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Simple Summary: It is well known that non-alcoholic fatty liver disease is an important risk factor in
the development of hepatocellular carcinoma, but the implication of cholesterol in this subject remains
unclear, especially in western countries where its consumption is particularly elevated. This work pro-
vides evidence of a cholesterol-related transcriptional fingerprint and its implications in the progression
and aggressiveness of hepatocellular carcinoma with remarkable interest in clinical practice.

Abstract: Non-alcoholic fatty liver disease (NAFLD) and progression to non-alcoholic steatohep-
atitis (NASH) result as a consequence of diverse conditions, mainly unbalanced diets. Particularly,
high-fat and cholesterol content, as well as carbohydrates, such as those commonly ingested in
Western countries, frequently drive adverse metabolic alterations in the liver and promote NAFLD
development. Lipid liver overload is also one of the main risk factors for initiation and progression
of hepatocellular carcinoma (HCC), but detailed knowledge on the relevance of high nutritional
cholesterol remains elusive. We were aimed to characterize HCC development in mice fed with
a Western diet (high in lipids and cholesterol) and to identify molecular alterations that define a
subtype of liver cancer induced by lipid overload. Mice under western or high cholesterol diets
more frequently developed tumors with a more aggressive phenotype than animals fed with a chow
diet. Associated changes involved macrophage infiltration, angiogenesis, and stemness features.
RNA-seq revealed a specific gene expression signature (Slc41a; Fabp5; Igdcc4 and Mthfd1l) resembling
the adverse phenotypic features and poor clinical outcomes seen in patients with HCC. In conclusion;
consumption of lipid enriched diets; particularly cholesterol; could accelerate HCC development
with an aggressive phenotype and poor prognosis
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the fastest-growing chronic liver dis-
ease [1]. NAFLD and its inflammatory progressive form non-alcoholic steatohepatitis
(NASH) are part of the natural history of hepatic diseases. It is well-known that changes
in dietary behaviors contribute to the initiation and progression of this lipid-overload
condition, increasing the incidence of liver cancer. The global prevalence of NAFLD is
currently estimated to be 24% [2]. Accumulated evidence has suggested a significant
association between NAFLD and liver cancer [3,4]. Hepatocellular carcinoma (HCC) is the
main primary liver cancer; it represents the fifth and ninth cause of cancer-related death in
males and females, respectively [5]. A global increase in the incidence of HCC is expected
in the next 10-20 years [6]. HCC exhibits highly variable clinical outcomes, the prognos-
tic variability of individuals with HCC supports the notion that HCC comprises several
biologically distinct subtypes [7]. Compared with viral or alcoholic hepatitis, NAFLD is
becoming a major etiology for HCC, based on the increasing prevalence of obesity, espe-
cially in Western countries [8]. A large-scale epidemiological study revealed that obesity
could represent the main risk factor in cancer, such as HCC [9]. An effective molecular
understanding of NASH-related HCC is urgently required for better management of pa-
tients with HCC, including early diagnosis and a more accurate prognosis, along with
the design of optimized treatments. Most patients with NAFLD remain asymptomatic,
and about 20-25% progress to developing a more severe chronic hepatic inflammatory
disease, defined as NASH. Eventually 2.6% of those patients develop HCC [5,10]. HCC not
only develops on a background of liver cirrhosis, but also on non-cirrhotic liver in NASH.
The molecular events involved in NASH progression and HCC development are not fully
understood [11]. Among the biochemical determinants characterizing the NAFLD are the
accumulation of triglycerides and cholesterol. Particularly, cholesterol overload represents
a key insult in the liver, as we and others have reported [12], and it has been associated with
HCC development [3,4,13,14]. Although the relationship between NAFLD and HCC has
been extensively reported [15], the particular contribution of cholesterol in HCC onset and
progression has been poorly studied, especially in populations where dietary cholesterol
intake is important. The cholesterol content in the Western diet is 10-fold higher than
in the Mediterranean geographical zone [2]. Cholesterol is fundamental for life; it is the
precursor of many hormones and bile salts, which are necessary for proper digestion. It is
a remarkable component of lipid rafts, so changes in cholesterol levels seriously affect
cell signaling, especially for growth factors or cytokine receptors [16]. A high cholesterol
diet causes an accumulation of lipids in the hepatocytes, which are key components of
lipoproteins used for lipid exportation [17]. Multiple mechanisms contribute to creating
a favorable environment for the development of NAFLD-related HCC tumors [11]. Obe-
sity is characterized by a low-grade chronic inflammatory response, which is a risk factor
for HCC. Adipose tissue expansion promotes the release of proinflammatory cytokines
that can activate pro-oncogenic pathways, such as STAT3 [18], which has been widely
reported to promote tumor growth and immune evasion. STAT3 overactivation has been
found in different solid tumors, such as bladder, bone, breast, liver, among others [19],
correlating with poor prognosis in most of these cancers [20]. Activated STAT3 prevents
p53-mediated growth control, thus allowing tumor progression. STAT3 also induces the
expression of vascular endothelial growth factor (VEGF), stimulating angiogenesis that
favors invasion and metastasis [21]. The canonical inducer of STAT3 activation is IL-6,
which is also a master regulator of inflammation and tumor growth [20,22]. In the present
work, we aimed at (i) characterizing HCC onset and progression in a background of lipid
overload, particularly in cholesterol, and (ii) identifying the clinical relevance of a gene
expression signature established from this HCC. Notably, we hypothesized that this gene
signature could predict the clinical outcome of patients with HCC by defining a subtype of
tumors with high aggressiveness and poor prognosis.
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2. Materials and Methods
2.1. Animals

