are infrequent
in DEN/PB-induced tumors. Moreover, Ctnnb1 mutations are absent in protocols using
only DEN as tumor initiator [38,100].

PB administration induces CYP450 enzymes, increasing the metabolic capacity of
hepatocytes, which could increase the bio-activation of hepatotoxic drugs, thus enhancing
their genotoxic/cytotoxic effects [101]. Some 2-stage rat protocols apply 1-week-long
0.05% PB interventions after DEN initiation and preceding promoter administrations,
such as TAA (Table 2) [58]. It is suggested that the activation of the nuclear constitutive
active/androstane receptor (CAR), which is involved in the induction of CYP450 enzymes,
is essential for liver tumor promotion by PB in mice since CAR knockout (KO) mice led to
the absence of (pre)neoplastic lesions in DEN/PB-induced protocol [102]. Furthermore,
the sex-dependent interplay between CAR and β-catenin, being pronounced in male
mice, may regulate enzyme induction and hepatocyte proliferation [103], which could
explain the outgrowth of HCC with predominant eosinophilic phenotype and activated
β-catenin signaling. More recently, Aleksic et al. [37] found that chromosomal instability
may precede the outgrowth of Ctnnb-mutated hepatocytes. At early tumorigenesis stages,
29% of neoplastic alterations had chromosomal gains and/or losses, which increased
in late stages, as 92% of tumors harbored these alterations. Among those, the loss of
distal chromosome 4q, including the tumor suppressors Runx3 and Nr0b2/Shp, was an
early and persistent event during DEN/PB-induced hepatocarcinogenesis (Figure 1). In
contrast, Ctnnb occurred at high frequency only at late stages. In addition, PB and other
chemicals have been shown to block gap junctional intercellular communication (GJIC)
to exert their promotional activity. Although all mechanisms are not fully understood,
Moennikes et al. [104] demonstrated that functional connexin 32 (Cx32) is required for
tumor promotion by PB, considering that Cx32 null mice did not feature marked increases
in size, volume, and/or the number of (pre)neoplastic lesions in response to PB promotion
compared to Cx32 wild-type mice. In contrast, Cx26 KO mice have only minor effects on
DEN/PB-induced mouse hepatocarcinogenesis [105].

Regarding the protocols (Table 2), PB administration after different DEN initiation pro-
tocols leads to 3–5-fold and 4–6-fold increases in the number of GST-P+ preneoplastic foci
and HCCs in different rat strains in a concentration-dependent and time-dependent man-
ner, respectively, compared to DEN counterparts [50,97]. The PB promotion effects in mice
depend on the timing of DEN initiation. When given to mice submitted to DEN initiation at
2 weeks of age, PB did not alter (C3H/HeJ) or paradoxically attenuated tumorigenesis some
mice strains, including C57BL/6J and B6C3F1, a crossbreed of C3H/HeJ and C57BL/6,
whereas promoted in other strains, in particular, BALB/c and CD1 [45,47,95,106,107].
While apparently strain-dependent and not deeply investigated, some authors hypothe-
sized a “feminizing” effect of early PB administration [95,106], also considering the key
effects of sex hormones on hepatocarcinogenesis (see Section 2.2.7). Nonetheless, when
4–6 weeks-old mice are initiated with DEN and subsequently submitted to PB exposure
(Table 2), the incidence of adenomas and carcinomas increases by 50–90% and 60–100%
in a time-dependent and strain-dependent manner compared to animals that only re-
ceived DEN, indicating marked tumorigenesis promotion [41]. DBA/2, C3H/He, and
BALB/c mice showed increased sensibility to PB promotion, while C57BL/6 mice were
rather refractory [41,108]. The results were partly attributed to the potential inter-strain
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differences on (1) PB metabolism, as PB serum levels were increased in DBA/2 and com-
pared to C57BL/6 [41], and (2) PB-induced deregulation of the methylation status of key
driver genes, as B6C3F1 is less capable of maintaining methylation balance compared to
the C57BL/6 strain [109]. DNA methyltransferase genes (Dnmt1, Dnmt3a, and Dnmt3b)
are downregulated in B6C3F1 mice [110] (Figure 1). The enzymes coded by these genes
possess CAR response elements (CAREs), reinforcing PB as a CAR agonist. The mul-
tiple subsequent genomic events resulting from the deregulation of methylation status
may be involved in tumorigenesis in this strain, such as hypomethylated Hras and raf
upregulation (Figure 1) and alterations other genes involved in cell cycle, apoptosis, angio-
genesis, invasion/metastasis [109–111]. The several hepatocarcinogenesis-related suscepti-
bility/resistance loci mapped in these strains may also contribute to the aforementioned
differences in response to PB promotion [112] (see Section 2.2.8)

2.2.5. Resistant Hepatocyte Model

One of the most applied models for the study of multistage chemical hepatocarcino-
genesis is the Solt-Farber model in rats, which is also known as the “resistant hepatocyte
(RH) model” [113,114]. In general, the RH model relies on a chemically induced genotoxic
insult as an initiator followed by a regenerative response under a chemically induced selec-
tive pressure [115]. While several other chemicals were employed in the 1980s [114,115], the
initiation protocol is usually accomplished by a single DEN dose followed by a short-term
intragastrical or dietary administration of 2-acetylaminofluorene (2-AAF, PubChem CID:
5897) [113,116]. Under the 2-AAF regimen, rats are subsequently submitted to 70% partial
hepatectomy (PH), which was introduced by Higgins and Anderson [117] to induce liver
regeneration. 2-AAF administration exerts a mito-inhibitory selective property, thus block-
ing the proliferation of non-initiated hepatocytes and stimulating the DEN-initiated cells
that are “resistant” to 2-AAF toxicity. Under the influence of the PH-induced proliferative
stimulus, the selective expansion of these initiated hepatocytes results in preneoplastic foci
and hyperplastic nodules, some of which may progress into HCC [113,114]. The model
was first established in the susceptible Fisher-344 rat strain and later adapted to other rat
strains, including the intermediate susceptible Wistar strain [118]. As the main outcomes
of this protocol (Table 2), enzyme-altered preneoplastic lesions featuring an elevated ex-
pression of gamma-glutamyltranspeptidase (y-GT) and GST-P, visible primary HCCs and
few metastatic tumors are observed in short- or medium-term studies [114,116,119]. About
95–98% of these enzyme-altered foci/nodules are proposed to suffer spontaneous remodel-
ing to normal-appearing hepatocytes, called “remodeling lesions”. On the other hand, only
a small portion may progress to HCC, denominated as “persistent lesions”. These lesions
display differences regarding key molecular pathways that could direct their progression.
Persistent GST-P-positive lesions have increased proliferative indexes, p53 accumulation,
increased anti-apoptotic Bcl-2 staining, and enhanced p65 immunostaining compared to
the remodeling ones, which showed increased apoptotic indexes [120] (Figure 2).

Moreover, the stem/progenitor cell origin of HCC has been proposed in this model [121,122].
In rodents, so-called oval cells, small periportal ductular-like progenitor cells that give
rise to hepatocyte and bile ductular cell populations, are often observed during the early
hepatocarcinogenesis stages in the RH model. The oval cells have been suggested to present
natural resistance to mito-inhibitory chemicals and may originate hepatic tumors under
the regenerative stimulus. Additionally, HCCs that arise in the RH rat model have shown
similar immune–expression of oval cells markers, such as keratin (K)7, K19, and Ov6,
indicating its possible progenitor cell derivation [121–123]. Perra et al. [124] have shown
the involvement of the Hippo signaling pathway member YAP during the early stages of
hepatocarcinogenesis in the RH model. This key transcriptional co-activator was found
to be overexpressed at the translational level in both early and late hepatocarcinogenesis
stages (Figure 2). In parallel, YAP target genes were also upregulated in preneoplastic foci
and in oval cells. Moreover, the experimental disruption of YAP-related transcriptional
complexes significantly reduced preneoplastic foci development and oval cell proliferation
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in rats, indicating the involvement of YAP in liver tumorigenesis. The overexpression of
YAP in the early stages was associated with the downregulation of the β-TRCP E3 ligase
and miR-375, known to negatively regulate this protein [124] (Figure 2). Of note, enhanced
YAP expression was also featured in early human dysplastic nodules and adenomas [124]
(Figure 2). Petrelli et al. [125] investigated the involvement of miRNA-gene interactions
during the early stages of HR-induced liver carcinogenesis. Noteworthy, 80–85% of the
most upregulated/downregulated genes in rat HCC were already altered in early K19-
positive preneoplastic nodules. Among the deregulated networks, the activation of the
nuclear factor erythroid-related factor 2 (NRF2) pathway and upregulation of the miR-200
family were described in K19-positive nodules. Reinforcing the translational value of the
RH model, 78% and 57% of differentially expressed genes and miRNAs in rat HCC have
been previously associated with human HCC, respectively. NRF2 pathway upregulation
is indeed involved in early Nrf2/Keap1 mutations, which are observed in 71% of early
preneoplastic lesions, in 59.3–78.6% of HCCs, and in 50% of lung metastases of HCC-
bearing rats (Figure 2). Although the role of NRF2 as a tumor suppressor or oncogene
is still controversial, data suggest an oncogenic role of this transcription factor as it may
contribute to the clonal expansion of preneoplastic hepatocytes to HCC. Unlike human
hepatocarcinogenesis, β-catenin gene mutations do not occur in the early stages of the RH
model, and only in 18.5% of HCCs [126] (Figure 2).

2.2.6. Aflatoxin B1

Dietary intervention with low concentrations of aflatoxin B1 (AFB1, PubChem CID:
186907), its metabolites (aflatoxicol), or other aflatoxins (such as G1) has been extensively
tested in rodent bioassays for hepatic carcinogenicity [127–130]. Although AFB1 is classified
as a group 1 human carcinogen [28], and the consumption of improperly stored aflatoxin-
contaminated food is widespread in the world, the identification of human aflatoxin-
associated HCC cases is difficult, considering the unclear history of exposure [131]. One of
the main molecular alterations caused in humans by AFB1 exposure is the point mutation
(G to T) at codon 249 in the TP53 tumor suppressor gene [132]. However, site-specific
mutations within the comparable codon in the Tp53 gene are not frequent in AFB1-induced
liver (pre)neoplastic lesions in rats [108,133]. In rodents, the early AFB1-related hep-
atocarcinogenic mechanisms may be associated with increased lipid peroxidation and
inflammation, and impaired anti-oxidant response that may contribute to cell injury, DNA
damage, and preneoplastic foci growth [134,135]. In AFB1-induced HCC, the transcrip-
tomic analysis revealed that AFB1 accounts for extensive deregulation in the expression of
both protein-coding genes and long non-coding RNAs (lncRNAs). Some AFB1-deregulated
lncRNAs clusters were associated with modification of apoptosis-, cell cycle-, response
to DNA damage stimulus-, and Wnt receptor signaling pathway-related protein-coding
genes. Apoptosis is proposed to contribute to AFB1-induced hepatic carcinogenesis since
anti-apoptotic (Bcl2, Mapk8, and Nfkb1) and pro-apoptotic genes (Casp1, Il4, and Mpo) were
upregulated in the HCC samples [136].

2.2.7. Miscellaneous Chemicals

Many other chemicals, including benzo(a)pyrene (BaP, PubChem CID: 2336), N-
methyl-N-nitrosourea (MNU, PubChem CID 114836), and 1,2-dimethylhydrazine (1,2-
DMH, PubChem CID: 1322), have been applied in classical bio-assays as initiator chemicals
for the induction of enzyme-altered foci and tumors. Considering that these substances
are not as efficient in inducing hepatic preneoplastic and/or neoplastic lesions compared
to DEN-only protocols, they are usually combined with a chemically induced and/or
surgically-induced cell proliferative promoting stimulus [59,137,138]. In a classical colon
carcinogenesis bioassay, 1,2-DMH administration in Wistar rats led to increased oxidative
stress, impaired anti-oxidant defense, upregulation of pro-apoptotic genes, and the devel-
opment of few GST-P-positive foci in the liver 24 weeks after the carcinogen regimen [139].
In addition to the role of this hydrazine as an initiator, 1,2-DMH administration was pro-
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posed to promote a DEN-initiated bioassay by inducing CYP2E1, enhancing DNA adduct
formation in the liver, and increasing the number of GST-P-positive foci [140].

2.2.8. Impact of Genetic Background and Sex

There is a spectrum of paradigms involving mice-specific susceptibility to hepato-
carcinogenesis models, not only including the chemically induced bioassays but also the
genetically modified ones [112,141] since different mice strains serve as backgrounds for
the latter. In this respect, intrinsic genetic factors may contribute to the previously men-
tioned responses to chemical initiators and promoters. Several quantitative trait loci of
susceptibility (Hcs) or resistance (Hcr) have been mapped using recombinant congenic and
inbred consomic strains. The greater liver cancer predisposition of the C3H/HeJ compared
to C57BL/6J strain is mainly attributed to hepatocarcinogen sensitivity 7 (Hcs7) loci found
in chromosome 1 [142]. The Hcs7C3H allele was sufficient to confer susceptible traits to the
C57BL/6 strain. Hcs7 may promote hepatocyte growth and proliferation in both normal
and preneoplastic hepatocytes, apparently without affecting carcinogen metabolism and
subsequent adduct formation [143,144]. Interestingly, Hcs7 encodes transcription factors,
regulators of G-protein signaling, a member of the TNF ligand superfamily, and a receptor
tyrosine kinase [142]. Other similar studies mapped many sensitivity loci in the C3H/He
strain, whereas resistance loci were identified in both C57BL/6 and BALB/c strains, some
of them carrying proto-oncogenes (such as c-jun and L-myc) [145–149]. In general, these
genetic features may explain the fact that C3H/HeJ mice spontaneously develop HCC in a
long-time latency, while incidence is low in crossbred C3B6F1 animals and extremely rare in
C57BL/6 males [38]. The crossbred C3B6F1 strain, considered of intermediate susceptibility,
is the default mouse strain for the National Toxicology Program. In rats, Hcs and Hcr loci
were also identified in backcrosses and intercrosses experiments performed in susceptible
F344 rats and resistant Brown Norway (BN) and Copenhagen (Cop) rats [150,151]. More-
over, in DHN strain, which is originated by inbreeding of Donryu colony, the Drh2 cluster
located in rat chromosome 4 was closely associated by mapping analysis to suppression of
(pre)neoplastic lesions during chemically induced hepatocarcinogenesis, controlling the
expansion of GST-P positive foci and the emergence of HCC [152,153]. A general depiction
of the main Hcs and Hcr loci in widely-applied mouse strains can be found in Figure 3.

Figure 3. General depiction of some loci potentially involved in hepatocarcinogenesis susceptibility in widely-applied inbred
and crossbred mouse strains. Hcs: Hepatocarcinogen susceptibility locus; Hcr: Hepatocarcinogen resistance locus. The figure
was composed with the aid of illustrations from the SMART-servier Medical Art available at https://smart.servier.com/
(accessed on 15 January 2021).

One of the main advantages of using chemically induced models of hepatocarcino-
genesis is the sex disparity feature reflecting the corresponding human disease. In men,
both incidence and mortality rates for HCC are 2.8-fold higher compared to women [1]. In
DEN-initiated models in mice, in particular when using CCl4 or PB as promoters, females
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develop HCC at a later age and with a lower incidence/multiplicity in comparison to
males, in a strain-dependent, dose-dependent, and timepoint-dependent manner [42,55,62].
The roles of sex hormones on hepatocarcinogenesis are not fully understood in both human
and animal models. It is reported that 17β-estradiol (E2) exerts an anti-inflammatory effect
by inhibiting the nuclear transportation of the p65 subunit of NF-κB in macrophages (RAW
264.7), also reducing NF-κB-related DNA-responsive elements [154]. Heterotopic-engrafted
ovariectomized/castrated BALB/c mice treated with E2 featured reduced volume of tu-
mors by suppressing the alternative activation of tumor-associated macrophages into a
pro-inflammatory profile in an IL-4-Jak1-Stat6-dependent mechanism [155]. In accordance
with these findings, estrogen-related receptor-α (ERR-α) KO mice enhanced DEN-induced
hepatocarcinogenesis in a neonatal mice model, increasing the incidence (100 and 25%,
respectively) and multiplicity (~7 and ~2 tumor/liver, respectively) of tumors, in compar-
ison to wild-type mice, attesting that ERR-α KO mice are susceptible to HCC initiation
and progression. In addition, KO-ERR-α mice display increased nuclear recruitment of
p65 subunit, increased level of DNA synthesis, and necrosis occurrence, suggesting a
cytokine-driven compensatory proliferation mechanism that promotes hepatocarcinogen-
esis progression [156]. Thus, E2 is suggested to be one of the mechanisms responsible
for the sex disparities observed in epidemiological and in vivo experimental model data,
attenuating the HCC progression. Although the genetic basis of female resistance for
hepatocarcinogenesis is not fully unveiled, the introgression of Hcs4 from BN rats in
F344 background revealed that this locus of chromosome 16 may display resistance genes
regulated by sex hormones. The gonadectomy of congenic F344.BN-Hcs4 rats during
the establishment of resistant hepatocyte increased the development of (pre)neoplastic
lesions in females while decreasing in males. In keeping with these findings, the admin-
istration of testosterone to gonadectomized F344.BN-Hcs4 females resulted in enhanced
(pre)neoplastic lesion burden, similarly to parental F344 males, whereas the administration
of E2 to gonadectomized F344.BN-Hcs4 males decreased (pre)neoplastic lesion emergence,
relatable to parental BN females. These effects were accompanied by functional receptor
modulation, in special ERR-α, indicating the potential modulation of sex hormone-sensitive
gene (s) in this chromosome [151].

It is also suggested that androgens might be responsible for the sex disparities ob-
served in humans and in vivo experimental models. The androgens exert their bioactive
function by interacting with androgen receptors (AR), which then act as a transcription
factor and induce the expression of key molecules associated with hepatocarcinogene-
sis [157]. However, it is still uncertain whether androgens and/or AR were responsible
for inducing the HCC progression. Accordingly, it is observed that nuclear AR is overex-
pressed in ~33% of HCC samples when compared to noncancerous liver tissues (~2-fold),
correlating to the poorer overall survival of patients and prognostic [158]. Additionally, it
is observed that both male and female KO-AR (total or liver-specific) mice submitted to
a DEN-induced hepatocarcinogenesis model featured similar serum testosterone levels,
in addition to a longer latency period, with reduced incidence and size of tumors, when
compared to male, female and littermates wild-type mice. This data suggest that AR
rather than testosterone promotes HCC progression by modulating the oxidative-apoptotic
axis [159]. Therefore, the sexual disparities observed in epidemiological and reflected
in vivo experimental model is mainly related to the mechanisms of the E2 and AR by
modulating the inflammatory-oxidant axis that turns the hepatic milieu susceptible to
HCC emergence.

