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Abstract

Abstract

ThelGF2 mRNA binding protein p62/IGF2B2-2/IMP2-2 inducesplatic steatosis in mice, is
overexpressed in HCC patients, and is associat#dtia@ overexpression of the tumorigenic
growth factor IGF2.

The underlying mechanisms involved in p62’'s actiahging liver disease are poorly
characterized. Therefore, the aim of this study waslucidate the mechanisms of p62 on
lipogenesis and tumorigenesis.

Since alterations in hepatic lipid and fatty actinposition are linked to liver pathogenesis,
we analyzed liver lipids and fatty acid compositmfrp62 transgenic animals, and found that
almost all lipid classes and fatty acids were dieyaThe elevated ratio of C18 to C16 fatty
acids was attributed to IGF2-mediated SREBF1 an@WL6 activation, and was shown to
be responsible for steatosis development. Eleviatesls of inflammatory markers provided
evidence thap62 transgenic animals are susceptible to hepatianmthation.

Therefore, these results demonstrate an importald of p62 and ELOVL6 in the
development of steatosis and steatohepaititis.

Interestingly, though, ELOVL6 was downregulatedHEC patients and in a murine HCC
model. It therefore seems unlikely that ELOVL6 hgsathophysiological role in HCC.

Still, p62 amplifies HCC development, which mighd attributed to DLK1/RAC1 mediated
activation of the antiapoptotic ERK pathway.

Taken together, our data underline the role of p6ver pathologies and provide evidence
for p62 as a prognostic marker or therapeutic targe



Zusammenfassung

Zusammenfassung

Das IGF2 mRNA bindende Protein p62/IGF2B2-2/IMP2-2 indukzien Mausmodell eine
Fettleber, ist in HCC Patienten uUberexprimiert umahoht die Expression des
Wachstumsfaktors IGF2.

Die Mechanismen, Uber die p62 die Leber-Pathoplygi® beeinflusst, sind weitgehend
unbekannt. Ziel dieser Studie war die Aufklarung Relle von p62 in der Lipogenese und
Karzinogenese.

Veranderte Lipidstoffwechsel kbnnen zur Leberpadmage beitragen. Die Untersuchung der
hepatischen Fette aus den Lebern pé2 transgenen Tieren ergab, dass fast alle Lipide und
Fettsauren akkumuliert vorlagen. Das erhdhte Verlsdvon C18 zu C16 Fettsauren, das
durch eine IGF2-vermittelte Aktivierung von SREB&1d ELOVL6 verursacht wurde, fuhrte
zur Steatose in diesen Tieren. Erhohte inflammstbae Marker in den transgenen Lebern
lieRen auf eine verstarkte Entziindungsneigungedgéii.

Somit scheinen p62 und ELOVL6 eine wichtige Rolle der Steatose- und der
Steatohepatitis-Entstehung zu spielen.

Interessanterweise war ELOVL6 aber im humanen umginan HCC herrunterreguliert.
Somit ist eine pathophysiologische Rolle von ELOVI® der Hepatokarzinogenese
unwahrscheinlich.

Die kanzerogenen Effekte von p62 scheinen durclvelistarkte Expression von DLK1 und
RACL1, die den antiapoptotischen ERK Signalweg &ktén, vermittelt zu werden.

Unsere Daten belegen eine wichtige Rolle von p62ien Leberpathophysiologie. Somit

kénnte p62 als Biomarker oder therapeutisches Taayelnteresse sein.

XI
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1.1 Steatosis, the first step in liver disease

Steatosis is described as the accumulation ofdipithin hepatocytes (Day and Yeaman,
1994) and is associated with an imbalance betwgathesis, transport, oxidation, and
storage of hepatic lipids (Koteish and Diehl, 200&jnce also normal livers sometimes
exhibit lipid containing hepatocytes, steatosis haen defined either as more than 5% of
cells containing fat droplets (Underwood Ground34)or total lipids exceeding 5% of liver
weight (Hoyumpa et al., 1975).

Alcoholic fatty liver disease (AFLD) develops in@lt 90% of individuals who drink more
than 60 g alcohol per day (Crabb, 1999).

Non-alcoholic fatty liver disease (NAFLD) is a fohfatty liver, which is not due to chronic
alcohol abuse and covers a histological spectriom fsimple steatosis to non-alcoholic
steatohepatitis (NASH) with or without fibrosis amitrhosis (Neuschwander-Tetri and
Caldwell, 2003).

In a large cohort (2,766 subjects, 45-74 yeardjinhish subjects the prevalence of NAFLD
(21%) was three times higher than the prevalencARD (7%) (Kotronen et al., 2010).
Similar observations could also be found in Chinbere the prevalence of NAFLD (15%)
was also threefold compared to AFLD (4.5%) (Fari,3)0

Several risk factors for the development of steatbave been well described in the literature.
A wide variety of therapeutic drugs (Fromenty armggayre, 1995), obesity (Anderson et al.,
2014), the metabolic syndrome (Kotronen and Ykixben, 2008) / type 2 diabetes (Targher
et al., 2007), and chronic hepatitis B/C virus atiens (Nascimento et al., 2012) are
implicated in steatosis development. For exampétiepts infected with hepatitis C virus
develop chronic hepatitis in 60-80% of cases, apdtai20% may progress to cirrhosis
(Lonardo et al., 2004).

The prevalence of NAFLD increased in the recentsjeahich has reached up to 14-34% of
the general population in Europe, Asia, and Ameffganstrong et al., 2012)(Fig. 1.1) and is
mainly attributed to obesity, overweight, and metebdisorders in industrialized countries
(Kopec and Burns, 2011). Since NAFLD is increasgigbally and is set to become the
predominant cause of chronic liver disease, NAFIDregarded as a global epidemic
(Loomba and Sanyal, 2013; Ray, 2013).

The progression from simple steatosis to NASH & described by the ‘two-hit hypothesis’.
This hypothesis suggests that a simple steatasisistfor the first hit, which mediates further
hits by inflammation, lipid peroxidation, and thengration of reactive oxygen species

(ROS). Persistent oxidative stress leads to tteasel of pro-inflammatory and pro-fibrogenic

2
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cytokines and can thereby induce a progressivetiecepg@osis or even hepatic cirrhosis (Day
and James, 1998).

Hepatocyte injury (hepatocyte ballooning and celattt), inflammatory infiltrates, and / or
collagen deposition (fibrosis) are characteristicat allow differentiation between simple
steatosis and NASH (Cohen et al., 2011). ROS aadugts from lipid peroxidation induce
fibrosis by activating collagen producing hepatgallate cells (Browning and Horton, 2004).
Between 10-20% of patients with simple steatosiseldp NASH (Schattenberg and
Schuppan, 2011)(Fig. 1.1).

Whereas simple steatosis mostly follows a benigmsm NASH might progress to cirrhosis
in 20-25% of cases over a ten year period (Ratizial.e2010)(Fig. 1.1). Liver cirrhosis is
characterized by the hyper-accumulation of conmedissue components in the liver and can
finally lead to hepatic failure or hepatocellulaara@noma (HCC) (Matsuda et al., 1997).
Accordingly, cirrhosis is responsible for around 000 deaths / year in Europe (Blachier et
al., 2013), and could be found in 80% - 90% of @lopsies from HCC patients, therefore
only 10% to 20% of the HCC cases develop in paievithout cirrhosis (Fattovich et al.,
2004). Approximately 7% of cirrhosis patients deyeHCC (Shimada et al., 2002)(Fig. 1.1).
Recently, Ganapathy-Kanniappan et al. presentethtaresting hypothesis that early stage
cirrhotic hepatocytes, which are characterized bgtafolic alterations (e.g. increased
glycolysis), could be linked to the origin of hepaumorigenesis and that endstage cirrhotic
hepatocytes further undergo metabolic adaptatiadihg to HCC (Ganapathy-Kanniappan et
al., 2014; Nagrath and Soto-Gutierrez, 2014; Nk et al., 2014).

14-34% 10- 25% 20- 25% ~7%
ﬁ
Armstrong et al., Schdttenberg and Ratziu et al Shlmddd etal.,
2012 V/ Schuppan, 2011 2010 2002

normal liver steatosis NASH cirrhosis

Fig. 1.1: Prevalence of liver disease progression.

The incidence for liver cancer has strongly incegiss Germany in the last decades (Fig. 1.2)
and HCC is responsible for approximately 47,00Qttkeper year in Europe (Blachier et al.,
2013). Late diagnosis and inadequate treatmentrmptead to a high lethality of HCC.
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Fig. 1.2: Incidence of liver cancer in Germany (KrebsregiStaarland, 2011)

1.2 Pathways involved in the development of NAFLD

As mentioned above, steatosis occurs when lipid dostasis linking lipid synthesis,
degradation, and transport is disturbed. Intergtimot only the amount of lipids, but also
the lipid composition of the liver is importantNWAFLD (Puri et al., 2007; Puri et al., 2009).
Lipid synthesis is regulated by a complex netwaolrkranscription factors, which are either
transcriptionally or post-translationally regulatadd dependent on metabolic factors like
insulin, glucose, sterol, and fatty acid levelsyfetie and Ferre, 2002). The most important
ones are liver X receptors (LXRs), sterol regukatetement binding transcription factors
(SREBFs), and carbohydrate element-binding trapon factors (MLXIPLS). They lead to
a transcriptional activation of a large set of {paic genes, including acetyl-CoA
carboxylase (ACC), fatty acid synthase (FASN), ELONtty acid elongase 6 (ELOVLG),
and stearoyl CoA desaturase (SCD) as the most tangaznes (Postic and Girard, 2008).
Lipid degradation is mainly attributed to peroxismrnoxidation induced by activation of the
peroxisome proliferator activated receptor alphARA)(Reddy, 2001) or mitochondrial
oxidation regulated by carnitine palmitoyl transies 1 (CPT1)(Reddy and Rao, 2006).

