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that c-MYC transgenic mice with ageing are prone to develop obesity, metabolic syndrome (MS), and
abnormal accumulation of lipids in the liver compared to control mice. A short-term application
of the Western diet (WD) significantly worsened the phenotype and accelerate HCC development.
Importantly, we found that metformin as therapeutic approach significantly attenuated MAFLD
phenotype in transgenic mice. We also observed that c-MYC is up-regulated in human patients with
MAFLD and MAFLD-related HCC. Altogether the current study suggests an important role of the
oncogene c-MYC during the progression from MAFLD to HCC and makes c-MYC a possible target
for preventative strategies and individualized therapy.

Abstract: Background: Metabolic-associated fatty liver disease (MAFLD) has risen as one of the
leading etiologies for hepatocellular carcinoma (HCC). Oncogenes have been suggested to be re-
sponsible for the high risk of MAFLD-related HCC. We analyzed the impact of the proto-oncogene
¢-MYC in the development of human and murine MAFLD and MAFLD-associated HCC. Methods:
alb-myc' mice were studied at baseline conditions and after administration of Western diet (WD) in
comparison to WT littermates. c-MYC expression was analyzed in biopsies of patients with MAFLD
and MAFLD-associated HCC by immunohistochemistry. Results: Mild obesity, spontaneous hyper-
lipidaemia, glucose intolerance and insulin resistance were characteristic of 36-week-old alb-myc!&
mice. Middle-aged alb-myc!® exhibited liver steatosis and increased triglyceride content. Liver injury
and inflammation were associated with elevated ALT, an upregulation of ER-stress response and
increased ROS production, collagen deposition and compensatory proliferation. At 52 weeks, 20% of
transgenic mice developed HCC. WD feeding exacerbated metabolic abnormalities, steatohepatitis,
fibrogenesis and tumor prevalence. Therapeutic use of metformin partly attenuated the spontaneous
MAFLD phenotype of alb-myc'® mice. Importantly, upregulation and nuclear localization of c-MYC
were characteristic of patients with MAFLD and MAFLD-related HCC. Conclusions: A novel function
of c-MYC in MAFLD progression was identified opening new avenues for preventative strategies.

Keywords: metabolic-associated fatty liver disease (MAFLD); c-myc; oncogene; tumorigenesis; metformin

1. Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD) is a spectrum of chronic
liver diseases characterized by excessive accumulation of triglycerides (TG) in hepato-
cytes. The condition ranges from isolated excessive hepatocyte TG accumulation and
steatosis (fatty liver (FL)), to hepatic TG accumulation plus inflammation and hepatocyte
injury (steatohepatitis (SH)) and finally to hepatic fibrosis and cirrhosis and/or end-stage
hepatocellular carcinoma (HCC) [1].

Since its first description in the early 1980s, as “a poorly understood and hitherto
unnamed liver disease”, MAFLD has considerably evolved and progressively gained
recognition among clinical and research hepatologists [2,3]. Forty years later, the alarming
epidemic of obesity and diabetes mellitus type 2 (DM2), has fueled an increasing prevalence
of MAFLD and rendered it a societal health problem worldwide with a prevalence up to
24% worldwide. For example, by 2015, MAFLD cases in the US were estimated to affect
83.1 million people and predicted to increase over 100 million by 2030 [4]. In Spain, the
total prevalence of MAFLD was estimated in 10.53 million cases in 2016 with a further
potential to increase to 12.7 million by 2030 [1,5].

Patients with MAFLD commonly consume high amounts of processed food with high
fructose levels and/or high fat content and tend to adopt a sedentary lifestyle with low
levels of physical activity. However, besides these environmental or exogenous factors
many other factors often determine the progression of MAFLD and the development of
MAFLD-associated carcinogenesis. For instance, 42% of MAFLD patients develop advanced
SH stages and only 2.4-12.4% finally develop HCC [6]. Altogether, the huge variation
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in the susceptibility to the disease progression clearly indicates that among risk factors,
endogenous (i.e., genetic) factors are of major relevance.

The identification of such risk factors, which synergistically with environmental factors
(such as unhealthy eating habits) drive MAFLD in the direction of cancer development
would have great benefits for optimization of therapeutic strategies.

The proto-oncogene c-MYC is a transcription factor which plays a central role in
multiple biological processes including cell proliferation, cell growth, energy metabolism
and apoptosis. Genetic alterations of c-MYC expression have been found in approximately
70,000 U.S. cancer deaths per year, including HCC [7]. Alb-myc'® mice with overexpression
of c-MYC only in hepatocytes became the touchstones of experimental models of murine
liver carcinogenesis due to high HCC predisposition [8].

However, the development of HCC is usually preceded by chronic liver injury and
ongoing liver diseases. During the last decade, we systematically investigated the role of c-
MYC in chronic liver disease (CLD). We showed that upregulation of c-MYC in hepatocytes
either due to gene amplification or as a response to inflammatory liver injury results in
hepatic stellate cells (HSCs) preactivation. Primed HSC have a higher potential to proliferate
and produce extracellular matrix (ECM) especially after a second profibrotic hit [9]. One of
these hits can be an excessive alcohol consumption. We found the synergistic harmful effect
of increased c-MYC expression and alcohol consumption on alcohol-associated liver disease
(ALD) progression in a multistep process of exacerbated ROS production, mitochondrial
and ER dysfunction, cell death, impaired cell proliferation and collagen deposition [10].

