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Abstract

AIM: To characterize how insulin-like growth factor 2
(/GF2) mRNA binding protein p62/IMP2-2 promotes
steatohepatitis in the absence of dietary cholesterol.

METHODS: Non-alcoholic steatohepatitis (NASH) was
induced in wild-type mice and in mice overexpressing
p62 specifically in the liver by feeding the mice a me-
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thionine and choline deficient (MCD) diet for either two
or four weeks. As a control, animals were fed a methio-
nine and choline supplemented diet. Serum triglycer-
ides, cholesterol, glucose, aspartate aminotransferase
and alanine transaminase were determined by standard
analytical techniques. Hepatic gene expression was de-
termined by real-time reverse transcription-polymerase
chain reaction. Generation of reactive oxygen species in
liver tissue was quantified as thiobarbituric acid reactive
substances using a photometric assay and malondialde-
hyde as a standard. Tissue fatty acid profiles and cho-
lesterol levels were analyzed by gas chromatography-
mass spectrometry after hydrolysis. Hepatocellular iron
accumulation was determined by Prussian blue staining
in paraffin-embedded formalin-fixed tissue. Filipin stain-
ing on frozen liver tissue was used to quantify hepatic
free cholesterol levels. Additionally, nuclear localization
of the nuclear factor kappa B (NF-xB) subunit p65 was
examined in frozen tissues.

RESULTS: Liver-specific overexpression of the in-
sulin-like growth factor 2 mRNA binding protein 2-2
(IGF2BP2-2/IMP2-2/p62) induces steatosis with regular
chow and amplifies NASH-induced fibrosis in the MCD
mouse model. Activation of NF-xB and expression of
NF-«B target genes suggested an increased inflam-
matory response in p62 transgenic animals. Analysis
of hepatic lipid composition revealed an elevation of
monounsaturated fatty acids as well as increased he-
patic cholesterol. Moreover, serum cholesterol was
significantly elevated in p62 transgenic mice. Dietary
cholesterol represents a critical factor for the develop-
ment of NASH from hepatic steatosis. Filipin staining
revealed increased free cholesterol in p62 transgenic
livers, which were not diet-derived. The mRNA levels of
the rate-limiting enzyme for cholesterol synthesis 3-hy-
droxy-3-methyl-glutaryl-CoA reductase (HMG-CoA re-
ductase or HMGCR) were not significantly upregulated,
potentially due to increased cholesterol biosynthesis vig
elevated sterol regulatory element binding transcription
factor 2 (SREBF2) gene expression and increased iron
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deposition in transgenic animals.

CONCLUSION: This study provides evidence that
p62/IGF2BP2-2 drives the progression of NASH through
elevation of hepatic iron deposition and increased pro-
duction of hepatic free cholesterol.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Insulin-like growth factor 2 mRNA binding
protein 2-2; Methionine/choline deficient; Non-alcoholic
fatty liver disease; Filipin; Iron

Core tip: Dietary cholesterol represents a critical factor
for the development of non-alcoholic steatohepatitis
(NASH) from steatosis. Liver-specific overexpression of
the insulin-like growth factor 2 mRNA binding protein
p62/IMP2-2/1GF2BP2-2 induces steatosis and ampli-
fies NASH-induced fibrosis. Here, we show that p62
elevates monounsaturated fatty acids and hepatic cho-
lesterol in the absence of exogenous cholesterol. Filipin
staining demonstrates increased free cholesterol in p62
transgenic livers. Srebf2-induced cholesterol biosyn-
thesis in transgenics is most likely due to pronounced
hepatic iron accumulation, which is also associated with
lipid peroxidation in transgenic livers. In summary, p62/
IGF2BP2-2 drives the progression of NASH by increas-
ing hepatic free cholesterol.

Simon Y, Kessler SM, Gemperlein K, Bohle RM, Miiller R,
Haybaeck J, Kiemer AK. Elevated free cholesterol in a p62
overexpression model of non-alcoholic steatohepatitis. World J
Gastroenterol 2014; 20(47): 17839-17850 Available from: URL:
http://www.wjgnet.com/1007-9327/full/v20/i47/17839.htm DOI:
http://dx.doi.org/10.3748/wjg.v20.i147.17839

INTRODUCTION

In industrialized countries, non-alcoholic fatty liver dis-
ease (NAFLD) represents the most frequent hepatic
manifestation of chronic liver diseases, whereby hepatic
steatosis is the first hit sensitizing the liver to a second hit
that ultimately leads to hepatocyte injury, inflammation,
and subsequent fibrotic changesm. Prolonged NAFLD
can lead to hepatocellular carcinoma (HCO)", which is
the sixth most common malignancy worldwide and the
second leading cause of cancer-related deaths”. How-
ever, the pathophysiological mechanisms leading to the
progression from NAFLD to end stage liver disease are
still poorly understood.