2.3. Diet-Induced Rodent Models
2.3.1. NAFLD-Associated HCC Models

In the last decade, a variety of suitable preclinical models mimicking NAFLD/NASH-
driven HCC have been developed. As reviewed by Febbraio et al. [160], although none of
the available models fully reproduce the broad range of complex events of NAFLD/NASH
pathogenesis, presenting discrepancies in the presence/absence of obesity, insulin resis-
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tance, inflammation/ER stress, and NASH, most mechanistic data on NAFLD-associated
hepatocarcinogenesis are derived from these mouse models (Figure 4A). In general, these
bioassays are classified into (1) diet-induced, (2) chemically induced, and (3) genetically
modified models, and (4) “hybrid” models combining these 3 interventions (Table 3). There
is a great diversity of dietary ad libitum intervention models available in the literature,
mostly displaying high sugar and/or fat contents. In general, diet-only interventions
require a long period of latency, also presenting a highly variable tumor incidence, multi-
plicity, and size (Table 3). Despite this disadvantage, neoplastic lesions arise as part of the
natural disease progression and do not require induction by a chemical carcinogen. In these
models, the C57BL/6J strain is widely chosen because of its predisposition to developing
insulin resistance and obesity [161]. More recently, Asgharpour et al. [162] showed that
B6/129 mice, which are derived from a C57BL/6J and 129S1/SvImJ background, are more
insulin-resistant, NASH-prone, and HCC-prone compared to their parental strains. In
NASH-driven HCC in B6/129 mice, the transcriptomic analysis revealed the activation of
both metabolic and oncogenic pathways, including nitrogen and amino acid metabolism,
oxidative stress signaling, inflammation, cell adhesion, and ECM remodeling. Interest-
ingly, tumors featured the upregulation of the proto-oncogene Mertk, which is a tyrosine
kinase-coding gene involved in proliferation and invasion, and the downregulation of
Ctnnbip1, a negative regulator of the β-catenin pathway. The comparison between the
transcriptomic signatures of human HCC and NASH-driven HCC in B6/129 mice revealed
close similarity to S1/2 subclasses of human HCC, which are characterized by WNT, MYC,
and AKT pathway activation [162,163]. As demonstrated by Dowman et al. [164], some of
these tumors showed nuclear accumulation of β-catenin protein, indicating Wnt pathway
activation in mice as well. In the C57BL/6J strain, NASH-driven HCC featured miRNA
deregulation, including the upregulation of miR-155, -193b, -27a, -31, -99b, -484, -574-3p,
-125a-5p, and -182, and the downregulation of miR-20a, -200c, -93, -340-5p, and -720. Some
of these miRNAs were proposed to have oncogenic or tumor suppressor activities, similar
to the corresponding human disease [165] (Figure 4A).

Figure 4. General depiction of the main molecular alterations and functional hallmarks involved in the development of
neoplastic (adenomas and carcinomas) lesions in NASH-driven (A) or ALD-driven models (B) in mice and rats. NASH:
Non-alcoholic steatohepatitis; ALD: Alcoholic liver disease. The figure was composed with the aid of illustrations from the
SMART-servier Medical Art available at https://smart.servier.com/ (accessd on 15 January 2021).
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Another commonly applied diet-induced bioassay for NAFLD/NASH-driven HCC
modeling is the ad libitum feeding with the toxic choline-deficient high-fat (CDHF)
diet [167]. The CD diet is known to exacerbate HF-induced NASH, as inadequate choline
uptake impairs hepatic lipoprotein secretion and promotes oxidative damage caused by
mitochondrial dysfunction and ER stress. Wolf et al. [167] demonstrated that the CDHF diet
increased the incidence of HF-induced HCC by 10-fold (Table 3), unraveling an interaction
between inflammatory cells (natural killer and CD8+ T lymphocytes) and hepatocytes that
lead to liver damage, canonical NF-kB signaling activation hence promoting NASH-to-HCC
transition (Figure 4A). Although CDHF-induced HCCs showed heterogeneous patterns
of chromosomal aberrations, copy number changes revealed similarity with cryptogenic
HCC in humans. These murine tumors also demonstrated deregulated protein and/or
mRNA expression of many oncogenes, such as p-AKT, p-cJUN, p65, Bcl2, Ctnnb1, Kras,
and Tp53, that also presented missense activating mutations. Interventions with L-amino
acid-defined diets -in combination with the CDHF diet also fuel the HF-driven HCC burden
by enhancing the NASH background [168].

In toxin-based approaches, the so-called Stelic Animal Model (STAM) of NASH-
hepatocarcinogenesis is widely established [170,173,174] (Table 3). Low-dose administra-
tion of streptozotocin (STZ) in the first days of life of a mouse leads to oxidative injury in
pancreatic islets and profound changes in hepatic transcriptomic profile [175,176]. This
alkylating agent established diabetic conditions, usually absent in dietary interventions,
which promote rapid lipogenesis, fatty acid oxidation, hepatocellular injury, and fibro-
sis [170,173]. In combination with the HF diet, STZ-administered mice display a higher
and faster burden of tumors compared to HF diet-only interventions (Table 3), since mice
display at least 4 detectable HCCs, and an average tumor growth rate of 150% from 16 to
20 weeks of age [170]. De Conti et al. [174] further characterized profound deregulation in
miRNA-target networks in this model, including the upregulation of many miRNAs and
the activation of major oncogenic pathways, including TGF-β, Wnt/β-catenin, ERK1/2,
mTOR, and EGF signaling. In particular, E2F1, PTEN, and CDKN1A were directly tar-
geted by the upregulation of miR-106b, miR-93-5p, and miR-25 in NASH-cirrhosis and
full-fledged HCCs stages (Figure 4A). Interestingly, some of these upregulated miRNAs
were also featured in human HCC, and progressive increase of their expression levels
from the NAFLD/NASH (weeks 6–12) to HCC (week 20) stages, eliciting their importance
during disease progression. Among the other toxins applied in association with dietary
interventions (Table 3), CCl4 multiple administrations, in similar protocols as described in
Table 2, are also chosen to increase not only the inflammatory/fibrotic context of NASH
but also the neoplastic lesion burden [85,169].

Concerning NASH-related genetically modified models, the hepatocyte-specific Pten
deficiency results in a fast induction of steatohepatitis, as hepatocytes acquire adipogenic-
like features [171,177]. Given that Pten is also a tumor suppressor gene highly implicated in
hepatocyte homeostasis, Pten null mice also have a high burden of hepatocellular neoplastic
lesions (Table 3) [171]. More recently, Nakagawa et al. [172] developed a model combining
HF diet feeding and MUP-urokinase plasminogen activator (uPA) transgenic mice. These
animals have high levels of uPA, which induces transient ER stress and liver damage,
that is also implicated in human NASH, leading to the development of indistinguishable
NASH-related morphological and molecular hallmarks. Other authors also noticed a
high burden of hepatocellular adenomas and carcinomas (Table 3), evidencing that uPA-
induced ER-stress and HF have synergistic roles on both NASH development and HCC
progression. These events were highly dependent on TNF production by inflammatory liver
macrophages and TNF receptor 1 (TNFR1)-IkB kinase b (IKKb) signaling in hepatocytes.

In general, diet-induced protocols (Section 2.3) usually rely on the administration of
“real-world” methodological approaches (fat, sugar and alcohol intake, as the correspond-
ing human habits) as their main advantage. Moreover, key transcriptomic resemblances
to human HCC are also observed [161,162]. Nonetheless, one should consider the long
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latency time to HCC emergence and highly variable incidence as the main disadvantages
of these bioassays.

2.3.2. ALD-Associated HCC Models

According to IARC, there is sufficient evidence in both humans and experimental
animal models to substantiate the carcinogenicity of ethanol since this toxin is classified in
group 1 [28]. Nonetheless, a very low frequency of neoplastic alterations is observed in
long-term intervention in rats [178]. In mice, a statistical trend was observed in 2-year-long
ethanol intervention in drinking water regarding the incidence of neoplastic lesions, mainly
adenomas [179]. Alcohol is usually applied as a promoting or co-carcinogenic agent in
chemically induced HCC models in drinking water or as a part of liquid diets (Table 4).
Nevertheless, the experimental use of ethanol as a promoter of DEN-initiated models
displays controversial results in rats. The cessation of long-term alcohol administration
after DEN initiation seemed to enhance GST-P+ foci development. However, intermittent
alcohol intake showed to decrease in the number of these preneoplastic lesions. As ethanol
exerts suppressing effects on liver regeneration, the cessation of long-term alcohol insult
may reactivate hepatocyte proliferation, thereby promoting preneoplastic liver develop-
ment [180,181]. As these effects were not evaluated in neoplastic lesions and the exact
mechanisms were not fully evaluated, a model-dependent effect should not be discarded.
Conversely, using the same model, ethanol significantly increased the Ki-67 positivity in
GST-P+ foci and incidence/multiplicity of HCC in Cx32 dominant-negative transgenic rats
but not in wild-type counterparts. In addition, increased nuclear-phosphorylated Erk1/2
and reduced Erk1/2-inhibitor Dusp1 protein and mRNA were only observed in Cx32 trans-
genic rats, suggesting enhancing effects of ethanol on DEN-induced hepatocarcinogenesis
via Cx32 dysfunction, which is commonly observed in human chronic liver disease [182].

Table 4. Summary of the ALD-induced hepatocarcinogenesis protocols in rodents.

Model Procedure
Animal (Species,

Strain, Age)
Timepoints and

Incidence of Lesions
References

Ethanol

Liquid low (1%, w/w) or high (3%,
w/w) ethanol diet for

~100–110 weeks

Juvenile to adult
(6–7 weeks)

Sprague-Dawley rats
(male and female)

Neoplastic lesions: 2%
at weeks ~100–110 (for
both doses and sexes)

[178]

Ethanol in drinking water 2.5% or
5% (v/v) for 104 weeks

Juvenile (4 weeks)
B6C3F1 mice (male)

Neoplastic lesions: 34%
(2.5%) and 52% (5%) at

week 108
Adenomas: 25.5%

(2.5%) and 39.6% (5%)
at week 108

[179]

MeIQx and Ethanol
MeIQx: 200 mg/kg diet for 8 weeks
Ethanol in drinking water 10 or 20%

(v/v) for 16 weeks

Juvenile (3 weeks)
F344/DuCrj rats (male)

Adenomas: ~80% (10%)
or ~100% (20%) at

week 27
Carcinomas: ~20%

(10%) or ~50% (20%) at
week 27

[183]

Resistant
hepatocyte and

Ethanol

DEN: Single i.p. 200 mg/kg b.w.,at
week 6

2-AAF: 200 mg/kg in diet for
3 weeks

PH: at week 9
Ethanol in drinking water 5% (v/v)

for 5 or 15 weeks

Juvenile (4 weeks)
Wistar rats (male)

Preneoplastic foci:
63%–100% at week, 18
44%–100% at week 28 *

Adenomas: 75% at
week 18, 94% at

week 28 *
Carcinomas: 0% at

week 18, 0% at
week 28 *

[184]
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Table 4. Cont.

Model Procedure
Animal (Species,

Strain, Age)
Timepoints and

Incidence of Lesions
References

DEN and Ethanol

DEN: Single i.p. 200 mg/kg b.w., at
week 9

Ethanol in drinking water 5% (v/v)
for 16 weeks

Adult (9 weeks) WT
rats

Adenomas: 8% at
week 25

Carcinomas: 0% at
week 25

[182]
Adult (9 weeks) Cx32

dominant-negative
transgenic rats

Adenomas: 25% at
week 25

Carcinomas: 25% at
week 25

DEN: Single i.p.10 mg/kg b.w., at
week 2

Lieber-Decarli diet (4.9% of ethanol,
v/v) for 16 weeks

Infant (2 weeks)
C57BL/6 mice (male

and female)

Eosinophilic foci: 53%
at week 23

Adenomas: 60% at
week 23 *

Carcinomas: 13% at
week 23 *

[185]

DEN: Single i.p. 1 mg/kg b.w. at
weeks 3–4

Ethanol in drinking water 5% (v/v)
for 3 days, followed by 10% (v/v) for
3 days and 10/20% (v/v) (alternate
days) for 8 weeks, during weeks 16

to 24 or 40 to 48

Juvenile (3–4 weeks)
B6C3 mice (male)

Neoplastic lesions:
97.5% at week 48 * [186]

DEN, Ethanol and
HF

DEN: Single i.p. 25 mg/kg b.w. at
weeks 2

Liquid ethanol diet (gradually
increased from 1% to 2% and 3%
(v/v, throughout 3 weeks), and

maintained at 3.5% (v/v)) for 18 or
24 weeks.

Infant (2 weeks)
C57BL/6 mice (male)

Carcinomas: ~20% at
week 18; ~70% at

week 24
[187]

* not statistically different from DEN-only control mice. 2-AAF: 2-Acetylaminefluorene; ALD: alcoholic liver disease; b.wt.: body
weight; Cx32: connexin 32; i.p.: intraperitoneal. DEN: diethylnitrosamine; MeIQx: 2-amino-3, 8-dimethylimidazo 4,5-f]quinoxaline;
PH: patial hepatectomy.

Ethanol also elevates the abundance of preneoplastic and neoplastic lesions induced
by an RH model in Sprague Dawley rats [184] and the 2-amino-3, 8-dimethylimidazo
[4,5-f] quinoxaline (MeIQx) carcinogen, a relevant heterocyclic amine found in cooked
meat [183,188] (Table 4). In the RH model, a 5% ethanol intervention for 15 weeks enhanced
the size and area occupied by GST-P+ preneoplastic foci and the multiplicity of neoplastic
lesions while not significantly altering their incidence (Table 4). Furthermore, ethanol in-
creased the proportion and the multiplicity of preneoplastic foci with the double expression
of GST-P and transforming-growth factor-alpha (TGF-α) markers, indicating that TGF-α
may be a pathway for the promoting activity of ethanol towards hepatocarcinogenesis [184]
(Figure 4B). In addition, high doses (10% and 20%) of ethanol dose-dependently increased
the incidence and/or the multiplicity of hepatocellular adenoma/carcinoma induced by
MeIQx in rats [183]. A low dose intervention increased the number of small MeIQx-induced
GST-P+ foci by enhancing proliferating cell nuclear antigen (PCNA) immunohistochemical
staining and the levels of 8-hydroxydeoxyguanosine, a marker of oxidative DNA dam-
age [188]. Similar effects on the enhancement of GST-P+ foci emergence were also observed
when ethanol was co-administered with MeIQx or N-nitrosomorpholine [189,190].

In mice, the promoting effects are similar to the rat bioassays. In general, alcohol is pro-
posed to increase the multiplicity and/or size of both preneoplastic and neoplastic lesions in
DEN-induced models while not having pronounced effects on the incidence of lesions com-
pared to DEN (pair-fed or not)-only counterparts (Table 4). Brandon-Warner et al. [186]
reported a slight but significant increase in the number and area occupied by preneo-
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plastic foci mediated by a 10/20% 8-week-long ethanol intervention after multiple DEN
administrations in juvenile B6C3F1 mice. Promoting effects on the size of macroscopically-
identified neoplastic observed in a 5% ethanol 10-week-long intervention in adult C57BL/6
mice submitted to multiple DEN injections [191]. Likewise, Mercer et al. [185] described an
increase in the mean number of lesions, and, specifically, in the number of eosinophilic cell
foci and adenomas after a 5% ethanol 16-week-long intervention in a neonatal mouse model.
In this case, a significant ethanol-induced enhancing effect on incidence was observed only
concerning eosinophilic foci phenotype (Table 4). Mechanistically, the alcohol-promoting
effects in DEN-initiated mouse models are related to immune system disturbances, ox-
idative stress, and sustained cell proliferation hallmarks (Table 4). Ethanol intervention
promoted the mRNA expression of epithelial-mesenchymal transition (EMT) biomarkers,
such as E-cadherin, Snail, MMP-9, and also favored M2 polarization of tumor-associated
macrophages by upregulating IL-4, IL-10, CD206, CXCL2, and CCL22, and downregu-
lating IL-12 mRNA (Figure 4B). Antitumoral CD8+ T cells were decreased in the liver
of ethanol-fed mice as well [191]. Ethanol exacerbated DEN-induced oxidative stress in
the liver by enhancing malondialdehyde while diminishing glutathione levels [186]. Of
note, ethanol-mediated increase in hepatocyte proliferation was associated with a cyto-
plasmic β-catenin staining pattern in alcohol-associated HCC cases in humans [192], and
the ethanol-mediated activation of the β-catenin axis was also implicated in the increase
of stemness and metastasis of HCC cells [193]. Likewise, increased expression of Wnt7a,
β-catenin, phosphorylated GSK3β, and several targets of Wnt/β-catenin pathway, such as
glutamine synthetase, cyclin D1, Wnt1 inducible signaling pathways protein (WISP1), and
matrix metalloproteinase-7, were detected in the liver of male Sprague-Dawley rats fed only
alcohol for ~5 months via total enteral nutrition [185]. Although the described molecular
events are directly correlated with liver tumorigenesis, most investigations did not perform
molecular analysis in neoplastic lesions but only in whole liver samples. In a recent investi-
gation that considered the epidemiological evidence of the synergistic effects of alcohol
with other common HCC risk factors, Ma et al. [187] showed that the combination of HF
and ethanol accelerates by 2-fold or 8-fold the DEN-induced HCC incidence in mice com-
pared to HF-fed only counterparts (Table 4). Further experiments in IL-17 KO mice showed
that the expression of many classical tumorigenic genes in HCC, as well as inflammatory,
fibrogenic, and lipogenic genes in non-tumoral tissue, is IL-17-dependent. Ethanol-induced
IL-17 signaling in steatotic hepatocytes, mediated by Th17 cells and macrophages, pro-
moted (1) lipogenesis via activation of the caspase-2-SP1-SREBP1/2-DHCR7 pathway and
(2) hepatocellular damage by preventing TNFR1 exocytosis [187] (Figure 4B).

2.4. Genetically Engineered Mouse Models
2.4.1. Hepatitis Virus Transgenic Mice

First established in the 1990s, HBV and HCV transgenic models enabled a deeper
insight into the pathogenetic mechanisms involved in viral-induced chronic liver injury
and malignant transformation. Using transgenic technology, the transgenic phenotype
is intentionally obtained by the insertion of exogenous viral DNA. To investigate the
oncogenic mechanisms involved in HBV infection, transgenic mice expressing different
components of the viral particle were developed (Table 5). Kim et al. [194] first intro-
duced transgenic mice containing the entire of HBx protein-coding gene and its tran-
scriptional enhancer via micro-injection into single-cell embryos of the CD1 mice strain.
Further studies were also performed in C57BL/6xDBA and C57BL/6xCBA hybrid back-
grounds [195,196]. The HBx protein acts as a transcriptional transactivator, promoting
the expression of many oncogenes, including FOS, JUN, and MYC, also inducing HBV
transcription and replication [197,198]. Most HBx-transgenic mice feature macro and micro
fatty changes at 6–11 months of age. Although inflammation was not frequently observed
from 6–15 months of age, most mice developed preneoplastic liver dysplasia and adeno-
mas from 6–11 months [196]. Proteomic analysis of these preneoplastic stages revealed
that 22 proteins were differentially expressed in dysplasia or adenomas, 5 upregulated
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and 17 downregulated. Deregulated proteins indicated that alterations in glycolysis and
lipogenesis might be critical during the early (preneoplastic) stages of HBx-induced hepa-
tocarcinogenesis, considering the upregulation of fatty acid-binding protein 2 (FABP2) and
the downregulation of cytoplasmic malate dehydrogenase (MDH) and mitochondrial 3-
ketoacyl-CoA thiolase (HADHA). These alterations were validated in human HCC samples.
In addition to metabolism-related proteins, the authors found that raf kinase inhibitory pro-
tein (RKIP), a negative regulator of Raf-1, was downregulated at all hepatocarcinogenesis
stages [196].