Despite the crucial recent increase in MAFLD and MAFLD-associated cancer, the
specific link between c-MYC and MAFLD has not yet been addressed. In the present study,
we aimed to elucidate the role of c-MYC in the initiation, progression and complications
of MAFLD.

2. Materials and Methods
2.1. Human Liver Samples

Liver samples for IHC analysis were obtained from the Andalusian Biobank (Ethics
Committee of the Junta de Andalucia C.P. 52100062—C.I. 0458-N-21.) from patients who
were subjected to a liver biopsy for diagnostic confirmation purposes or from patients
receiving a liver transplant. Diagnosis of MAFLD includes an evaluation of clinical risk
factors and a histological evaluation of tissue together with the exclusion of other causes
of liver disease (alcohol use disorders or excessive alcohol consumption, chronic hepatitis
C or B, autoimmune, other causes). Two of these six patients did not show an obvious
accumulation of fat > 5% despite the presence of cirrhosis in the liver and their classification
relies on clinical parameters. HCC diagnosis was performed by an experiences pathologist
based on histopathological criteria (trabecular-resembling and solid patterns). Samples
from HCC patients were included an IHC analysis for adjacent nontumoral and tumoral
tissue. Tables S1 and 52 summarize the patients” characteristics.

2.2. Maintenance and Treatment of Mice

We used 12-week-old male transgenic mice carrying c-MYC transgene under the
control of the hepatocyte-specific albumin promoter (alb-myc'8) as previously described [11]
and WT littermates as controls. Diets used for the development of MAFLD are shown in
Tables 53 and 54.

All animal procedures were carried out according to Spanish legal requirements
and animal protection law and approved by the authority of environment conservation
and consumer protection of the regional government of Madrid (PROEX210/18 and
PROEX125.1/20). All animals were maintained in the animal facility at the School of
Biology, Complutense University of Madrid, in a temperature-controlled room with 12 h
light/dark cycle with free access to food and water according to the guidelines of the
Federation for Laboratory Animal Science Associations (FELASA).
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2.3. Supplementary Material and Methods

See supplementary online material for further information regarding material and
methods on animal experimentation, glucose and insulin tolerance test (GTT), histologi-
cal analysis, immunofluorescence (IF) and immunohistochemistry (IHC) staining, image
analysis, RNA isolation and RT-qPCR, Western blot, and TG quantification.

2.4. Statistical Analysis

Data are expressed as mean =+ standard deviation of the mean. Statistical significance
was determined by two-way analysis of variance followed by a Student’s t test. p values
for significance are indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3. Results
3.1. ¢-MYC Is Induced in Patients with MAFLD and MAAFLD-Related HCC

First, we analyzed the possible genetic alterations of c-MYC in a comprehensive
dataset from 353 HCC patients generated by the Cancer Genome Atlas Research Network
(https:/ /cancergenome.nih.gov/, accessed on 16 December 2021) [12]. Genetic alterations
of c-MYC, mainly amplifications, were detected in 41 patients (12%) (Figure S1A).

Next, we narrowed down the etiology of HCC and validated the expression of
¢-MYC in liver biopsies from a cohort of patients with clinically and histologically
diagnosed MAFLD-related HCC (Table S1). We observed a higher rate of c-MYC
nuclear expression inside tumor nodules compared to corresponding tumor-adjacent
areas (Figures 1A,B and S2A).

Finally, we determined the expression of c-MYC in liver samples from six patients
with MAFLD and advanced liver fibrosis (F3-F4) (Table S1). c-MYC protein expression was
increased and deposition was localized mainly in nuclei of hepatic cells along fibrotic areas
(Figures 1C and S2B). Overall, these data demonstrated that c-MYC expression is increased
in MAFLD and MAFLD-related HCC.

3.2. Spontaneous Metabolic Syndrome Is a Feature of 36-Week-Old c-MYC Transgenic Mice

To better define the relevance of c-MYC activation in MAFLD, we took advantage of
transgenic mice with overexpression of c-MYC in hepatocytes (alb-myc'8). Interestingly,
alb-myc'® mice developed rapid and significantly greater weight gain compared to control
littermates on normal chow diet (Figure 2A) with similar caloric intake (Figure S3A). These
changes were obvious already in 10-week-old animals, and became more pronounced as
the mice grew older, and finally resulted in robust increase in the body mass index (BMI) in
alb-myc' mice at the experimental end-point (36 weeks) (Figure 2A,B).

Accordingly, a significant increase of epididymal white adipose tissue (eWAT) in
alb-myc'® mice was apparent by MRI scan images (Figure S3B) and further confirmed
during necropsy (Figure 2C). Hence, H&E staining of eWAT in alb-myc'® mice revealed
significant adipocyte hypertrophy and numerous crown-like structures (CLS), formed by
F4-80 positive macrophages aggregates (Figures 2D and S3C).

Moreover, we found a significant increase in total cholesterol and development of
hypertriglyceridemia persisting in alb-myc'® from 36 weeks of age (Figure 2E). Importantly,
c¢-MYC transgenic mice developed hyperglycaemia after 6 h of fasting and demonstrate con-
siderably impaired glucose tolerance in the glucose tolerance test (GTT) (Figures 2F and S4A).
These changes were accompanied by significantly delayed glucose clearance in the insulin
tolerance test (ITT) 30, 60, 90 min after insulin injection (Figure S4B).