Sixty-four 14-day-old male mice (strain C57BL/6) were randomly separated into six
groups according to Supplementary Table S1. Briefly, these groups include (1) mice fed
with regular chow diet (CW); (2) mice fed with chow diet and injected with a single dose
of N-nitrosodiethylamine (DEN, 10 ug/kg, i.p.) (CW/DEN); (3) mice fed with Western
diet (W, catalog #D12089, Research Diets Inc. New Brunswick, NJ, USA); (4) mice fed
with Western diet and injected with a single dose of DEN (W /DEN). Later we added two
additional groups: (5) mice fed with a high cholesterol diet (HC, 1% cholesterol, #611638,
Dyets Inc., Bethlehem, PA, USA); and (6) mice fed with HC diet and injected with a single
dose of DEN (HC/DEN). Animals received diet and water ad libitum. After 8 months,
mice were euthanized under Avertin (2-2-2 tribromoethanol) anesthesia. Liver weight was
documented, liver tissue and serum were collected for subsequent analysis [3]. All animals
were maintained in specific pathogen-free housing and cared for in accordance with
the NIH Guide for Care and Use of Laboratory Animals and Universidad Autonoma
Metropolitana guidelines for the use of animals.

Diet composition, in terms of main components are as follows: CW diet (fat 5%, choles-
terol 0.01%, carbohydrates 23.30% and protein 17.10%); Western diet (fat 5%, cholesterol
1.0%, carbohydrates 33.00% and protein 17.50%); and HC diet (fat 5%, cholesterol 1.0%,
carbohydrates 23.00% and protein 17.50%).

2.2. Histology

Microscopic inspection was evaluated by routine hematoxylin & eosin (H&E) staining.
Fibrosis was assessed by Sirius Red staining as previously reported [23]. Steatohepatitis was
defined by the presence of steatosis, inflammation and hepatocellular ballooning [24], as per
the FLIP algorithm [25]. The severity of steatosis, lobular inflammation and hepatocellular
ballooning were scored using the NASH clinical research network (CRN) criteria [26].
Specifically, the amount of steatosis (percentage of hepatocytes containing fat droplets)
was scored as 0 (<5%), 1 (5-33%), 2 (>33-66%) and 3 (>66%). Hepatocyte ballooning was
classified as 0 (none), 1 (few) or 2 (many cells/prominent ballooning). Foci of lobular
inflammation were scored as 0 (no foci), 1 (<2 foci per 200x field), 2 (2—4 foci per 200 x
field) and 3 (>4 foci per 200 x field). The NAFLD activity score (NAS) was computed from
the grade of steatosis, inflammation and ballooning [27]. Paraffin sections of human liver
tissue (NASH and HCC patients) were generously provided by Dr. Linda Mufioz-Espinosa,
University Hospital, UANL.

2.3. Cell line Cultures

Huh7, Hep3B, HepG2 and THLE-3 cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA), and the PLC-PRF5 cell line was provided
by Dr. Jens U. Marquardt. Cells were cultured in William’s medium supplemented
with 10% fetal bovine serum (FBS, Hy-Clone, Logan, UT, USA), 100 U/mL ampicillin
and 100 pg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Cells were
maintained at 37 °C in a 5% CO; and 90% humidity atmosphere. Cells were plated in plastic
culture bottles (Sigma-Aldrich, Saint Louis, MO, USA). All cell lines were mycoplasma-free.
All experiments were carried out by triplicate in the logarithmic phase of growth.

2.4. Cholesterol Determination

Total cholesterol was determined as previously reported [28]. Briefly, 10 mg of the
liver was saponified with alcoholic KOH in a 60 °C heating block for 30 min. After the
mixture had cooled, 3 mL of hexane and 600 pL of distilled water were added and shaken to
ensure complete mixing. Appropriate aliquots of the hexane layer were evaporated under
nitrogen with a vacuum (Speed Vac, Savant, Cranbury, NJ, USA) and used for cholesterol
measurement with O-phthalaldehyde dissolved in acetic acid (0.5 mg/mL) at 550 nm.
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2.5. Serum Biochemical Determinations

Blood samples were obtained from the retro-orbital sinus under avertin anesthesia.
Serum total cholesterol, triglycerides, ALT and AST activities were determined by using an
automated analyzer for clinical chemistry (SpotChem EZ, ARKRAY, USA Clinical Diagnostics).

2.6. RNA Extraction, Quantification and Integrity

Total RNA was extracted using the QIAGEN RNeasy mini-Kit (Qiagen GMBH, Hilden,
Germany) following the manufacturer’s instructions. RNA quantity and purity were esti-
mated using a Nanodrop 2000 Spectrophotometer (Nanodrop Technologies, Wilmington, DE,
USA) and integrity was assessed by Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA).

2.7. RNA Sequencing

RNA sequencing was performed using Illumina HiSeq4000 and deposited at the
Bio-project database (ID: PRJDB10804). Raw reads were filtered by adapter sequences,
contamination, and low-quality reads. The reads were then mapped with mouse genome
reference (GRCm38.p6) using HISAT2 (hisat2-2.0.2-beta) followed by read summarization
with featureCounts (subread-1.5.0-p1). All data analysis was performed using R program-
ing language and related packages. The output matrix from featureCounts was input into
Bioconductor DESeq2 for differential expression analysis with a false discovery rate (FDR)
of 0.5, and p-value of 0.001 and a log fold change from —1.5 to 1.5. Significance testing
was performed using Wald Test statistics. To visualize the data, heatmaps and principal
component analysis (PCA) were a performance. All plots were generated using the MADE4
package [29].