Table 5. Summary of some of the genetically-engineered models established in mice.

Model Genetic Modification Timepoints and Incidence of Lesions References

HBV-transgenic

HBx gene

- Carcinomas: 0% at weeks 16 and 24, 50% at
44–52 weeks, 75% at 60–72 weeks [195]

- Adenomas: 8.3% at week 24, 57% at week 44,
12% at week 60

- Carcinomas: 8.3% at week 24, 14% at week 44,
76% at week 60

[196]

HBx, HBsAg, and pre-S gene

- Carcinomas: 100% at week 80 [199]

- Preneoplastic foci: 25% at weeks 24–28; ~71%
at weeks 36–48; ~83% at weeks 52–80; ~57% at
weeks 92–136

- Adenomas: 0% at weeks 24–28; 37.5% at weeks
36–48; ~46% at weeks 52–80; ~75% at
weeks 92–136

- Carcinomas: 0% at weeks 24–28; 12.5% at
weeks 36–48; ~33% at weeks 52–80; ~25% at
weeks 92–136

[200]

pre-S/S gene
(rtA181T/sW172mutation)

- Carcinomas: 8.3% at week 72 (HBsAg low),
23.1% at week 72 (HBsAg high) [201]

HCV-transgenic Core gene - Carcinomas: 25.9–30.8% at week 64 [202]

c-myc transgenic cnsfo-myc overexpression

- Preneoplastic foci: 50–83% at weeks 48–56;
80–100% at weeks 72–80

- Adenomas: 40–66% at weeks 48–56; 30–100%
at weeks 72–80

- Carcinomas: 0–37% at weeks 48–56; 10–65% at
weeks 72–80

[203]

- Adenomas: 0% at week 24; 20% at week 32;
33% at week 40; ~50 to 90% at weeks 48–64

- Carcinomas: 0% at week 32; 8% at week 40;
~30 to 60% to weeks 48–64

[204]

- Carcinomas: 0% at week 36; ~10% at week 40;
25 to 50% at week 48; 50% at week 48

[205]

c-myc/TGF-α
transgenic

Double c-myc/TGF-α
overexpression

- Carcinomas: ~25% at week 12; 50–75% at
week 24; ~100% at weeks 32–36

- Preneoplastic foci: 40–100% at weeks 32–40
- Adenomas: 40–100% at weeks 32–40
- Carcinomas: 30–100% at weeks 32–40

[203]

E2F-1 transgenic E2F-1 overexpression

- Preneoplastic foci: 91% at weeks 32–40; 100%
at weeks 40–48

- Adenomas: 73% at weeks 32–40; 100% at
weeks 40–48

- Carcinomas: 33% at weeks 32–40; 0% at
weeks 40–48

[206]
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Table 5. Cont.

Model Genetic Modification Timepoints and Incidence of Lesions References

c-myc/E2F-1
transgenic

Double c-myc/E2F-1
overexpression - Carcinomas: ~25% at week 24; 100% at week 32 [205]

Apc knockout Apc deletion - Carcinomas: 67% at week 32 [207]

β-catenin/H-ras
mutant

Double Catnb/Hras
overexpression - Carcinomas: 100% at week 24 [208]

cMyc + shp53 mice c-myc overexpression, p53
downregulation - Adenomas + Carcinomas: 38% at week 15 [209]

HBV: hepatitis B virus; HCV: hepatitis C virus; TGF-α: transforming-growth factor-α.

Another transgenic strain called Tg (Alb-1 HBV) Bri44 was designed to contain coding
regions for HBx, HBsAg, and pre-S proteins (Table 5). These mice feature a stepwise liver
disease with prolonged liver cell injury, death, pronounced inflammation, and elevated
compensatory hepatocyte proliferation, which is triggered by the increased production
and retention of the HBV large envelope polypeptide. The necro-inflammatory context
resembling human disease leads to the progressive development of preneoplastic foci,
adenomas, and carcinomas [199,200,210]. Barone et al. [211] revealed the early molecular
events in 3 -week-old Tg (Alb-1 HBV) Bri44 mice by transcriptomic analysis. It was found
that 25 genes are upregulated, including those involved in NF-κB signal transduction
(Vcam1 and Cxcr4), regulation of transcription (Hmgb2, Nfatc1, Nupr1, and Atf3), cell cycle
and proliferation (Cdkn2d and Slfn2), and negative regulation of apoptosis (NuprI), and
20 downregulated, such as anti-proliferative (Ghr and Erbb3) and pro-apoptotic (Bnip3)
genes. As a long latency time is required for Tg (Alb-1 HBV) Bri44 mice to develop
neoplastic lesions (Table 5), protocols using DEN or AFB1 may synergistically act with
the genetic modification to accelerate neoplastic lesion development, presenting an inci-
dence of 75–90% within 15 months [212]. Lai et al. [201] developed a transgenic mouse
model featuring a mutated HBV pre-S/S gene and its promoter in C57BL/6 mice, since
rtA181T/sW172* mutation confers resistance to antiviral therapies, exerting an oncogenic
potential [213]. Two transgenic strains were developed, both featuring an sW172* mutation
but one expressing high and the other low intrahepatic levels of HBV surface antigen
(HBsAg). Although the incidence of HCC was low in both strains after 18 months of age
(Table 5), enhanced ER stress-related and proliferation-related proteins were increased in
the non-neoplastic tissue. The investigation of miRNA-mRNA networks further revealed
that transgenic mice also presented microRNA-873-mediated reduced expression of tumor
suppressor CUB and Sushi multiple domains 3 (CSMD3) protein.

Concerning HCV, mice expressing the full core gene presented progressive morpho-
logical and molecular changes that ultimately resulted in the development of HCC. At 9
and 12 months of age, the mice only showed pronounced steatosis without inflammatory
or neoplastic lesions. At 16 months, the major neoplastic changes were eosinophilic ade-
nomas with fatty changes, while between 16 and 19 months of age, some nodules were
adenomas or well-differentiated HCCs [202] (Table 5). Proteomic analysis stepwise of this
model revealed that at 12 months, proteins related to respiration, electron-transfer system,
apoptosis, fatty acid metabolism defense against oxidative stress were upregulated. At
16 months, most differentially expressed proteins were downregulated, including those
involved in anti-oxidant defense, β-oxidation, and apoptosis [214]. In another model of
mice expressing HCV core-E1-E2 proteins treated with DEN, the genetic modification
increased the size of neoplastic alterations, increasing cell proliferation and decreasing
apoptosis [215]. Although HBV and HCV transgenic models are usually time-consuming
(long latency time for HCC emergence), their main advantages comprise the investigation
of virus-related oncogenic mechanisms and the screening of therapeutic options.
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2.4.2. Other Gene Expression Systems

A myriad of genetic manipulations to assess the effects of the activation of onco-
genes and/or disabling of tumor suppressor genes have been developed in mice in the
past decades. As the stepwise hepatocarcinogenesis process involves the acquisition and
accumulation of genomic alterations, these models enable the investigation of potential
therapeutic targets in preclinical settings. The methodological approach consists of the
use of an albumin promoter, the induction of specific genes with molecules, as well as the
recently developed hydrodynamic tail vein injection (HTVI) using the Sleeping Beauty
(SB) transposase system or CRISPR/Cas9 genome editing tool (Table 6). Developed by
Sandgren et al. [216], transgenic mice overexpressing the oncogene MYC, directed by the
albumin enhancer/promoter or alpha1-antitrypsin promoter technologies, displayed mild
to severe hepatic dysplasia in young mice, while hepatic neoplasia emergence required
a long latency time, up to 16 months (Table 5). MYC overexpression leading to tumor
development is also achieved by the integration of the Woodchuck Hepatitis Virus (WHV)
in the mouse genome [217]. In this model, the overexpression of MYC along with IGF-2
during the neonatal stage, driving a strong proliferative stimulus, is proposed to drive
hepatocellular transformation [218]. Frequently found in the corresponding human disease,
activating β-catenin gene mutation is featured in 50–55% of WHV or promoter-activated
MYC -driven liver carcinogenesis [219].

Table 6. Summary of some of the HTV protocols for hepatocarcinogenesis in mice.

Genes Plasmids Strain
Timepoints and/or

Lesions
References

NRasV12 and myr-AKT 7.5 μg of myr-AKT1; 7.5 μg
N-RasV12; SB transposase (25:1) C57BL/6

HCC formation and
progression after 2 to
4 weeks post-injection

[220]

c-Myc and β-catenin
10 μg pT3-EF1a-MYC; 10 μg

pT3-N90-CTNNB1; 2.5 μg SB13-Luc
transposase-encoding vector

C57BL/6

Poorly to moderately
differentiated HCC

with solid/trabecular
pattern, and

immunoexpression of
CK19 and nuclear

β-catenin

[221]

β-catenin and tert
or pten

10 μg pT3-N90-CTNNB1; 10 μg
pT3-EF1a-Tert or 10 μg pX330-Pten;

2.5 μg SB13-Luc
transposase-encoding vector

C57BL/6

Well to moderately
differentiated HCC

with trabecular pattern,
abundant clear cells,

and immuno-expression
of glutamine synthetase

[221]

c-Myc and axin1
10 μg pT3-EF1a-MYC; 10 μg

pX330-Axin1; 2.5 μg SB13-Luc
transposase-encoding vector

C57BL/6
Well to moderately

differentiated HCCs
with trabecular pattern

[221]

c-Myc and MCL1
10 μg pT3-EF1α-c-MYC-shLuc; 5 μg

pT3-EF1α-Mcl1; SB transposase
(25:1)

C57BL/6 FVB/N
Balb/C

Liver tumor formation
after 5 to 8 weeks

post-injection
[222,223]

c-met and axin1
20 μg pT3-EF1α-c-Met;
40 μg pX330-Axin1.1;

0.8 μg pCVM/SB
FVB/N

HCC burden at 9 to
12 weeks post-injection
showing membranous
immunoexpression of

E-Cadherin and
absence of glutamine

synthetase

[224]
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Table 6. Cont.

Genes Plasmids Strain
Timepoints and/or

Lesions
References

c-Myc and myr-AKT

16–36 μg of mixed plasmids:
pT3-EF1a-myrAKT-HA;
pT3-EF1α-c-MYC; SB13

transposase-expression plasmid

C57BL/6J

Well to moderately
differentiated HCC at 8

to 10 weeks
post-injection showing
trabecular or nest-like

patterns

[225]

myr-AKT and/or Hras

16–43 μg of mixed plasmids:
pT3-EF1a-myrAKT-HA; cDNA

fragments of FLAG-HRASV12; SB13
transposase-expression plasmid

C57BL/6J

Akt or Hras: multiple
HCC associated with
lipid accumulation
after 20–28 weeks

post-injection
Akt and Hras: HCC

after 8 weeks
post-injection with

a higher
proliferation rate

[226]

c-met and β-catenin

5 μg pT3-EF5a-hMet-V5; 5 μg
pT3-EF5α-S33Y-β-catenin-Myc or 5
μg pT3-EF5α-S45Y-β-catenin-Myc;

SB transposase (25:1)

FVB/N
Well-differentiated

HCC by 6 to 9.5 weeks
post-injection

[227–229]

myr-AKT and c-met
pT3-EF1α -HA-myr-AKT1;

pT3-EF1α-V5-c-Met; SB transposase
(25:1)

FVB/N

Lethal burden of HCC
within 6 to 8 weeks

post-injection showing
admixture of clear,

lipid-rich and
lipid-poor,

basophilic cells

[229]

myr-AKT and β-catenin pT3-EF5-AKT;
pT3-EF1α-ΔN90-β-catenin. FVB/N C57BL/6

Progression to HCC
only in

vivo passage of
steatotic tumor cells
from hepatocellular

adenomas

[228]

Double transgenic mice bearing both albumin enhancer/promoter c-myc and metal-
lothionein 1 promoter TGF-α were developed by Murakami et al. [230] and
Santoni-Rugiu et al. [203]. The co-expression of both genes in the mouse liver promoted
neoplastic lesion emergence compared to MYC overexpression alone (Table 5). Increased
levels of TGF-α mRNA and protein during the early stages of liver carcinogenesis in
MYC/TGF-α transgenic mice are proposed to have a key role in the clonal expansion and
malignant conversion of the preneoplastic cell population [230]. HCC in c-myc/TGF-α
transgenic mice had extensive genomic instability (loss heterozygosity) while displaying
a low rate of β-catenin mutation and subsequent nuclear accumulation (12.5%) [205]. As
MYC/TGF-α transgenic mice showed increased expression of oncogenic E2F1 and 2 and
induction of their target genes [203], E2F-1 and double MYC/E2F-1 transgenic mice were
developed [203,205]. Compared to MYC or E2F-1 transgenic mice, double transgenic an-
imals also showed potential cooperation between MYC and E2F-1 oncogenes (Table 5),
featuring a high frequency of β-catenin mutational activation and nuclear accumulation
in both adenomas and carcinomas [205]. Based on comparative analysis of the transcrip-
tome of these models with the corresponding human disease, Lee et al. [76] proposed that
MYC, E2F-1, and double MYC/E2F-1 transgenic mice had similar global gene expression
to a group of human HCCs with better survival, whereas MYC/TGF-α transgenic mice
reflected a poorer survival HCC group. Regarding the frequently targeted Wnt/β-catenin

193



Cancers 2021, 13, 5583

pathway, a mutant mouse strain displaying adenomatous polyposis coli (Apc) deletion
by the injection of adenovirus encoding Cre recombinase led to the development of HCC
albeit presenting low incidence [207] (Table 5). On the other hand, simultaneous mutations
in the Catnb (β-catenin) and Hras genes by using the same technology cooperatively ac-
celerated HCC development (Table 5), as β-catenin may promote the clonal expansion of
Hras-induced dysplastic (preneoplastic) cells [208]. More recently, using HT coupled with
the SB transposon system, Chung et al. [209] developed a mouse strain transfected with
transposons expressing MYC and a short hairpin RNA downregulating p53. Interestingly,
tumor incidence and multiplicity were accelerated by the establishment of a CCl4-induced
fibrosis context. Employing the same system, Tao et al. [227] modeled the concomitant
HMET overexpression or activation and CTNNB1 mutations found in 9–12.5% of human
HCCs by developing hMet/β-catenin point mutant mice. HT method to deliver a CRISPR
plasmid DNA expressing Cas9 models targeting both tumor suppressor genes Pten and
Tp53 has also been recently employed [231,232], underscoring the potential of this tool for
the development of novel hepatocarcinogenesis models.

2.5. Humanized Mouse Models

HCC is an inflammation-driven cancer, and recognition of the involvement of com-
ponents of the innate and adaptive immune system in the development and progression
of HCC has accelerated research into new therapies capable of targeting and/or mod-
ulating the immune system [233]. Promising results of combining current HCC treat-
ment modalities, such as locoregional treatment and anti-angiogenic therapy combined
with immunotherapy, have resulted in recently approved new treatment strategies for
HCC [234,235]. Importantly, preclinical translational research with the ultimate goal of
demonstrating therapeutic efficacy with an acceptable safety profile for human disease
requires essential components that characterize human (patho)physiology. In HCC, this
relates to neoplastic hepatocytes surrounded by a tumor micro-environment (TME) com-
posed of (suppressive) immune cells. Currently used HCC models in immunocompetent
mice do not accurately represent the human immune system since significant immuno-
biological differences exist between mice and humans, including dissimilarities in T cell
signaling, immune cell receptor expression, and antigen presentation [236,237]. Xenograft
models require immunocompromised mice to avoid rejection of an implanted human cell
line or patient-derived material and thus do not provide a solution for immune-oncology
studies [16]. More recently, mice harboring a humanized immune system (HIS) have been
developed and now opened the field of research towards the use of preclinical models
based on patient-derived HCC tissue in the context of an effective human immune sys-
tem, essential in the evaluation of immune-oncology drug efficacy and safety [16,238].
In addition to the humanization of immunocompetent mice via transgenesis, immuno-
compromised mice can acquire a humanized immune system through engraftment with
human peripheral blood mononuclear cells (PBMCs) or CD34+ hematopoietic stem cells
(HPSC) [239].

In the PBMC-humanized mouse model, PBMCs from healthy donors are intravenously,
intraperitoneally, or intrasplenically injected within several days after implantation of a
human cell line or patient-derived xenograft, CDX and PDX, respectively, in an immun-
odeficient mouse [240,241]. Despite comprising several types of immune cells of both
the lymphoid and myeloid lineage at transplantation, PBMC engraftments give rise to an
almost exclusively T cell-oriented humanized immune system, since appropriate signals for
the survival and expansion of B, NK, and myeloid cells are lacking [240,242]. The engrafted
lymphocytes are functionally mature, and HIS mice can be utilized almost immediately
after PBMC injection for therapy evaluation. However, in addition to its restriction to the
evaluation of T cell-based immunity, the use of this model is limited to short-term exper-
iments because injection of PBMCs elicits xenogeneic graft-versus-host disease (GvHD)
a few weeks after engraftment [239]. Delay of GvHD development and improvement
of the overall immune functionality can be obtained through genetic enhancements of
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the recipient mice, including replacement of murine major histocompatibility complex
(MHC) by human leukocyte antigen (HLA) expression [242]. A new mouse strain lacking
murine MHC molecules (NSG-(KbDb)null(IA)null) has been created in which human
PBMCs can be engrafted without the development of acute xenogeneic GvHD [243]. The
model has effectively been used to evaluate immune checkpoint inhibitors in human cancer
xenograft models and is ideally suited to evaluate anti-cancer (immuno)therapy [244].
Despite being relatively straightforward, fast, and cost-effective compared to other HIS
models, the PBMC-humanized mouse model has thus far only been applied as the HCC
CDX model [245,246]. As an alternative to PBMCs engraftments, CD34+ HSCs derived
from multiple potential sources, including granulocyte colony-stimulating factor (G-CSF)-
mobilized peripheral blood, adult bone marrow, fetal liver, and umbilical cord blood can
be engrafted in immunocompromised mice [239,241].

The CD34+-humanized mouse model has the advantage of displaying a more complete
representation of the human immune system. However, due to the lack of human cytokines
and growth factors, the developed T, B, NK, and myeloid cells all exhibit functional
impairments [247]. Transgenic immunocompromised mouse strains expressing human
cytokines and growth factors could further enhance the engraftment of CD34+ HPSC and
support the development of functional human immune cells. In this respect, transgenic
expression of human IL-3 and granulocyte-macrophage colony-stimulating factor (GM-
CSF) in NOD/Shi-scid IL2rγnull (NOG) mice is beneficial for the development of myeloid
cells [240]. Importantly, since human T cells derived from engrafted HSCs undergo a
positive and negative selection on murine MHC molecules during development in the
thymus, tolerance towards the murine host is established [248]. However, as murine thymic
epithelial cells do not express HLA, the resultant T cells are not able to recognize antigens
in an HLA-restricted manner. Consequently, these HIS mice elicit an inappropriate T cell
response against human HCC xenografts [249]. To overcome this issue, transgenic mice
expressing HLA molecules matched to the PDX donor should be used [250]. To this end,
Serra-Hassoun et al. [251] created a new lymphoid mouse strain which, in addition to the
replacement of murine MHC by HLA, expresses human signal regulatory protein alpha
(hSIRPα) on murine phagocytes to enable human HSC engraftment [251]. In contrast to the
PBMC-humanized mouse model, which can be utilized almost immediately after PBMC
engraftment, it takes up to 10 to 12 weeks to develop a robust humanized immune system
following HPSC engraftment. Moreover, recipient mice need to be irradiated to ensure
engraftment of human HPSC [239].