Altogether, 36-week-old alb-myc'® mice were prone to spontaneously develop obesity,
hypertriglyceridemia, hypercholesterolemia, glucose intolerance and insulin resistance (IR),
characteristic of MS.
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Figure 1. High expression of c-MYC in patients with MAFLD and MAFLD-related HCC. (A) c-MYC
nuclear expression inside tumornodules and tumor-adjacent tissues in patients with MAFLD-
related HCC (20 x magnification). Black arrows indicate cells with positive nuclear c-MYC expression
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(B) Quantification of % c-MYC positive cells inside tumor nodules and tumor-adjacent tissues in
patients with MAFLD-related HCC (1 = 4). (C) c-MYC protein expression in MAFLD patients with
advanced liver fibrosis (F3-F4), (20 x magnification). Red arrows indicate cells with positive nuclear
¢-MYC expression. Data are expressed as the mean + SD, * = p < 0.05, inside tumor nodules vs.
tumor-adjacent tissues.
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Figure 2. Metabolic profile of chow diet-fed alb-myc'® mice at the age of 36 weeks. (A) Left: Growth
curve demonstrating body weight gain, assessed at 7 days’ interval for each group. Right: The
histogram represents the incremental area under the respective grow curve (n = 8-9). (B) Body mass
index (BMI) (g/ m?) (n = 8-9). (C) Weight of epididymal white adipose tissue (eWAT) (n = 8). (D) Size
of eWAT cells by H&E staining. Scale bar = 100 um. Size of individual cells from both groups was
measured and average cell size (um?) was quantified (n = 8-9). Asterisks indicate CLS. The dotted
red line marks the individual adipocyte. (E) Levels of cholesterol and TG in serum (n = 8-9). (F) Basal
glucose level in blood after 6 h fasting; Blood glucose concentration curve during intraperitoneal
glucose tolerance test (n = 3). Data are expressed as the mean £ SD, * = p < 0.05; ** = p < 0.01,
#* = p < 0.001, alb-myc'® mice vs. WT controls.

3.3. MAFLD-Associated Changes in the Liver of Middle-Aged alb-myc'8 Mice

Recent studies support a central role of MS in the pathogenesis of MAFLD [13]. We
did not detect any significant differences in liver weight or in hepatosomatic ratio between
transgenic and WT mice (Figure S5A,B). However, careful examination of liver histology
revealed that alb-myc'® mice with ageing are much more prone to develop abnormal
accumulation of lipids in the liver compared to control animals. H&E staining showed
microvesicular steatosis characterized by distended hepatocytes with small lipid vesicles
and foamy appearing cytoplasm (Figure 3A). These findings were confirmed by Oil-Red-O
staining (Figure 3B,C) and by direct quantification of hepatic TG (Figure 3D).
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Blinded quantitative analysis performed by an experienced pathologist revealed
that middle-aged alb-myc'® mice exhibited micro- and macrovesicular steatosis grade 1
associated with hepatocyte ballooning reaching in most of the animals a 2.4 NAFLD activity
score (NAS) (Figure 3E).

A H&E B ORO o
o 157 o
['4
(o]
£ 101 'E
g [
5 5
w
2
0 T T
D WT alb-myc'9
300+ *
e L
T a —
£ 2 200
-}
22 100, 4
0 T T
WT alb-myc'9
E dedk o
2, . Lo 2/ *k o ok
g e 80 2 — & —_—
o 1. ER] 2
(] Qo> 1. > » ulw
21, 8 E g
8 gg 1. ul <Z2
® o a
2o 1 |zs o A | 1 —4
2 <
0. mo-oyo-o * 0. ~o~oyo-o- * =z ~o-ope-o~ *
WT alb-myctd WT alb-myc'? WT alb-myc'?

Figure 3. Steatotic changes in the liver of transgenic mice. (A) Representative liver H&E staining
demonstrating distended hepatocytes with foamy appearing cytoplasm and small lipid vesicles. Scale
bar = 100 um (1 = 8-9). (B) Illustrative ORO staining. Scale bar = 100 um. (C) Quantitative analysis
of ORO-stained area (1 = 5). (D) Direct TG quantification (n = 4). (E) Histology score for steatosis,
hepatocyte ballooning, NAFLD activity score (NAS) (1 = 5-6). Data are expressed as the mean + SD,
*=p < 0.05; ** = p < 0.01, alb-myc'® mice vs. WT controls.

Consistent with an abnormal lipid metabolism, the expression of Scdl gene increased
significantly in hepatic tissue from 36-week-old alb-myc'8 (Figure S6A).

Hence, hepatic accumulation of lipids in transgenic animals leads to compensatory
enhancement of mitochondrial 3-oxidation and increased expression of Cpt1 and Acadm
genes (Figure 4A). Obviously, this process is insufficient to normalize lipid levels and in
turn generate considerable amounts of reactive oxygen species (ROS) and oxidative stress.
Consequently, a lipid peroxidation marker, 4-HNE was increased in the liver parenchyma of
alb-myc'® mice (Figure 4B). Another important cause of ROS overproduction in alb-myc'®
is CYP2E1 overexpression (Figures 4C and S6B). Enhanced ROS production triggers the
unfolded protein response (UPR) and compensatory Ucp2 activation (Figure S6C). Excess
workload misfolded proteins cause activation of the UPR, presented in c-myc'® mice by
activation of CHOP (Figures 4C and S6B).