Lipid trafficking involves export and import of iighs within hepatocytes. Processed lipids are
bound to apolipoprotein B 100 in hepatocytes amrdsacreted as very low density lipoprotein

(VLDL). Lipids can be incorporated into hepatocy@ther by a transmembranous flip-flop
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mechanism, e.g. fatty acid translocase, or by nmeshes involving the liver type fatty acid
binding proteins (FABPs)(Anderson and Borlak, 2008)

Interference with these pathways is linked to pplttysiological processes. In this context
hepatitis (B/C) virus has been described to indsieatosis and to strongly alter hepatic lipid
content by activation of lipogenic pathways (Kimaét 2007; Miyoshi et al., 2011; Moriya et
al., 2001).

Due to their pathophysiological role directed ifgegnce with these pathways may also
exhibit potential targets for treatment optionsr Ewample, inhibition of the lipogenic genes
SREBF1 and MLXIPL in the liver of obese ob/ob m{&entin et al., 2006; Yahagi et al.,
2002) and PPARA agonists, like Fenofibrate as iedwé peroxisomal fatty acid oxidation,
can ameliorate steatosis (Harano et al., 2006; dfastos et al., 2013). Therefore,
investigation of these pathways may provide exoelkargets for the treatment of liver

pathogenesis.

1.3 Diagnosis and therapy of NAFLD: state of the ar

NAFLD and specifically NASH are underdiagnosed simeost of the affected patients are
symptom free and screenings are inadequate anderédrmed routinely. Non-invasive
diagnostics are not sensitive enough in diagnosistaging of the severity of disease.
Therefore, liver biopsy is the gold standard fagtiosis but also exhibits some severe risks
like bleeding, bile leak, and even death (Kopec Buaths, 2011). Laboratory serum analytic
is limited to some key markers described in thofwihg section.

Aspartate aminotransferase (AST) and alanine amainsterase (ALT) are typically mildly
elevated, ranging from 1-4 times of the normal lev&he ALT/AST ratio is rarely higher
than 2. The ALT/AST ratio is often the first evigenfor liver pathogenesis and therefore the
gold standard in laboratory serum analysis (Framaingt al., 2008; Kopec and Burns, 2011;
Wong et al., 2009). Pathophysiological markers biegubin and albumin tend to be normal
and alkaline phosphatase and gamma-glutamyltresesége only sometimes slightly elevated
(Kopec and Burns, 2011). Other biomarkers likerardiear antibody (ANA) and anti-smooth
muscle antibody (ASMA) have been found to be eledah only 21% of NAFLD patients
(Cotler et al., 2004; Vuppalanchi et al., 2012).

In addition to serological screening, ultra sonpgsa(US) is commonly employed as the
initial visual tool for diagnosis and has been destiated to have a sensitivity of 73% for

detection of steatosis (Bohte et al., 2011). Nemethods for non-invasive imaging are
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computerized tomography (CT) and magnetic resonanaging (MRI), which show only a
slightly improved sensitivity (Bohte et al., 2011).

According to the American Association for the Stualythe Liver guidelines (AASLD, from
the year 2012), it is mandatory to treat the lidisease as well as the associated co-
morbidities resulting from the metabolic syndron@hglasani et al., 2012). The most
important recommendation is lifestyle interventiang. weight loss, which can also be
achieved by bariatric surgery. A reduction of aiste3-5% of body weight in obese patients is
necessary to improve steatosis, and up to 10%cisssary to improve signs of inflammation.
Medical treatment is rare and only recommendedapdy-proven NASH patients with some
limitations. Pioglitazone, a thiazolidindione anérgxisome proliferator receptor gamma
agonist, and Vitamin E (alpha-tocopherol, 800 IWy)dare recommended to treat NASH.
Statins, as 3-hydroxy-3methyl-glutaryl-CoA reduetashibitors, can be used to reduce
dyslipidemia in NAFLD and NASH (Chalasani et alQ12). Other tested substances, i.e.
Metformin and ursodeoxycholic acid, have no siguaifit effect on liver histology and are not

recommended for the treatment of liver disease l@3hai et al., 2012).

1.4 Diagnosis and therapy of HCC: state of the art

Early detection of HCC is important, because theeapance of symptoms reflects an
advanced stage where cure is no longer an optioa.optimal profile for a curable stage is
when the HCC is smaller than 2 cm (de Lope et2412). Detection of HCC by imaging
technologies are identical with those used in NARLBSH diagnostics like US, CT, and
MRI, and exhibit similar problems in sensitivityr{ix and Sherman, 2011).

Serum markers for HCC are only of limited usefuldsven alpha-fetoprotein (AFP) as the
most widely used serological marker for HCC, hdsrdted sensitivity, is not specific for
HCC, and is only detected in patients with advartaetbrs (Sherman, 2010).

HCC is commonly classified by the Barcelona Clihiwer Cancer (BCLC) system. The
BCLC system links the size and number of tumors lared function to the best treatment
option (de Lope et al., 2012). Curative treatmemésadvised only in the very early and early
stage and are realised by ablation, resection, @andome suitable cases by liver
transplantation. In the intermediate and advancéages palliative treatments like
chemoembolization and treatment with the potenttirkiiase inhibitor sorafenib are

recommended (Forner et al., 2012).
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To summarize, there is a lack of diagnostic marleerd treatment options in NAFLD and
HCC. Since NASH and cirrhosis are discussed asfaistors for the development of HCC, it
is mandatory to develop improved methods to degrdtcure hepatic diseases at the earliest

time before progression to a more severe type.

1.5 The insulin-like growth factor 2 (GF2) mRNA binding protein p62: a
potential biomarker and therapeutic target?

p62 is a splice variant of tH&EF2 mRNA binding protein (IMP) 2 IMP2/IGF2BP2 lacking
exon 10 (Christiansen et al., 2009). The IMP fantbnsists of three different members,
which share two RNA recognition motives and fourRhNP K homology domains as
characteristic features, which can bind the 5-aim¢tated region of thi€&sF2-leader 3 mRNA
(Nielsen et al., 1999) and are implicated in RNAagassing (Christiansen et al., 2009;
Nielsen et al., 2001). p62 was first identified1i899 as an auto-antigen found in an HCC
patient (Zhang et al., 1999). In following studgg2 was shown to be overexpressed in HCC
(33-67.5%) (Kessler et al., 2013; Lu et al., 20Qlan et al., 2005). Furthermore, p62 was
suggested as a fetal protein that is re-expressedrrihotic tissues and showed strongest
expression in HCC (Lu et al., 2001). A recent stadgwed that analysis of a combination of
14 tumor-associated antigens, among which p62 wasob the important ones, allowed a
sensitivity of HCC detection up to 69.7%. Furtherejathis array identified 43.8% HCC
cases, where AFP serum levels were unremarkableetDal., 2014). Liu et al. postulated
p62/IMP2 also as potential biomarker in diagnogisvarian cancer, since 29.4% of ovarian
cancer patients revealed higher autoantibody respoompared to normal individuals (Liu et
al., 2014).

Nevertheless, p62 expression levels in NAFLD prsgjan from simple steatosis to HCC are
rarely characterized. Within the last years thaugramong Prof. Kiemer was able to unravel
important pathophysiological features of p62. p62rexpression induced a steatotic
phenotype and strongly elevated levels of the tigeaic growth factorgf2 in a murine
model (Tybl et al., 2011), exerts antiapoptoticeef§, correlates withGF2 in human HCC
samples,and is increased in HCC patients with poor outcofiiessler et al., 2013).
Furthermore, p62 was suggested as a pathophysialagigulator in all stages of NAFLD, as
found in ap62 transgenic mouse model fed a methionine-choliriieidat diet (Simon et al.,
2014a; Simon et al., 2014b).
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Therefore, the pathophysiological role and overesgion in cancer and recurrence of p62
expression in cirrhosis strongly suggest p62 asasken and promoter of liver disease

progression.
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2.1 Rapid chromatographic method to decipher distint
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p62 transgenic animals spontaneously develop a fatgr phenotype (Tybl et al., 2011).

Since both the amount of lipids but also the liptanposition plays an important role in liver
disease (Puri et al., 2007; Puri et al., 2009) follewing work was performed to establish an
easy to use method for qualitative and quantitagivalyis of lipid classes and to determine

alterations in the lipid composition p62 transgenic livers.

Rapid chromatographic method to decipher distinct #erations in lipid classes in
NAFLD/NASH

Stephan Laggaj Yvette Simon, Theo Ranssweiler, Alexandra K. Kéenand Sonja M.
Kessler.

This research was originally published in the Wodlournal of Hepatology. Laggai, S.,
Simon, Y., Ranssweiler, T., Kiemer, A.K. and Kegst& M. Rapid chromatographic method
to decipher distinct alterations in lipid classesNAFLD/NASH. World J Hepatol. 2013;

5(10):558 -567. doi:10.4254/wjh.v5.i10.558. Copiti@2013, Baishideng Publishing Group

Co., Limited. All rights reserved.

The full text article can also be found at:
http://mwww.wjgnet.com/1948-5182/pdf/v5/i10/558.pdf
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2.1.1 Author Contribution

World J Hepatol 5(10):558-567. Published online 2013 October 27.
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Rapid chromatographic method to decipher distinct #erations in lipid classes in
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12



Publication |

2.1.2 Title page

Rapid chromatographic method to decipher distinct &erations in lipid

classes in NAFLD/NASH
Rapid chromatography for lipids in NAFLD/NASH

Stephan Laggai,Yvette Simon, Theo Ranssweiler, Alexandra K. Kiegngonja M. Kessler,
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2.1.3Abstract and core tip

Aim: To establish a simple method to quantify lipidsskes in liver diseases and to decipher
the lipid profile inp62/IMP2-2/IGF2BP2 transgenic mice.