2.8. Enrichment Analysis

Gene set enrichment analysis (GSEA) was performed using GSEA software provided
by Broad Institutes (http:/ /software.broadinstitute.org/gsea/index.jsp (accessed on 15
June 2020)). Gene sets from the MSigDB database were tested, and gene sets with NOM
p-value < 0.05 and FDR < 0.25 were considered significantly enriched in a priori defined
set of genes. We used ingenuity pathway analysis (IPA, Ingenuity Systems, Inc., Redwood
City, CA, USA) to investigate the biological pathways and networks associated with model
genes using the whole dataset. Genes with their log2-fold change were used as input.
We considered a disease, biological functions, and upstream regulators to be significant if
the absolute value of their activation z-score is > 1.5. The z-score reflects the match between
the observed gene expression and the predicted relationship direction. It is used to infer
activation states of called functions and regulators [29].

2.9. Immunofluorescence (IF)

Tissue was either fixed in 4% formaldehyde and preserved in Tissue Tek for cryosec-
tions and cut in 3-5 pm sections. Subsequently, these were washed with PBS-tween for
5 min. The specific antibodies (Supplementary Table S3) were diluted in PBS with 0.1%
horse serum and incubated overnight at 4 °C in a humid chamber. The tissues were washed
again with PBS, incubated with DAPI for 5 min. Finally, slides were examined using the
Carl Zeiss LSM 780 NLO confocal microscope (Carl Zeiss, Inc., Jena, Germany).

2.10. Quantitative RT-PCR

After DNase digestion with a DNA-free kit (Ambion Inc., Austin, TX, USA), 500 ng
(tissue) and 100 ng (cells) total RNA was reverse transcribed in 20 pL reaction volume
with a SuperScript first-strand synthesis kit according to the manufacturer’s instructions
(Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA). Real-time quantitative PCR
analysis was performed with a CFX96 Touch (Bio-Rad, Hercules, CA, USA) thermal cycler
in a 96-well reaction plate. The 10 pL PCR reaction mix contained 5 pL 2X SYBR green PCR
master mix (Bio-Rad), 200 nM of each primer, and 1 uL. cDNA template. Reactions were
incubated for 10 min at 95 °C followed by 40 cycles of 30 s at 95 °C and 60 s at specific
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primer temperature. Melting analysis of the PCR products was also conducted to validate
the amplification of the specific product. The expression level of mouse rs18 was used
as an internal reference. Relative gene expression levels were calculated with the 2-4A¢T
method [30]. Primer sequences are listed in Supplementary Table S2.

2.11. Mouse Serum MultiPlex Measurements

Cytokines and growth factors were measured in mouse sera using the mouse angiogen-
esis/growth factor magnetic bead panel bead assay (EMD Millipore Corporation, Billerica,
MA, USA) and a MAGPIX instrument using Luminex xMAP Technology. The analysis was
performed according to the manufacturer’s instructions.

2.12. Data Mining

The RNA-seq data level 3 (Counts files) of 371 patients with HCC, and 50 sam-
ples of normal liver, were retrieved from The Cancer Genome Atlas (TCGA) database
(https:/ /portal.gdc.cancer.gov/ (accessed on 20 November 2020)) until 28 January 2018.
Moreover, 101 microarray data from the Laboratory of Experimental Carcinogenesis
(LEC/NCI/NIH) was used. The parameters for the differential expression analysis were
false discovery rate (FDR) equal to 0.5, p-value < 0.001 and log fold change from —1.5 to 1.5.
Moreover, clustering analysis was done using Cluster 3.0 and TreeView 1.6 using uncen-
tered correlation and average linkage options. Integration of genomic data was conducted
as previously described using publicly available gene expression data sets downloaded
from GEO [7].

2.13. Survival Analysis

For survival analysis, expression data were categorized using a z-score cutoff of 0.
Kaplan-Meier method using the log-rank test was used to estimate survival curves [31].

2.14. Statistical Analysis

Each animal and cell experiment was performed at least in triplicate using cells of
at least & 3 different passages. Data are reported as the average + standard error (SEM).
Pearson’s correlation analysis was used to assess the correlation between expression of
Slc41a3, Fabp5, Igdcc4, mthfd1l and total cholesterol content in human liver cancer cell
lines. For the comparison of means of different groups, an analysis of variance (ANOVA)
was used, followed by multiple comparisons by the Tukey’s test. The GraphPad Prism
software (v. 8.2.1) was used. Differences were considered significant at p < 0.05.

3. Results
3.1. High Lipid Diets Induce Weight Gain, Liver Damage and Tumor Promotion

Mice fed western and cholesterol diets for eight months (Figure 1A) presented body
weight gain (Figure 1B,C) as a consequence of increased visceral fat deposition (Supple-
mentary Figure S1A, white arrows), comparing with CW fed animals. Increased liver
weight was also observed (Figure 1D), but the liver-to-body weight ratio was unchanged
(data not shown) as a result of the obesity observed in animals under this lipid-enriched
diet (Supplementary Figure S1A). The phenotype was closely associated with a significant
increment in AST and ALT serum activities (Figure 1E) in mice under a Western diet,
indicating that hepatocellular damage persists at eight months of treatment. Interestingly;,
HC/DEN group did not change AST and ALT values at eight months. No significant differ-
ence in liver damage tests was observed in animals treated or not with DEN, but changes
were remarkable comparing with animals fed with the regular CW diet.
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Figure 1. Lipid-enriched diets induce weight gain and liver damage. 14 days-old male mice were fed for 8 months with
western and high cholesterol diets as stated in Material and Methods. (A) Experimental design. CW, chow standard diet; W,
Western diet; HC, high cholesterol; DEN, N-nitrosodiethylamine. (B) Mice under the W and HC diets presented obesity.
Representative images (1 = 8). (C) body weight (1 = 8) and, (D) liver weight (n = 8), of mice under different diets. (E) Liver
damage was addressed by serum activity of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) (n = 4).
Each graph plots the individual data points, the superimpose horizontal line indicates the arithmetic mean and error bar
shows & SEM. ** p < 0.01 vs. CW groups; # p < 0.01 vs. W groups.