Concomitant with these data, transmission electron microscopy (TEM) revealed large
and aggregated lipid deposition; disorganized and fragmented rough endoplasmic reticu-
lum (ER) in ¢-MYC transgenic mice (Figure S6D).
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Figure 4. Transgenic overexpression of c-MYC in the livers leads to induction of ER stress, apoptosis,
inflammation and fibrosis. (A) gPCR analysis of hepatic nRNA expression of Acadm and Cptl genes
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(n = 6). (B) 4-HNE expression (brown) of representative livers was evaluated by immunohistochem-
istry. Scale bar = 100 um. The histogram represents the 4-HNE staining intensity (% square microns)
(n = 4). (C) Immunoblot analysis of c-MYC, CYP2E1, CHOP (n = 3). Uncropped blots are presented in
Figure S13. (D) Levels of ALT in serum (n = 8-9). (E) Protein expression of CC3 and PCNA (1 = 3).
GAPDH was used as a control for protein loading). Uncropped blots are presented in Figure S14.
(F) Representative IF images of hepatic inflammation (CD45 and F4/80 positive cells are stained in
green). (G) Sirius red (SR) staining of liver paraffin sections showing accelerated onset of fibrosis
formation in alb-myc'8. * = p < 0.05; ** = p < 0.01.

Prolonged activation of the UPR and ROS production in alb-myc'8 mice likely con-
tributed to liver damage and caused a mild but significant increase of the plasma levels
of ALT (Figure 4D), a major clinical indicator of cellular liver injury. Consistently, c-MYC
overexpression induced moderate apoptotic cell death in livers of transgenic mice as evi-
denced by cleaved caspase 3 (CC3) immunoblot (Figures 4E and S7A). Death of hepatocytes
triggers compensatory proliferation in surrounding cells to maintain tissue homeostasis
(Figure 4E). The analysis of PCNA (Figures 4E and S7A) and Ki-67 (Figure S7B) expression
revealed moderate hepatic proliferation in the livers from alb-myc'® mice.

Hepatic steatosis and cell death in the liver further caused immune cell infiltration
and hepatic inflammation [14]. Alb-myc'8 animals showed an increased accumulation of
CD45- and F4/80-myeloid positive cells as assessed by IF staining (Figures 4F and S7C,D).
Finally, analysis of liver fibrosis, the hallmark of SH, revealed marked fibrosis in livers from
alb-myc'® mice by SR staining (Figures 4G and S7E).

Increased glutamine catabolism is a major metabolic feature of rapidly proliferating
cells such as hepatocytes and «SMA-positive myofibroblasts. Indeed, c-MYC has been
identified as an upstream regulator of GLS1 [15]. Therefore, we found increased expression
of glutaminase 1 (GLS1) and glutamine synthetase (GS) in the livers of alb-myc'® mice
(Figure S8A,B).

Finally, gene array data in the livers of alb-myc mice under basal conditions revealed
upregulation of pathways related to cytochrome P450 and ER-stress response, lipid/fatty
acid metabolism, glucose homeostasis, DNA damage and proliferation/cell cycle, in accor-
dance with previous publications [10] (Figure SOA-D).

In agreement with previous reports [16], 20% of transgenic mice at the age of 52 weeks
develop liver tumor (Figure 510).

In summary, our data strongly suggest an important role of the oncogene c-MYC in
murine livers for MAFLD initiation and subsequent tumor promotion.

3.4. WD Feeding Accelerates Liver Injury, Steatohepatitis, Fibrosis and Initiation of MAFLD
Associated HCC in alb-myc'$ Mice

Next, we fed our transgenic model a WD using 12-week-old alb-myc®® and WT mice
for 24 weeks. alb-myc's mice fed with WD did not gain weight faster (Figure S11A),
however; they developed higher BMI compared to WT mice at the experimental end-point
(Figure 5A,B). This was accompanied by hypertrophy and inflammation of adipocytes
and eWAT inflammation (Figures 5B and 511B,C). Additionally, transgenic mice showed
significant upregulation of blood glucose after fasting, increase in total serum cholesterol
and hypertriglyceridemia (Figure 5C). WD induced micro- and macrovesicular steatosis in
both groups of mice. However, the level of steatosis was much stronger in transgenic mice
compare to WT littermates (Figures 5D and S11D). This was further confirmed by measure-
ment of hepatic TG (Figure 5D, right) and by pathological evaluation of NAFLD activity
(Figure S11E). Consistently, WD-fed alb-myc'® mice 24 weeks of exhibited stronger hepatic
inflammation (CD45 positive cells) (Figures 5E and S11F) and extensive hepatic fibrosis,
assessed by SR staining (Figures 5F and 511G) and «SMA (Figures 5G, middle and S11H,I)
expression. SH in the liver was accompanied by high compensatory proliferation, con-
firmed by elevated numbers of Ki-67 positive cells (Figures 5H, right and S11J) and apop-
totic cell death, detected by CC3 overexpression (Figures 5I and 511K).
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fed for 24 weeks with WD. (A) Body mass index (BMI) (g/ m?2) of mice was calculated at the age
of 36 weeks (n = 3—4). (B) H&E staining of epididymal white adipose tissue (eWAT). The dotted
red line marks the individual adipocyte. Scale bar = 100 pm. (C) Fasting blood glucose, levels of
cholesterol and TG in serum (n = 6-8). (D) Representative liver sections stained with H&E and
ORO are shown. Scale bar = 100 um. Histogram showing TG quantification of mice fed WD (1 = 4).
(E) Representative images of hepatic inflammation (CD45 positive cells stained in green). (F,G) Liver
fibrosis (SR and «SMA IHC staining). (H) Hepatic proliferation (Ki-67 positive cells in green). Scale
bar = 100 um. (I) Protein expression of cleaved caspase 3, GAPDH used as loading control (1 = 3).
Uncropped blots are presented in Figure S15. Data are expressed as the mean & SD, * = p < 0.05,
** = p < 0.01, ** = p < 0.001, alb-myc'® mice fed with WD compared to WT fed with WD.