The composition of fatty acids in the liver has
emerged as a critical factor promoting the development
of non-alcoholic steatohepatitis (NASH) and potentially
HCCP", with monounsaturated fatty acids (MUFA) im-
plicated in a pathophysiological role™”. Recent observa-
tions also highlighted the accumulation of free cholesterol
as an important trigger for the progression from simple
steatosis to severe NASH""". In fact, dietary cholesterol
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was demonstrated to be a critical factor in the progression
of NASH""". Cholesterol fed to LDLR”” mice induced a
prominent inflammatory response, whereas high fat feed-
ing without cholesterol induced steatosis in the absence
of inflammation"”,

The insulin-like growth factor IGF) 2 mRNA bind-
ing protein p62/IMP2-2/insulin-like growth factor 2
mRNA binding protein 2-2 IGF2BP2-2) is a splice vari-
ant of IMP2/IGF2BP2 and was originally described as
an autoantigen in an HCC patient¥, p62 is upregulated
in human HCC and its expression is correlated with poor
prognosis' ', Only physiological roles have been de-
scribed for IMP2, which is required for proper nerve cell
migration and morphology during development by con-
trolling cytoskeletal remodeling and dynamics (reviewed
in™). We recently reported that mice with liver-specific
overexpression of p62 develop a fatty liver and show
increased development towards NASH-induced fibro-
sis™™"”. This amplification of an inflammatory response
was observed in a feeding model that omitted dietary
cholesterol. We therefore aimed to investigate the mecha-
nisms involved in the amplification of NASH by p62 in
the absence of dietary cholesterol.

A methionine/choline deficient (MCD) diet without
supplementation of cholesterol was fed to p62 transgenic
animals. The MCD diet is the most commonly used mu-
rine dietary model for acquired NASH, since in contrast
to other models, it allows examination of all stages of
NASH (ze., inflammation, oxidative stress, and fibrogenic
changes) P,

Our data implicate p62 as a modulator of endog-
enous cholesterol synthesis leading to elevated levels of
free cholesterol in the liver, ultimately promoting inflam-
mation zia the activation of nuclear factor kappa B (NF-
kB). Moreover, the elevated levels of hepatocellular iron
link lipid metabolism to the promotion of inflammatory
reactions’”",

MATERIALS AND METHODS

Material

The MCD diet (#960439) and the methionine/choline
supplemented control (cttl) diet (#960441), both contain-
ing 45% sucrose and 10% corn oil without cholesterol,
were purchased from MP Biomedicals (Heidelberg, Ger-
many). Polymerase chain reaction (PCR) primers were
obtained from Eurofins MWG Operon (Ebersberg, Ger-
many). The EvaGreen” qPCR Mix was obtained from
Solis BioDyne (Tartu, Estonia). Antibodies and immuno-
fluorescence conditions are detailed in Table 1.

Animal treatment
All animal procedures were performed under the guide-
lines of the local animal welfare committee (permission
No. 34/2010). Mice were kept on a 12-h dark-light cycle
under controlled conditions (temperature: 22 ‘C £ 2 °C;
relative humidity: 55% * 10%) with unrestricted access
to food and water until the age of three weeks.

Mice were randomly divided into experimental groups
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Table 1 Antibody dilution, unmasking, incubation time, temperature, and immunodetection used for immunofluorescence

Antibody (source) Unmasking of antigens

Dilution

Incubation Detection system

NF-«B p65

(Neomarkers, United States) min, water bath

Citrate buffer pH 6.0, 95 C, 10 1:1000

18hat4C IF with Alexa Fluor 546 (Invitrogen, Germany) as

secondary antibody

NF-«B: Nuclear factor kappa B; IF: Immunofluorescence.