In agreement with liver damage, we found the macroscopic changes associated with
steatosis, including the characteristic yellowish color in the livers, particularly in those
under the Western diet (Figure 2A) comparing with CW-fed animals. Liver lipid overload
was biochemically corroborated by testing total cholesterol and triglycerides. Consistently,
all experimental groups exhibited increased values of both lipids regarding CW-fed mice
(Figure 2B). Next, we proceeded to identified tumors in livers from DEN-treated mice.
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The number of tumors in W/DEN and HC/DEN mice were higher (23.3 & 10.3 and
9 £ 1.9 tumors, respectively) than in CW/DEN mice (2.7 = 0.2 tumors) (Figure 2C),
suggesting synchronous development of several independent tumors, which is a well-
defined characteristic in HCC [32]. Protruding tumors were observed in W/DEN livers
(Figure 2A, arrow), comparing with CW/DEN livers, where some pedunculated tumors
were identified (Figure 2A, arrowhead), while HC/DEN animals showed the characteristic
HCC protruding tumors. In addition, W/DEN tumors exhibited increased vascularity
(Supplementary Figure S1B yellow arrow), a distinctive feature of aggressive HCC [30].
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Figure 2. Cont.
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Figure 2. The consumption of a Western diet induces lipid liver overload and hepatic tumors. (A) Gross inspection of
the livers from mice fed with the different diets and treated or not with DEN. Arrows and arrowheads show tumors.
Representative images of at least eight animals per group. (B) Liver cholesterol and triglycerides content (1 = 4). (C) Number
of tumors in livers from different groups of mice. Each graph plots the individual data points, the superimpose horizontal line
indicates the arithmetic mean and error bars showing + SEM (n = 8). (D) mouse and (E) human liver tissue histology assessed
by routine H&E. Each mouse image is representative of four animals. T, tumor; ST, surrounding tissue. (F) histological
scores. (G) Fibrosis determined by Sirius red staining. Each image is representative of four animals. Each bar is the
mean £ SEM. ** p < 0.01 vs. CW group; #p < 0.05 vs. W diet alone group.

Histological analysis by H&E staining revealed discrete borders and irregular wide
trabeculae (>3 cells) in W/DEN tumors. Animals fed with a Western diet presented massive
steatosis disrupting normal architecture. Consistently, steatosis (micro and macrovesicular)
was most pronounced in surrounding tissue (ST) areas, while lipid content in tumor (T)
zones was only marginal and replaced by increased lobular inflammation. The same
pattern was also identified in HC/DEN, but the microsteatosis predominated (Figure 2D).
Interestingly, liver tissues from NASH and NASH-derived HCC patients exhibited a similar
histological presentation in comparison with the animal models (Figure 2E). Quantification
of the histological findings revealed significant values of steatosis, inflammation and
NAFLD activity score in all animals” groups comparing with CW control mice (Figure 2F).
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Western diet-induced mild fibrosis, particularly in pericentral zones, but animals in
the W/DEN group exhibited both pericentral and perisinusoidal zones with bridging
fibrosis (Figure 2G) in comparison with HC/DEN and CW /DEN.

3.2. Transcriptional Profile of Tumors from Lipid Overloaded Livers

To identify the transcriptional alterations in tumors under western and HC diets con-
sumption, we performed RNA-sequencing. Differentially expressed genes (DEG) between
W/DEN and HC/DEN versus CW/DEN group. The analysis highlighted 671 DEG in
W/DEN; and 194 DEG in HC/DEN (adjusted p value below 0.01 and a threshold of 1.5-fold
change). In the case of W/DEN analysis, we found 217 downregulated genes and 454 upreg-
ulated genes (Supplementary Table S4), and in HC/DEN, we found 74 genes significantly
downregulated, and 120 genes were upregulated when comparing with CW/DEN (Supple-
mentary Table S5). These genes were highly efficient in separating the tumors developed
under the lipid-enriched diets versus the regular chow diet (Figure 3A,B). To corroborate
RNA-sequencing data, we performed real-time RT-PCR to analyze the expression of eight
genes in samples not included in the RNA-seq, as technical and biological validation,
respectively (Supplementary Figure S2). For all tested genes, real-time RT-PCR results
recapitulated the RNA-seq data.