Methods: Liver-specific overexpression of the insulin-ligeowth factor 2 mRNA binding
protein p62/IMP2-2/IGF2BP2 was used as a modestieatosis. Steatohepatitis was induced
by feeding a methionine-choline deficient diet.&Bbsis was assessed histologically. For thin
layer chromatographic analysis, lipids were exgddtom the freeze dried tissues by hexane /
2-propanol, dried, redissolved and chromatografific®parated by a two solvent system.
Dilution series of lipid standards were chromatpiped, detected, and quantified. The

detection was performed by either dichlorofluor@sce sulfuric acid / ethanol.

Results: Histological analyses confirmed steatosis and tabegpatitis developmeniThe
extraction, chromatographic and detection methaalveld high inter-assay reproducibility
and allowed quantification of the different lipithsses. The analyses confirmed an increase
of triglycerides and phosphatidyletanolamine andearease in phosphatidylcholine in the
methionine-choline deficient diet.

The method was used for the first time to asseslifhe classes induced in the p62-
overexpressing mouse model and showed a significanease in all detected lipid species
with a prominent increase of triglycerides by 2dfol Interestingly the ratio of
phosphatidylcholine to phosphatidyletanolamine desreased, as previously suggested as a

marker in the progression from steatosis to stegqatitis.

Conclusion: The TLC analysis allows a reliable quantificatiohlipid classes and provides

detailed insight into the lipogenic effect of p62.

Key words: NASH, NAFLD, TLC, IMP2, p62, MCD, polar lipids, naal lipids, PC/PE

ratio, triglycerides

List of abbreviations: NAFLD, non-alcoholic fatty liver disease; NASH, malcoholic
steatohepatitis; HCC, hepatocellular carcinoma; Y] Rery low density lipoprotein; Igf2,
insulin-like growth factor 2; LC-MS, liquid chronm@graphy-mass spectrometry; TLC, thin

layer chromatography; HE, hemotoxylin / eosin; DCZE,7’-dichlorofluorescein; TG,
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triglyceride; FFA, free fatty acid; CH, cholesterol CE, ceramide; PE,
phosphatidylethanolamine; PC, phosphatidylcholinBS, phosphatidylserine; LPC,
lysophosphatidylcholine; DG, diglyceride.

Core tip

We describe a new method to quantify lipid classessteatosis/steatohepatitis having
advantages over both histology and classical analymmethods. Since lipid classes exert
differential pathophysiological actions our methgitbuld be of interest for all researchers
dealing with mechanisms of steatosis and steataotispa

We employ our method to investigate the lipid geofn the steatosip62 transgenic mouse
model. p62 was originally identified as an autogemi overexpressed in hepatocellular
carcinoma patients, its expression correlates potbr prognosis, and it induces steatosis. The
interesting lipid profile irp62 transgenic animals suggests that it might advameestep from
steatosis towards steatohepatitis.

15



Publication |

2.1.4 Introduction

The incidence of non-alcoholic fatty liver disedSAFLD) and non-alcoholic steatohepatitis
(NASH) has dramatically increased in Western coestduring the last decaded. Still, the
diagnosis of NAFLD displays a problem since theseai known heterogeneity in the
histological staging of lipid accumulation in theer* 5. This problem is equally relevant for
research laboratories studying mechanistic andpeertic aspects of NAFLD and NASH.

A commonly used model for the investigation of NA&Hthe methionine choline deficient
(MCD) mouse model, which is histologically similaio human NASH regarding
steatohepatitis and fibro§s The MCD model is well characterized regardingeifect on the
expression of lipid regulators, such as lipogeraagcription factors and lipogenic enzytes
8. The development of steatosis in the MCD modaltisbutable in part to impaired very low
density lipoprotein (VLDL) secretion due to the idefncy of methionine and choline, which
are the precursors for phosphatidylcholine, thenrpaiospholipid coating VLDL particl€ks

An interesting but as yet less characterized s$eatnodel is the insulin-like growth factor 2
(1gf2) mRNA binding proteinp62/IMP2-2/IGF2BP2-2 transgenic mouse médelp62 was
originally identified as an autoantigen in an HC&ignt'!! and its expression correlates with
poor prognosis in HC&. Hepatic p62 overexpression induces a microvesidaltty liver
[10] which is characterized by an absence of inflaronygtrocesses and liver dam&ge Still
p62 overexpression amplifies murine NASH and fikgt6E,

NAFLD, even in the absence of cirrhosis, can peegito hepatocellular carcinoma (HE®)
Increasing knowledge suggests that not only theease in lipid accumulation itself but
rather the hepatic lipid composition plays a dominale in the development of both simple
steatosis and steatohepalitis Lipid composition has in fact been shown to hawe
pathophysiological relevance in different metabaliseasd® '8 as well as in cancéfl.
Accordingly, the pharmacologically reduced prodoctiof cholesterol by inhibition of
hydroxy-methyl-glutaryl-coenzyme A reductase is cdssed as a strategy for the
chemoprevention and a slower progression of MEhe comparison of the lipidome of a
murine NASH and HCC model with the human NASH ar@Hlipidome found significant
changes within several fatty acid signatures betwédge normal, NASH, and HCC
lipidomé?. Therefore, a more comprehensive characterizatiod understanding of
pathophysiological lipidomic changes in liver dises and common disease models seems

mandatory.
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For the investigation of lipid composition liquzhromatography—mass spectrometry (LC-
MS) is state-of-the-art. However, due to high cdetsthe equipment and maintenance, the
method is not suitable for routine analyses inicéihand research laboratories. Furthermore,
the results obtained by LC-MS contain informatiarai level of detail too complex for most
of the studies, in which rather general alteration$ipid classes are of interest. Thin layer
chromatography (TLC) offers some advantages oveMSC For example, the possibility to
apply many different samples on a single TLC pisti& practice often faster than 8. 3D
TLC was developed in the 1960s as a reliable methwotipid separation. However, a major
limitation of the technique is the fact that itgessible to test only one sample per ptéte
Since 3D TLC has a very low inter-plate reprodditipiit is only suitable for qualitative
measurements.

We herein present a rapid and low-cost quantitatideTLC, which can detect major lipid
classes and can be used to quantitatively comate 12 samples per plate. Furthermore, we
provide insight into changes of lipid compositionthep62 transgenic mouse model for the

first time?3,

2.1.5 Materials and Methods

Materials

Standard substances 1,3-diolein (D3627)p-lysophosphatidylcholine from egg yolk
(L4129), cholesterol (C8667), glyceryl trioleate 7{B0), 3sn-phosphatidylethanolamine
from bovine brain (P7693), k-phosphatidylcholine (P3556), 1,2-diacylglycero-3-
phospho-L-serine (P7769), non-hydroxy fatty acichngde from bovine brain (C2137), and
stearic acid (85679) were purchased from Sigmaiétidi(Taufkirchen, Germany). The
standard substances were dissolved in chloroforthémel (1:1 [v/v]) at a concentration of 1
mg/ml, aliquoted, and stored at -80°C. TLC silical §0 Bs4 glass plates were purchased
from Merck (105715, Merck, Darmstadt, Germany). Adlvents were distilled prior to

utilization.

Animal models

All animal procedures were performed in accordamageh the local animal welfare
committee. Mice were kepinder stable conditions regarding temperature, diynifood
delivery, and 12 h day/nightythm.
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Steatosis model

p62 transgenic mice were established as describediopsy!?. Mice carrying a liver
enriched activator protein promoter under tetrangctransactivator contrd! were crossed
with p62 transgenic mice, in which the hump2 is under the control of the transrepressive
responsive element cytomegaly virus (TRE-CMY. The double positive offspring expresses
p62 liver-specifically. The mice were sacrificecaatage between 2.5 and 5 weeks.

Steatohepatitis model

Wild-type mice were fed either a methionine cholideficient (MCD, 960439, MP
Biomedicals, lllkirch Cedex, France) or a methi@choline supplemented control diet (co,
960441, MP Biomedicals, lllkirch Cedex, France)3arveeks.

Histology
For hematoxylin / eosin (HE) staining 5 um para#iides were rehydrated in a xylol/alcohol
series, incubated for 10 min in hematoxylin, waslf@d5 min under running water, and

incubated for 2 min in eosin.

Extraction of bovine and murine liver lipids

Bovine liver was bought from a local butchery amectly freeze dried and stored at -80°C.
Lipids from snap-frozen murine or bovine liver sdegpwere extracted by a modified version
of a published meth&d!. Briefly, 60 mg liver samples were lyophilized, ) of the freeze-
dried tissue was dispersed with 18 volumes of aurexof hexane / 2-propanol (3:2 [v/v]) for
10 minutes, and centrifuged at 4°C and 10,@0€r 10 minutes. The supernatant was
transferred to a new vial and dried under a nitnoggeam, redissolved in an appropriate
volume of chloroform / methanol (1:1 [v/v]), andpdied in equal amounts onto the TLC

plates.

1D TLC with two solvent system

The TLC plates were prewashed with a mixture ofbofbrm / methanol (2:1 [v/v]) to
remove any contaminants and afterwards activatetil@tC for 1 hour. The samples and
standard substances were applied onto the TLC spkme chromatographically separated
with the first solvent system containing chlorofofmmethanol / acetic acid / water (50:30:8:3

[Viviviv])?®! to half of the plate. The TLC was dried and sutgi@édo chromatography in a
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second solvent system consisting of heptane /yiether / acetic acid (70:30:2 [v/vIA} to
the top of the platé.

Detection and quantification

The TLC plates were dried for 30 minutes underteogen stream and first sprayed with
0.1% 2',7’-dichlorofluorescein (DCF, 109676, Merdkarmstadt, Germany) in methanol and
afterwards with sulfuric acid / ethanol (1:1 [vAfDllowed by heating at 160 %, After
drying the plates one UV image at 312 nm for DC& ane white top light image for sulfuric
acid / ethanol was captured using the Biostep Ghidm, Germany) dark hood dh-4050 with
transilluminator Biostep bioview (excitation 312 hST-20M-8E) and an stationary fixed
olympus digital camera (Hamburg, Germany) in coration with the Biostep argus X1
software (version 4.1.10). The unprocessed imaged#fiformat were quantified using the
ImageJ 1.47i softwakd.