Table 2 Primer sequences for real-time reverse transcription-polymerase chain reaction

mRNA Accession No. Sense primer, 5'—3’ Antisense primer, 5'—>3”

18S NR_003278.1 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
PPARa NM_001113418.1 CCTTCCCTGTGAACTGACG CCACAGAGCGCTAAGCTGT
IL-1B NM_008361.3 GAGAGCCTGTGTTTTCCTCC GAGTGCTGCCTAATGTCCC
TNF NM_013693.2 CCATTCCTGAGTTCTGCAAAGG AGGTAGGAAGGCCTGAGATCTTATC
HMGCR NM_008255.2 ATCCAGGAGCGAACCAAGAGAG CAGAAGCCCCAAGCACAAAC
SCD1 NM_009127.4 AGATCTCCAGTTCTTACACGACCAC CTTTCATTTCAGGACGGATGTCT
CPT1a NM_013495.2 CTCAGTGGGAGCGACTCTTCA GGCCTCTGTGGTACACGACAA
NOS2 NM_010927.3 CTCACTGGGACAGCACAGAA GATGTGGCCTTGTGGTGAA
PTGS/COX2 XM_192868 TGACCCCCAAGGCTCAAATAT TGAACCCAGGTCCTCGCTTA
FASN NM_007988.3 GGCTGCTACAAACAGACCAT CACGGTAGAAAAGGCTCAGT
SREBF2 NM_033218.1 ACCTAGACCTCGCCAAAGGT CGGATCACATTCCAGGAGA

PPARa: Peroxisome proliferator-activated receptor a; IL-1B: Interleukin 1B; TNF: Tumor necrosis factor; HMGCR: 3-hydroxy-3-methyl-glutaryl-CoA
reductase; SCD1: Stearoyl-CoA desaturase 1; CPT1a: Carnitine palmitoyl transferase 1a; NOS2: Nitric oxide synthase 2; PTGS/COX2: Prostaglandin-
endoperoxide synthase 2; FASN: Fatty acid synthase; SREBF2: Sterol regulatory element binding transcription factor 2.

Table 3 Scoring system for hepatocellular iron and nuclear

factor kappa B-pé5 nuclear translocation

Scoring system Assessed by
Hepatocellular iron

Score 0 No granules Prussian blue
Score 1 Zone 1, granules seen at x 40

Score 2 Granules seen at x 20

Score 3 Granules seen at x 10

Score 4 Granules seen at % 10 in zone 1 and 2

NF-kB: Nuclear factor kappa B; IF: Immunofluorescence.

at the age of 3 wk and fed an MCD diet or an MCD diet
supplemented with choline bitartrate (2 g/kg) and DI~
methionine (3 g/kg) for two or four weeks; the latter was
designated as the cttl diet"™. Male and female wild-type or
62 transgenic mice were used as previously described!"”.

Serum parameters

Animals were sacrificed and serum levels were detet-
mined at the Zentrallabor des Universitatsklinikums des
Saarlandes (Homburg, Germany).

Real-time reverse transcription-polymerase chain
reaction

Experiments and quantification were performed as previ-
ously described™. Primer sequences are listed in Table 2.

Quantification of thiobarbituric acid reactive substances
Products of lipid peroxidation were measured by a fluori-
metric assay. Liver tissues (10-20 mg) were homogenized
in PBS (Na2HPOs4 8.0 mmol/L, KH2PO4 1.5 mmol/L,
NaCl 160 mmol/L in watet) containing 1% phosphatase
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inhibitor cocktail II (Sigma-Aldrich, Taufkirchen, Ger-
many), and centrifuged. For protein precipitation, 100
pL lysate was mixed with 200 pL. ice cold 10% trichloro-
acetic acid and after incubation on ice, centrifuged for 10
min at 14000 g The clear supernatant was mixed with an
equal volume of thiobatbitutic acid (TBA) [0.67% (w/v)],
and heated for 15 min at 100 "C. After cooling the super-
natant down to room temperature, the fluorescence in-
tensity of the samples was measured in duplicate in a 96
well plate at Aex/em = 530 nm/572 nm. Thiobarbituric acid
reactive substances (TBARS) are expressed as malondi-
aldehyde (MDA) equivalents as pumol per mg liver tissue.
An MDA standard was used to create a standard curve,
against which unknown samples were plotted.

Fatty acid profile analysis

Snap-frozen liver tissue samples were lyophilized until
dry (approximately 10 mg dry weight). Fatty acid extrac-
tion and alkaline hydrolysis was performed using the fatty
acid methyl ester method and measured with GC-MS as
previously published”*”.