The success of HPSC engraftment is dependent on the age, sex, and strain of the
mice, the route of engraftment, and the source of the CD34+ HPSC [239,247]. Despite
having the advantage of enabling stable and long-term humanization and representing a
substantial portion of the human immune system, notable limitations, such as incomplete
immune cell development and the time required to establish the humanized immune
system, have limited the utilization of this HIS model concerning HCC [242]. Hitherto,
only Zhao et al. [19] effectively developed and used a PDX humanized HCC model for
investigation of the human-specific TME and immunotherapeutic treatment strategies. In
this model, 1 to 3 days old NOD-Prkdc-scid IL2rgnull (NSG) pups were irradiated and
intrahepatically injected with human fetal liver-derived CD45+ HSCs. The created HIS
mice were subcutaneously transplanted with an HLA-matched PDX 8 to 10 weeks after
HPSC engraftment. Effective human immune responses and the therapeutic efficacy of
immune checkpoint inhibitors were demonstrated [19]. Since the HCC tumor interacts
with both infiltrating immune cells and liver-resident cells, orthotopic implantation of a
PDX in the hepatic micro-environment of CD34+-humanized mice would represent an
even more attractive platform for preclinical evaluation of immunotherapeutic and other
HCC treatment strategies but remains to be developed.

A final HIS model that has not yet found its way to the field of HCC research is the bone
marrow/liver/thymus (BLT) model. In this model, fetal liver and/or bone marrow-derived
CD34+ HSC engraftment is preceded by transplantation of a small fragment of human fetal

195



Cancers 2021, 13, 5583

thymic and liver tissue under the kidney capsule of immunocompromised mice [242]. As it
provides human thymic tissue, the BLT model enables improved human T cell development.
However, since the positive selection of T cells occurs solely on human MHC molecules
and T cells with an affinity for murine MHC are not eliminated, the incidence of xenogeneic
GvHD is higher in this model compared to the CD34+- model [247]. This problem could be
overcome by using a transgenic MHC-deficient mouse strain. The technical difficulty of
creating the mice and the necessity of human fetal tissue are 2 major factors that currently
impede the utilization of the BLT model over the PBMC or CD34+-humanized mouse
model [242].

3. In Vitro Models of HCC

3.1. Primary Hepatocytes

Because of their high resemblance to the in vivo phenotype, primary human hepato-
cytes (PHH) (Table 7) are considered the gold standard for in vitro studies on biotransfor-
mation, toxicity and drug-induced liver injury [252–255]. The liver is a major target for
chemical-induced injury caused by carcinogens [256]. The application potential of primary
hepatocytes from rodent or human origin in HCC studies focuses on the initiation and pro-
motion stages of cancer [254,256,257]. In this respect, PHH have been used for genotoxicity
assays, albeit to a lesser extent compared to their rodent counterparts [254,256,257]. More
recently, PHH have been used to elucidate the molecular pathways or genomic effects in
response to carcinogens [246,258–262]. In addition, PHH have been addressed to evalu-
ate the molecular and cellular events of HCC initiation through in vitro transformation
based on lentiviral-transduction of oncogenic Harvey-RAS, simian virus 40 (SV40) small
T antigen, and SV40 large T antigen [263]. The major drawbacks of PHH are the high
donor-to-donor variability [253] and their progressive dedifferentiation, which makes them
less suitable for long-term culture [264]. This dedifferentiation process is already initiated
during the isolation process [265]. To overcome dedifferentiation, sandwich cultures or
spheroid models of PHH can be used [261,266–269]. Although spheroid models of PHH
have not been used in genotoxicity studies, sandwich cultures of PHH have been applied to
elucidate the epigenetic effects of AFB1 in HCC initiation [262] and to assess the modulation
of AFB1-mediated genotoxicity by chemopreventive chemicals [270].

Table 7. Advantages, disadvantages and applications of commonly used liver-based in vitro models in liver cancer research.

In Vivo Model Advantages Disadvantages Applications References

PHH monolayer
- Similar to in vivo phenotype

- High biotransformation
capacity

- High donor-to-donor
variability

- Progressive
dedifferentiation

- Fail to represent complex
in vivo environment

- Biotransformation studies
- Toxicity studies

- Drug-induced liver
injury studies

- Studies related to initiation
and promotion of HCC
- Liver disease studies

[252–257,264,266,271]

PHH sandwich
cultures

- Prolonged viability
- Retained morphology

- Altered protein
expression over time

- High donor-to-donor
variability

- Studies of HCC initiation by
carcinogens

- Drug-induced liver
injury studies

[252,261,268,272,273]

Liver cell lines
monolayer

- Easy to use
- Stable phenotype

- Reproducible
- Fit for high-throughput and

high-content analyses
- Allow genetic manipulation

- Low cost

- Fail to represent
intertumor and intratumor

diversity
- Less differentiated

than PHH
- Reduced or absent
biotransformation

capacity
- Fail to represent complex

in vivo environment

- Drug-screening
- Safety testing

- Genotoxicity studies
- HCC biology studies

- Studies assessing molecular
and (epi)genetic modifications

in HCC
- Overexpression/silencing

studies

[253,254,256,274–280]
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Table 7. Cont.

In Vivo Model Advantages Disadvantages Applications References

Co-culture
models

- Closer resemblance to in vivo
cell heterogeneity and

tumor-specific
micro-environment

- More pathologically relevant
model by allowing cell-cell

interactions

- Lack of standard
protocols

- High interlaboratory
variability

- Studying influences of
non-parenchymal cells and

micro-environments on HCC
[253,280–285]

Stem cell-derived
model

- High culture stability
- Expandable

- Reproducible
- Metabolism that

resembles PHH

- Lack of standard
protocols for isolation of

primary CSC

- HCC therapy studies
- Studies related to initiation,

promotion and drug resistance
of HCC

[286–288]

Spheroid models

- Retained morphology and
phenotypic functions

- Higher biotransformation
capacity compared 2D culture
- Display oxygen and nutrient

gradients
- Closer resemblance to in vivo

tumor-specific
micro-environment

- Closer resemblance to in vivo
cell heterogeneity when

combining co-culture
techniques with spheroid

models

- High donor-to-donor
variability of PHH

- More time-consuming
and expensive than 2D

culture
- Lacks uniformity

depending on
spheroid-forming method

- Low throughput
depending on

spheroid-forming method
- Long-term culture is

difficult

- Liver function studies
- (Geno)toxicity studies
- Liver disease studies

- Drug delivery and efficacy
studies

- Studies investigating role of
stem cells

- Tumor-growth studies
- Angiogenesis studies

- Immunotherapy studies

[226,253,254,267,268,289–
296]

Organoid model

- Mimic functionality and
architecture of native tissue

- Fit for high-throughput
analyses

- Expandable
- Cryopreservation is possible
- Allow genetic manipulation

- Retention of tumor
heterogeneity

- Limited starting material is
required

- Based on healthy or
tumorigenic material

- High cost
- Time-consuming

- Average success rate

- Regenerative medicine
- Personalized drug discovery

- Toxicity studies
- Gene therapy studies

- HBV-related carcinogenesis
- Model liver cancer initiation

- Molecular and cellular
characterization of HCC

- Study of inter- and
intratumor diversity in HCC

[220,280,284,297–303]

Precision-cut-
liver slices

- Capture complex in vivo
micro-environment

- Retained polarized
morphology
- Low cost

- Automation possible
- Closely resemble in vivo gene

expression
- Based on healthy or
tumorigenic material

- Less suitable for
high-throughput analyses

- Labor-intensive
preparation and

incubation
- Variable culture

conditions between
studies jeopardizing

reproducibility
- Reduced albumin and

cytochrome P450
expression over time
- Technically difficult
- Limited availability

- Immunological studies
- Toxicity studies

- Genotoxicity assessment
- Drug-screening

- Liver disease studies

[266,288,304–316]

3.2. Hepatic Cell Lines

Cell lines (Tables 8 and 9) are popular models for drug screening studies [256], drug
safety testing [176], and studies related to liver disease [253] due to their ease of use,
phenotypic stability and reproducibility. Human liver cell lines are typically immortalized
by genetic engineering or selected based on their tumorigenic phenotype, implying they
are derived from human tumors [253,274]. Upon genetic engineering, PHH are most
commonly transfected or transduced to overexpress human TERT or viral oncogenes, such
as SV40 large T antigen or human papillomavirus16 E6/E7 genes [317]. Immortalized
cell lines are often used in parallel with tumor-derived cell lines to assess side effects and
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therapeutic effects of various compounds [275,318–320] or in studies pinpointing molecular,
genetic and epigenetic alterations in HCC [74,276,277,321]. In addition, immortalized cell
lines are used to study the influence of tumor micro-environments and overexpression
of genes leading to cancer initiation [322,323]. Tumor-derived cell lines are the most
widely used cell lines in HCC research [256,324]. Indeed, they are harnessed to assess
cancer characteristics, such as cell proliferation, migration, metastasis, evasion of cell
death and invasion [278,281,325–329]. Moreover, liver cancer cell lines are frequently used
for elucidating molecular mechanisms of HCC during overexpression or silencing gene
studies [282,326,327,329]. Liver cancer cell lines can be equally used to provide insight
into genetic changes of HCC [277], for the identification of new drug targets [326], and for
testing anti-cancer therapies [325,326,330,331]. However, their clinical relevance for the
latter application may be questioned [279]. Since each cell line is derived from a single
donor, they fail to represent the well-known intertumor and intratumor diversity that
hampers the development of HCC therapies [256,279]. This flaw can be circumvented
by using several cell lines in parallel [274,324]. Based on their genetic characteristics, a
panel of cell lines could be selected to represent different HCC subclasses [274,277,324].
Although more frequently used to elucidate HCC biology and progression, liver cancer cell
lines are also employed in genotoxicity testing [254,256,277]. The majority of genotoxicity
studies are performed in mouse lymphoma cells, human lymphoblast cells, or Chinese
hamster lung cells, which are metabolically incompetent, making their human relevance
questionable [254]. In fact, p53-deficient rodent cell lines give rise to more false positives
compared to human cell models [332]. Therefore, the use of human liver cell lines in
genotoxicity/mutagenicity assays is gaining increasing attention [254]. An emerging
tool includes the human hepatoma HepaRG cell line [333]. In contrast, compared to
HepG2 cells, which are by far the most widely used cells in liver studies, HepaRG cells
functionally express biotransformation enzymes at a level that is comparable to PHH and
are therefore a more sensitive cellular system for (geno)toxicity testing [256,333–335]. In
addition, HepaRG cells have been shown valuable for understanding the mechanism of
action of mutagenic/carcinogenic compounds [336].

Table 8. Overview of commonly used human liver cancer cell lines.

Cell Line Cancer Type HBV/HCV Gender Age Race References

HepG2 Hepatoblastoma -/- Male 15 African [324,337,338]

Huh-7 HCC -/- Male 57 Asian [324,337]

Hep3B HCC +/- Male 8 African-
American [324,337]

HepaRG HCC -/+ Female / European [324,333,337]

MHCC97 HCC +/unknown Male 39 Asian [324,337,339]

PLC/PRF/5 HCC +/- Male 24 African [324]

SK-HEP-1 Adenocarcinoma -/unknown male 52 European [324,340]

SNU-475 HCC +/- Male 43 Asian [324]

SNU-423 HCC +/- Male 40 Asian [324]

SNU-449 HCC +/- Male 52 Asian [324]

C3A Hepatoblastoma -/- Male 15 European [277]

SNU-387 HCC +/- Female 41 Asian [324]
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Table 9. Overview of commonly used immortalized human liver cell lines.

Cell Line Immortalization Method Gender Age Race References

Fa2N-4 SV40 large T antigen Transfection Female 12 Unknown [317,341]

NeHepLxHT
hTERT

Retroviral vector Male <1 month Unknown [337,342]

THLE-2
SV40 large T antigen

Retroviral vector Male Adult Unknown [343]

PH5CH
SV40 large T antigen

Lipid mediated gene transfer Male 58 Unknown [317,344]

3.3. Co-Cultures

As much as 70–80% of the human liver consists of hepatocytes, while 5–6% comprises
non-parenchymal cells such as Kupffer cells, hepatic stellate cells (HSC), and sinusoidal
endothelial cells [345,346]. To mimic this in vivo cellular heterogeneity, co-cultures can be
set up in which PHH [347,348] or liver cell lines are seeded together with non-parenchymal
liver cells, such as HSC [282], endothelial cells [281,349], stem cells [292], or immune cells
(Table 7) [283]. In such co-culture settings, transwell chambers can be used, allowing
communication between both cell populations [350]. Co-cultures of hepatic cell lines with
tumor-specific cells, like cancer-associated fibroblasts or tumor-specific neutrophils [285],
provide in vivo-like tumor-specific microenvironments [284,285]. This leads to a more
relevant in vitro model that is capable of manifesting the changing cancer characteristics
of HCC cell lines under the influence of other cell types [351]. Moreover, co-culture
systems provide a valuable model in immune cell therapy studies and research concerning
crosstalk between HCC cells and the immune system. In this respect, co-cultures of
HepG2 cells with natural killer cells display anti-proliferative effects, and the addition
of M1 macrophages reduces HCC viability, invasion, therapy resistance, and migration,
whereas M2 macrophages promote tumor invasiveness in HCC co-cultures [283,352,353].
Co-culturing HepG2 cells with endothelial cells yield an in vitro system appropriate for
studying angiogenesis [281].

3.4. Stem Cell-Derived Models

Several studies have indicated that HCC develops from cancer stem cells (CSC). CSC
are self-renewing and give rise to the different cell lineages in HCCs. Since CSC possess
the capacity to form tumors, they are the major drivers of chemotherapeutic resistance,
metastasis, and post-treatment tumor recurrence [354]. In this respect, understanding the
malignant reprogramming that occurs in these cell types is crucial for the development of
effective HCC therapies [355,356]. Induced pluripotent stem cell technology is an ideal tool
to model the reprogramming that leads to tumorigenesis and cancer progression (Table 7).
Induced pluripotent stem cells are even regarded as a potential therapy for HCC treatment
by targeting CSC-related genes. Induced pluripotent CSC can be generated from liver
cancer cells to specifically model liver CSC [286]. As such, various liver cancer cell lines
have been reprogrammed via retroviral particles, introducing 4 stem cell transcription
factor genes, namely KLF4, Sox2, Myc, and Oct4, to better understand the reprogramming
process [356]. Together with NANOG and LIN28, these transcription factors have been
detected in HCC and are associated with negative clinical outcomes. Besides induced
pluripotent CSC, cells with stemness properties are also extracted from primary tumor
material or cell lines to be used in studies that evaluate the molecular and epigenetic mech-
anisms of HCC [357]. Furthermore, stem cells are not only used to model tumorigenesis
but also to test patient-specific direct reprogramming therapies and to identify molecular
targets for blocking tumor initiation [358–360].
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3.5. Spheroid and Organoid Models

While 2D models are valuable tools in liver studies, they lack in vivo-like cell density
and a complex microenvironment [253]. 3D models (Table 7), such as spheroid cultures
and organoid cultures, have been developed to overcome these flaws. Spheroids can
be derived from PHH and hepatic cell lines [361]. Most liver cell lines are less differ-
entiated compared to PHH, which is mainly reflected by a lack of biotransformation
capacity [176,253,256]. Throughout the years, 3D spheroid models have been introduced
to tackle this shortcoming [291,293]. As such, 3D spheroid cultures of human hepatoma
HepG2 cells express more albumin and phase I and II biotransformation enzymes com-
pared to 2D counterparts, making them more applicable for genotoxicity studies [290].
Besides genotoxicity assays, 3D spheroid models of liver cancer cell lines have been used
for evaluating anti-cancer agents and drug sensitivity [294,362–365]. In addition, various
studies have been set up in which 3D spheroid culture techniques are combined with
co-culture approaches [292,295,296,348,365]. In this respect, a combination of primary HCC
cells with extracellular matrix (ECM), endothelial cells, and fibroblasts in spheroid cultures
creates a model with enhanced tumor-related and neo-angiogenesis markers to study
potential HCC therapies [289]. Compared to unicellular 3D spheroid cultures, co-culture
spheroid models display a more in vivo-like microenvironment, thereby creating a more
pathologically relevant HCC model for drug-screening studies [365,366].

Organoids are self-renewing and self-organizing 3D tissues derived from various
stem cell types, such as embryonic stem cells, induced pluripotent stem cells, organ-
restricted adult stem cells, and primary tissue (Table 7) [297–299]. The difference with
3D spheroid models is that organoids contain various tissue-specific cells, which are all
developed from the stem cell starting material through in vivo-like processes mediated by
the provided ECM, namely Matrigel® [367,368]. The latter is an extract of an Engelbreth-
Holm-Swarm mouse sarcoma that contains many ECM proteins and some less defined
biochemical signaling molecules, including growth factors, necessary for the development
of organoids [367–370]. This model can mimic the functionality and architecture of native
liver tissue [298]. Liver organoids can be vascularized when hepatic endoderm cells directly
differentiated from induced pluripotent stem cells are co-cultured with endothelial and
mesenchymal cells [371]. Since the model is based on primary healthy or tumorigenic
material, organoids create new possibilities for regenerative medicine, personalized drug
discovery, toxicity studies, and gene therapy [297,300]. Liver organoids have been used to
model liver cancer initiation [299,372], to study HBV-related hepatocarcinogenesis [301],
to investigate drug sensitivity on patient-derived models [302] and to perform molecular
and cellular characterization of HCC [299]. Patient-derived liver organoid models permit
the generation of tumor biobanks that enable the profiling of genomic diversity as well as
drug sensitivity studies [367]. Furthermore, they can not only assist in the assessment of
genomic intertumor diversity but equally of intratumor diversity, allowing the study of
variations in drug responses within one single tumor [303].

3.6. Precision-Cut Liver Slices

Precision-cut liver slices from rat, mouse, or human origin are ex vivo tools that
retain the complex native liver environment containing interactions between all liver
cell types and the ECM (Table 7) [309–311]. Liver slices are usually 100–250 μm thick
and have a diameter around 5 mm allowing nutrients and oxygen to easily be diffused
across all cell layers [312]. Although precision-cut liver slices have been used for various
purposes, their use in HCC studies is rather limited. Precision-cut liver slices prepared
from primary tumor material have been used as a model to study anti-cancer drugs and
oncolytic virotherapy [313,314,373]. It has been suggested that precision-cut liver slices
could represent a valuable model to evaluate patient-specific drug responses and therapy
resistance in addition to predicting side-effects on adjacent healthy tissue [314,374].
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4. Therapeutic Relevance of the HCC Models

The treatments conventionally used in HCC patients, such as tumor resection, chemother-
apy, radioembolization, and liver transplantation, are highly dependent on the cancer
stage. In advanced-stage HCC, these procedures become unfeasible, requiring the use of
systemic therapies [375,376]. However, HCC cells show high resistance to conventional
chemotherapy. Sorafenib, a multi-tyrosine kinase inhibitor that reduces tumor growth
and angiogenesis, was developed in 2008. Despite this drug having prolonged patient
survival in a few months [377], its clinical use has been limited to adverse side effects and
refractory drug response, mainly associated with genetic heterogeneity of HCC [378–380].
Recently, novel classes of multi-tyrosine kinase inhibitors have been developed, such as
lenvatinib, regorafenib and cabozantinib; however, the prognosis of HCC patients is still
poor [381–383]. This scenario urgently drives the search for new therapeutic targets, drugs
and therapies, such as immuno and gene therapies [384]. From sorafenib to immunother-
apy, in vivo and in vitro models have shown fundamental importance in the pre-clinical
phase for anti-HCC therapies.