Ingenuity pathway analysis (IPA, Figure 3C) of the W/DEN and HC/DEN signatures
showed that the dominant functional network upregulated was involved in IL-6/Stat3
pathway (Bcl2, Cish, Socs2, Ntrk2, Pdgfb, Csf2rb), cell cycle/Myc (Bcl2, Pakl, Rapgef4,
App), PI3BK/ Akt signaling Bcl2, Bcl211, Cend1, Cdknla). Notably, key tumor-suppressive
pathways were downregulated, such as p53 (Bcl2, Bcl211, Cendl, Cdknla), PTEN (Ikbke,
litga?2, litga4, Ntrk2), and apoptosis (Bcl2, Bcl211, Capnll, Capn8). The involvement of
STAT3 and p53 networks (Figure 3D) suggests an aggressive phenotype in tumors gener-
ated in a lipid overloaded environment. Supporting this hypothesis, gene set enrichment
analysis (GSEA) identified an abundance of genes involved in poor prognosis in ani-
mals fed with W and HC diets. Accordingly, Lee liver cancer survival DN gene set was
significantly enriched in CW/DEN, whereas liver cancer survival UP [31] gene set was
enriched in W/DEN and HC/DEN tumors, indicating the worst prognosis in W/DEN
and HC/DEN groups compared to CW/DEN (Figure 3E). To corroborate these findings,
we performed an immunoassay (MultiPlex) to address the serum content of different
growth factors and cytokines associated with unfavorable prognosis in HCC, such as EGF,
FGEF-2, Follistatin, HGF and VEGF-A [30,33-35]. An increment in the expression of these
soluble factors was observed in the serum of W/DEN mice comparing with CW/DEN mice
(Figure 3F). Interestingly, most of the increased growth factors are related to survival and
angiogenesis. To confirm the relevance of angiogenesis, we assayed the content of CD34,
a canonical marker of angiogenesis, highlighted a strong content in W/DEN tumor samples
comparing with CW/DEN. No signal was detected in the other groups. Activation of
angiogenesis was further corroborated by GSEA, demonstrating a significant enrichment of
an angiogenesis-related gene set in the expression profiles of tumors derived from W/DEN
mice (Figure 3G).
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Figure 3. Tumors from lipid-enriched diets exhibit a profound change in gene expression favoring survival and proliferation
signaling pathways and decreasing key tumor suppressor routes. Tumor tissues from mice fed with chow diet and injected
with a single dose of N-nitrosodiethylamine (DEN, 10 pg/kg, i.p.) (CW/DEN), mice fed with Western diet and injected with
a single dose of DEN (W /DEN), mice fed with HC diet and injected with a single dose of DEN (HC/DEN) were subjected to
RNA-sequencing as stated in Material and Methods. (A) Heatmaps showing the good separation of (A) W/DEN tumors vs.
CW/DEN and (B) HC/DEN tumors vs. CW/DEN red and green colors indicate high and low gene expression, respectively
(n=4). (C) Process networks analysis in tumors from CW/DEN (black), high cholesterol HC/DEN, (blue) and W/DEN (red)
(n =4). The top rank-ordered processes and networks are based on statistical significance (p < 0.01). (D) Expression targets of
Stat3 and p53 in tumor signature. (E) Gene set enrichment analysis (GSEA) of liver cancer survival (down and upregulated)
data sets comparing tumors from W/DEN and HC/DEN to CW/DEN. (F) Growth factors serum concentration of all
mice groups. Proteins were determined by based multiplex immunoassay (1 = 4). Each bar represents the average + SEM
**p <0.01 vs. CW group; # p < 0.05 vs. W diet alone group. (G) Angiogenesis was judged by immunofluorescence of CD34,
representative images of four animals. Original magnification, 100X. Quantification of CD34 fluorescence and GSEA of
angiogenesis, data set comparing W/DEN and HC/DEN to CW/DEN (n = 4).

3.3. Inflammation Present in Liver Tumors Associated with Cholesterol Consumption

To corroborate the involvement of the STAT3-signaling pathway in the phenotype of
NAFLD-associated HCC in mice, GSEA was performed using the Hallmark_IL6_JAK_STAT3_
Signaling gene set [36]. This specific signature was significantly enriched in the expression
profiles of tumors derived from mice under lipid-enriched diets, suggesting an activation of
the IL6/STAT3 pathway (Figure 4A). STAT3 is a well-known key driver of inflammation. Ac-
cordingly, IPA revealed a clear inflammatory disorder judged by the top signaling pathways
activated (Figure 4B). To corroborate this hypothesis, macrophage infiltration was evaluated
by both F4/80 and the specific M2-macrophages marker CD206 in mouse tissue from experi-
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mental groups (Figure 4C). As expected, a massive M2 macrophages infiltration was observed
in tumors developed in mice under steatogenic diets (W or HC diet), comparing with liver
tissue under the diets alone (i.e., without DEN) or in CW/DEN group, which presented slight
positive staining, particularly in the pericentral zone. To support further the inflammatory
phenotype, multiplex analysis of the main proinflammatory mediators demonstrated an
increment in the expression of G-CSF, IL6, IL13, IL17, and TNF-« (Figure 4D).

Integrative genomics was performed to evaluate the clinical relevance of the crosstalk
between mouse HCC and human HCC. The cholesterol signature (62 genes shared by
W/DEN and HC/DEN) shared by W/DEN and HC/DEN groups in comparison with
CW/DEN (Figure 5A) was first integrated with the gene expression profile of 101 cases
of human HCCs from the LEC cohort, which were extensively characterized [37]. Hier-
archical clustering analysis of the integrated data set identified 2 robust clusters whose:
cluster 1, W/DEN and HC/DEN tumors, cluster 2 CW/DEN tumors (Figure 5B). Strik-
ingly, cluster 1 included significant tumors, which were assigned to a poor prognosis
group than cluster 2 (Figure 5C,D). As shown in Figure 5C, cluster 1 was defined by poor
survival [31], hepatoblast traits, along with the activation of MET/HGEF [30] and late TGF-3
signaling [38]. In addition, we identified signs of vascular invasion in cluster 1. The percent
survival of patients in cluster 1 was significantly reduced (p < 0.01) in comparison with

cluster 2 (Figure 5D).

Enrichment plot:
Hallmark_IL6_JAK_STAT3_Signaling

o

°
>

Enrichment Score (ES)

s o
s =

WIDEN

p-value: 0.0
NES: 1.70

AT AR AT

Enrichment plot:
Halimark_IL6_JAK_STAT3_Signaling

T

HC/DEN

p-value: 0.04
NES: 1.30

L0 1

Figure 4.

B)

Cell of

z-score

Cell of

Cell movement of myeloid cells
Chemotaxis

Activation of myeloid cells
Chemotaxis of myeloid cells

Activation of

Accumulation of myeloid cells

Cont.