Statistical analysis

Results are expressed as means +/- SE. The sHitisignificance was determined by
independent two-sampletest and was considered as statistically sigmticghenp values
were less than 0.05. The Micros$bfOffice Excel 2003 software (Microsoft Coperation,

Redmond, USA) was used for statistical analyses.

2.1.6 Results

Quantification of lipids on the TLC plate

In order to check the linearity of the method udgig standards for triglyceride (TG), free
fatty acid (FFA), cholesterol (CH), ceramide (CE)hosphatidylethanolamine (PE),
phosphatidylcholine (PC), phosphatidylserine (P§sophosphatidylcholine (LPC), and
diglyceride (DG) (2.5, 5, 7.5, 10, 12.5, 15, 20 pach) were chromatographed, stained, and
guantified according to our newly developed metkedcribed in the methods section. The
DCF spray reagent was susceptible to all subjelgpédls, the sulfuric acid / ethanol spray
reagent was susceptible to almost all substancespexor the FFA stearic acid and LPC
(Figure 1A). As expected the band intensities iaseel with higher amount of the standard
substances (Figure 1A). The quantification revealetiong correlation with Rvalues close

to one for all substances (Figure 1B).
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Figure 1 Quantification of lipids on the TLC plate. (A) Representative lipid dilution series

amount standard substance [pg]

amount standard substance [ug]

(range: 2.5, 5, 7.5, 10, 12.5, 15, 20 pg) detewtgd DCF or sulfuric acid / ethano(B)

Quantification of the standard dilution series dttd with DCF or sulfuric acid / ethanol and
quantified with ImageJ. Results represent the me8i& from at least two independent TLC

plates. FFA: free fatty

acids.
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Validation of the lipid extraction procedure

For validation of the reproducibility of the exttem procedure, freeze-dried tissue from
bovine liver was extracted in seven independentaetibn procedures and subjected to
chromatography. The extraction procedure revealeila reproducibility in all lipid classes
investigated (Figure 2A, B). PC, PE, TG and CH wanst prominent in bovine liver (Figure
2A, B).

A DCF sulfuric acid / ethanol
TG
FFA
CH
CER
PE
PS
PC
STA E1 E2 E3 E4 E5 E6 E7 STA STAE1 E2 E3 E4 E5 E6 E7STA
B
6000 DCF sulfuric acid / ethanol
% 6000 — .
5000 ‘s "
i 5000 X ¥
4000 x X )
2 ~., 4000
@ K *%
g 3000 * 8
(= *xx% A 3000 o
» ) § . #?(Aé .
i 2009 e < 2000 . W’:"%
* ¥ gg%XL
1000 ey 1000 e
ol AR

Figure 2 Validation of the lipid extraction procedue. (A) Freeze-dried bovine liver was
extracted in seven independent extraction proced{igg-E7). STA: standard substances co-
chromatographed with the samples. left: detectiath WCF; right: detection with sulfuric
acid / ethanol(B) Quantification of TLC with ImageJ detected with B@eft) or sulfuric
acid / ethanol (right).
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Lipid quantification in different mouse models

Seatohepatitis/ MCD mouse model

In order to test whether altered lipid compositaam be determined reliably we used a well
established murine steatohepatitis model, for whitéred lipid classes are knowh Livers
from control and MCD fed mice were processed, exdd and lipids were chromatographed
and detected as mentioned above. Two independddtplates revealed a strong increase in
TG with DCF and sulfuric acid / ethanol (Figure 3B, As the MCD model is characterized
by choline deficiency, the levels of PC were siguaiftly decreased, whereas the levels of PE
were significantly increased (Figure 3B, C). Wesmnuently observed a reduced PC/PE ratio
by approximately one thirdo(= 0.003) with both detection methods. The otheidlclasses
investigated were not significantly changed (dadtasihown). Due to the high amount of TG
in this model, the routinely subjected amount pidiextract had to be reduced by five folds
compared to normal tissues. Routinely used amdedt® overloading of the plates (data not

shown).

Seatosis/ p62 transgenic mouse model

Since our method confirmed changes in lipid classethe MCD steatohepatitis mouse
model, we used it to characterize changes in lgiédses in the p62 steatosis model. The
model shows distinct histologically proven microeegar lipid incorporation in up to 58% of
the animal€® when specific lipid staining is performed. Accargly, HE staining revealed a
milder extent of steatosis compared to the MCD (ke&gure 3A, D). Two independent TLC
plates revealed that all detected lipid classe®w@nificantly increased in the livers 2
transgenic animals (Figure 3E, F). FFA, DG and W&e not detectable (Figure 3E). The
strongest effect was observed for TG, which weoeeiased approximately two folds p62
trangenic animals compared to wildtype controlsg@fe 3F). Interestingly, although the
levels of both PC and PE were significantly incezggsthe PC/PE ratio was significantly
decreased by about 10% £ 0.05) with both detection methods. The same waes for the
ratio of CH/PC, which was increased by approxinyat28%, as validated by the DCF
detection p = 0.05).
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Figure 3 Lipid quantification in different mouse models. (A) Representative HE staining
of control (co) or MCD fed mice (200x)B) Representative TLC detected with DCF (left) or
sulfuric acid / ethanol (rightXC) Quantification of TLC with ImageJ, detected wittCB
(left) or sulfuric acid / ethanol (right). Resultspresent the mean + SE from at least two
independent TLC plates with= 7 in each grougD) representative HE staining of wildtype
(wt) and p62 transgenic mice (p62 tg)(200X)E) Representative TLC detected with DCF
(left) or sulfuric acid / ethanol (right{F) Quantification of TLC with ImageJ detected with

23



Publication |

DCF (left) or sulfuric acid / ethanol (right). Rétsurepresent the mean = SE from at least two
independent TLC plates and= 4 in each group.

2.1.7 Discussion

Within this work we developed a rapid analyticalthoal, which allows to quantify changes
in hepatic lipid classes. The newly establishedheetconfirmed published findings for the
lipid changes in a mouse NASH model and for th&t time reports the lipid composition in

thep62 transgenic steatosis model.

TLC method

The one-dimensional TLC with a two-step solventtaysand the detection with DCF or
sulfuric acid / ethanol was able to separate amtketect the major lipid classes of TG, FFA,
CH, CE, PE, PC, PS, LPC, and DG within a time geab2.5 h (Figure 4). Standard curves
revealed a high linearity of the standard substfican 2.5 to 20 pg. The chosen standard
substances corresponded with the major lipid ctasgscally changed in NAFLD/NASEH.

A lack of reactivity of saturated fatty acids todsra sulfuric acid / ethanol / hexane reagent
was reported previous®! and is in line with our finding that our FFA (tlsaturated fatty
acid stearic acid) and LPC standard (which contaiestly palmitic acid and stearic acid)

showed no staining with sulfuric acid / ethanol.
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Figure 4 TLC method. Samples were freeze-dried, extracted, centrifugaa the
supernatant was transferred to a new vessel aretl dmder gaseous nitrogen. In the
meantime plates were prewashed and activated. &thnsblutions and samples were
subjected to the prewashed and activated TLC plaels developed with the first eluant
system to half of the plate. After drying the TLGte was subjected to a second eluant
system in the same direction up to the top of fheepAfter drying of the plates, lipids were
visualised with DCF and afterwards with sulfuriédacethanol and heating to 160°C.

Standard
solutions

Most publications only investigate an assortmenttld most important lipids in liver
disease&® 26 2731 |t is almost impossible to detect all abundapitilispecies in tissues within
one method, because the physicochemical propeititee broad spectrum of lipid classes are
too variabl&?. The lipid class spectrum of the bovine liver axtrwas quite similar to
published studies, which showed that PC and PEharenain components of the bovine liver
phospholipids* 3°1

The extraction procedure has the advantage to ik qund that it requires relatively low
amounts of tissue (approximately 70 mg wet weiiggue) compared to other methGtls
Additional advantages are a low contamination with-lipids due to the high apolarity of the
solvent mixture, a low toxicity, a low phospholipttegradation, and the possibility to use
plastic materialé> %6 Freeze-drying of the liver tissue samples redtitesnzymatic activity
of potential lipid degrading enzynt&s Taken together, this method is an easy, cheap, an

rapid screening method for up to 12 samples inljghrdn addition, it needs only little
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technical equipment. The TLC method allows detectrom the applied crude lipid extracts
without the need of additional purification steps.

Confirmation of known changes in lipid classes ihea MCD NASH model

After establishing a reliable technique we soughtdnfirm known alterations in lipid classes
in the MCD NASH model. The MCD-induced NASH has #mvantage of a histological
appearance highly similar to human NASH concersigtosis, i.e. mixed inflammatory cell
infiltrates, hepatocellular necrosis, and evenfdicellular fibrosis mimid&l. We found
strongly increased levels of TG, increased leveRE and decreased levels of PC, which led
to a significantly decreased PC/PE ratio. Yao etegorted decreased PC levels in choline
deficient rat hepatocyt89d. Since PC biosynthesis is partly due to the mathoyh of PE by
S-adenosyl methioniffdl, it is not surprising that the lack of methioniire this model
resulted in the accumulation of PE. An increaséf@F° and a decreased mitochondrial
PC/PE rati#!! in the MCD diet was described previously. Therefasur one-dimensional
TLC method could well confirm known alterationslipid classes in this dietary model of
NASH.