Finally, with the chronic feeding with a WD for a period of 40 weeks led to the
development of multiple tumor foci in 100% alb-myc'® mice (five out of five). In contrast,
none of the WT animals fed with WD had visible tumor nodules at this time point (zero
out of five) (Figure 6A).

H&E (Figure 6B) and SR (Figure 6C) of the liver demonstrated well demarcated
nodules surrounded by extensive collagen deposition. Moreover, massive accumulation
of highly proliferative Ki-67 positive cells was detected inside the nodules (Figure 6D).
Importantly, these changes were accompanied by extensive c-MYC nuclear expression in
the liver tissue of transgenic mice (Figure 6E).

Altogether, our data strongly support the hypothesis that oncogene c-MYC and WD
synergistically drive MAFLD progression towards carcinogenesis.

3.5. Anti-MAFLD and MS Potential of Metformin in alb-myc'€ Mice

Metformin, an oral biguanide is now generally accepted as the first-line treatment for
DM2. Moreover, metformin has demonstrated antineoplastic effects in several types of
tumors, including HCC [17,18]. Since DM2 and IR play the key roles in the pathogenesis of
MAFLD, we next evaluated the effects of metformin treatment in c-MYC transgenic mice.

Alb-myc'® fed with chow diet enriched with 0.1% metformin gained significantly less
weight (Figure S12A,B) and exhibited significantly lower BMI (Figure 7A) at experimental
end-point (36 weeks) in comparison with alb-myc'8 mice fed with chow diet. Importantly,
metformin-enriched chow diet led to considerable decrease of fasting glycaemia as well as
improved glucose tolerance in GTT (Figure 7B).

Transgenic mice fed with met+chow diet accumulated less adipose eWAT tissue
(Figure 7C) and demonstrated improved parameters of lipidemia (TG and cholesterol
in blood) (Figure 7D). Remarkably, metformin-enriched chow diet improved hepatic
steatosis (Figure 7E,F), attenuated collagen accumulation (Figure 7G), decreased AST
level (Figure S12C) and mildly improved hepatic proliferation (Figures 7H and S12D) in
transgenic animals. Importantly, these positive changes were not a consequence of a direct
inhibition of c-MYC expression (Figure S12E), but rather effects of diminished lipogenic
sterol-regulated element-binding protein (SREBP1) overexpression (Figures 7I and S12F) in
alb-myc'8 after metformin treatment.

Altogether, our data showed the efficacy of metformin on lipogenic targeting in c-MYC
transgenic mice leading to positive histological and biochemical alterations.
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Figure 6. WD feeding accelerates the initiation of MAFLD associated tumorigenesis in alb-myc'® mice.
WT (1 = 3) and alb-myc'® (1 = 5) mice fed 40 weeks with WD. (A) Gross liver. Numbers represent
tumor incidence. (B) Representative liver sections stained with H&E. (C) Representative liver sections
stained with SR. Quantification of % SR positive area (n = 3-5) Scale bar = 100 um. (D) Ki-67
immunostaining of paraffin sections showing increased cell proliferation (brown) of hepatocytes in



Cancers 2022, 14,192

13 0of 19

alb-myc!® mice liver. Quantification of Ki-67 positive cells (n = 3-5). Scale bar = 100 um. (E) c-MYC
IHC staining of paraffin sections. Quantification of c-MYC positive cells (n = 3-5). Scale bar = 100 pm.
*=p<0.05*=p<0.01, ** =p <0.001.
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Figure 7. Improved hepatic phenotype in alb-myc® mice after metformin treatment. alb-myc'® mice
(n = 6) and WT mice (n = 6) fed 20 weeks received metformin enriched chow diet, alb-myc' (1 = 8)
received chow diet; all animals were sacrificed at the age of 36 weeks. (A) Body mass index (BMI)
(g/m?) of mice at the age of 36 weeks (1 = 3-6). (B) Basal glucose level after 6 h fasting. Blood glucose
concentration curve during intraperitoneal GTT. (n = 3-6). (C) eWAT weight (1 = 6-8). (D) Serum
levels of cholesterol and TG in serum (1 = 6-8). Representative liver sections stained with H&E (E),
ORO (F), SR (G) and Ki-67 (H) stainings. Scale bar = 100 um. (I) Protein expression of SREBP-1,
GAPDH used as loading control (n = 3). Uncropped blots are presented in Figure S16. Data are
expressed as the mean £ SD, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001, alb-myctg
mice fed metformin enriched chow diet vs. a\lb-myctg mice fed chow diet; ** = p < 0.01, ** = p < 0.001,
#4% = p < 0.0001, WT mice fed metformin enriched chow diet vs. alb-myc' mice fed chow diet.