Histology and immunohistochemistry

For histological examination, paraffin-embedded liver tis-
sue specimens were cut and stained with Prussian blue to
evaluate iron accumulation. Immunofluorescent staining
was performed after unmasking of the sections (Table 1).
The sections were immunostained with the appropriate
antibody; concentration and incubation time and tempera-
ture are listed in Table 1. Staining for unesterified “free”
cholesterol was performed on frozen liver sections with
filipin, which identifies free cholesterol!. Quantification
was performed with Image | software on five randomly
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Table 4 Liver weight and serum parameters of p62 transgenic and wild-type mice fed a methionine-choline deficient diet or control

diet for two and four weeks

2 wk 4 wk
ctrl MCD ctrl MCD
wt tg wt tg wt tg wt tg

Number of animals 10 10 12 12 10 10 12 12
Relative li ight

clative Aver welg 48+01 46+0.1 34015 40+02%° 42401 41+01 34015  35+02%
(% of body weight)
Serum ALT (U/L) 289 + 83 233 +20 418+36° 469 +73% 189 + 38 22£25 23540 209 + 46
Serum AST (U/L) 1568+224  1535+162  2404+125° 25444207 1845204  1712+253 2813+286° 3057 + 346"
Serum triglycerides (mg/dL) 244+19 219 +17 107+5  128+11% 211+18 203 +21 95+ 7° 106 + 5%

HDL

Serum 9446 98+4 2422 214 11248 119+8 15+ 2° 18+ 2%
(mg/dL)
Serum glucose (mg/dL) 234 +27 179+ 15 67£10°  59+7* 193 +13 253 +36 59+ 7° 405>

P < 0.05 vs wild-type; “P < 0.05 vs control diet; °P < 0.05 vs wild-type on control diet; Values are expressed as the mean + SEM; tg: Transgenic; wt: Wild-type;

ctrl: Control; MCD: Methionine-choline deficient.

selected pictures from each sample. NF-kB-p65 staining
was performed as previously published””. Counterstaining
with either Nuclear fastred for histochemistry or 4’,6’-di-
amidine-2-phenylindol (DAPI) for immunofluorescence
(IF) was performed and sections were dehydrated and em-
bedded with Entellan” ( #107961, Merck, Germany). As a
negative control, sections were incubated without primary
antibody.

Three investigators, blinded to all experimental con-
ditions (SMK, RMB, JH), examined the sections for he-
patocellular iron and NF-kB-p65 nuclear translocation

(Table 3).

Statistical analysis

Data analysis and statistics were performed using Mi-
crosoft Office 2010 and OriginPro 8.6 G. The effect of
genotype, MCD diet, and their interactions were displayed
as mean values £ SEM with 10-12 animals per group.
Statistical differences were estimated using the Kruskal-
Wallis-ANOVA for nonparametric samples followed by
post-hoc-analysis with the Mann-Whitney U test. Differ-
ences were considered statistically significant when P val-
ues were less than 0.05.

RESULTS

General effects of dietary manipulation

Mice of both genotypes exhibited different characteristics
typical of the MCD diet. Specifically, we observed a loss
of body mass and relative liver weight through feeding
the MCD diet (Table 4). Due to reduced very low density
lipoprotein (VLDL) secretion from the liver™, serum
triglycerides and cholesterol were reduced in MCD ani-
mals, as were serum glucose levels. p62 transgenic animals
exhibited a further reduction in serum glucose levels as
previously reported“s], most likely due to elevated IGF2
production. Elevated aspartate aminotransferase (AST)
and alanine transaminase (ALT) levels indicated liver dam-
age induced by the MCD diet, as previously desctibed™
(Table 4).
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p62 amplifies inflammation

Since p62 promotes NASH-induced fibrosis paralleled
by increased expression of the chemokine monocyte
chemoattractant protein 1 (MCP1)/chemokine ligand 2
(CC12)"™, our previous data suggested that p62 elicits an
increased inflammatory response during NASH. Histolog-
ical detection of activated NF-kB was assessed by nuclear
translocation of its subunit p65, and suggested an elevated
immune response in p62 transgenics (Figure 1A). This el-
evated response was confirmed by an NF-kB-dependent
gene expression profile, which showed increased levels
of tumor necrosis factor (TINF) (Figure 1B), inducible
nitric oxide synthase 2 (Nos2) (Figure 1C), prostaglandin-
endoperoxide synthase 2 (PTGS/COX2) (Figure 1D), and
interleukin (IL) 1B in p62 transgenic mice (Figure 1E).