Bl CWI/DEN
B HCiDEN
B W/DEN



Cancers 2021, 13, 1721

13 of 23

D)

C)

Serum Cytokines
(pg/ml)

Macrophages infiltration
F4/80

M2 macrophages infiltration
CD206

2000+

1500+

1000+

500+

ke

20

-
o

5

o

z

s

S
€8
£8
3§1o
s
“f

CW/DEN W/DEN HC/DEN

a
o

30

-
o

CD206 content
(Arbitrary Fluoresce Units)
»n
(=]

=]

CW/DEN W/DEN HC/DEN

Il Ccw

B HC
mw
#
# sl
#

IL-17 TNF-a

Figure 4. Inflammation is a distinctive feature in liver tumors associated with lipid-enriched and cholesterol diet consump-
tion. (A) Gene set enrichment analysis (GSEA) of hallmark IL6-Jak-STAT3 signaling, data set comparing W/DEN and
HC/DEN to CW/DEN (n = 4). (B) Process networks analysis related to inflammation in tumors from CW/DEN (black),
W/DEN (red) and HC/DEN (blue) (1 = 4). The top rank-ordered processes and networks are based on statistical significance
(p < 0.01). (C) Macrophages infiltration by immunofluorescence of F4/80 (green fluorescence) and CD206 (M2 phenotype,

red fluorescence), representative images of four animals per group, original magnification, 100X. Quantification of F4/80

and CD206 fluorescence. (D) Proinflammatory cytokines serum concentration of all mice groups. Proteins were determined

by based multiplex immunoassay (1 = 4). Each bar represents the average + SEM ** p < 0.01 vs. CW group; #p < 0.05 vs.

W diet alone group.
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Figure 5. Cholesterol-enriched diet consumption promotes liver tumors. (A) Venn diagram differentially depicting expressed
common genes between HC/DEN and W/DEN groups (1 = 4). Heatmap shows the common 62 genes indicating the fold
change value. (B) Dendrogram overview of mice tumors integrated with 101 cases of human HCC. Clustering analysis was
based on the expression of 62 ortholog genes in W/DEN and HC/DEN. Two clusters (1 and 2) were identified. (C) Distribution
of human HCC samples between previously described subgroups with respect to survival (better vs. poor prognosis), cell origin
(hepatoblast vs. hepatocytes), activation of MET/HGF), and TGF-[3-signaling pathway (early vs. late) is indicated on the left.
F, statistical analysis of HCC distribution between clusters 1 and 2 based on previous gene signatures and clinical parameters.
Cluster 1, which is defined by the W/DEN and HC/DEN signature, shows a significant enrichment in HCCs with the following
features: bad survival, hepatoblast traits, activation of MET/HGE, and late TGF-f3 pathways. (D) Kaplan-Meier plots and
log-rank statistics analysis revealed a significant decrease in overall survival for patients included in cluster 1.
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The analysis of the 62 orthologous genes in the human TCGA database identified
4 genes differentially overexpressed related to high lipid overload with potential relevance
in tumor promotion: Mthfd1l, (W/DEN: 2.74- and HC/DEN: 2.42-fold change) Slc41a3,
(W/DEN: 2.67- and HC/DEN: 1.70-fold change), Fabp5 (W/DEN: 2.20- and HC/DEN:
2.70-fold change); and Igdcc4, (W/DEN: 2.05- and HC/DEN: 1.88-fold change increased) in
W/DEN and HC/DEN, respectively comparing with CW/DEN. We verified by qRT-PCR
the expression of these genes in mouse samples ( Supplementary Figure S3).

Then, we explored the correlation between the expression of these genes and choles-
terol content in four well-known human HCC cell lines using, as a control, the noncancerous
hepatocyte-like THLE-3 cell line. Figure 6A depicts the differences in cholesterol content
in the different cell lines. We determined the expression of the four genes in those cell
lines, and a significant correlation between gene expression and cholesterol content was
observed for all genes examined (Figure 6B,C).
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Figure 6. Lipid-associated four-gene signature of hepatocellular carcinoma (HCC) correlates with cholesterol overload in
human cancer cell lines. (A) Total cholesterol quantification in different human HCC-derived cell lines (1 = 4). (B) Slc41a3,
Fabp5, Igdcc4 and Mthfd1l gene expression addressed by qRT-PCR in different HCC-derived human cell lines. THLE-3 cells
were used as control (n = 4). Each bar represents the average = SEM * p < 0.05; ** p < 0.01 vs. THLE-3 cells. (C) Pearson’s
correlation analysis between total cholesterol content and gene expression of Slc41a3, Fabp5, Igdcc4 and Mthfd1l (n = 4).