Cancers 2022, 14,192

14 of 19

4. Discussion

¢-MYC, “the oncogene from hell”, is associated with more than half of all human
cancers [19]. Gains of chromosome 8q22-24 region, encoding c-MYC are amongst the
earliest genomic events associated with liver cancer development [20]. According to
the Cancer Genome Atlas Research Network c-MYC alterations are reported in up to
12% of HCC [12]. Novel data suggest that deregulation of c-MYC function is not only
associated with HCC development, but also with CLD (e.g., ALD, viral hepatitis, liver
fibrosis/cirrhosis, for hepatoblastoma and cholangiocarcinoma, etc.) [8].

Since defective-MYC expression is an early event in carcinogenesis, the characteriza-
tion of the consequences of c-MYC overexpression in hepatocytes is of ultimate interest.
Indeed, hepatocyte-specific alb-myc'® mice are predisposed to HCC albeit a long period of
latency [11,21]. 20% alb-myc'8 mice at the age of 52 weeks displayed liver tumors that were
mostly mono- or two-nodular. The gene signature of these tumors exactly resembles slow
growing human HCC [16,22].

Hence, the oncogene c-MYC, “super-transcription factor”, is not only a master regula-
tor of cell growth and cell cycle arrest, but also plays an essential role in the regulation of
metabolic reprogramming. Proliferating cells change their metabolic demands compared
to quiescent cells as only global metabolic alterations permit tumor cells to survive and
proliferate despite adverse conditions [23,24].

Our experiments revealed that middle-aged c-MYC transgenic mice on standard
chow diet are prone to develop abnormal accumulation of lipids in the liver compared
to control mice. Consistently, gene expression profile of alb-myc!® revealed significant
alterations in FA metabolism. Activation of lipid synthesis is very important for fast
growing cells, because lipids are fundamental for functions such as membrane generation,
protein modification and bioenergetics requirements. In a wide variety of tumors, de novo
FA synthesis is activated independently of the levels of circulating lipids [25]. The main
product of FA synthesis in the cytoplasm is saturated palmitic acid, formed by rate-limiting
enzyme—SCD1—on the cytosolic side of the ER. Consequently, SCD was upregulated
in alb-myc'® livers. Hence, SCD1 overexpression has been reported as promotor in liver
fibrosis and tumor development [26].

FA overload in c-MYC transgenic hepatocytes acted as both a substrate and an inducer
of microsomal cytochrome P-450 (CYP2E1) and fatty acid oxidation systems (Cptl, Acadm)
that generate reactive oxygen species resulting in oxidative stress (20). Lipid peroxidation
products as well as proteins modified by ROS develop inflammatory response and lead
to immune cells (CD45%, F4/807) infiltration into the hepatic parenchyma. Inflammatory
cytokines, produced by immune cells further activate HSCs and stimulate the production
of collagen fibers and ECM deposition in the liver, leading to fibrogenesis [27].

TG excess in the serum of alb-myc® mice represent the mechanism by which FA
are exported from the livers and delivered to adipose tissue for storage [28]. Hence,
36 weeks old transgenic animals developed considerably greater weight gain, BMI and
e-WAT increase compare to control littermates on normal chow diet. Visceral adiposity and
low-grade state of adipose tissue inflammation, assessed by presence of macrophage CLS
in WAT, contribute to IR and hyperglycemia in transgenic mice [29,30]. High blood glucose
level results in IR, and further contributes to metabolic disorders in the liver.

Tumor cells take in more glucose than normal to elevate aerobic glycolysis with the
Warburg effect. Gene array data showed upregulation of PFKFB1-3 in transgenic liver, a key
enzyme regulating glucose metabolism and promoting aerobic glycolysis. Hence, previous
publications have shown that inhibitors targeting PFKFB3 have been found to suppress aer-
obic glycolysis, decrease glucose uptake, and induce cancer cell autophagy [31]. Moreover,
consistently with previous publications transgenic expression of c-MYC also enhances
the expression of mitochondrial GL and GLS for canonical glutaminolysis. Glutamine
is the most abundant and nonessential amino acid that can be synthesized from glu-
cose. Proliferative cells in many cancers, including some hepatocellular carcinomas, are
glutamine addicted, and must induce GLS1 to increase glutamine catabolism and fuel
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their growth [32,33]. Interestingly, the hepatic GLS1 is also overexpressed in MAFLD
patients [34].

Altogether, overexpression of c-MYC exclusively in the liver affects the whole-body
metabolism and leads to the development of mild steatohepatitis/fibrosis in transgenic mice.

However, the development of MAFLD as well as further progression to HCC depends
on multiple parallel factors, acting synergistically in genetically predisposed individuals.
Thus, in order to evaluate a putative role of c-MYC in cancer initiation and progression
we next intensified our model and applied high caloric WD to alb-myc'® mice. In fact,
this model will mimic the situation in human MAFLD, there combination of endogenous
(e.g., oncogenes) and exogenous (food habits) factors synergistically contribute to the
development of HCC.

As expected, c-MYC overexpression exacerbated steatosis, liver injury, liver inflam-
mation, fibrosis and strong compensatory proliferation in transgenic mice fed with WD.
Importantly, after 40 weeks of feeding all transgenic animals developed foci of tumors.