p62 alters the fatty acid pattern

Animals of both genotypes developed steatosis on the
MCD diet. However, previous histological analyses sug-
gested an amplification of steatosis in p62 transgenic ani-
mals compared to their wild-type littermates'". After two
weeks, the relative liver weight was significantly increased
in transgenics (P = 0.02) (Table 4) and therefore consis-
tent with the histological changes. GC-MS analyses re-
vealed significantly higher levels of hepatic fatty acids in
P62 transgenic mice (Figure 2A), whereas serum triglycer-
ides were unchanged (Table 4). The hepatic fatty acid pat-
tern indicated strong alterations in p6.2 transgenic animals
compared to their wild-type littermates after two weeks
on the MCD diet (Table 5). In particular, a more pro-
nounced accumulation of MUFA compared to saturated
fatty acids (SFA) and polyunsaturated fatty acids (PUFA)
was observed in transgenic animals (MUFA: 68% increase
vs SFA: 40% and PUFA: 45%) (Figure 2B). Both the dis-
tinct elevation of palmitoleic acid (C16:1) and oleic acid
(C18:1) (Figure 2C) indicated increased desaturase activ-
ity. Gene expression of the desaturase stearoyl-CoA de-
saturase (SCD) 1, which is responsible for the formation
of C16:1 and C18:1 fatty acids, tended to be increased

in p62 transgenic animals, despite a strong downregula-
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Figure 1 p62 expression amplifies inflammation. A: Immunofluorescent staining with anti-nuclear factor kappa B (NF-kB)-p65 (red, left panel), 4',6-diamidino-2-
phenylindole (DAPI) for nuclei (blue, middle panel), and merge (right panel) shows activation of NF-kB after four weeks on the methionine-choline deficient (MCD) diet
through p65 translocation to the nucleus (white arrows) (original magnification: x 400); B-E: Gene expression analysis from quantitative real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR) of NF-kB target genes with tumor necrosis factor (TNF) (B), inducible nitric oxide synthase 2 (MOS2) (C), prostaglandin-
endoperoxide synthase 2 (P7GS/COX2) (D), and interleukin 1B (/L-78) (E) from whole livers are expressed as a ratio against the housekeeping gene, 78S. Data are

presented as the mean + SEM (n = 10-12). ctrl: Control; wt: Wild type; tg: Transgenie.

tion on the MCD diet (Figure 2D). Expression of other
lipogenic and fatty acid catabolism regulators, such as the
fatty acid synthase (IZ4S5N), the lipolysis regulator peroxi-
some proliferator-activated receptor a (PP4Ra), and the
promotor of B-oxidation, carnitine palmitoyl transferase
1a (CPI1a), were not altered upon p62 expression when
mice were fed the MCD diet (Figure 2D).

Elevated cholesterol in p62 transgenic animals

Both liver cholesterol as well as serum cholesterol were
distinctly elevated in p62 transgenic mice (Figure 3A and
B). Filipin staining for free cholesterol revealed a signifi-
cant increase in free cholesterol in p62 transgenic animals
on the MCD diet (Figure 3C, D). While the mRNA levels
of HMGCR were not significantly upregulated (Figure
3E), the expression of the cholesterol metabolism-related
transcription factor sterol regulatory element binding
transcription factor 2 (SREBF2) was significantly in-
creased after four weeks (Figure 3F).

p62 induces hepatocellular iron deposition and lipid
peroxidation

Because cholesterol biosynthesis was previously reported
to be induced by elevated hepatic iron”", iron deposition
was next evaluated. Both genotypes on the MCD diet
had elevated hepatic iron deposition with a more distinct
iron accumulation in p62 transgenic mice (Figure 4A, B).
Interestingly, iron deposition was also detected in trans-
genic, but not in wild-type mice on the ctrl diet (Figure
4B). Since hepatocellular iron is a promoter of oxidative
stress, we assessed lipid peroxidation. Accordingly, p62
expression significantly increased lipid peroxidation as
analyzed by a TBARS assay on the control diet at two
weeks and, on the MCD diet, a respective trend was ob-
served at four weeks (Figure 4C).

JBaishideng® W]G I WWW.ngnet.COm

17844

DISCUSSION

The fatty acid composition and the accumulation of free
cholesterol have been implicated in playing a critical role in
the development of NASH since an altered lipidomep’“’lzj
as well as free cholesterol, positively correlate with the
severity of NASH!""'**#|, Dietary cholesterol may play a
role in NAFLD onset™. In the current study, we describe
an increased production of free cholesterol in mice with
liver-specific overexpression of p62 in the absence of di-
etary cholesterol.