The clinical relevance of mouse data in human liver cancer was determined by ana-
lyzing the expression of the four genes in the TCGA dataset, including 50 non-tumor liver
tissue (NL) and 371 HCC samples (LIHC, Liver Hepatocellular Carcinoma). The four-gene
signature associated with mouse NASH was increased in human HCC (Figure 7A). Next,
we evaluated the capacity of these genes to predict survival in the 371 human HCC. For all
genes analyzed, high expression was associated with a poor outcome (Figure 7B). Finally,
we grouped the four genes and performed the analysis between patients with altered
(n = 62) vs. unaltered (n = 304) gene expression. As expected, Kaplan-Meier plot and log-
rank testing demonstrated a reduced overall survival for patients included in the altered
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gene group (p < 0.001) (Figure 7C). Thus, the molecular differences between these two
subclasses of HCC were associated with a remarkable difference in the clinical outcome.
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Figure 7. Lipid-associated four-gene signature defines a subtype of human liver cancer with a poor prognosis. (A) Plots
chart showing higher expression of Slc41a3, Fabp5, Igdcc4 and Mthfd1l in human HCC (n = 371) compared to no-tumor
liver tissue (NL, n = 50) according to the TCGA database (https://www.cbioportal.org/, accessed on 10 November 2020).
TPM, transcripts per million. * p < 0.01 vs. normal liver (NL). (B) Kaplan—-Meier curves of overall survival in HCC
patients. Patients with HCC were separated into two groups, high (red) and low (black) expression of Slc41a3 (p = 0.0138),
Fabp5 (p = 0.0005), Igdcc4 (p = 0.0010), and Mthfd1l (p = 0.0328). (C) HCC data set from the TCGA was divided into
unaltered and altered groups regarding the four-gene signature, and the overall survival in HCC patients was addressed
and plotted in a Kaplan—Meier curve (altered red group) and low (unaltered black group).

4. Discussion

Previously, we demonstrated the liver tumor promotion properties elicited by the
consumption of a cholesterol-enriched diet in mice. Tumors presented an aggressive phe-
notype, including lung metastasis, comparing with animals fed a regular chow diet [3].
This outcome was strongly associated with reactive oxygen species (ROS)-induced DNA
damage, failure in the activation of the major DNA repair machinery and apoptosis resis-
tance. The main objectives of the present work were to characterize the HCC progression
in NASH induced by the consumption of lipid-enriched diets, particularly the contribution
of cholesterol and, to identify the gene expression profile associated with this particular
feature. Thus, we fed animals up to 8 months with a commercial and well-studied Western
diet (high lipid, cholesterol and carbohydrates). Then, mice received a single dose of DEN
to induce liver carcinogenesis, as we previously reported [3,39].

Under the Western diet, mice exhibited obesity, body weight gain due to the accumu-
lation of visceral fat, and the presence of liver damage. These findings are in agreement
with those observed in humans under an occidental (western) pattern diet [10] and in other
well-characterized mouse models of NASH [27,40]. The cotreatment with DEN efficiently
induced a higher burden of HCC comparing with CW/DEN groups, clearly suggesting
that lipid overload in the liver acts as a tumor promoter. One of the key components of the
Western diet is high cholesterol. We and others have published that this lipid, in addition
to the well-recognized fundamental properties for life, displays noxious effects when it is
excessively accumulated in cells, particularly as a result of mitochondrial dysfunction and
impairment of signal transduction through altering cellular membrane fluidity [12,23,28].
We previously demonstrated that cholesterol definitively increases tumor burden and ag-


https://www.cbioportal.org/

Cancers 2021, 13, 1721

18 of 23

gressivity [3,14]. However, the exact molecular mechanism by which cholesterol promotes
tumor development is not fully understood.

The transcriptomic analysis carried out by RNA-seq shows a good separation between
CW/DEN and lipid-enriched diets (W/DEN, HC/DEN) groups (Figure 3A,B). GSEA re-
vealed a noticeable inflammatory phenotype, particularly associated with IL-6/STAT3
signaling, in addition to other pathways related to growth factors, such as HGEF, including
PI3K/AKT and ERK pathways. It was interesting the abrogation of key tumor-suppressive
signals, such as p53, PTEN and apoptosis signaling observed in the model (Figure 3C).
Our previous work identified a remarkable mechanistic effect induced by cholesterol over-
load in the liver, including downregulation of the main DNA repair proteins, such as ATM,
ATR, CHK1 and 2, and p53 [3]. In the present work, IPA confirmed this effect in terms of
signaling pathways controlled by p53. Even more, interesting crosstalk between p53- and
STAT3-signaling pathways, by the intervention of PI3K and MAPK signaling, has been
recently reported in ovarian cancer [41] and linked to an aggressive phenotype mediated
by the epithelial-mesenchymal transition, resulting in cell metastasis and chemoresistance.

Since the early 2000s, some reports pointed out the transcriptional repression of p53
by STAT3 [42]. p53 loss of function has also been associated with STAT3 activation in
pancreatic cancer [43]. We previously reported that cholesterol overload in the liver, due to
consumption of cholesterol-enriched diet for 30 days, presented a remarkable activation of
STAT3 and the increment in the expression of key target genes, such as Mcl-1, these were
associated with apoptosis resistance [28]. It is clear that cholesterol controls these relevant
signaling pathways in preparation for tumor promotion from the beginning of the process.
In contrast, it has been observed that dephosphorylation of STAT3 could stabilize p53 and
leads to apoptosis [44].

The modulation of the immune response that promotes macrophage recruitment
and activation has been previously reported in tumors reared under the consumption
of a cholesterol-enriched diet [45]. The close contact of macrophages and tumor cells is
associated with M2-like macrophage polarization increasing the aggressiveness of the
tumors [46]. In agreement with these previous findings, we observed prominent F4/80
(canonical macrophage marker) and CD206 (M2-macrophage marker) signals in tissues
from mice fed lipid-enriched diets, particularly in the Western diet (Figure 5C). Inter-
estingly, it has been observed that M2-macrophages could provide cholesterol to tumor
cells, making a cholesterol codependence between these cells in the tumor microenviron-
ment [47]. Recently, Bao and collaborators reported that a high M2-macrophages infiltration
is associated with poorer survival and an increase in cancer recurrence [48].

In addition to well-defined macrophage infiltration, we also observed an increase
in pro-angiogenic response, judged by the increment in VEGF-A and HGF content and
confirmed by CD34 IF, supporting the aggressive phenotype. Accordingly, we reported that
HGF/Met-regulated expression signature was associated with an increment in angiogenesis
and was able to define a subset of human HCC with poor prognosis and aggressive
phenotype [30]. Another characteristic observed in this signature was the prominent
decompensation of lipogenesis and oxidative stress.