These findings are consistent with previously reported earlier HCC enhancement
in c-MYC transgenic animals fed with either methionine choline-deficient diet (MCD) or
choline-deficient and amino acid-defined diet (CDAA) [35]. Hence, we can conclude that
metabolic changes induced by c-MYC promote hepatocarcinogenesis in a series of different
murine MAFLD and HCC models.

Does the c-MYC transgenic mouse model reflect the clinical reality of human MAFLD-
associated HCC? To answer this question, we analyzed human liver biopsy samples with
MAFLD and MAFLD-associated HCC. Although a small cohort of 11 samples was used, we
found an increased expression and prominent nuclear localization of the proto-oncogene
c-MYC in patients with MAFLD and MAFLD-related HCC, highlighting its potentially
critical role for the disease progression. Future studies with expanded sample size will
needed to further confirm the role of c-MYC in human MAFLD development.

The limitations of a curative pharmacological treatment for human HCC clearly
underline the need for the identification of novel target molecules. The MAFLD- HCC
sequence suggest that specific inhibitors against metabolic signaling pathways may allow
to interrupt the continuous transition from CLD to cancer.

Hence, in the current study we supplemented the chow diet with metformin and ap-
plied it to c-MYC transgenic animals. The use of metformin, the most commonly prescribed
drug for DM2, was repeatedly associated with the decreased risk of the occurrence of vari-
ous types of cancers, especially of pancreas and colon and HCC. This observation was also
confirmed by the results of numerous meta-analyses that confirmed that metformin reduces
cancer incidence by 30-50% [36]. Several previous publications reported MYC inhibition by
metformin [37,38]. In the current study we could not detect the direct inhibition of c-MYC
in the liver of transgenic mice by metformin-enriched diet. Hence we found that metformin
had a strong inhibitory effects on SREBP1 expression in alb-myc'® animals. Due to the
lipogenic inhibition in the liver, alb-myc'® mice treated with metformin diet were resistant
to obesity, had modestly improved glucose and lipid metabolic parameters, and exhibited
a marked lowering of liver steatosis and overall reduced collagen accumulation.

Our findings are consistent with previous reports showing the interaction of c-MYC
with SREBP1 [39,40]. Indeed, as highly proliferating cancer cells require enhanced lipid
production, c-MYC induces SREBP and together they collaborate to activate fatty acid (FA)
synthesis and drive FA elongation from glucose and glutamine [41,42]. These findings
point toward the promise of blocking c-MYC induced de novo lipogenesis as a general
therapeutic strategy to combat common MYC-driven cancers. Hence in spite of remarkable
improvement of steatohepatitis in alb-myc'® mice treated with metformin, we could detect
only mild changes in hepatic proliferation. Therefore, future studies will need to address
the intriguing possibility of metformin to influence MYC-mediated cell growth.

In summary, phenotypical changes in the livers derived by c-MYC oncogene closely
recapitulate the human MAFLD, albeit in a more telescope time frame. Hence, the eval-
uation of the molecular mechanisms underlying the associations between new genetic
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risk factors and progressive liver disease could be useful for the identification of novel
therapeutic targets for MAFLD. Importantly, the detection of such preexisting risk factors
should be used to identify the “high risk” MAFLD patients in whom preventive measures
such as regular individual counselling and screening must be undertaken [41]. In fact,
life expectancy of patients with HCC depends on the stage of the cancer at diagnosis. In
advanced stages, some months are expected; however, if diagnosed in early stages, curative
treatments such as surgical resection, liver transplant and local ablation can improve the
survival of the patients and a 5-year survival rate can be reached. A very recent study
demonstrated that the shorter survival of MAFLD-HCC patients, compared to HCV-HCC
patients, is mainly due to the late diagnosis and greater tumor burden and not because
HCC in MAFLD is more aggressive [42].