Because elevated activation of NF-xB is observed in
p62 transgenic animals, they are more prone to an inflam-
matory response in this model of NASH. Accordingly,
gene expression of inflammatory mediators such as TNF
were elevated in these animals, which has previously been
shown for MCP1/CCI2"". TNF is strongly correlated
with fatty acid metabolism as it negatively regulates the
expression of PPARa, leading to decreased catabolism"".
In human NAFLD, elevated serum TNF levels in patients
are a strong indicator for the progression from steatosis
to NASH™.,

Surprisingly, we detected a lower apoptosis rate in p62
transgenic mice when we examined cleaved caspase-3
by immunohistochemistry, counteracting the apoptosis-
inducing effect of TNEFP, Additionally, p62 transgenic
animals did not show an induction of liver damage de-
spite elevated fat and inflammation, which is in contrast
to elevated AST and ALT levels in human NASH". The
combination of less apoptosis and liver damage confirms
the cytoprotective properties of p62"*'” and may high-
light a correlation with the cytoprotective actions of MU-
FAs". The increase of II.-7B mRNA as a result of NF-
kB activation in p62 transgenic animals might further link
eatly lipidomic changes in steatosis with progression to a
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Figure 2 p62 alters the fatty acid pattern. A: Sum of all fatty acids in mice fed the methionine-choline deficient (MCD) or ctrl diet for two and four weeks. Liver tis-
sues were lyophilized, lipids were hydrolyzed, and fatty acids (FA) were analyzed by gas-chromatography mass-spectrometry (GC-MS); B: Sum of the saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and all fatty acids (sum FA) from animals fed the MCD diet for two weeks are
presented as the mean + SEM (n = 9-12). Data are displayed as the percentage of MCD-fed wild-type mice, which were set to 100%, each; C: Palmitic acid (C16:0),
palmitoleic acid (C16:1), stearic acid (C18:0), and oleic acid (C18:1) are presented as the mean + SEM (n = 9-12); D: Relative hepatic mRNA expression of stearoyl-
CoA desaturase (SCD) 1, fatty acid synthase (FASN), peroxisome proliferator-activated receptor a (PPARa), and carnitine palmitoyl transferase (CPT) 1a from mice
fed the MCD diet for two and four weeks were normalized against the housekeeping gene 78S and are shown as the percentage of MCD-fed wild-type mice, which

were set to 100%, each. Data are presented as the mean + SEM (n = 10-12). tg: Transgenic; wt: Wild-type; ctrl: Control.

. 35,36
strong 1nﬁammat0ry response[ i,

Interestingly, the amount of MUFA was increased rel-
ative to SFA and PUFA in p62 transgenic animals, indicat-
ing that there are alterations in the fatty acid metabolism
in both NASH and NASH-related HCCP*. Increased
MUFAs are correlated with hypertriglyceridemia and obe-
sitym, without exogenous ingestion, due to hepatic syn-
thesis. In animal studies, exogenous MUFAs were found
to be protective against MCD-induced NASH"Y.

Desaturases represent the rate-limiting enzymes for
the production of palmitoleic (C16:1) and oleic acid
(C18:1), with SCD1 being the predominant form in the
liver™. In this study, we observed an increase in SCD1
in p62 transgenic animals, despite a strong downregula-
tion on the MCD diet. In human NASH-related HCC tis-
sues, an upregulation of SCD1 was also found”. The ex-
pression of FASN was found to be downregulated with
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the MCD diet without differences among the genotypes,
similar to other murine models of steatohepatitisp1’40J
and human NASH™. We also found no changes for the
lipolysis regulators PPARa and CPT1 in p62 transgenic
mice.

P62 transgenic mice fed the MCD diet showed hyper-
lipidemia with increased serum cholesterol levels. These
findings are particularly interesting given that the MCD
diet is known for lowered serum triglyceride (T'G) levels
and, in this particular case, differs from human NASH™.
To our knowledge, this is the first time that an increase in
hepatic total and free cholesterol has been documented in
a nutritional mouse model without exogenous cholesterol.
Increased dietary cholesterol intake is associated with risk
and severity of NAFLD and is paralleled by hepatic free
cholesterol accumulation in human as well as in experi-
mental settings"” and even differentiates steatosis from
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Table 5 Gas-chromatography mass-spectrometry fatty acid analyses of mice fed the methionine-choline deficient or control diet for