Lipid composition in p62-induced steatosis

This is the first study, which clarifies the lipmbmposition in p62-induced steatosis. The
increase in all detected lipid classes might be tdua p62-mediated activation of lipogenic
genes induced by the lipogenic growth factor f§f2which is highly overexpressed p62
transgenic animdf$!. The p62-induced microvesicular steatosis is diffito evaluate with
simple histological H/E staining (Figure 3D). Stilbur TLC method revealed strongly
affected lipid accumulation also in histologicatigrmal tissue and allows more reliable and
quantitative statements.

Accumulation of TG in hepatocytes is a hallmarkN#§FLD*3l, As expected, TG were the
lipid class elevated to the highest degree in pBRiced fatty liver. Interestingly, Yetukuri et
al. described a positive correlation between TG @E®R in anob/ob steatosis modéfl. The
precursor for TB%, namely DG, were not detectable in our murine nxdiespite the fact
that DG standard series revealed strong signatsmilar observation could be seen for FFA
and LPC. Since the age of our investigated transgamd control animals were 2.5 to 5
weeks, the lack of abundance of some lipid specight be explained by the relatively
young age. In this context Rappley et al. repodgd-dependent changes in phospholipid

levels in mouse bralff!.
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An unaltered content of FFA in human NAFLD was digsxl previousl§®. Since we saw
weak signals for FFA, which were not elevated ia g2 transgenics, no elevation by p62
can be assumed.

One of the most complex investigations of the huma®LD/NASH lipidome found in the
literature reports elevated CH levels, and an ased ratio of CH to P&l Accordingly,
these results are in line with the findings in pB2 steatotic animals. On the other hand, the
literature report also found decreased levels oBRECPE, whereas PS remained unalt&fed
Since increased CH levels are often associated emittanced PC syntheéit increased PC
levels in ourp62 transgenic animals might be explainable. Most bigtaa decreased PC/PE
ratio was observable iip62 transgenic animals although PC and PE levels vbeté
increased. The distinct manipulation of the PC/&ioperformed by Li et al. showed that an
elevation of the ratio can in fact reverse stegtalitis, but not steato$td. This observation
strongly suggests that a decreased PC/PE ratis plagie in the progression from steatosis to
steatohepatitis. In fact, NASH patients were fotmtlave decreased PC/PE ratios in the same
study*®l. The responsible mechanisms are as yet only sgaeiland might involve the
inhibition of the PE N-methyltransferd®® which converts PE to PC. Among the lipids,
which were elevated in the62 transgenics, cholesteiS] and ceramidé¥lare highly
cytotoxic. Although p62 overexpression induces aidpe steatosis in the absence of
inflammatory events, we speculate that the incibéseels of CH and CER and the decreased
PC/PE ratio might finally promote an inflammatorpveonment in the livers ofp62
transgenic animals. In fact, p62 overexpressionpramote the development of NASH and
fibrosid®®,

Taken together, we have established a rapid teshniq quantify altered lipid classes in
experimental models of steatosis and steatohepafiie method confirmed known changes
in the well-established MCD NASH model and for fhist time revealed a distinctly altered
lipid composition in the p62 steatosis model. Thewledge of changes in lipid composition
might be helpful for the understanding of pathopbiggical mechanisms in NAFLD and
NASH.

2.1.8 Comments

1 Background
Non-alcoholic fatty liver disease and non-alcohddieatohepatitis are mostly of benign

appearance, but they are highly discussed as paiteisk factors for the development of
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hepatocellular carcinoma. Hepatocellular carcinasna highly aggressive cancer type with
high mortality, which is difficult to detect and tcure. Changes in lipid and fatty acid
composition in disease progression to hepatoceltalecinoma are not well characterized, but
are suggested to be of major importance. The hglact of these lipidomic changes needs
appropriatan vivo models, and rapid and reliable methods to quatttiéywhole spectrum of

lipid classes simultaneously.

2 Research frontiers

A state of the art method used for the identifmatof lipid classes is lipid chromatography

coupled with mass spectrometric detection. Thishoeets highly cost intensive, needs a lot
of time for the establishment of the method andiireg well-educated and experienced staff.
Thin layer chromatography on the other hand reptesa well-established technique, which
allows a fast establishment in each laboratory iwithreally short time and allows a highly

sensitive detection. As already mentioned, theddmic changes in the different states of
liver disease progression in diveisevivo mouse models and their potential correlation with

human liver diseases are rare.

3 Related publications

Simon Y, Kessler SM, Bohle RM, Haybaeck J, Kiem&. Ahe insulin-like growth factor 2
(IGF2) mRNA binding protein p62/IGF2BP2-2 as a poden of NAFLD and HCCGut
2014;63, 861-863.

Kessler SM, Pokorny J, Zimmer V, Laggai S, LamnfgrtBohle RM, Kiemer AK. IGF2
MRNA binding protein p62/IMP2-2 in hepatocellulaarcinoma: antiapoptotic action is
independent of IGF2/PI3K signalingm J Physiol Gastrointest Liver Physiol 2013;304(4):
G328-G336 doi: 10.1152/ajpgi.00005.2012 PMID: 23257

Laggai S, Kessler SM, Gemperlein K, Haybaeck J, IMu®, Kiemer AK. 1270 Altered fatty
acid profile in livers overexpressing thgf2 mRNA binding protein p62: Induction of fatty
acid elongase ELOVLS&ia Igf2-dependent SREBP1 activatiah.Hepatol 2013; 58 S514
PMID: S0168-8278(13)61271-4

Bell JL, Wachter K, Muhleck B, Pazaitis N, Kohn Mederer M, Huttelmaier S. Insulin-like
growth factor 2 mRNA-binding proteins (IGF2BPs):sptranscriptional drivers of cancer
progressionZell Mol Life Sci 2013; 70(15): 2657-2675 doi: 10.1007/s00018-012-1186-z
PMID: 23069990
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Tybl E, Shi FD, Kessler SM, Tierling S, Walter hse RM, Wieland S, Zhang J, Tan EM,
Kiemer AK. Overexpression of the IGF2-mRNA bindipgotein p62 in transgenic mice
induces a steatotic phenotygdd-epatol 2011;54(5): 994-1001 doi: S0168-8278(10)00944-
X PMID: 21145819

4 Innovations and breakthroughs

The thin layer chromatography of lipids is normdityited by the requirement to separately
analyze either polar lipids or neutral lipids, eachone plate. Another method is the 3D thin
layer chromatography, which allows only one sampée plate. Here we describe a fast
screening method to chromatograph several samplesme plate, to separate the main polar
and neutral lipid classes, to visualize them by tifterent staining methods, and to quantify
them using the freely available ImageJ softward&wit short time. We proved the reliability
of the method by comparing the obtained data froomeghionine choline deficient non-
alcoholic steatohepatitis mouse model to publistied. We investigated the alterations in
lipid classes in the62/IMP2-2/IGF2BP2-2 transgenic mouse model for thet ftime and
found interesting changes, which might indicate pihegressive character of this steatosis

model.

5 Applications

The described method can be used by all reseabchal@ries for the lipidomic analyses of
liver samples from the whole array of existing areavly developed experimental models for
liver diseases. The method is not restricted tateses and steatohepatitis, but should also be
useful for the analysis of HCC samples. While tb&lgtandard for lipidomic analyses, i.e.
lipid chromatography-mass spectrometry is a quixpeasive method, the thin layer
chromatographic method can also be used in lab@gatawhich have no access to respective
high-end equipment. Thp62 transgenic mouse model might be a potentiallyrastng
model to investigate mechanisms of steatosis andeade progression. Further
characterization and correlation to human data mighip to understand the role of lipid

changes in pathogenesis.

6 Terminology
Non-alcoholic fatty liver disease: non-alcoholittydiver disease is characterized by a strong
accumulation of lipids, especially triglycerides, ithin hepatocytes; non-alcoholic

steatohepatitis: non-alcoholic steatohepatitis sseatotic liver, which is characterized by an
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inflammatory environment and might result in fibss hepatocellular carcinoma:
hepatocellular carcinoma is an aggressive formwvafr Icancer; thin layer chromatography:
thin layer chromatography is a chromatographic wetiglass or aluminium plates are coated

mostly with silica gel and allows separation witffatent solvent systems.
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2.2 ThelGF2 mRNA binding protein p62/IGF2BP2-2 induces

fatty acid elongation as a critical feature of stet@sis
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Since the quantity of hepatic lipids was icreastgb( et al., 2011) and also the quality of
hepatic lipids was altered in the liversp transgenic animals (Laggai et al., 2013), the aim
of this study was to evaluate changes in the fattg profile (incorporated in total lipids), to
decipher the pathways related to p6@uced steatosis development and to validate these

pathways also in the human system.

The IGF2 mRNA binding protein p62/IGF2BP2-2 induces fatty &id elongation as a
critical feature of steatosis

Stephan Laggaj Sonja M Kessler, Stefan Boettcher,Valérie Lebiatja Gemperlein, Eva
Lederer, Isabelle A Leclercq, Rolf Mueller, Rolf Wartmann, Johannes Haybaeck and
Alexandra K Kiemer.

This research was originally published in JournalLipid Research. Laggai, S., Kessler,
S.M., Boettcher, S., Lebrun, V., Gemperlein, K.deeer, E., Leclercq, I.A., Mueller, R.,
Hartmann, R.W., Haybaeck, J., and Kiemer, A.K. Tig&=2 mRNA binding protein
p62/IGF2BP2-2 induces fatty acid elongation asitical feature of steatosis). Lipid Res.
2014; 55: 1087-1097. doi: 10.1194/jIr. MO455@bpyright © 2014, the American Society for

Biochemistry and Molecular Biology, Inc.