5. Conclusions

The current study, based on a clear and novel phenotype of transgenic mice, as well as
interesting findings in patients, makes c-MYC an attractive target which can help to guide
physicians towards preventative strategies and individualized therapy that can improve
clinical outcome of MAFLD-related HCC.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14010192/s1, Figure S1: Bioinformatic analysis of 353 human
HCC samples based on data generated by the Cancer Genome Atlas (TCGA) Research Network,
Figure S2: Representative IHC-stained sections demonstrating nuclear expression of c-MYC. (A) c-MYC
nuclear expression inside tumor nodules in patients with MAFLD-related HCC. Left: the DAB-stained
images. Right: Hematoxylin stained images. (B) c-MYC nuclear expression in MAFLD patients with
advanced liver fibrosis. Left: the DAB-stained images. Right: Hematoxylin stained images, Figure S3:
MS in alb-myc'8 at baseline. WT (1 = 9) and alb-myc'8 (1 = 8) mice at the age of 36 weeks. (A) Food
caloric intake was stable in both groups through the duration of study. (B) Representative MRI scan
images of WT and alb-myc'® mice showing body fat distribution in 26 weeks old animals. The quanti-
tative data represent fat/body ratio (%) means. (C) Representative F4/80 IF staining of WAT. Positive
cells are stained in green and marked with red arrows. Nuclei are stained in blue using DAPI as
counterstain. Scale bar is 100 um (n = 4), Figure S4: Glucose intolerance. (A) The histogram represents
the incremental area under the respective glucose tolerance curve (n = 3). (B) Insulin tolerance test
(ITT), and the histogram represents the incremental area under the curve (n = 3). Data are expressed as
the mean + SD, * = p < 0.05; ** = p < 0.01, alb-myc'8 mice vs. WT controls, Figure S5: Hepatosomatic
ratio at 36 weeks. WT (1 = 9) and alb-myc'8 (n = 8) mice at the age of 36 weeks. (A) Liver weight.
(B) Liver to body weight ratio, Figure S6: Hepatic phenotype in WT and alb-myc'® mice at 36 weeks.
(A) gPCR analysis of hepatic mRNA expression expression of Scd1. (B) Histograms showing den-
sitometric analysis of western blots for c-MYC, CYP2E1 and CHOP. (C) qPCR analysis of hepatic
mRNA expression expression of Ucp2 (n = 4). (D) Representative TEM images of hepatic endoplasmic
reticulum. Representative Transmission Electro-Microscopy (TEM) pictures of WT and alb-myc!&
mice. Asterisks indicate fat droplets in hepatocytes. Arrows mark endoplasmic reticulum (ER).
Scale= 10 um and 1 um, Figure S7: Spontaneous proliferation and mild inflammation in alb-myc&
mice at 36 weeks. (A) Histograms showing densitometric analysis of western blots for CC3 and
PCNA. (B) Ki-67 immunofluorescence of crytosections showing increased cell proliferation (green, as
indicated by arrow) of hepatocytes in alb-myc'8 mice liver and the quantification of % Ki-67 positive
cells (n = 8). (C-E) Quantification of % CD45, F4/80- positive cells and SR area respectively using
Image] software (1 = 8). Data are expressed as the mean + SD, * =p < 0.05; ** = p < 0.01, ** = p < 0.001,
alb-myc® mice vs. WT controls, Figure S8: Increased glutamine catabolism in alb-myc'® mice at
36 weeks. (1 =5). (A) IHC staining of Glutamine synthetase (GS). (B) Protein expression of Glutami-
nase 1 (GLS1) in the livers of alb-myc® and WT mice, Figure S9: Activation of signaling pathways
relevant to human MAFLD in the liver of mice. (A) Dysregulated genes involved in different path-
ways. (B) Heat map demonstrating deregulated genes. Red and green colors indicate high and low
gene expression, respectively. (C) Top canonical pathways. (D) Molecules involved in hepatotox-
icity. All data are based on statistical significance, Figure 510: Spontaneous HCC development in
alb-myc'® mice. WT (n = 3) and alb-myc'® (17 = 5) mice at the age of 52 weeks. (A) Macroscopic
images of the liver. Numbers represent tumor incidence (%) means (B) Representative liver sections
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stained with H&E, Figure S11: Phenotypical changes in WT and transgenic mice fed with WD for
24 weeks. (A) Growth curve demonstrating body weight gain, assessed at 7 days interval at each
group (B) Relevant adipocyte area of eWAT (n = 6). (C) Representative F4/80 IF staining of WAT.
Positive cells are stained in green and marked with red arrows. Nuclei are stained in blue using DAPI
as counterstain. Scale bar is 100 pm (n = 4). (D) Quantification of Oil Red O positive area (1 = 5).
(E) Histological NAFLD activity score (1 = 5). (F) Quantification of % CD45 positive cells (1 = 6).
(G) Quantification of % SR positive area (n = 4). (H) Quantification of % xSMA positive area (1 = 3).
(I) gPCR analysis of hepatic tissue of fibrosis gene aSma (n = 6). (J) Quantification of % KI-67 positive
cells (n = 6). (K) Histograms showing densitometric analysis of western blot for CC3. Data are
expressed as the mean & SD, * = p < 0.05; ** = p < 0.01, *** = p < 0.001, alb-myc'® mice vs. WT animals
fed WD, Figure S12: MS and phenotypical changes in animals fed with metformin enriched diet.
(A) Growth curve demonstrating body weight gain of mice, assessed at 7 days interval at each group,
and (B) Relevant histogram represents the incremental area under the respective body weight curve.
(C) Level of AST in serum (n = 6-8). (D) Quantification of % Ki-67 positive cells (1 = 6). (E) qPCR
analysis of hepatic mRNA expression expression of c-Myc. (F) Histograms showing densitometric
analysis of western blots for SREBP1. Data are expressed as the mean =+ SD, * = p < 0.05, ** = p < 0.01,
#* = 1 < 0.001, alb-myc'® mice fed metformin enriched chow diet vs. alb-myc' mice fed chow diet;
*=p <005 *=p<001,*** =p<0.001, *** =p <0.0001, WT mice fed metformin enriched chow
diet vs. alb—myctg mice fed chow diet, Figure 513: Uncropped blots for Figure 4C, Figure S14:
Uncropped blots for Figure 4E, Figure S15: Uncropped blots for Figure 51, Figure S16: Uncropped
blots for Figure 71, Table S1: Etiology of human liver samples used for c-MYC gene expression
analysis, Table S2: Clinical features of human liver samples, Table S3: Kcal% of chow diet (CD) and
western diet (WD), Table S4: Diets used for the development of MAFLD, Table S5: Antibodies used
for IF staining, Table S6: Antibodies used for IHC and IF stainings, Table S7: Primers for qPCR,
Table S8: List of antibodies used for WB.
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