two weeks

Fatty acid ctrl we ctrl tg P value' MCD wt MCD tg P value? P value®
14:0 0.25 + 0.04 0.25 +0.05 0.970 0.24 + 0.04 0.43 +0.04 0.003 0.005
15:0 0.01 £+ 0.003 0.01 £ 0.003 0.113 0.02 +0.01 0.05 +0.01 0.035 0.002
16:0 17.23 £0.79 16.08 £1.43 0.623 17.16 £1.63 23.85+1.65 0.006 0.0033
16:1 1.69 £ 0.29 1.51 £0.30 0.570 0.57 £ 0.10 1.13 £0.12 0.005 0.138
17:0 0.11 £0.01 0.06 £ 0.01 0.021 0.23 £ 0.03 0.34 £ 0.03 0.010 0.0001
17:1 0.02 £0.01 0.01 £0.01 0.046 0.003 £+ 0.003 0.01 £ 0.01 0.514 0.117
18:0 12.64 £ 0.57 9.41 £ 0.81 0.006 13.08 £ 0.97 18.15+1.00 0.0014 0.0009
18:1 20.13 +2.51 17.98 £2.07 0.678 2411 +1.28 39.66 +3.27 0.001 0.0009
18:2 17.88 £ 0.87 16.42 +£1.60 0.241 2390 £2.15 36.28 + 6.34 0.040 0.004
18:3 0.23 £ 0.05 0.27 £0.10 0.571 1.50 £ 0.28 2.99 £ 0.46 0.003 0.00009
20:0 0.22 £ 0.05 0.10 £ 0.03 0.045 0.14 £ 0.03 0.33 £0.05 0.0007 0.138
20:1 0.40 £ 0.03 0.30 £ 0.04 0.045 0.81£0.14 1.99 £ 0.27 0.002 0.00009
20:2 0.45 £ 0.04 0.53 £ 0.06 0.385 1.67 £0.17 2.94 £ 0.25 0.0006 0.00009
20:3 1.09 £ 0.09 0.89 £0.14 0.186 2.87£0.37 515+ 0.44 0.0006 0.00009
20:4 13.69 £ 0.58 10.37 £ 0.80 0.011 16.49 £1.15 23.20+1.81 0.006 0.00015
22:0 0.59£0.11 0.29 £ 0.07 0.031 0.31 £0.03 0.50 £ 0.03 0.0007 0.921
22:1 0.01 £ 0.003 0.003 £ 0.003 0.387 0.01 £0.01 0.04 £ 0.01 0.091 0.129
22:4 0.57 £ 0.05 0.51 £0.08 0.273 4.24 +0.48 6.25 £ 0.56 0.0036 0.00009
22:6 472 +0.28 3.82£0.29 0.054 12.08 £ 0.90 14.06 £ 1.05 0.214 0.00009
23:.0 0.08 £ 0.01 0.04 £ 0.004 0.0003 0.08 £0.01 0.10 £ 0.01 0.194 0.223
24:0 0.42 £ 0.02 0.31 £ 0.02 0.003 0.45 £ 0.02 0.63 £ 0.05 0.0013 0.0009

'P value of the comparison between ctrl wt and ctrl tg; °P value of the comparison between MCD wt and MCD tg; °P value of the comparison between ctrl
wt and MCD tg; Values (ug/mg dry liver tissue) are expressed as the mean + SEM. Liver tissues were lyophilized and analyzed by gas-chromatography
mass-spectrometry. tg: Transgenic; wt: Wild-type; ctrl: Control; MCD: Methionine-choline deficient.
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Figure 3 p62 expression elevates serum and liver cholesterol. A, B: Hepatic (A) and serum (B) cholesterol concentrations in mice fed the respective diet for two
or four weeks; C, D: Representative cryosections stained with Filipin for hepatic free cholesterol in mice fed the methionine-choline deficient (MCD) diet for four weeks
(original magpnification: x 400) (C) with corresponding quantification (D) (mean out of five randomly picked sections on the slide); E, F: Relative hepatic mRNA expres-
sion of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA reductase or HUGCR) (E) and sterol regulatory element binding transcription factor 2 (SREBF?2) (F) are
shown as a ratio against the housekeeping gene, 18S. Data are presented as the mean + SEM (n = 10-12). tg: Transgenic; wt: Wild-type; ctrl: Control.
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Figure 4 p62 expression leads to increased iron accumulation and reactive oxygen species production. A, B: Representative paraffin-embedded liver sec-
tions stained with Prussian blue for iron accumulation from animals fed the respective diet for four weeks (original magnification x 200 and x 500 for inserts) (A) with
the corresponding hepatocellular iron score (B) for all time points (for scoring, see supplement S1); C: Hepatic thiobarbituric acid reactive substances (TBARS) were
measured to indicate lipid peroxidation and are presented as the mean + SEM (n = 10-12). tg: Transgenic; wt: Wild-type; ctrl: Control; MCD: Methionine and choline

deficient.