The full text article can also be found at:
http://www.jlr.org/content/55/6/1087.full
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2.2.2 Title page

The IGF2 mRNA binding protein p62/IGF2BP2-2 induces fatty &id

elongation as a critical feature of steatosis

Stephan Lagga®, Sonja M. Kesslér ® ¢ Stefan Boettchér Valérie Lebrufy Katja
Gemperleifi, Eva Lederé; Isabelle A. Leclercy Rolf Muelle®!, Rolf W. Hartmanf,
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Running title:p62 induces fatty acid elongation

Abbreviations: acetyl-CoA carboxylase alpha (ACCAXTA), carbohydrate responsive
element-binding protein (CHREBP/MLXIPL), carnitialmitoyltransferase 1ACPT1A),
ELOVL fatty acid elongase 6 (ELOVL6), fatty acidrglgase (FASN)gas chromatography-
mass spectrometry (GC-MS), glucose infusion rate (GIR), glucose awer (TO), hepatic
glucose production (HGP), hepatocellular carcinofd&C), insulin-like growth factor 2
(IGF2), liver-X-receptor alpha (LXR/NR1H3), non-alcoholic fatty liver disease (NAFLD),
non-alcoholic steatohepatitis (NASH), peroxisomeolifgrator-activated receptor alpha

(PPARA), pyruvate kinase, liver and RBC (L-PK, PKJ\_Rterol regulatory element binding
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transcription factor 1 (SREBF1/SREBP1), ultra hpgrformance liquid chromatography—
mass spectrometiyHPLC-MS/MS)
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2.2.3 Abstract

Liver-specific overexpression of the insulin-likeogith factor 2 (GF2) mRNA binding
protein p62/IGF2BP2-2 induces a fatty liver, whiblghly expressesGF2. Since IGF2
expression is elevated in patients with steatolitepathe aim of our study was to elucidate
the role and interconnection of p62 and IGF2 indlimetabolism. Expression @62 and
IGF2 highly correlated in human liver diseapé2 induced an elevated ratio of C18:C16 and
increased ELOVL fatty acid elongase 6 (ELOVL6) piot the enzyme catalyzing the
elongation of C16 to C18 fatty acids and promotiog-alcoholic steatohepatitis in mice and
humans. p62 overexpression induced the activatidheoELOVL6 transcriptional activator
SREBF1. Recombinant IGF2 induced the nuclear togasion of sterol regulatory element
binding transcription factor 1 (SREBF1) and a naliting IGF2 antibody reduced ELOVL6
and mature SREBFL1 protein levels. Concordami, andIGF2 correlated withELOVL6 in
human livers. Decreased palmitoyl-CoA levels asntbun p62 tg livers can explain the
lipogenic action of ELOVL6. Accordingly, p62 repezgs an inducer of hepatic C18 fatty
acid productiorvia a SREBF1-dependent induction of ELOVL6. Theseifigd underline the
detrimental role of p62 in liver disease.

Supplemental Keywords:ELOVL6, p62/IGF2BP2-2/Imp2-2, SREBF1/SREBP1, IGF2
signalling, Hepatic steatosis
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2.2.4 Introduction

Non-alcoholic fatty liver disease (NAFLD) is considd as the most common liver disorder
in Western countries with a prevalence of 20-30%hef adult population (1, 2). There is a
strong correlation between characteristics of thetatolic syndrome, such as obesity and
diabetes mellitus, and NAFLD/non-alcoholic steatmtis (NASH) (3).

The ‘two-hit’ hypothesis represents a common maeldescribe the development and
progression of fatty liver diseases. A simple steigtcan stand for the first step in early liver
pathogenesis (4, 5). The progression from simmatssis to NASH requires a ‘second hit’
mediated by reactive oxygen species and releasenflaimmatory cytokines (6). This
inflammatory environment can result in hepatic logis and finally in hepatocellular
carcinoma (HCC) (7).

The development of hepatosteatosis can be indugetiffierent mechanisms. The synthesis
of lipids is regulated in a complex interplay indddoy a set of lipogenic transcription factors,
among which liver-X-receptor alpha (LX&- NR1H3), sterol regulatory element binding
transcription factor 1 (SREBF1, SREBP1), and cayldddte responsive element-binding
protein (ChREBP, MLXIPL) represent the most impottanes (8). In this context, the fact
that MLXIPL controls 50% of hepatic lipogenesisregulating glycolytic and lipogenic gene
expression (9) illustrates the importance of bagulin- as well as glucose-induced lipogenic
pathways. One of the relevant inducers of lipidrddgtion in the liver is the peroxisome
proliferator-activated receptor alpha (PPARA) (18)ost importantly, there is a close
interconnection between catabolic and anabolicvpayk. In this context it is important to
note that the mitochondrifiloxidation pathway is negatively regulated by higalonyl-CoA
levels (11, 12).

Besides the amount of lipids, which are relevant gathophysiological actions, there is
increasing evidence that also the compositionmdi$ has an impact on pathophysiology. In
fact, human NAFLD is characterized by numerous gkann hepatic lipid composition and
relative abundance of specific fatty acids (13, 30 hepatitis (B/C) has been described to
strongly alter hepatic lipid content and composit{®5, 16). Recently, the fatty acid elongase
6 (ELOVLS6), which catalyzes the elongation of Cb6GQ18 fatty acids (17) and is a direct
target of SREBF1 (18, 19), has been shown to prel#&tSH in mice and humans and to be
overexpressed in a murine NASH model (20, 21).réstingly, however, there is still a lack
of understanding of the upstream signaling pathwhgsg responsible for SREBF1

activation and why elevated ELOVL6 increases ttdttly acid production. Also the role of
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ELOVLG in HCC is as yet poorly understood and seémdepend on disease etiology (21-
23).

We recently reported that a liver-specific overegsion of the insulin-like growth factor 2
(IGF2) mRNA binding protein p62/IGF2BP2-2 induces steedon mice, coupled with high
Igf2 expression and activation of the phosphoinosBidenase/AKT-signaling pathway (24).
Furthermore, p62 has been shown to promote NASIdIdpment (25). Most lipid species are
elevated in p62-induced steatosis, with triglycesigdhowing the strongest increase (26). p62
was originally identified as an autoantigen overesped in about one third to two thirds of
HCC patients and correlates with poor outcome (@y7-3nterestingly, alsolGF2 is
overexpressed in NASH and HCC (31, 32), whichngdd to p62 overexpression in HCC
(27), and might be explained by the involvementthd IGF2 mRNA-binding proteins in
RNA localization, stability and translation (33%62is a splice variant of IGF2BP2 lacking
exon 10, though exon 10 deletion is not affectimg $ix characteristic RNA binding motifs
(33). Recently, Li et al. reported IGF2BP2 to bartt control the translation of c-Myc, Spl
transcription factor and insulin-like growth factdr receptor (34). Binding affinities of
IGF2BP2-2 to the respective mRNAs, however, aredestribed in the literature.

Aim of our study was to decipher the effects of p62lipid metabolism and to elucidate the

influence of IGF2.

2.2.5 Materials and Methods

Animals

All animal procedures were performed in accordamagéh the local animal welfare
committee. Mice were kepinder stable conditions regarding temperature, diynifood
delivery, and 12 h day/nighhythm. p62 transgenic mice were established as described by

Tybl et al. (24). The mice were sacrificed at aa bgtween 2.5 and 5 weeks.

Hyperinsulinemic euglycemic clamp study
Hepatic insulin sensitivity was determined by thgpdrinsulinemic euglycemic clamp

technique as described previously (35).

Human liver tissue
35 human liver tissues from patients undergoinggisal resection were analysed in the

framework of the project, which was authorized bg ethical committees of the Medical
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University of Graz (Ref. Nr. 1.0 24/11/2008) ancke tlniversity of Heidelberg (Prof.

Bannasch). Details on patient data are given iplsapental data Table | (online).

Cell culture and transfection

HepG2 cells were cultured in RPMI-1640 (PAA, Colkermany) with supplementation of
10% [v/iv] FCS (PAA, Colbe, Germany), 1% [v/v] glatame (PAA, Colbe, Germany), and
1% [v/v] penicillin/streptomycin (PAA, Codlbe, Germyg at 37°C and 5% C£ HepG2
overexpression and knockdown assays were perfoanearding to Kessler et al. (27). For
the detection of IGF2-mediated SREBFL1 translocatemtls were treated for the indicated
time with rhIGF-1l (0.075 pg/ml, 292-G2, R&D SystepMinneapolis, U.S.A) or with IGF2
antibody (ab9574, Abcam, United Kingdom) as presipuaescribed (27).

Fatty acid measurement by gas chromatography-magsscgrometry (GC-MS)

Murine liver samples or HepG2 cells were lyophitizéydrolyzed by the fatty acid methyl
ester (FAME) method and analysed according to Betdal. (36). Methyl-nonadecanoate
(74208, Sigma Aldrich, Taufkirchen, Germany) wasdias an internal standard. The method

detects both free and bound free fatty acids.

Histochemistry
Hematoxylin / eosin (HE)-staining and immunohisteriical detection of F4/80 of paraffin

embedded sections were performed as previouslytezb(P2, 24).

Real-time RT-PCR

Isolation of total RNA and reverse transcriptionsweerformed as described previously (37).
RNA from human liver samples was isolated as preshipdescribed (27). Real-time RT-PCR
was performed in an iQ5 cycler (Bio-Rad, Munichfi@any) or in a CFX96 cycler (Bio-Rad,
Munich, Germany) with 5 x HOT FIREPvIEvaGreefi gPCR Mix Plus (Solis BioDyne,
Tartu, Estonia). All samples were estimated inlitgte. Primers and conditions are listed in
supplemental data Table Il. Efficiency was deteerdifior each experiment using a cDNA
dilution series with a starting concentration ealewnt to 0.5 pg RNA or with a standard
dilution series as described previously (37). Télative gene expression was normalized to
ACTB or 18s mRNA values.
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Preparation of nuclear extracts

Nuclear extracts from HepG2 cells were preparedkasribed previously (38).

Protein isolation and analysis by Western blot

Protein isolation from murine liver tissue was daceording to Tybl et al. (24), whereas
protein isolation from cells was according to Basiret al. (39).