The use of syngeneic and xenographic models has been widely used in studies of the
combination of drugs used in HCC therapy, such as sorafenib, and drugs that enhance
its effects by reducing tumor resistance to treatment [272,385–387], in immunotherapeutic
studies [273,388–390] and new drug trials [391,392]. In the context of the combination of
drugs with known potentialities, chemical induction of HCC by DEN in Fisher and Wistar
rats (50 mg/kg, once a week, for 12–14 weeks) was used respectively to evaluate the effects
of treatment with sorafenib + ARQ (AKT inhibitor) and sorafenib + fluvastatin (cholesterol-
lowering), showing that the combination of drugs increased apoptosis, reducing cell
proliferation, angiogenesis and activation of HSC [393,394]. The DEN-induced models
have also been applied in mice to test new drugs, such as Romidepsin, a histone deacetylase
inhibitor, cell cycle inhibitor and apoptosis inducer [395]. The ability to induce HCC as
a late event of CCl4 induction was used in mice (16% in corn oil, 3x/week/8 weeks) to
evaluate the treatment of Sorafenib+ MAPK/ERK pathway inhibitors [396]. On the other
hand, studies also associate the carcinogenic action of DEN with the fibro-cirrhotic capacity
of CCl4 in the chemo [397] and immunotherapeutic tests [398]. TAA has also been used in
preclinical tests in mice (200 mg/Kg ip or 200 mg/L in drinking water) associated or not
with syngeneic and xenographic models, enabling the evaluation of drugs with known or
promising potential, chemo or immunotherapy [386,388,399].

Diet is one of the factors influencing the development of HCC, and models that combine
STZ and high-calorie diet to mimic HCC resulting from the late stages of NAFLD/NASH are
commonly crucial tools in the prevention and treatment of this process. The preclinical use
of this model in mice in the evaluation of Liroglutide, a Glucagon-like peptide-1 (GLP-1)
receptor used to control glycemia, observed improvement in NASH and suppression of hep-
atocarcinogenicity [400]. Furthermore, Berberine, known for the treatment of gastroenteritis
and for its promising anticancer potential, in this model, reduced tumorigenesis, angiogene-
sis and inflammation [401]. Genetic engineering enabled the creation of transgenic animals
with structural and metabolic alterations totally directed to the specificity of the questions
formulated for the object of study. In the preclinical researches of HCC, these animals can
be inserted in different models, directing the results to a specific signaling pathway both in
the testing of new drugs [386,388,396,397] and in new therapies [388–390,398].

Humanized models allow, for example, artificially created human antibodies to prove
their efficiency in humanized mice, increasing the reliability of the clinical trial results. Bi
and collaborators constructed a bispecific antibody for GPC3/CD3 and tested the antitumor
activity in several cell lines Huh-7, HepG2, Hep3B, SK-Hep-1, and SK-Hep-1-GPC3 and in
a xenographic model of subcutaneous inoculation of Huh7 cell line in NOD-SCD mouse.
The results not only proved the efficient destruction of CPC3 positive cells but also proved
that CPC3 is not present in normal cells and can be an HCC-specific antigen and, therefore,
an excellent therapeutic target [390]. Currently, preclinical studies combine numerous
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tools such as liver cell lines, syngeneic and xenographic models, chemical induction and
transgenic animals [386,388,393,396,397,399] in search of treatment alternatives for HCC.

5. Conclusions and Perspectives

Despite recent advances in HCC treatment, only 18% of patients survive more than
5 years after initial diagnosis, a percentage significantly lower compared to other cancer
types [402]. The poor prognosis is usually attributed to late diagnosis and lack of response
to adjuvant therapies [403]. The inefficiency of anti-neoplastic drugs can be attributed
to the high molecular heterogeneity of HCC [404], which increases the need to identify
new molecular targets based on signaling pathways activated in hepatocarcinogenesis
according to etiologies. In addition, the low translational value of preclinical models
could be directly associated with high rates of drug failure in human clinical trials [405].
Besides recapitulating the pathophysiology of liver cancer, the ideal model should be
reliable, highly reproducible, technically simple, and at a low cost. The experimental
modeling of HCC is particularly challenging due to the molecular heterogeneity and tumor
microenvironment with a fibrotic and chronic inflammation background.

Next-generation sequencing has shown a high diversity of genetic and epigenetic
alterations in HCCs, allowing the classification in subclasses according to their molecular
signatures [13]. Several chemical-induced and/or diet-induced HCC models have been
developed to induce all stages of hepatocarcinogenesis in rodents, which usually do not
reproduce all molecular alterations observed in human HCC. The use of hybrid models
combining classical HCC models and genetically engineered animals has been developed
to overcome this critical barrier. More recently, the HTVI methodology has been applied to
delivery transposon-based or CRISPR-Cas9 vectors to overexpress or delete/mutate tumor
suppressor genes, respectively. This represents an innovative genetic manipulation method
to unravel the role of cancer driver genes, specifically in hepatocytes. Furthermore, human-
ized PDX mice models have been proposed as a promising tool to study the immunological
response in human HCC. This model opens new avenues to test novel immunotherapeutic
targets and identify mechanisms of immune escape and resistance to immunotherapies.
However, several technical limitations still need to be overcome. In vitro liver models have
been extensively applied for toxicity studies and drug screening due to their relatively
low cost and easy-to-do performance. In the last years, these models have progressively
evolved from monolayer monocultures to highly complex 3D co-cultures to recapitulate
the tumor micro-environment. In addition, recent advances in genetic manipulation can
be easily applied to delete or overexpress target genes, develop new HCC cell lines, and
reproduce the molecular heterogeneity of liver cancer in vitro.

In the light of the spectra of in vivo and in vitro models available, and in order to
provide a clearer understanding, their main advantages and limitations are summarized in
Figure 5 and Table 7, respectively. The choice of a preclinical model must be a thoughtful
and clearly defined process, weighting all the summarized aspects to provide relevant,
translatable scientific data towards the understanding of hepatocarcinogenesis. In con-
clusion, the current in vitro-based and in vivo-based HCC models have shown several
advantages and disadvantages according to the main application. Despite considerable ad-
vances in the HCC modeling, the lack of effective anti-neoplastic therapies urgently needs
the establishment of more reliable, translational, and fast-induced HCC preclinical models.
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Figure 5. Main advantages and limitations of the main in vivo HCC mouse models available in the literature. The choice
of the animal model must weight all the summarized aspects to provide relevant, translatable scientific data towards the
understanding of hepatocarcinogenesis. The figure was composed with the aid of illustrations from the SMART-servier
Medical Art available at https://smart.servier.com/ (accessed on 15 January 2021).
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290. Štampar, M.; Tomc, J.; Filipič, M.; Žegura, B. Development of in vitro 3D cell model from hepatocellular carcinoma (HepG2) cell
line and its application for genotoxicity testing. Arch. Toxicol. 2019, 93, 3321–3333. [CrossRef] [PubMed]

291. Mišík, M.; Nersesyan, A.; Ropek, N.; Huber, W.W.; Haslinger, E.; Knasmueller, S. Use of human derived liver cells for the detection
of genotoxins in comet assays. Mutat. Res. Toxicol. Environ. Mutagen. 2019, 845, 402995. [CrossRef]

292. Liu, C.; Liu, Y.; Xu, X.; Guo, X.; Sun, G.; Ma, X. Mesenchymal stem cells enhance the metastasis of 3D-cultured hepatocellular
carcinoma cells. BMC Cancer 2016, 16, 566. [CrossRef]

293. Shah, U.-K.; de Oliveira Mallia, J.; Singh, N.; Chapman, K.E.; Doak, S.H.; Jenkins, G.J.S. A three-dimensional in vitro HepG2 cells
liver spheroid model for genotoxicity studies. Mutat. Res. Toxicol. Environ. Mutagen. 2018, 825, 51–58. [CrossRef]

294. Eilenberger, C.; Rothbauer, M.; Ehmoser, E.-K.; Ertl, P.; Küpcü, S. Effect of Spheroidal Age on Sorafenib Diffusivity and Toxicity in
a 3D HepG2 Spheroid Model. Sci. Rep. 2019, 9, 4863. [CrossRef]

295. Chiew, G.G.Y.; Wei, N.; Sultania, S.; Lim, S.; Luo, K.Q. Bioengineered three-dimensional co-culture of cancer cells and endothelial
cells: A model system for dual analysis of tumor growth and angiogenesis. Biotechnol. Bioeng. 2017, 114, 1865–1877. [CrossRef]

296. Yang, T.; Zhang, W.; Wang, L.; Xiao, C.; Wang, L.; Gong, Y.; Huang, D.; Guo, B.; Li, Q.; Xiang, Y.; et al. Co-culture of dendritic
cells and cytokine-induced killer cells effectively suppresses liver cancer stem cell growth by inhibiting pathways in the immune
system. BMC Cancer 2018, 18, 1–10. [CrossRef]

297. Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586–1597. [CrossRef] [PubMed]
298. Fatehullah, A.; Tan, S.H.; Barker, N. Organoids as an in vitro model of human development and disease. Nat. Cell Biol. 2016, 18,

246–254. [CrossRef]

215



Cancers 2021, 13, 5583

299. Van Tienderen, G.S.; Groot Koerkamp, B.; IJzermans, J.N.M.; van der Laan, L.J.W.; Verstegen an Tienderen, M.M.A. Recreating
Tumour Complexity in a Dish: Organoid Models to Study Liver Cancer Cells and their Extracellular Environment. Cancers 2019,
11, 1706. [CrossRef] [PubMed]

300. Tharehalli, U.; Svinarenko, M.; Lechel, A. Remodelling and Improvements in Organoid Technology to Study Liver Carcinogenesis
in a Dish. Stem Cells Int. 2019, 2019, 1–8. [CrossRef]

301. Torresi, J.; Tran, B.M.; Christiansen, D.; Earnest-Silveira, L.; Schwab, R.H.M.; Vincan, E. HBV-related hepatocarcinogenesis: The
role of signalling pathways and innovative ex vivo research models. BMC Cancer 2019, 19, 707. [CrossRef]

302. Nuciforo, S.; Fofana, I.; Matter, M.S.; Blumer, T.; Calabrese, D.; Boldanova, T.; Piscuoglio, S.; Wieland, S.; Ringnalda, F.;
Schwank, G.; et al. Organoid Models of Human Liver Cancers Derived from Tumor Needle Biopsies. Cell Rep. 2018, 24, 1363–1376.
[CrossRef] [PubMed]

303. Li, L.; Knutsdottir, H.; Hui, K.; Weiss, M.J.; He, J.; Philosophe, B.; Cameron, A.M.; Wolfgang, C.L.; Pawlik, T.M.; Ghiaur, G.; et al.
Human primary liver cancer organoids reveal intratumor and interpatient drug response heterogeneity. JCI Insight 2019, 4, 1–16.
[CrossRef]

304. Renwick, A.B.; Watts, P.S.; Edwards, R.J.; Barton, P.T.; Guyonnet, I.; Price, R.J.; Tredger, J.M.; Pelkonen, O.; Boobis, A.R.; Lake, B.
Differential maintenance of cytochrome P450 enzymes in cultured precision-cut human liver slices. Drug Metab. Dispos. 2020, 28,
1202–1209.

305. Wu, X.; Roberto, J.B.; Knupp, A.; Kenerson, H.L.; Truong, C.D.; Yuen, S.Y.; Brempelis, K.J.; Tuefferd, M.; Chen, A.; Horton, H.; et al.
Precision-cut human liver slice cultures as an immunological platform. J. Immunol. Methods 2018, 455, 71–79. [CrossRef] [PubMed]

306. Janssen, A.W.F.; Betzel, B.; Stoopen, G.; Berends, F.J.; Janssen, I.M.; Peijnenburg, A.A.; Kersten, S. The impact of PPARα activation
on whole genome gene expression in human precision cut liver slices. BMC Genom. 2015, 16, 760. [CrossRef]
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Simple Summary: Breast cancer (BC) is the most common cancer diagnosed among women world-
wide. Despite numerous studies, the pathogenesis of BC is still poorly understood, and effective
therapy of this disease remains a challenge for medicine. This article provides the current state of
knowledge of the impact of valproic acid (VPA) on different histological subtypes of BC, used in
monotherapy or in combination with other active agents in experimental studies in vitro and in vivo.
The comprehensive review highlights the progress that has been made on this topic recently.

Abstract: Valproic acid (2-propylpentanoic acid, VPA) is a short-chain fatty acid, a member of the
group of histone deacetylase inhibitors (HDIs). VPA has been successfully used in the treatment
of epilepsy, bipolar disorders, and schizophrenia for over 50 years. Numerous in vitro and in vivo
pre-clinical studies suggest that this well-known anticonvulsant drug significantly inhibits cancer cell
proliferation by modulating multiple signaling pathways. Breast cancer (BC) is the most common
malignancy affecting women worldwide. Despite significant progress in the treatment of BC, serious
adverse effects, high toxicity to normal cells, and the occurrence of multi-drug resistance (MDR)
still limit the effective therapy of BC patients. Thus, new agents which improve the effectiveness
of currently used methods, decrease the emergence of MDR, and increase disease-free survival
are highly needed. This review focuses on in vitro and in vivo experimental data on VPA, applied
individually or in combination with other anti-cancer agents, in the treatment of different histological
subtypes of BC.

Keywords: breast cancer; valproic acid (VPA); histone deacetylase inhibitor (HDI); histone acetylation;
histone deacetylases (HDACs); epigenetics; targeted therapy

1. Introduction

Regardless of socioeconomic status and level of development of societies, cancer is
one of the most common causes of morbidity and mortality worldwide [1,2]. According
to the GLOBOCAN, one in six women and one in five men were diagnosed with cancer
in 2018 [1]. Unfortunately, the rates of cancer incidence and mortality are still rising. It is
estimated that 13 million people will die from cancer in 2030 [3].

Breast cancer (BC) is the most common cancer diagnosed among women in all regions
in the world except in the eastern areas of Africa where cervical cancer occurs most often.
Over the last twenty years, there has been an approximate 30% increase in the incidence
rate of this disease [4]. Moreover, BC is the leading cause of neoplasms death in over
100 countries all over the world. In 2018, over 2 million new BC cases were diagnosed and
nearly 630,000 deaths from BC have been reported worldwide [1,4].

Understanding the biological landscape of BC and its phenotypic heterogeneity is a
key element in developing novel targeted therapies [5]. The integration of nucleic acid
and peptide sequencing based on mass spectrometry and advanced biomolecular analysis
allowing to define the post-translational modifications, provide a better understanding of
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the pathophysiology of BC, and help to develop new more effective therapeutic strategies in
the treatment of this disease [6]. Unfortunately, despite numerous studies, the pathogenesis
of BC is still unknown, and effective therapy of this disease is one of the most important
challenges of medicine.

Both genetic and epigenetic modifications are responsible for the progression of BC.
Unlike irreversible genetic alterations, epigenetic modifications can be reversible. This
suggests that epigenetic changes are favored in therapeutic applications. DNA methyl-
transferases and histone deacetylases are the main targets for epigenetic therapy. Several
inhibitors of DNA methyltransferases and histone deacetylases have been approved by
the US Food and Drug Administration (FDA) as anti-cancer drugs [7,8]. Reversible his-
tone acetylation, catalyzed by histone acetyltransferases (HATs) and histone deacetylases
(HDACs), plays an important role in epigenetic regulation of gene expression. An im-
balance between HAT and HDAC expression leads to the development of numerous
cancers [8,9]. In most cancer cell lines, a reduction in histone acetylation levels was ob-
served due to overexpression of HDACs activity [10]. Histone deacetylase inhibitors (HDIs)
are promising new generation cytostatics that increase histone acetylation. HDIs modu-
late the structure of chromatin, leading to changes in the expression of genes involved
in numerous signaling pathways, including induction of apoptosis, cell cycle arrest, and
inhibition of angiogenesis [11]. However, the mechanism of antitumor activity and the
specificity of HDIs have not been fully understood.

In our review article, we described the current state of knowledge of the use of valproic
acid (VPA), short-chain fatty acid, representative of the HDIs which has been successfully
used in the treatment of epilepsy, bipolar disorders, and schizophrenia for over 50 years,
individually or in combination with other active agents, in the treatment of BC, with
particular emphasis on the progress that have been done in this topic recently.

2. Molecular Subtypes of Breast Cancers and Limitations in the Therapy of Patients
Harboring These Subtypes

BC is a complex group of diseases with specific pathological features and clinical impli-
cations. Extensive evidence suggests that BCs with varied biological and histopathological
characteristics develop differently, resulting in miscellaneous responses to the treatment,
and therefore various therapeutic strategies should be used [12–14].

Classic immunohistochemistry markers such as expression of estrogen (ER), proges-
terone (PG), and human epidermal growth factor (HER2) receptors; and clinicopathological
factors, like tumor grade, size, nodal involvement, are conventionally used to select therapy
and to predict disease progression. The widespread use of high-throughput techniques for
gene expression analysis has shown that the response of cancer cells to treatment is not
due to prognostic factors of anatomical origin, but to internal molecular characteristics of
BCs [12,15].

Five molecular subtypes of BC, including luminal A, luminal B, HER2-overexpressed,
triple-negative and normal-like, were identified (Figure 1) [12,15].
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Figure 1. 5 main intrinsic or molecular subtypes of breast cancer (BC) (ER-estrogen receptor, PG-progesterone receptor,
HER2-human epidermal growth factor receptor, Ki67-proliferation index marker) [12,13,16,17].

The hormone receptors (ER and PG) positive subtypes of BC are the most com-
mon types of breast carcinoma, among these luminal A and luminal B forms are more
prevalent [18]. Luminal A BCs have a higher level of expression estrogen-related genes
and lower expression of proliferative markers (Ki67 < 20%) compared to luminal B type
(Ki67 ≥ 20%). Moreover, luminal B cancers are usually characterized by higher histological
grade than luminal A tumors. At the molecular level, luminal A subtypes are associated
with somatic mutations in GATA3 (GATA binding protein 3), PIK3CA (phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit alpha) and MAP3K1 (mitogen-activated protein
kinase kinase 1) genes, and often exhibit cyclin D1 overexpression. Luminal B tumors
show frequent mutations in the TP53 and PIK3CA genes as well as dysregulations in the
retinoblastoma and MAPK (mitogen-activated protein kinase) signaling pathways [13].
Luminal cancers respond well to hormone-related therapies [12,19,20].