NASH™, Besides dietary cholesterol intake, cellular cho-
lesterol accumulation may result from disturbed cholester-
ol homeostasis'™’. Here, we observed enhanced expression
of SREBF2, but no distinct effect on the expression of
the rate-limiting enzyme HMGCR. While a positive cotre-
lation between the severity of NASH with the expression
of these genes was found””, others reported no correla-
tion between SREBF2 and hepatic cholesterol despite
clevated HMGCR"™, Interestingly, however, cholesterol
biosynthesis was found to be positively correlated with
iron accumulation: when additional iron was given, it led to
deposition of free cholesterol and an upregulation of cho-
lesterol biosynthesis””. Furthermore, hepatocellular iron
deposition was reported to be elevated in human NASH
patients™ and NASH-related HCC patients™™., Variations
in hepatic iron levels can directly lead to a modulation of
lipogenesis and lipid storage and sectetion, as iron is an in-
tegral part of several lipid metabolism related enzymes”
In this context, SCD1 activity has been shown to be iron-
dependent, as the protein contains iron as a cofactor!””
Accordingly, the iron accumulation in p62 transgenic mice
might elevate SCD1 activity.

Enhanced iron accumulation is also related to enhanced
lipid peroxidation[w since iron is known to catalyze the
production of reactive oxygen species, which can then
initiate cellular damage and lipid peroxidationHSl. In fact,
reactive oxygen species have been suggested as critical
contributors to the second hit required for disease onset”,
Elevated production of reactive oxygen species in p62
transgenics on the ctrl diet, which correlates with the iron
accumulation in these animals, might predispose them to-
wards the development of NASH.

Taken together, this study reveals that liver-specific
overexpression of p62 leads to an amplified progression
of NAFLD towards NASH through increased produc-
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tion of hepatic free cholesterol driving the inflammatory
response in liver disease.
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COMMENTS

Background

In industrialized countries, non-alcoholic fatty liver disease (NAFLD) represents
the most frequent chronic liver disease and is a potential risk factor for the de-
velopment of hepatocellular carcinoma (HCC), the most common primary liver
cancer. HCC, an aggressive cancer with high mortality, is difficult to detect and
treat. The insulin-like growth factor (IGF) 2 mRNA binding protein p62 was origi-
nally discovered in an HCC patient. p62 induces fatty liver and promotes non-
alcoholic steatohepatitis (NASH)-induced fibrosis.

Research frontiers

Dietary cholesterol represents a critical factor in the development of NASH from
hepatic steatosis. In this context, the accumulation of free cholesterol was re-
cently highlighted as important trigger for the progression from simple steatosis
to severe NASH. Recently, the role of free cholesterol and iron accumulation in
NASH progression have been actively researched. Whether and how elevated
free cholesterol can accumulate independently of dietary cholesterol is a cur-
rent topic of strong interest.

Innovations and breakthroughs

The authors show for the first time that free cholesterol can accumulate and
promote NAFLD in the absence of dietary cholesterol. The IGF2 mRNA binding
protein p62 facilitates increased levels of both free cholesterol and hepatic iron.
Furthermore, hepatic iron accumulation was associated with lipid peroxidation.
In summary, this study shows that p62 drives the progression of NASH by in-
creasing hepatic free cholesterol.

Applications
The understanding of how p62 promotes NASH progression and further char-
acterization of the role of specific lipid changes will increase knowledge about
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NASH pathogenesis and might therefore aid in the development of preventive
strategies against NASH and NASH-associated HCC. This might also lead to
new therapeutic options in NASH treatment.

Terminology

Free cholesterol: cholesterol not esterified with a fatty acid.

Peer review

The data show that p62/IGF2BP2-2 drives the progression of NASH by increas-
ing hepatic free cholesterol. This study is well executed and relevant to clini-
cians and scientists studying NASH and NAFLD.
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