Protein separation and detection were peformedesqusly described (24). Information on
the used antibodies and conditions can be founthensupplemental data Table Ill. The
primary antibodies anti-ELOVL6 and ant-tubulin were purchased from Sigma Aldrich
(PRS4571, T9026, Taufkirchen, Germany), anti-SREBRH anti-PPARA from Abcam
(ab3259, abh8934, Cambridge, United Kingdom), aAsN, anti-lamin A/C antibody from
Cell Signaling Technology (#3180, #2032, Danver§A) anti-p62 antibody was kindly
provided by Dr. Tan (TSRI, La Jolla, CA, USA) (3m).

Palmitoyl-CoA extraction and analyses with ultradti-performance liquid
chromatography—mass spectrometry (UHPLC-MS/MS)

Fresh snap-frozen liver tissue was immediatelyzieedried and homogenized and stored at —
80°C. 40 mg of freeze-dried tissue was extracte@@minutes in 1 ml methanol containing
n-heptadecanoyl-CoA as internal standard (with alfosoncentration of 500 nM in 150 ul
final volume). The extract was centrifuged at 2P,g0for 10 min and 4°C. The supernatant
was transferred to a new vial and dried under gaseitrogen and reconstituted in 150 pl
methanol / water (1:1 [v/v]). The standard dilutieeries was made in methanol / water (1:1
[v/V]). All steps were performed on ice.

The analyses were performed using a TSQ Accessriviess spectrometer equipped with an
ESI source and a triple quadrupole mass detectwr(io Finnigan, San Jose, CA). The MS
detection was carried out in heated ESI mode, apray voltage of 4.5 kV, a probe
temperature of 400 °C, a nitrogen sheath gas peessu3.0x 10° Pa, an auxiliary gas
pressure of 1.& 10 Pa, a capillary temperature of 350 °C, and a tebs voltage of 114 V

in negative ionization mode. Palmitoyl coenzyme ithilm salt (P9716-5MG) anah-
heptadecanoyl coenzyme A lithium salt (H1385-5M@)¥aevpurchased from Sigma Aldrich
(Taufkirchen, Germany).

Xcalibur software was used for data acquisition pladting.
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The chromatographic separation was carried out mnAecela UPLC, consisting of a
guaternary pump, degasser, and autosampler (Th&imugan, San Jose, CA) using a
Accucore RP-MS column (150x2.1, 2.6um), with aedtipn volume of 2%il.

The solvent system consisted of 10 mM ammoniumede€¢f) and methanol (B).
HPLC-Method: Gradient run of initial 65% of B inad a flow of 600 pl/min. In 0.6 min the
solvent mixture was changed to 100% of B, withoavfbf 700 pl/min and kept for 3.4 min.
The amounts of palmitoyl-CoA and the internal stddn-heptadecanoyl-CoA were each
determined in single reaction monitoring mode ushegfollowing transitions:

Palmitoyl-CoA: precursor ion 1005.992 m/z; prodiact 672.075 m/z; scan time 0.5 sec; scan
width 3.000 m/z; collision voltage 44 V.

Heptadecanoyl-CoA (ISTD): precursor ion 992.228;mfonduct ion 926.442 m/z; scan time
0.5 sec; scan width 3.000 m/z; collision voltagev42

Palmitoyl-CoA, with a retention time of 2.27 minasvquantified using the chromatographic
peak area relative to the internal standard (Retertime 2.17 min). The lower limit of
quantitation was 2.1 nM. The measurement was paddrwith wild-type livers (n=9) and
livers of p62 transgenic animals (n=10). Supplemental data Blgpivs the measurement of a
representative Palmitoyl-CoA dilution series. Seppéntal data Fig Il (online) shows a

representative measurement of Palmitoyl-CoA exéchfitorn mouse liver.

Statistical analysis

Results are expressed as means + SEM. The sHltisignificance was determined by
independent two-sample t-test. Pearson’s correlatias used to test the relationship between
p62, IGF2, ELOVL6, andFASN mRNA in human liver samples.

The results were considered as statistically scanit when p value was less than 0.05.

2.2.6 Results

Characterization of steatosis

Liver-specific overexpression of p62 has previousgen shown to induce histologically
detectable steatotic features in about 60% of ti@als (24) (Fig 1A).

Previous data suggested no distinct inflammatigubihtransgenic animals since we observed
no elevated liver damage (24). Still, immunohistroital staining and real-time RT-PCR

revealed elevated levels of the macrophage madki@0FRnp62 transgenic livers (Fig 1B, C).
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18.2% ofp62 transgenic animals exhibited distinct leukocytBltmates (2-3 infiltrates per
microscopic field, magnification 100x), which weret observed in wild-type animals.

Our previous data indicated slightly improved gkedolerance op62 transgenic animals
(24). We now performed hyperinsulinemic euglycerniamp analysis: Both, the higher
glucose infusion rate and lower hepatic glucosepecton with unchanged glucose turnover
indicated elevated hepatic insulin sensitivity. Hoer, these results were not statistically
significant (Fig 1D).

Quantification of fatty acid composition revealedatt also transgenic animals, which
exhibited a normal histology, showed an increaséty ficid content (Table 1). Still, the fatty
acid content was even higher in animals with aologfically proven steatosis (Table 1).
Taking all p62 transgenic animals together, we observed a 1.6612 fold (p = 0.0007)
increase of the total fatty acid content compaceditd-type animals. Having a closer look at
the composition of the fatty acids, we observed tha chain length of fatty acids was
different in p62 transgenic livers compared to wild-type tissueasdtic livers exhibited an
increased ratio of C18 to C16 fatty acids (Fig 1E).
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wt p62 tg normal histology p62 tg microvesicular steatosis
Fatty acid
[Mg / mg dry tissue] [Mg / mg dry tissue] vs.pvvt [ug / mg dry tissue] vs.pwt
12:0 0.05+0.05 0.26+0.13 0.205 0.81+0.18 0.0016
14:0 0.32+0.11 0.65+0.29 0.344 2.08+0.38 0.0009
16:0 16.7+0.77 21.82+1.99 0.050 28.72+1.75 0.00002
16:1 0.04+0.03 0.10+0.06 0.441 0.69+0.12 0.0003
18:0 11.740.20 14.04+0.71 0.018 14.24+0.54 0.0008
18:1 5.54+0.47 9.98+1.84 0.061 19.34+1.76 0.000007
18:2 9.75+0.62 16.69+2.49 0.035 30.12+2.76 0.00002
20:1 n.d. 0.06+0.05 0.351 0.20+0.09 0.0455
20:2 0.34+0.07 0.43+0.14 0.611 1.11+0.17 0.0010
20:3 0.29+0.07 0.61+0.17 0.135 1.47+0.19 0.00006
20:4 10.9+0.26 10.17+0.86 0.461 13.47+0.65 0.0032
20:5 n.d. n.d. 0.08+0.08 0.3409
22:4 0.11+0.07 0.16+0.11 0.698 0.88+0.21 0.0038
22:5 2.20+0.92 0.98+0.64 0.340 3.31+0.66 0.3781
22:6 1.55+0.52 1.00£0.30 0.413 0.83+0.22 0.2663
sum FA 59.5+2.57 76.94+8.03 0.072 117.3+9.76 0.000028

Table 1. p62-induced changes in murine hepatic fattacids. Livers of wild-type (wt, n=7)
and p62 transgenic 62 tg, n=19, n=8 normal histology, n=11 microvesicutteatotic
histology) mice were analyzed by GC-MS. p valuaticate differences compared to values
in livers of wt animals.

In order to study the mechanisms responsible fqratie lipid alterations we employed
HepG2 cells, which are able to develop cellularatsteis and are frequently used for
respective mechanistic studies (15, 41-44). The &atid chain length in fact depended on the
presence of p62: when p62 was knocked down in Hep#Bg, increased levels of C16 fatty
acids were detectable (Table 2), so that the cdt©18 to C16 fatty acids decreased (Fig 1F).
We therefore investigated the effect of p62 on EL®Vwhich catalyses the elongation of
C16 to C18 fatty acids (17).
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Fatty acid si co [g / mg lyophilized cells] si p62 [ug / mg lyophilized cells] p
16:0 20.06+0.91 29.21+1.93 0.03
16:1 5.40+1.32 8.01+1.53 0.12
18:0 8.98+1.3 10.04+1.88 0.71
18:1 36.0845.17 40.58+2.52 0.55
18:2 1.63+0.21 1.31+0.25 0.57

Table 2. p62-induced changes in HepG2 fatty acid$depG2 cells treated with random
SIRNA (si co) and p62 siRNAs{ p62) were analyzed by GC-MS. p values indicate
differences compared to si co treated HepG2 cells (n=3, duplicate).

We observed that ELOVLEG is induced in a p62-dependieshion:p62 transgenic animals
displayed significantly increased levels of ELOVj®tein (Fig 1G)Vice versa, knockdown

of p62 in HepG2 cells exhibited significantly reedcELOVL6 mRNA and protein levels
(Fig 1H). The dependency of ELOVL6 expression o pbhuman livers was supported by a
strong correlation gp62/ELOVL6 expression (Fig 1H).
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Figure 1. p62-induced steatosis, C18:C16 ratio, arlLOVL6 expression.

A. HE staining of wild-type (wt) ande62 transgenic liver tissuep§2 tg) (original
magnification 100x).

B. F4/80 staining of wt ang62 tg liver tissue (original magnification 100x).

C. F4/80 real-time RT-PCR of wild-type (wt) ap@2 transgenic{62 tg ) livers (n=13, each).
D. Hyperinsulinemic euglycemic clamp study in wt (h=8d p62 tg (n=4) mice: glucose
infusion rate (GIR), glucose turnover (TO), and dtepglucose production (HGP). Data show
mean + SEM.