To gain more mechanistic evidence of the relevance of tumor development in the liver
with lipid overload, we studied another group of mice fed with a high cholesterol diet
(carbohydrates and other lipids in standard contents). Gene expression analysis in this
tumorigenic process identified 194 differentially expressed genes relating to CW/DEN.
Comparison between HC/DEN vs. W/DEN identified 62 commonly regulated genes
(Figure 5A). Supporting these findings, we established integrative genomics between
tumors from mice fed cholesterol-enriched diets and human HCC, where these 62 genes
shared by W/DEN and HC/DEN had clinical relevance and are associated with poor
prognosis in human HCC. Further research is required to fully establish the contribution of
each specific gene, including four outstanding genes (Slc41a3, Fabp5, Mthfd1l and Igdcc4)
with clinical relevance in human cancer. These genes are elevated in HCC samples and are
associated with poor survival. Clustering these four genes and separating human HCC in
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those with altered expression (1 = 62) regarding patients with unaltered expression (1= 304)
observed a significant decrement in survival (Figure 7C).

The solute carrier (Slc) family 41 comprises three members, including the Slc41a3.
It is related to cation transmembrane transporter activity, driving the efflux of Mg?*
particularly in mitochondria rather than plasma membrane [49]. Slc41a3 overexpression
has been reported in cancer for nutrient and Mg?* transport to meet the needs for aberrant
metabolism and proliferation [50]. As we have mentioned, mitochondria are the main
target of excess cholesterol. Overexpression of this transporter system could be directed to
compensate for the loss of fluidity in the mitochondria, improving the extrusion of Mg?*.

Fabp5 encodes for the fatty acid-binding protein 5 (Fabp5). This protein has been
related to malignant potential in several cancers, including HCC. Positive staining of Fabp5
in HCC is associated with poor prognosis, recurrence, metastasis and vascular invasion [51].
Fabp5 transports lipids intracellularly for storage purposes, providing building blocks
for membrane construction and energy supply, both highly required in the proliferating
cells [52].

Igdcc4 encodes the neighbor of Punc E11, also known as Nope. It is a plasma membrane
oncofetal stem/progenitor cell marker initially identified in the murine fetal liver [53]. It is
barely detected in the adult liver. It has been previously showing that Nope is a sensitive
marker of HCC [54] associated with stemness resembling early postnatal hepatocytes.
Although Nope is scarcely detected in adult hepatocytes, the damage could induce the
expression, particularly in the cholestatic damage, which is associated with changes in
hepatocyte polarization [53]. The Nope protein has been demonstrated to be a good and
confident marker for HCC in the clinic because it could be highly detected in AFP-positive
and -negative tumors [54].

The methylenetetrahydrofolate dehydrogenase 1 like (Mthfdll), encoded by the
Mthfd1l gene, is an enzyme of the folate cycle. Itis involved in formate generation, therefore,
in the metabolism of mono carbon compound fundamental in both purine synthesis and
protein synthesis initiation. Consequently, this enzyme is highly relevant in proliferating
tissues, particularly in cancer [55,56]. Mthfd1l expression has been associated with poor
prognosis, notably in HCC [57]. In normal conditions, MTHFDIL is expressed in mitochon-
dria in embryonic tissues [58]; once again, the mitochondria as an important target in our
model. Interestingly, MTHFDI1L also has been associated with redox homeostasis in cancer
and, as we have demonstrated, one of the main consequences in cancer development in
the liver with lipid overloaded is the disruption of redox balance [3]. Metabolic repro-
gramming is one of the key features of cancer. The proposed four-gene signature clearly
indicates a metabolic adaptation, compromising mitochondrial adaptation and macrophage
participation, particularly the M2-like polarization in a process induced and driven by
cholesterol overload.

5. Conclusions

In conclusion, we have characterized an animal model of NASH-derived HCC that
recapitulates the human disease, with a clear inflammatory and angiogenic component.
RNA-seq analysis identified a specific gene expression profile defining a four-gene signa-
ture with potential prognostic applications in the clinical practice, predicting poor survival
in patients with HCC. Dietary interventions controlling the quantity and, even more impor-
tant, the quality of dietary lipids could decrease the incidence of aggressive liver cancers.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13071721/s1, Figure S1: (A) Gross inspection of mice fed with the different diets
and treated or not with DEN. Representative image of at least eight animals, white arrows show
adipose tissue. (B) Tumor gross inspection of mice under different diets. Representative image of at
least eight livers, yellow arrows show vascularity. Images are representative of at least eight mice.
Figure S2: Expression of eight randomly selected genes in samples not included in the RNA-seq,
as technical and biological validation. Each graph plots the individual data points, the superimpose
horizontal line indicates the arithmetic mean and error bars showing + SEM. ** p < 0.01 vs. CW group;
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& p < 0.05 vs. diet control. Figure S3. Expression of the 4 genes differentially overexpressed related to
high lipid overload with potential relevance in tumor promotion: Mthfd1, Slc41a3, Fabp5, Igdcc4.
Each graph plots the individual data points, the superimpose horizontal line indicates the arithmetic
mean and error bars showing £ SEM. ** p < 0.01 vs. CW group.Table S1: Mice groups under different
diets and treatments. Table S2: Primers used in the study. Table S3: Antibodies used in the study.
Table S4: Gene expression profile of W/DEN vs. CW/DEN. Table S5: Gene expression profile of
HC/DEN vs. CW/DEN. Table S6: Gene expression profile shared by W/DEN vs. HC/DEN.
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