Unlike the luminal type, HER2-overexpressed and triple-negative breast cancer (TNBC)
subtypes are characterized by a lack of expression of ER and PG receptors, as well as high
aggressiveness [18]. Although HER2-overexpressed BCs carry a poorer clinical prognosis
compared to luminal subtypes, they have a much better response and sensitivity to an-
thracycline [21] and taxane-based neoadjuvant chemotherapy [22,23]. Even though the
therapy of patients expressing HER2 receptors has been revolutionized by the introduction
of anti-HER2 monoclonal antibodies (e.g., trastuzumab, bevacizumab, lapatinib) [24–26],
recurrence and development of metastasis are serious clinical issues. In addition, not
all patients with HER2-overexpression respond to therapy with trastuzumab. C-X-C
chemokine receptor type 4 (CXCR4) up-regulation and phosphatase and tensin homolog
(PTEN) loss are associated with resistance to treatment with trastuzumab. Therefore, new
therapies are being sought for the treatment of cancers resistant to anti-HER2 monoclonal
antibodies [12,27].

Approximately 15% of patients suffering from BC are diagnosed with its most severe
form-TNBC. TNBC characterizes lack or low expression of hormone and HER2 receptors
as well as a high level of basal markers, such as keratin or epidermal growth factor receptor
(EGFR). There is also increased activation of the WNT signaling pathway and frequent
mutations in the TP53 and BRCA1 genes [13]. Therefore, standard hormone therapies
and targeted therapy directed against HER2 are excluded. TNBC characterizes a very
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aggressive clinical course, and a higher risk of local and systemic relapse [12,28–30]. TNBC
has the worst prognosis of all the BC subtypes and is treated with systemic chemotherapy
to which it responds better than other subtypes. Unfortunately, the use of traditional
cytostatics (cisplatin, paclitaxel) is limited by numerous side effects (bone marrow damage,
severe renal failure, peripheral neuropathies), as well as the occurrence of resistance to
therapies [31–34]. Due to the lack of recognized molecular targets for therapy, TNBC is an
object of interest for clinical trials with novel treatment approaches [13].

Normal-like type of BC accounts 7.8% of all cancer cases and characterizes similar
immunohistochemistry status to the luminal A subtype (HR+ (ER+ and/or PG+), HER,
low Ki-67) and normal breast tissue profiling. The tumor necrosis factor alpha (TNFα)
pathway activity increased gradually from luminal A, luminal B, normal-like, HER2-
enriched and TNBC subtypes [35]. Still, while normal-like BC has relatively good prognosis,
its outlook is slightly worse than luminal A cancers’ prognosis [12]. Similar to the luminal A
subtype, normal-like signature was found significantly less expressed in metastatic tumors
than in primary tumors. It has been demonstrated that both normal-like and luminal
A signatures show a negative correlation between time to tumor recurrence (TTR) and
the magnitude of gene/signature expression changes between primary and metastatic
disease [36]. Interestingly, normal-like cancer is less sensitive to paclitaxel- and doxorubicin-
containing preoperative chemotherapy than the TNBC and HER2+ subtypes [37].

The presence or absence of receptors characteristic of BC allows to use of specific tar-
geted therapies and the personalized treatment of BC patients. Targeted agents acting at the
epigenetic level are currently being investigated in the treatment of different hematological
malignancies and solid tumors.

3. Histone Deacetylase Inhibitors (HDIs)

The abnormal histone acetylation profile leads to numerous cellular disorders, in-
cluding tumor initiation and progression [38]. It has been shown that histone acetylation
disturbances are an important factor in the progression of BC. Studies linked with abnormal
acetylation level of histones in BC focus on molecular mechanisms of BC development, iden-
tification of novel biomarkers for prediction aggressiveness of the tumor, and therapeutic
potential [39].

Histone acetylation modifying enzymes control the transcription process by changing
the status of histone acetylation as well as other transcription factors occurring mainly in
the promoter region (Figure 2) [38]. Equilibrium in the activity of the opposing enzymes:
HATs and HDACs is necessary to maintain epigenetic regulation of gene expression [40].
HATs catalyze the reversible acetylation reaction at the ε-amino group of lysine residues.
Neutralization of the positive charge of lysine residues due to histone acetylation is cor-
related with chromatin relaxation and increased transcriptional activity of genes. Unlike
HATs, HDACs remove acetyl groups leading to condensation of chromatin and silencing
the transcriptional activity of genes (Figure 2) [8,41].

Based on the yeast protein homology and functional criteria, HDACs were divided
into four classes: zinc- (I, II and IV) and NAD-dependent (III). HDACs 1, 2, 3 and 8 belong to
the I class. The II class is divided into two subclasses IIa (HDAC4, 5, 7, 9) and IIb (HDAC6,
10). Class III due to homology to silent information regulator 2 (SIR2) of Saccharomyces
cerevisiae is called sirtuins and includes SIRT1-SIRT7. Class IV contains only one member
HDAC11 (Table 1) [8,41].
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Figure 2. Histone acetylation modifying enzymes (HAT histone acetyltransferase, HDAD-histone deacetylase) control the
transcription process by changing the status of histone acetylation and conformation of chromatin [38].

Table 1. Classification of histone deacetylases (HDACs) [8,41].

Class of HDAC HDAC
Zinc/Nicotinamide
(NAD)-Dependent

I HDAC1, 2, 3, 8 zinc-dependent

II IIa: HDAC4, 5, 7, 9
IIb: HDAC6, 10 zinc-dependent

III SIRT1-SIRT7 NAD-dependent
IV HDAC 11 zinc-dependent

Due to the fact that HDACs exert a significant effect on chromatin remodeling, their
inhibitors (HDIs) have become an interesting field of study. HDIs are divided into four
classes: hydroxamic acids (i.e., trichostatin A (TSA), vorinostat (SAHA), belinostat (PXD-
101), panobinostat (LBH-589), resminostat (4SC-201)); short chain fatty acids (i.e. sodium
butyrate (NaB), phenylbutyrate (PBA), valproic acid (VPA)); cyclic peptides (i.e. apicidin
(CAS183506-66-3), romidepsin (FK228)); benzamides (i.e. mocetinostat (MGCD103), entino-
stat (MS-275), domatinostat (4SC-202)) (Table 2) [10].

So far, four HDIs have been approved by the US Food and Drug Administration (FDA)
for the treatment of certain types of cancer: SAHA-for the treatment of cutaneous manifes-
tations of cutaneous T-cell lymphoma (CTCL) in patients with the progressive, persistent,
or relapsing disease [42]; LBH-589-in polytherapy with bortezomib and dexamethasone
for therapy of patients with relapsed and/or refractory multiple myeloma [43]; FK228
and PXD-101-for the treatment of peripheral T-cell lymphomas (PTCLs), a rare disease
belonging to non-Hodgkin lymphomas [44,45]. Therefore, HDACs modulators may also
be used as potential drugs in the BC treatment [39]. HDIs via inhibition of HDACs activity,
increase the acetylation level of both histone and non-histone proteins [46,47] maintaining
a global cellular acetylation profile which enables the activation of genes responsible for
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inhibiting the progression of BC. Results from pre-clinical and clinical studies have shown
that HDIs can induce different anti-cancer mechanisms in many types of BC [8,40,41]. Since
VPA, as a psychoneurological drug, crossing the blood-brain barrier (BBC), it could also
effectively eliminate metastatic BC cells in the brain of patients (Figure 3) [48].

Table 2. Classes of histone deacetylase inhibitors (HDIs) (CTCL-cutaneous T-cell lymphoma, FDA-Food and Drug Adminis-
tration, PTCL-peripheral T-cell lymphoma) [10].

Class of HDIs HDI Abrreviation
FDA Approval for Cancer

Treatment

Hydroxamic acids

Tichostatin A TSA
Approved for CTCL treatment
Approved for PTCLs treatment

Approved for multiple myeloma
treatment

Vorinostat SAHA
Belinostat PXD-101

Panobinostat LBH-589
Resminostat 4SC-201

Short chain fatty acids
Sodium butyrate NaB
Phenylbutyrate PBA

Valproic acid VPA

Cyclic peptides Apicidin CAS183506-66-3 Approved for PTCLs treatment
Romidepsin FK228

Benzamides
Mocetinostat MGCD103

Entinostat MS-275
Domatinostat 4SC-202

Figure 3. The potential effects of valproic acid (VPA) on breast cancer cells and metastatic breast cancer (BC) cells in
the brain.

HDIs are able to inhibit proliferation and induce the differentiation and apoptosis
of tumor cells resistant to different cytostatic drugs by regulating the expression several
genes. It was already demonstrated in 2004 that administration of TSA to BC cells resistant
to tamoxifen caused an increase in estrogen receptor expression, which in turn allowed
for re-sensitization of these cells to the administered drug [49]. In addition, it has been
shown that new synthetic HDI-FA17 overcome multidrug resistance (MDR) in BC cells of
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the MCF-7/MTX insensitive to methotrexate cell line [50]. In general, HDIs can induce
tumor growth inhibition and apoptosis of tumor cells. Interestingly, in opposite to standard
cytostatic agents, HDIs show significantly lower toxicity to normal cells [8,40,41].

4. Valproic Acid and Breast Cancer

Valproic acid (2-propylpentanoic acid, VPA) belongs to the group of short-chain
fatty acids. VPA causes acetylation of the N-terminal tails on histones H3 and H4, and
inhibits the activity of HDAC I and II, probably by binding to the catalytic center, and in
consequence, blocking access to the substrate [8,51]. VPA has been approved by the FDA
for the treatment of epilepsy and other convulsive diseases and has been used successfully
in the therapy of these diseases for over five decades [52]. It has been demonstrated that
VPA shows anticancer activity (Figure 4) in a diversity of human cancers [53–55], including
breast carcinoma [56–59].

Figure 4. The functional mechanism of valproic acid in breast cancer treatment (BC-breast cancer, CDDP-cisplatin, DXR-
doxorubicin, ER-estrogen receptor, EMT-epithelial-mesenchymal transition, HER2-human epidermal growth factor receptor
2, TNBC-triple-negative breast cancer, VPA-valproic acid) (↑—increase, ↓—decrease, —stop).

4.1. VPA Induces Apoptosis and Inhibits Cell Cycle

VPA decreases cell viability through arresting of the cell cycle in G1 or sub-G1 phases,
induction of p21 protein expression and apoptosis by upregulation of Bak, downregula-
tion of Bcl-2 expression, increasing Bax/Bcl-2 ratio, and, as a consequence, decreasing
telomerase activity in estrogen-positive MCF7 BC cells. Telomerase is a ribonucleoprotein
reverse transcriptase involved in the elongation of the telomeres and is responsible for the
phenomenon of resistance to apoptosis in cancer cells [60,61]. VPA reduced proliferation
not only MCF-7 BC cells but also MCF-7 BC stem cells in a time (24, 48, 72 h) and dose
(0.6–20 mM) dependent manner. Cancer stem cells (CSCs) are a subpopulation of cells
that reinitiate carcinogenesis, induce resistance to chemotherapy, are prone to develop
metastases, and lead to disease relapse due to acquired resistance to apoptosis. Epigenetic
alterations play a pivotal role in the regulation of stemness and also have been implicated
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in the development of drug resistance. It has been detected that MCF-7 stem cells were
much more resistant to VPA than MCF-7 cells. Moreover, VPA increased levels of M30
protein (cytokeratin 18 neoepitope), caspase 3 and 7 activations, annexin-V-FITC positivity,
suggesting apoptosis induction in BC stem cells. The late stage of apoptosis (secondary
necrosis) was also evidenced by nuclear pyknosis with propidium iodide staining [61].

Similar to receptor-positive BCs, VPA induces cell cycle inhibition and apoptosis in BC
cells with HER2 overexpression. HER2-overexpressed BC cells are more sensitive to VPA
than HER2-negative ones. It has been demonstrated that the anti-proliferative mechanism
of VPA in BC cells is related to their HER2-expression status. Therefore, VPA may synergize
with drugs used in the therapy of HER2-overexpressed BC, like anti-HER2 monoclonal
antibodies (e.g., trastuzumab, bevacizumab, lapatinib) or anthracycline and taxane-based
neoadjuvant chemotherapy to inhibit HER2-overexpressing BC cell proliferation more
effectively. The antiproliferative effect of VPA results from Hsp90 dysfunction which is
involved in hyperacetylation of Hsp70 (non-histone protein acetylation). Hyperacetylation
of Hsp70 directly affects the HER2 receptor protein, which is the client of the Hsp90
protein. The loss of Hsp90 function leads to the degradation of Hsp90 client proteins and
the process of apoptosis. The alteration of the level of cyclin-dependent kinase inhibitor
p21/WAF1, cleaved caspase-3, acetylated heat shock protein (Hsp) 70, acetylated Hsp90,
and acetylated α-tubulin by VPA was determined in SKBR3 HER2-overexpressing BC cells.
It has been observed that VPA upregulates expression and induces targeting of p21 WAF1,
cleaved caspase-3, upregulates Hsp 70 acetylation, inhibits differentiation, and exhibits
antiproliferative activity in BC cells in a dose- and time-dependent manner [8,62]. It has
been demonstrated that VPA also remarkably inhibits the growth and triggers apoptotic
cell death through G0/G1 arrest in MDA-MB-231 TNBC cells (Table 3) [57].

Table 3. Mechanism of action of valproic acid (VPA) in in vitro breast cancer (BC) pre-clinical setting (BC-breast cancer,
EMT-epithelial-mesenchymal transition, ER-estrogen receptor, HER-2-human epidermal growth factor receptor 2).

Cellular Process Sub-Type of BC Cell Line Mechanism of Action References

Apoptosis

Luminal

MCF7
↑apoptosis (↑p21, ↑Bak,

↑Bax/Bcl-2 ratio, ↓Bcl-2 proteins
expression, ↓telomerase activity)

[60]

MCF7 tem cells
↑apoptosis (↑M30 protein

expression, ↑caspase 3 and 7
activation, ↑nuclear pycnosis)

[61]

HER-2-overexpressed SKBR3 ↑apoptosis (↑cleaves caspase 3,
↑Hsp70 acetyaltion) [62]

TNBC MDA-MB-231 ↑apoptosis [57]

Cell cycle

Luminal
MCF7 cell cycle arrest in sub-G1 phase [60]

ZR-75-1 cell cycle arrest in G1 phase [60]

HER-2-overexpressed SKBR3 ↑p21WAF1 protein expression [62]

TNBC MDA-MB-231 cell cycle arrest in G0/G1 phase [57]

Migration

Luminal

MCF7 ↑migration [63]

MCF7
T47D ↓migration [64]

TNBC

MDA-MB-231 ↓migration (↑nm23H1 gene
expression) [65]

MDA-MB-231
MDA-MB-468 ↓migration [64]

MDA-MB-231 ↑migration [57,63]
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Table 3. Cont.

Cellular Process Sub-Type of BC Cell Line Mechanism of Action References

EMT

Luminal

MCF7 ↑EMT (↑Snail, ↑Zeb-2 genes
expression) [63]

MCF7 T47D ↓EMT (↑E-cadherin gene and
protein expresssion) [64]

TNBC
MDA-MB-231

↑EMT (↑Snail, ↑Zeb-2 genes
expression) [63]

↑EMT (↑Snail, ↓E-cadherin,
↓GKS3β genes expression) [57]

MDA-MB-468 ↑EMT (↑N-cadherin gene and
protein expression) [64]

miRNA
Luminal MCF7 ↑miR-34a, ↑miR-520h expression [56]

TNBC MDA-MB-231 ↑miR-34a, ↑miR-520h expression [56]

ER receptor status TNBC MDA-MB-231 ↑ERα, ↑FoxA1 genes and proteins
expression [66]

Metabolic
pathways Luminal MCF7

↑furfural expression, alteration in
alanine, taurine and hypotaurine

metabolism
[67]

↑—increase, ↓—decrease.

4.2. VPA Regulates Migration and Epithelial-Mesenchymal Transition (EMT)

Sodium valproate (VPA-derivative) at concentrations of 0.8–3.2 mM inhibits migration
of MDA-MB-231 TNBC cells in a dose-dependent manner by upregulation of nm23H1
gene expression [65]. Nm23 (non-metastatic clone 23), also known as ndpk (nucleoside
diphosphate kinase), is a metastasis suppressor gene locating on codon 21.3 of the long
arm of chromosome 17. The Nm23H1 protein acts as an upstream regulator that modu-
lates downstream metastasis-related genes, which results in tumor metastasis inhibition.
Overexpression of nm23H1 gene decreases proliferation, invasion, and metastasis of cancer
cells, probably mediated by nm23h1 regulation by the HDACs. It has been reported, that
silencing of nm23H1 resulted in an increased in rac (Rac family small GTPase 1) gene
expression and, in consequence, in the invasive ability of TNBC cells. Overexpression of
nm23H1 can be a promising prognostic indicator linked with longer overall survival of
patients harboring various types of cancers, including BC. However, the mechanism by
which Nm23H1 participates in tumor metastasis is not fully understood [65,68,69].

Besides inhibition of cell migration, VPA affects the epithelial to mesenchymal transi-
tion (EMT). EMT is an important process of transdifferentiation in solid cancers progression
and the development of metastasis. During EMT polarized, immotile epithelial cells are
transformed into migratory mesenchymal-like cells prone to migration, metastasis forma-
tion, drug resistance, and BC stemness features development [70–73]. Numerous signaling
pathways are involved in the EMT process, including: cadherin [74], notch [75], transform-
ing growth factor-β (TGF-β) [76], matrix metalloproteinases [77], urokinase plasminogen
activator [78] and WNT/beta-catenin [79,80] pathways [70]. However, understanding of
the crosstalk of multisignaling pathways as well as assemblies of key transcription factors
involved in the EMT process remains incomplete [10,70]. It has been demonstrated that
VPA in concentration 1 mM does not affect cancer cell proliferation, whereas significantly
increases the migration and induces EMT-like properties of MCF7 luminal and MDA-
MB-231 TNBC cells via upregulation of Snail and Zeb1 transcription factors expression.
Moreover, knockdown of Snail and Zeb1 attenuate VPA induced cell migration and EMT
process. VPA increases the Snail protein stability through suppression of its phosphory-
lation at serine 11 (Ser 11). VPA also increases the transcription and promoter activity of
Zeb1 via HDAC2-dependent manner. HDAC2 overexpression blocks VPA-induced Zeb1
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expression [63]. In line with these findings, another research group confirmed that VPA in-
duces cell migration and EMT process in TNBC cells through a significant increase of Snail
expression and downregulation of E-cadherin and GKS3β levels. Interestingly, the levels
of β-catenin and AKT were reduced after VPA treatment, suggesting that AKT/GSK3β/β-
catenin signaling pathway does not mediate EMT activation [57]. Increased migration
and EMT are usually associated with the worst prognosis tumors; thus, the use of VPA in
monotherapy of metastatic BC may be limited. The EMT is a process characteristic of solid
tumors, therefore the low therapeutic effectiveness of HDIs in this type of neoplasms may
be associated with the activation of EMT process.

Changes in the expression of cadherins, so-called cadherin switches, are used very
often to monitor the EMT process in development and tumor progression, in particular
migration and invasion potential. It has been demonstrated that VPA inhibits the prolif-
eration and migration in a time- and dose-dependent fashion, regardless of the BC cell
type. However, BC cells with the more mesenchymal phenotype (MDA-MB-468) were
found to overexpress N-cadherin, whereas BC lines with an epithelial phenotype (T47D,
MCF7) responded to HDI treatment through a significant increase in E-cadherin expression.
Therefore, the authors conclude that HDI induction or reversal of EMT is not a universal
mechanism, yet inhibition of cell migration is, and thus EMT should not be considered as
the only measurement for tumor aggressiveness [64]. Taking into account the very diver-
gent results regarding the influence of VPA on the EMT process this phenomenon should be
thoroughly re-examined using the entire panel of BC cell lines and in vivo models (Table 3).

4.3. VPA Affects microRNAs (miRNAs) Expression

MicroRNAs (miRNAs) are small RNAs that suppress gene expression through their
interaction with 3’untranslated region in specific target mRNAs. Non-coding RNAs (ncR-
NAs), including miRNAs exert critical function in the regulation of cellular processes that
are involved in the EMT, as a result, some miRNAs impact cancer stemness and drug resis-
tance. Therefore, understanding the relationship between EMT and miRNAs is beneficial
to both basic research and clinical treatment [81–84]. The impact of VPA on miR-34a [85],
miR-520h [81], and their target gene HDAC1 expression, as well as their involvement in the
induction of apoptosis in MCF-7 and MDA-MB-231 BC cell lines, were evaluated. miRNA-
34a is a well-described EMT-inhibiting miRNA [85]. In the beginning, possible target genes
of miR-34a and miR-520h as well as their role in apoptosis regulation were investigated
using bioinformatics analyses. Potential targets of hsa-miR-34a-5p and hsa-miR-520h-5p
were in silico evaluated using predictive databases, then, a functional enrichment analysis
was performed with the resulting target genes, to determine genes involved in apoptosis
pathway and expressed in BC tissue. Furthermore, the interactions of the potential target
genes with each other as well as with hsa-miR-34a-5p and hsa-miR-520h-5p were evaluated
using STRING where 56 potential interactions between the above-mentioned miRNAs
and apoptosis genes were described. It has been demonstrated that VPA increases the
expression of miR-34a and miR-520h and decreases HDAC1 expression in MCF-7 cells. In
turn, VPA decreased the expression of these miRNAs and increased the HDAC1 expres-
sion in MDA-MB-231 BC cells. Similarly like in MDA-MB-231 BC cells, in cancer tissue
the expression of miR-34a and miR-520h significantly decreased, while the expression
of HDAC1 increased after VPA treatment in vivo. This raises the possibility that VPA
differently regulates the expression of the same genes, depending on BC cancer type or
their molecular profiling (Table 3) [56].

Changes in the miRNA level were observed after VPA treatment also in pancreatic [86],
colon [87] or thymic carcinomas [88], as well as acute myeloid leukemia [89]. VPA treatment
induced expression of ErbB family members-targeting microRNAs (miR-133a, miR-133b,
miR-125a, miR-125b, and miR-205) in pancreatic cancer cells without altering mRNAs levels
of EGFR, ErbB2, and ErbB3 [86]. A role for these miRNAs has been demonstrated in BC.
miR-133 targets YES1 proto-oncogene and inhibits the growth of TNBC cells [90]. MiR-205
suppresses the malignant behaviors of BC cells by targeting CLDN11 via modulation of
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the EMT [91]. It has been also demonstrated that the expression of the tumor-suppressing
microRNA-125b decreased in samples of BC expressing HER2 and ER, and in TNBC [92].
In turn, treating colon cancer cells with VPA reduces the levels of precursor-miR17-92a and
mature miR-92a, as well as c-Myc [87]. The upregulation of miR-92a-3p was detected in
tamoxifen-resistant BC cells, suggesting that lower level of miR-92a-3p could effectively
improve the therapy with this drug [93]. It was also found that VPA treatment of TC1889
cells (thymic carcinoma) led to miR-145-5p up-regulation and concomitant down-regulation
of miR-145-5p target genes and exhibited antitumor effects, including cell cycle arrest
and the reduction of cell viability, migration capability and, colony-forming ability [88].
miR-145-5p suppresses BC progression by inhibition of (sex-determining region Y)-box
2 (SOX2) [94], a transcription factor that is essential for maintaining self-renewal and
pluripotency in BC cells [95]. VPA treatment downregulated expression of CHEK1, RAD51
as well as TYMS genes, which were identified as putative targets of miR-15a and miR-
16 in acute myeloid leukemia [89]. It was demonstrated that miR-15a/miR-16 induces
mitochondrial-dependent apoptosis in BC cells by suppressing oncogene BMI1 [96]. The
expression and role of individual mRNAs depend on the type of tumor; thus the potential
effect of VPA on individual miRNAs requires further research.

4.4. VPA and Estrogen Receptor Status

It has been demonstrated that VPA affects not only cell migration, proliferation, and
cancer cell survival, but also the expression and activation of hormone receptors in BC
cells observed in the pre-clinical and clinical studies [97]. Therefore, VPA can be valuable
drugs in BC therapy where ER receptor is silenced by epigenetic modifications. It has been
reported that ER receptor can be indirectly activated by sub-therapeutic doses of VPA.
Sub-therapeutic concentrations of VPA (100 μM) can mimic estrogen and induce growth in
an estrogen-depleted medium. This effect was abolished by adding an estrogen receptor
antagonist. Nonetheless, therapeutic doses of VPA act via mechanisms unrelated to the
stimulation of estrogen [98]. Interestingly, MDA-MB-231 ER-negative BC cells re-activate
ER receptor expression and function after VPA treatment. It has been reported that VPA
induced mRNA and protein expression of ER-alpha, while did not modify the level of
ER-beta. Consequently, VPA increased expression of the ER-related transcription factor
FoxA1, induced inhibitory effect of tamoxifen on cell growth, and caused estradiol-induced
up-regulation of estrogen-regulated genes (e.g., pS2, progesterone receptor). Summarizing,
VPA inducing ER-alpha and FoxA1, conferred to MDA-MB 231 cells an estrogen-sensitive
phenotype, restoring their sensitivity to anti-estrogen therapy (Table 3) [66].

4.5. VPA Affects Metabolic Pathways

Metabolomics is a post-genomic research area comprising different analytical methods
for small molecules analysis [99]. Metabolomics is a promising strategy to explain the
pathogenesis of cancer and identify new targets for cancer diagnosis and therapy [67].
The effect of VPA on metabolites and metabolic pathways in BC cells was determined.
Metabolomic analysis based on UPLC-MS/MS allowed for the identification of 3137 differ-
ential metabolites of VPA in MCF-7 cells and 2472 metabolites in MDA-MB-231 BC cells
after VPA treatment. VPA particularly affected the beta-alanine, taurine, and hypotaurine
metabolism pathways. Expression of furfural was up-regulated after VPA treatment in
both BC cell lines. All these findings can contribute to the identification of new targets for
BC treatment (Table 3) [67].

5. “Valproic Acid et al.” and Breast Cancer

Despite the significant progress in the development of novel therapeutic options,
standard chemotherapy of cancers still does not bring satisfactory results [58,100,101].
Chemotherapy with the use of standard cytostatics or their derivatives is limited due
to many adverse effects, high toxicity to normal cells, or the occurrence of chemotoler-
ance [102]. Therefore, combinations of established anticancer chemotherapeutics and new
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active agents with different mechanisms of action are being tested to increase the effec-
tiveness of the therapy and improve clinical outcomes of oncological patients [58,103].
New active compounds approved for the treatment of BC, which effectively and selec-
tively eliminate BC cells, and additionally enhance anticancer properties of currently used
chemotherapeutics without destroying healthy tissue, are of great importance [11,59].
It has been demonstrated that new active agents not only reduce the effective doses of
chemotherapeutic drugs but also sensitize cancer cells to standard cytostatics, increase
the combined therapeutic activity of both active compounds and limit cytotoxic effect
in relation to human normal cells through lowering the therapeutic doses of standard
cytostatics by partially replacing them with new less toxic active agents. Additionally,
combined therapy with new active agents can diminish multidrug-resistance (MDR) of
currently used chemotherapeutic regimens [103]. In this context, many natural [103–106]
and synthetic chemical compounds, including HDIs [11,58,59], have been identified and
have become an interesting class of active agents for combined anti-cancer therapy.

Cisplatin (CDDP) or cis-diamminedichloroplatinum (II) is a well-known chemothera-
peutic drug widely used in the therapy of numerous human cancers including lung, head
and neck, bladder, ovarian, testicular, or TNBC. The mechanism of action of CDDP is
linked to its ability to crosslink with the purine bases on the DNA, interfering with DNA
repair mechanisms, causing DNA damage, and subsequently inducing apoptosis pathways
in cancer cells. However, due to drug resistance and numerous adverse effects such as
kidney insufficiency, gastrointestinal disorders, allergic reactions, hemorrhage, decreased
immunity to infections, and hearing loss, the use of CDDP is limited [107]. The combination
of VPA and CDDP resulted in the induction of apoptosis and cell cycle arrest in G1 phase in
receptor-positive as well as TNBC cell lines in comparison to CDDP-monotherapy. CDDP
with VPA applied together at a fixed-ratio of 1:1 exerted additive or additive with the
tendency towards synergy interactions in the viability of MCF7 and T47D cells, respectively.
In contrast, antagonistic (sub-additive) interaction was observed for the combination of
CDDP with VPA in MDA-MB-231 TNBC cell line [59]. Interestingly, combined treatment of
VPA and CDDP in MDA-MB-231 BC cells with the altered (increased or decreased) activity
of Notch1 receptor yielded additive interaction. Therefore, VPA might be considered as
potential therapeutic agents in combination therapy with CDDP against TNBC with altered
Notch1 activity (Table 4) [58].

Table 4. Mechanism of action of valproic acid (VPA) and other anti-cancer drugs in combination in in vitro and in vivo breast
cancer (BC) pre-clinical setting (CDDP-cisplatin, CDK-cyclin-dependent kinase, DXR-doxorubicin, 5-FU-5-fluorouracil,
HER2-human epidermal growth factor receptor 2, N/A-not analyzed, PARP-poly (ADP-ribose) polymerase 1, TNBC-triple-
negative breast cancer).

Drug-Drug
Combination

BC-Subtype Cell Line Mechanism of Action
Type of

Pramacological
Interaction

References

VPA+CDDP

Luminal

MCF7

↑apoptosis, ↓cell viability,
cell cycle arrest

additivity [59]

T47D
additivity with

tendency towards
synergism

[59]

TNBC

MDA-MB-231 ↑apoptosis, ↓cell viability,
cell cycle arrest antagonism [59]

MDA-MB-231 with
decreased and increased

Notch1 activity
↓cell viability additivity [58]

VPA+5-FU TNBC MDA-MB-468 sensitization of BC cells
insensitive to 5-FU N/A [108]

VPA+capecitabine
Luminal,

HER2-overexpressed,
TNBC

MCF7, SKBR3,
MDA-MB-231,
MDA-MB-468

↓proliferation,
↑apoptosis, ↑thymidine
phosphorylase gene and

protein expression

synergism, additivity [109]
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Table 4. Cont.

Drug-Drug
Combination

BC-Subtype Cell Line Mechanism of Action
Type of

Pramacological
Interaction

References

VPA+camptothecin Luminal MCF7 ↑apoptosis (↓BcL-xl
protein espression)

synergism (more
than additivity) [110]

VPA+DXR TNBC Hs578T
↓viability, ↑cytotoxicity,

↑apoptosis, ↑Cx43
protein expression

N/A [111]

VPA+AZD2461
(PARP1 inhibitor) Luminal MCF7 ↓viability mild antagonism [112]

VPA+PD-033299
(CDK inhibitor)

Luminal,
HER2-overexpressed,

TNBC

Panel of BC cells (MCF7,
T47D, BT474,

MDA-MB-361, SKBR3,
HCC1143, HCC38,

HCC1806, BT483, BT549,
MDA-MB-435,

MDA-MB-453,) and 3D
cultures from pleural
effusion of patients

↑apoptosis, cell cycle
arrest, overexpression of

CDKN1C gene
synergism [113]

↑—increase, ↓—decrease.

5-fluorouracil (5-FU) is one of the oldest chemotherapeutic drugs routinely used in
single or combined modalities with other chemotherapeutic agents in the therapy of a
variety of solid tumors, including BC. Mechanism of action of 5-FU has been attributed
to the production of cytotoxic metabolites that are incorporated into DNA and RNA,
and inhibiting thymidylate synthase, finally leading to apoptosis and cell cycle arrest in
cancer cells [114]. Resistance to 5-FU is a serious clinical problem in cancer therapy, and
overcoming it is a challenge for chemotherapy. HDIs can overcome resistance to various
anti-cancer drugs in vitro. It has been reported that VPA increases the sensitivity of MDA-
MB-468 TNBC cells to 5-FU in 5-FU sensitive and 5-FU resistant BC cells (Table 4) [108].

Capecitabine is an oral prodrug of FU, which is approved for the treatment of
metastatic BC in different settings [115]. The combined therapy of VPA and capecitabine
resulted in synergistic or additive antiproliferative and pro-apoptotic effects in BC cells
in vitro and in vivo. It has been demonstrated that low anticonvulsant dosage of VPA
induces the time- and dose-dependent up-regulation of thymidine phosphorylase (TP)
gene and its protein expression in BC cells, however, TP level remains unchanged in the
non-tumorigenic MCF-10A cells. TP is a key enzyme requires for its conversion of FU
to 5-FU in tumors. HDAC3 was the main isoform whose inhibition was involved in the
modulation of TP activity. Thereby, the combination of VPA and capecitabine could be
regarded as an innovative anti-cancer strategy for the therapy of BC (Table 4) [8,109].

Camptothecin is a naturally occurring alkaloid derived from the Camptotheca acumi-
nate. Camptothecin forms a stable ternary complex, prevents normal DNA re-ligation, and
causes the complex to collide with the replication fork, leading to a DNA double-strand
break [116,117]. It has also been demonstrated that VPA and camptothecin applied together
induce caspase-dependent apoptosis through modulation of anti- and pro-apoptotic gene
expression and loss of the mitochondrial membrane potential in MCF7 BC cells, whereas
neither compound alone could efficiently induce apoptosis. It has been demonstrated
that Bcl-xL expression was induced in MCF-7 BC cells treated with camptothecin alone,
in contrast to cells treated with camptothecin and VPA together. Induction of apopto-
sis was completely suppressed by the ectopic of Bcl-xL overexpression in MCF-7 cells.
Camptothecin and Bcl-xL inactivation with using siRNA or BH3 mimetic caused efficient
induction of apoptosis in these cells. The cytotoxic effect of camptothecin in combination
with VPA was more than additive in MCF-7 BC cells, therefore simultaneous administration
of VPA and camptothecin can be a useful strategy for therapy of BC (Table 4) [110].

Doxorubicin (DXR) is a member of the anthracycline family and is currently the
most effective chemotherapeutic drug used in the treatment of early and advanced breast
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cancer. Unfortunately, it has been demonstrated that DXR can induce drug resistance which
limits the effectiveness of the agent in single-drug treatment regimes. However, the exact
mechanisms of drug resistance are still poorly understood [118,119]. Sodium valproate
significantly enhanced the cytotoxicity of DXR and stimulated apoptosis induced by DXR
in vitro. Exposure to sodium valproate and DXR in combination resulted in significantly
increased early and late cell apoptosis rate and lowered cell viability compared with
doxorubicin treatment alone. Moreover, western blotting analysis demonstrated that
sodium valproate increased connexin 43 (Cx43) protein expression in Hs578T BC cells [120].
Cx43 is a prominent gap junction protein within the normal human breast tissue. Cx43
plays a tumor-suppressive role in primary tumors (Table 4) [111].

Poly (ADP-ribose) polymerase 1 (PARP1) and cyclin-dependent kinase (CDK) in-
hibitors. PARP1 inhibitors are newly developed anticancer active agents which target cells
with defects in the homologous recombination (HR) pathway. Newly developed PARP1
inhibitor AZD2461 and VPA can effectively reduce the growth of MCF-7 BC cells with no
fundamental DNA repair defect. VPA and AZD2461 applied together decreased cell viabil-
ity of MCF-7 cells, where IC50 values for VPA and AZD2461 were 4.89 mM and 42.83 μM,
respectively after 48 h of treatment with active agents. Also, the trypan blue exclusion
assay results showed a time- and dose-dependent decrease in cell viability in luminal BC
cells after treatment with both compounds. Unfortunately, combination analysis showed a
mild antagonism between VPA and AZD2461 while γ-H2AX levels were found not to be
significantly increased in MCF-7 cells treated with VPA and AZD2461 together compared
to each compound alone [112]. However, it has been reported that HDAC (VPA) and
cyclin-dependent kinase (CDK) inhibitors (PD-033299) show synergistic interaction in BC
cells and 3D cultures from pleural effusions of patients (Table 4) [113].

6. Valproic Acid Derivatives and Drug Carriers

VPA derivatives are promising antiproliferative agents targeting the HDAC8. Unfortu-
nately, most of these compounds are poorly soluble in water. Therefore, G4 PAMAM, four
generations of polyamidoamine dendrimers, were used to improve VPA derivatives’ water
solubility. It has been demonstrated that G4 PAMAM dendrimers are capable of trans-
porting weakly water-soluble aryl-VPA derivate compounds to increase their cytotoxicity
against BC cell lines. VPA/CF-G4 PAMAM dendrimer complex shows anti-proliferative
activity against MCF-7 and 3T3-L1, as well as MDA-MB-231 BC cells in the micro- and
millimolar concentrations, respectively. Molecular docking and molecular dynamics sim-
ulations as well as HPLC-UV/VIS, MALDI-TOF, 1H NMR, and atomic force microscopy
were used to evaluate the affinity of VPA, and its derivatives on G4 PAMAM, and then to
establish the formation of the drug-G4 PAMAM complexes. HPLC UV/VIS experiments
demonstrated an increase in the drug water solubility which was proportional to the G4
PAMAM amount [121]. Thus, chemical modification of VPA derivatives together with
carrier development could provide a new treatment concept in the future.

7. Clinical Trials

Several HDIs are now being tested in BC patients in different clinical trials ranging
from early phase I to randomized phase III either as single agents or in combination with
approved cytostatic agents [122–127]. Despite the proven activity and high effectiveness of
the use of some HDIs in hematologic malignancies [42–45], the single-agent activity seems
more limited in solid tumors. Somehow, results from certain clinical trials are promising,
especially those that employed VPA in combination with other chemotherapeutic drugs.
Combination of VPA and epirubicin or FEC100 (5-fluorouracil, epirubicin, and cyclophos-
phamide), an approved regimen for BC patients, were determined [128,129]. The I phase of
the study enrolled 44 patients with different solid tumors to determine the safety, toxicity,
and maximum-tolerated dose of a sequence-specific combination of VPA and epirubicin.
Patients were treated with increasing doses of VPA (days 1–3) followed by epirubicin (day
3) in 3-week cycles. The maximum-tolerated and recommended doses for II phase were
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determined (VPA 140 mg/kg/d for 48 h followed by epirubicin 100 mg/m2). Interestingly,
sustained plasma concentrations of VPA exceeding those required for in vitro synergy were
achieved with acceptable toxicity. Moreover, anticancer activity of VPA and epirubicin was
observed in patients with anthracycline-resistant tumors [128]. In the II phase dose expan-
sion enrolled 15 patients with locally advanced (IIIC) or metastatic (IV) BC (14 evaluable
for response). Patients in the dose-expansion group were treated with a 120 mg/kg/day
VPA loading dose followed by 60 mg/kg given every 12 h for 5 doses followed by FEC100.
At dose-expansion, 9 of 14 (64%) evaluable patients had an objective response. In the
trial, it has been demonstrated that a combination of VPA and FEC100 has an acceptable
toxicity profile and antitumor efficacy [129]. In addition to VPA, its derivatives have
been tested in clinical trials. The biological and clinical efficacy as well as the safety of
magnesium valproate and hydralazine (methyltransferase inhibitor) in combination with
doxorubicin cyclophosphamide in the neoadjuvant treatment of locally advanced BC, were
determined. BC patients were treated with 182 mg or 83 mg of hydralazine for rapid-
or slow-acetylators, respectively; and 30 mg/kg of magnesium valproate, starting from
the day-7 until chemotherapy ended, the latter consisting of four cycles of doxorubicin
60 mg/m2 and cyclophosphamide 600 mg/m2 every 21 days. Needle biopsies were taken
from primary tumors at diagnosis and day 8 of treatment with valproate and hydralazine.
Regarding the safety of cytotoxic chemotherapy-associated magnesium valproate and
hydralazine, this treatment was well-tolerated. Drowsiness in the majority of patients was
the toxicity that could be attributed to the experimental therapy with valproate, however,
it was not interfering with patient functioning in daily living. Interestingly, magnesium
valproate and hydralazine in combination up- and down-regulated 89 and 1091 genes at
least 3-fold, respectively. The results of this study demonstrate that therapy with valproate
and hydralazine is safe, that it achieves the molecular changes expected from the use of HDI
and demethylating agents, and appear to increase the efficacy of conventional cytostatic
drugs [130]. M.D. Anderson Cancer Center is currently recruiting participants for the phase
I clinical trial to determine the side effects and the maximum tolerated doses (MTDs) and
dose-limiting toxicities (DLTs) of bevacizumab and temsirolimus alone or in combination
with VPA or cetuximab in patients with advanced or metastatic malignancy, including
BC (III and IV stages). In the clinical trial patients receive temsirolimus intravenously
(i.v.) over 30–60 min on days 1, 8, 15, and 22, bevacizumab i.v. over 30–90 min on days
1 and 15, and VPA orally (p.o.) daily on days 1–7 and 15–21. The purpose of the study is
the preliminary assessment of the anti-tumor efficacy of each combination, assessment of
the pharmacokinetics, pharmacodynamic markers of target inhibition, and correlates of
response [131].

8. Discussion

BC is one of the leading causes of cancer-related death among women worldwide.
A significant challenge in treating BC is the limited array of therapeutic options and the
rapid development of resistance against currently used agents, especially in TNBC, the
most aggressive subtype of BC [97]. The idea of treating BC patients with active agents able
to re-establish expression of tumor suppressor genes silenced by epigenetic mechanisms
is currently being tested [132]. Up-regulated HDAC activity is associated with a closed
chromatin assembly and subsequent gene repression, forming a characteristic feature of
malignantly transformed cells [133,134]. Histone acetylation prevents chromatin condensa-
tion as well as makes promoters and other control elements of chromatin more accessible
to different transcription factors, and thus seems to be the most important mechanism in
HDIs anticancer action [135]. HDIs as the epigenetic modifiers have pleiotropic effects
on many biological processes such as cancer cell growth arrest, proliferation, differen-
tiation, angiogenesis, invasion, metastasis or immunogenicity [135]. VPA is a clinically
available HDI that notably increases apoptosis, induces cell cycle arrest, and abolishes
drug resistance in BC cells in vitro as well as decreases tumor growth and metastases in
animal models [135]. However, divergent data on the effects of VPA on different signaling
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pathways, including the EMT process or miRNA pathways limit the use of this compound
as a single agent in the therapy of BC, although VPA is currently still prescribed world-
wide as a well-tolerated, relatively safe and effective anticonvulsant and mood stabilizer.
Even though other HDIs have demonstrated more promising antitumor effects, VPA was
investigated for anti-cancer activity based on its low toxicity profile and availability. It
has been shown excellent tolerability of VPA within the serum range of 50–100 μg/mL
based on experience from its use as an antiepileptic agent [136]. VPA was rapidly absorbed
after oral administration, with peak serum levels occurring approximately 1–4 h after
a single oral dose [135]. Due to the fact, that VPA has been used in clinical practice in
nontoxic therapeutic concentrations in many seizure types and syndromes, and remains
a mainstay for treatment of epilepsy of all age groups except for infants, as well as ma-
nia in bipolar disorders, migraine prophylaxys, neuropathic pain and schizophrenia, for
more than four decades, its pharmacokinetic profile, side effects and toxicity are thus
well documented [135]. Moreover, therapy with VPA is widespread, relatively cheap,
and available. Since VPA, as a psychoneurological drug, crossing the blood-brain barrier,
it could also effectively eliminate metastatic BC cells in the brain of patients. There is
currently no effective therapy for treating metastatic TNBC in the brain. The diagnosis of
an oncological disease may cause a serious psychological crisis, and the use of VPA in the
treatment of BC could simultaneously reduce the symptoms of neuropsychiatric diseases.
VPA is generally well tolerated by patients. However, neurological side effects such as
dizziness, sedation, and tremor as well as mild gastrointestinal toxicities usually occur
early during treatment. Fatal hepatotoxicity is very rare and mainly occurs in children aged
less than 2 years who are treated with multiple drugs [137]. VPA is also a known human
teratogen and its prescription during pregnancy (especially in the first trimester) may cause
multiple birth defects that are overall designated as fetal valproate syndrome. The major
congenital abnormalities are neural tube defects, facial dysmorphism, growth retardation,
delay in postnatal cognitive development, and autism [135]. Despite the side effects of VPA,
especially in pregnant women, clinical trials are still ongoing for its potential application
in the treatment of several types of cancers, including solid and non-solid tumors [138].
While VPA administered alone demonstrated an anti-cancer effect in the pre-clinical set-
ting, little improvement was observed with VPA in monotherapy in the clinical setting.
These findings suggest that VPA needs to be combined with hormonal therapy agents or
traditional chemotherapy agents in the BC setting in the future. The promising pre-clinical
data suggest that VPA can be repurposed as an adjunctive agent in combination with
many cytotoxic, hormonal, and immunotherapeutic agents for the treatment of BC [97].
The effect of VPA in monotherapy on induction of apoptosis, inhibition of the cell cycle,
EMT or miRNA pathways do not differ significantly between the histological subtypes
of BC. However, it has been demonstrated that HER2-overexpressed BC cells are more
sensitive to VPA than HER2-negative. It is known that the anti-proliferative mechanism of
VPA in BC cells is related to their HER2-expression status. Therefore, VPA may synergize
with drugs used in the therapy of HER2-overexpressed BC, like anti-HER2 monoclonal
antibodies or anthracycline and taxane-based neoadjuvant chemotherapy. Interestingly, a
different therapeutic effect was observed in the VPA-combined therapy depending on the
type of BC. It has been demonstrated that the anticancer effect of VPA in combination with
other active agents, is highly cell-type specific. Additivity or additivity with a tendency
towards synergism was demonstrated between VPA and CDDP in luminal BC cells, while
antagonism was evidenced in TNBC cells between the same drug combination. Interest-
ingly, changes in Notch1 activity in MDA-MB-231 TNBC cells caused additive interaction.
Therefore, the therapy with VPA and CDDP can be a promising regimen in patients with
the most aggressive type of BC-TNBC with increased Notch1 activity. Synergistic type
of pharmacological interaction was also demonstrated between VPA and capecitabine
or PD-033299 (CDK inhibitor) in luminal, HER2-overexpressed, and TNBC cells as well
as with camptothecine in luminal BC cells. In contrast, mild antagonism was evidenced
in luminal BC cells treated with VPA in combination with AZD2461 (PARP1 inhibitor).
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However, further investigations are warranted to evaluate the efficacy and to provide
optimal treatment.

9. Conclusions

Despite significant progress in the therapy of BC patients, serious side effects, as well
as high toxicity of standard chemotherapeutics to normal cells limit the effectiveness of the
therapy. Moreover, the existence of de novo drug resistance (tumor does not respond to
treatment since the beginning of therapy) or acquired resistance (response to the drug dis-
appears over time) support the failure of standard therapies and do not bring satisfactory
results [139–141]. Thus, a new generation of cytostatics effective in the treatment of BC is
being sought, the use of which will not only reduce the doses of standard chemotherapeu-
tics but also eliminate the phenomenon of drug resistance. Clinical trials investigating new
targeted drugs as well as therapeutic combinations with their use have led to significant
advances in BC therapy [7]. Epigenetic regulation of histone and non-histone proteins
may be a novel approach and hold significant progress for the successful treatment of
BC. HDIs are a promising class of anti-neoplastic agents that induce differentiation and
apoptosis in many types of cancer cells, including breast carcinoma cells [142]. VPA is
a clinically available HDI that notably inhibits migration, increases apoptosis, cell cycle
arrest, and abolishes drug resistance [108] in BC cells. Unfortunately, the IC50 doses of VPA
are relatively high compared to other HDIs in in vitro studies [59]. Moreover, divergent
data on the effects of VPA on different signaling pathways, including the EMT process
or miRNA pathways limit the use of this compound in monotherapy of BC. Combined
therapy with the use of VPA and standard cytostatic drugs to reduce the doses of VPA and
limit the adverse effects caused by standard chemotherapeutics seems to be a promising
strategy in the future. Unfortunately, data on the VPA activity in combination with other
anti-cancer drugs from the in vivo models is still not sufficient. Therefore, results obtained
from in vitro studies should be thoroughly validated in in vivo models. Results from
in vivo experiments might offer a rationale for clinical studies of a new combined therapy,
to improve the clinical outcome of patients with BC.
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77. Santibanez, J.F.; Obradović, H.; Kukolj, T.; Krstić, J. Transforming growth factor-β, matrix metalloproteinases, and urokinase-type
plasminogen activator interaction in the cancer epithelial to mesenchymal transition. Dev. Dyn. 2018, 247, 382–395. [CrossRef]
[PubMed]

78. Jaiswal, R.K.; Varshney, A.K.; Yadava, P.K. Diversity and functional evolution of the plasminogen activator system. Biomed.
Pharmacother. 2018, 98, 886–898. [CrossRef]

79. Makena, M.R.; Gatla, H.; Verlekar, D.; Sukhavasi, S.; Pandey, M.K.; Pramanik, K.C. Wnt/β-catenin signaling: The culprit in
pancreatic carcinogenesis and therapeutic resistance. Int. J. Mol. Sci. 2019, 20, 4242. [CrossRef] [PubMed]

80. Lei, Y.; Chen, L.; Zhang, G.; Shan, A.; Ye, C.; Liang, B.; Sun, J.; Liao, X.; Zhu, C.; Chen, Y.; et al. MicroRNAs target the
Wnt/β-catenin signaling pathway to regulate epithelial-mesenchymal transition in cancer. Oncol. Rep. 2020, 44, 1299–1313.
[CrossRef]

81. Su, C.M.; Wang, M.Y.; Hong, C.C.; Chen, H.A.; Su, Y.H.; Wu, C.H.; Huang, M.T.; Chang, Y.W.; Jiang, S.S.; Sung, S.Y.; et al.
MiR-520h is crucial for DAPK2 regulation and breast cancer progression. Oncogene 2016, 35, 1134–1142. [CrossRef]

82. Hussen, B.M.; Shoorei, H.; Mohaqiq, M.; Dinger, M.E.; Hidayat, H.J.; Taheri, M.; Ghafouri-Fard, S. The Impact of Non-coding
RNAs in the Epithelial to Mesenchymal Transition. Front. Mol. Biosci. 2021, 8. [CrossRef]

83. Pan, G.; Liu, Y.; Shang, L.; Zhou, F.; Yang, S. EMT-associated microRNAs and their roles in cancer stemness and drug resistance.
Cancer Commun. 2021, 41, 199–217. [CrossRef] [PubMed]

84. Dong, B.; Li, S.; Zhu, S.; Yi, M.; Luo, S.; Wu, K. MiRNA-mediated EMT and CSCs in cancer chemoresistance. Exp. Hematol. Oncol.
2021, 10. [CrossRef] [PubMed]

240



Cancers 2021, 13, 3409

85. Lim, D.; Cho, J.G.; Yun, E.; Lee, A.; Ryu, H.Y.; Lee, Y.J.; Yoon, S.; Chang, W.; Lee, M.S.; Kwon, B.S.; et al. MicroRNA 34A–AXL axis
regulates vasculogenic mimicry formation in breast cancer cells. Genes 2021, 12, 9. [CrossRef] [PubMed]

86. Lin, T.; Ren, Q.; Zuo, W.; Jia, R.; Xie, L.; Lin, R.; Zhao, H.; Chen, J.; Lei, Y.; Wang, P.; et al. Valproic acid exhibits anti-tumor
activity selectively against EGFR/ErbB2/ErbB3-coexpressing pancreatic cancer via induction of ErbB family members-targeting
microRNAs. J. Exp. Clin. Cancer Res. 2019, 38. [CrossRef]

87. Hu, S.; Liu, L.; Chang, E.B.; Wang, J.Y.; Raufman, J.P. Butyrate inhibits pro-proliferative miR-92a by diminishing c-Myc-induced
miR-17-92a cluster transcription in human colon cancer cells. Mol. Cancer 2015, 14. [CrossRef]

88. Bellissimo, T.; Ganci, F.; Gallo, E.; Sacconi, A.; Tito, C.; De Angelis, L.; Pulito, C.; Masciarelli, S.; Diso, D.; Anile, M.; et al. Thymic
Epithelial Tumors phenotype relies on miR-145-5p epigenetic regulation. Mol. Cancer 2017, 16. [CrossRef]

89. Rücker, F.G.; Lang, K.M.; Fütterer, M.; Komarica, V.; Schmid, M.; Döhner, H.; Schlenk, R.F.; Döhner, K.; Knudsen, S.; Bullinger,
L. Molecular dissection of valproic acid effects in acute myeloid leukemia identifies predictive networks. Epigenetics 2016, 11,
517–525. [CrossRef] [PubMed]

90. Zhang, G.; Wang, J.; Zheng, R.; Song, B.; Huang, L.; Liu, Y.; Hao, Y.; Bai, X. MiR-133 Targets YES1 and Inhibits the Growth of
Triple-Negative Breast Cancer Cells. Technol. Cancer Res. Treat. 2020, 19. [CrossRef]

91. Shen, Y.; Xu, Y.; Huang, L.; Chi, Y.; Meng, L. MiR-205 suppressed the malignant behaviors of breast cancer cells by targeting
CLDN11 via modulation of the epithelial-to-mesenchymal transition. Aging 2021, 13. [CrossRef]

92. Chernyi, V.S.; Tarasova, P.V.; Kozlov, V.V.; Saik, O.V.; Kushlinskii, N.E.; Gulyaeva, L.F. Search of MicroRNAs Regulating the
Receptor Status of Breast Cancer In Silico and Experimental Confirmation of Their Expression in Tumors. Bull. Exp. Biol. Med.
2017, 163, 655–659. [CrossRef] [PubMed]

93. Cun, J.; Yang, Q. Bioinformatics-based interaction analysis of miR-92a-3p and key genes in tamoxifen-resistant breast cancer cells.
Biomed. Pharmacother. 2018, 107, 117–128. [CrossRef] [PubMed]

94. Tang, W.; Zhang, X.; Tan, W.; Gao, J.; Pan, L.; Ye, X.; Chen, L.; Zheng, W. miR-145-5p Suppresses Breast Cancer Progression by
Inhibiting SOX2. J. Surg. Res. 2019, 236, 278–287. [CrossRef]

95. Chaudhary, S.; Islam, Z.; Mishra, V.; Rawat, S.; Ashraf, G.M.; Kolatkar, P.R. Sox2: A Regulatory Factor in Tumorigenesis and
Metastasis. Curr. Protein Pept. Sci. 2019, 20, 495–504. [CrossRef] [PubMed]

96. Patel, N.; Garikapati, K.R.; Ramaiah, M.J.; Polavarapu, K.K.; Bhadra, U.; Bhadra, M.P. miR-15a/miR-16 induces mitochondrial
dependent apoptosis in breast cancer cells by suppressing oncogene BMI1. Life Sci. 2016, 164, 60–70. [CrossRef]

97. Heers, H.; Stanislaw, J.; Harrelson, J.; Lee, M.W. Valproic acid as an adjunctive therapeutic agent for the treatment of breast cancer.
Eur. J. Pharmacol. 2018, 835, 61–74. [CrossRef] [PubMed]

98. Olsen, C.M.; Meussen-Elholm, E.T.M.; Røste, L.S.; Taubøll, E. Antiepileptic drugs inhibit cell growth in the human breast cancer
cell line MCF7. Mol. Cell. Endocrinol. 2004, 213, 173–179. [CrossRef]

99. Tayanloo-Beik, A.; Sarvari, M.; Payab, M.; Gilany, K.; Alavi-Moghadam, S.; Gholami, M.; Goodarzi, P.; Larijani, B.; Arjmand, B.
OMICS insights into cancer histology; Metabolomics and proteomics approach. Clin. Biochem. 2020, 84, 13–20. [CrossRef]

100. Sarin, N.; Engel, F.; Rothweiler, F.; Cinatl, J.; Michaelis, M.; Frötschl, R.; Fröhlich, H.; Kalayda, G. Key Players of Cisplatin
Resistance: Towards a Systems Pharmacology Approach. Int. J. Mol. Sci. 2018, 19, 767. [CrossRef] [PubMed]

101. Al-malky, H.S.; Al Harthi, S.E.; Osman, A.M.M. Major obstacles to doxorubicin therapy: Cardiotoxicity and drug resistance. J.
Oncol. Pharm. Pract. 2020, 26, 434–444. [CrossRef]

102. Alfarouk, K.O.; Stock, C.M.; Taylor, S.; Walsh, M.; Muddathir, A.K.; Verduzco, D.; Bashir, A.H.H.; Mohammed, O.Y.; Elhassan,
G.O.; Harguindey, S.; et al. Resistance to cancer chemotherapy: Failure in drug response from ADME to P-gp. Cancer Cell Int.
2015, 15, 71. [CrossRef] [PubMed]

103. Okon, E.; Luszczki, J.J.; Kukula-Koch, W.; Halasa, M.; Jarzab, A.; Khurelbat, D.; Stepulak, A.; Wawruszak, A. Synergistic or
Additive Pharmacological Interactions between Magnoflorine and Cisplatin in Human Cancer Cells of Different Histological
Origin. Int. J. Mol. Sci. 2020, 21, 2848. [CrossRef] [PubMed]

104. Kukula-Koch, W.; Grabarska, A.; Łuszczki, J.; Czernicka, L.; Nowosadzka, E.; Gumbarewicz, E.; Jarząb, A.; Audo, G.; Upadhyay,
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