E. Hepatic C18:C16 fatty acid ratio: wt: n=J#2 tg: n=19.
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F. C18:C16 fatty acid ratio and Western Blot of trensfection control (72 h) in HepG2 cells
transfected with random siRNA (si co) or p62 siR[$Ap62) (n=3, duplicate)

G. Representative ELOVL6 Western blot of wt 062 tg mice (n=5, each).

H. ELOVL6 Western blot (n=3, duplicate, left) and lremme RT-PCR (n=2, triplicate,
middle) of HepG2 transfected with si co or si p6RELOVLG, Right: Real-time RT-PCR for
ELOVL6 andp62 of 35liver tissues normalized ohCTB mRNA levels

Expression of lipogenic regulators

Surprisingly, MLXIPL mRNA expression was significantly upregulated &2 giRNA-treated
HepG2 cells (Fig 2A) and downregulated in cellsrexpressing p62 (Fig 2A). We could
validate this effect imp62 tg animals, in which MLXIPL was significantly dowegulated
(15% £ 8%, p = 0.0497, n = 5 in each group). Logkat NRIH3 mRNA expression as
another lipogenic transcription factor in eithe2pserexpressing or p62 siRNA cells, we did
not observe any significant difference (Fig 2A)eTdame was true f&@REBF1c mRNA (Fig
2A).

In addition to transcriptional regulation (45, 46REBF1 can be activated by cleavage from
its precursor to its mature form upon insulin treant (38). Because p62 has been
demonstrated to upregulat&F2 in both mouse (24) as well as in human livers (279
hypothesized that p62 regulates SREBF1 on proteuell We observed significantly
increased levels of the mature isoform of SREBFRérafverexpression of p62 in HepG2 (Fig
2B). The SREBF1 mature form ip62 transgenic mice behaved similarly, but quantified
values were not statistically significant (Fig 2@he precursor showed neither an induction
in p62 overexpressing HepG2 (Fig 2B) nomb? transgenic mice (Fig 2C). Knockdown of
p62 by siRNA resulted in reduced levels of both $#REBF1 precursor as well as the mature
form of SREBF1 (Fig 2B).

Suggesting IGF2 to be responsible for SREBF1 amtinawe treated HepG2 cells with IGF2,
and indeed observed higher amounts of mature SREBF1heir nuclei (Fig 2D).
Antagonization of IGF2 activity with an IGF2 speciantibody in HepG2 reduced the levels
of ELOVL6 and the nuclear form of SREBF1 compam@dheeir respective controls (Fig 2E).
In human liver tissue, in which p62 and ELOVL6 edated, we also observed a distinct
correlation of IGF2 and ELOVL6 expression levelg(BF). In the same tissues (n = 35) we
could confirm a correlation between p62 and IGR2@41, p = 0.02) as recently reported for
a cohort of HCC patients (27).
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Figure 2. Implications of p62 on lipogenic pathways

Real-time RT-PCR (n=3-6, triplicate, A) or Westdrtot (n=3, duplicate, B) of HepG2
transfected with either p62 siRNA (si p62) or pB6Z&mxpression vector (p62) and their
respective controls (si co, co-v).

A. MLXIPL, NR1IH3, andSREBF1c mRNA.

B. Precursor (SREBFL1 pre) and mature SREBF1 (SREB&j1 m

C. SREBF1 pre and SREBF1 ma Western blot of wild-tfyeg andp62 transgenic {62 tg)
livers (n=6).

D. SREBF1 pre and SREBF1 ma Western blot on cytoswitt nuclear proteins of HepG2
treated with IGF2 (n=9, duplicate).
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E. SREBF1 pre and SREBF1 ma and ELOVL6 Western biotcytosolic and nuclear
proteins of HepG2 (co) incubated with neutralizi@f2 antibody (IGF2 AB, 48 h) (n=4,
duplicate).

F. Real-time RT-PCR foELOVL6 andp62 of 35 liver tissues normalized ofhCTB mRNA
levels

The fatty acid synthase (FASN) as an importantggoc enzyme displays also a target of
SREBF1 activation, which is why we hypothesizedt thé2-induced lipid accumulation
might be mediatedia FASN induction. Interestingly, howevedfASN mRNA and protein
levels were not changed upon p62 overexpressionramdased upon p62 knockdown (Fig
3A, B). Concordantly, thp62 transgenics revealed reduced levels of FASN prdteg 3C).
The analysis of human liver samples showed no letive betweernp62 andFASN mRNA (r

= -0.1, p = 0.58). To reassess the unforeseen mhanf the direct SREBF1 target FASN,
we had a closer look on stearoyl-CoA desaturas#af@edesaturase)SCD1, SCD) and
acetyl-CoA carboxylase alphaA@QC, ACACA) mRNA, which are SREBF1 targets and
important enzymes in lipogenesis. Interestingly,ithee p62 knockdown nor p62
overexpression revealed changesStD or ACACA mRNA levels (Fig 3D). Since most
lipogenic genes are coordinately regulated by SRIE&k MLXIPL (47), we speculated that
inversely regulated MLXIPL action might reverse #wation of activated SREBF1. Therefore,
we had a closer look on pyruvate kinase, liver RB&C (L-PK, PKLR) expression, which is
exclusively regulated by MLXIPL (48). Indeed, p@&ulation ofPKLR mRNA exhibited the
same expression pattern comparettoXIPL mRNA: PKLR mRNA was increased after p62

knockdown and decreased after p62 overexpressigr8g.
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Figure 3. Effect of p62 on lipogenic genes.

A. FAN real-time RT-PCR of HepG2 transfected with eitip@2 sSiRNA (si p62, n=3,
triplicate) or p62 overexpression vector (p62, ntrfplicate) and their respective controls (si
CO, CO-V).

B. FASN Western blot of HepG2 transfected with si p6$62 (n=3, duplicate).

C. Representative FASN Western blot of wild-type (at)d p62 transgenic 62 tg) livers
(n=5, each).

D. SCD and ACACA real-time RT-PCR of HepG2 transfected with eith62 siRNA (n=3,
triplicate) or p62 overexpression vector (n=5,licgte) and their respective controls.
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E. PKLR real-time RT-PCR of HepG2 transfected with eith@2 siRNA (n=4, triplicate) or
p62 overexpression vector (n=5, triplicate) andrtrespective controls.

Regulation of lipolytic pathways

Our data as yet suggested a distinct action ofgpbtatty acid composition (i.e. chain length),
but rather no effect on lipogenic enzymes. We floeeesuggested that the elevated levels of
lipids in p62 livers might rather be facilitated dydecreasefl-oxidation. We therefore tested
PPARA expression upon both p62 knockdown and overexjoress human hepatoma cells,
and inp62 transgenic mice. The data revealed a downregulai®PARA mMRNA after p62
overexpression in cells (Fig 4A) and a lack of efffiea thep62 transgenic mouse model (Fig

4B). Therefore, the investigation of PPARA expressiloes not provide conclusive data on a
potentially decreasdgloxidation due to p62.

Mitochondrial-oxidation is regulated by carnitine palmitoyltréarase 1ACPT1A) activity
(Fig 4C), which is controlled by malonyl-CoA. MalrCoA levels depend on the palmitoyl-
CoA-mediated inhibition of acetyl-CoA carboxylasipha (ACACA). Malonyl-CoA levels
were below the detection limit of UHPLC-MS/MS arsfy Still, reduced palmitoyl-CoA

levels (37 £ 12%) as found p62 transgenic animals suggested that attenuated moitaicial

B-oxidation is responsible for ELOVL6-induced steso
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Figure 4. Implications of p62 on lipolytic pathwaysand summary.

A. PPARA real-time RT-PCR of HepG2 transfected with either p62 siRNA {62, n=3,
triplicate) or p62 overexpression vector (p62, ntrfplicate) and their respective controls (si
CO, CO-V).

B. PPARA real-timeRT-PCR of wild-type (wt) an@62 transgenic§62 tg) livers (n=5, each).
C. p62 overexpression decreases FASN expression bylRILdepletion and induces IGF2
expression. Reduced FASN levels lead to malonyl-@go8umulation. IGF2 promotes the
maturation of SREBF1, which increases ELOVL6 exgias leading to an increased C18 to
C16 ratio. The reduced inhibition of palmitoyl-Cad ACACA activity elevates malonyl-
CoA levels, which inhibit the CPT1A-activity andettefore mitochondrigl-oxidation.
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2.2.7 Discussion

The p62-induced steatosis is characterized by emease in almost all lipid classes with the
most distinct effect on triglycerides (26). Accorgly, we here observe an elevated
abundance of almost all fatty acids (Table 1). Doeunchanged serum cholesterol and
triglyceride levels inp62 transgenics compared to wild-type animals (243 iinlikely that
hepatic lipid accumulation is due to reduced lipiport from the liver or increased lipid
uptake.

Excess hepatic lipid incorporation is often asdedavith inflammatory events, which link a
simple steatosis to NASH (6). We here show tph&2 transgenic mice also display
inflammatory signs, as validated by increased FA4&8@ leukocyte infiltrates. The
inflammation is rather mild, though, and does msult in elevated transaminase levels (24),
which might also be linked to cytoprotective actiaf p62 (27). Despite lipid accumulation
and an inflammatory environment, development ofulins resistance is absent ip62
transgenic mice confirming our previous data (24hjch suggest slightly elevated glucose
tolerance.

In addition to the general increase in lipidspB2 transgenic livers we could observe an
increased ratio of C18 to C16 fatty acids. Accogtin ELOVL6, which catalyzes the
elongation of C16 to C18 fatty acids (17), is irased inp62 transgenic mice. Our results
from HepG2 cells and human liver tissues are ire limith these findings. Recently,
Matsuzaka et al. reported that overexpression dDWL6 promotes NASH in mice and
humans (20). What is more, ELOVL6 expression spadiff characterizes steatotic events
being linked to inflammation (21, 22). This is imd with the finding that p62 transgenic
mice, which both exhibit increased levels of ELOVAgd show signs of liver inflammation.
Pathways being responsible for the upregulatiothisf pathophysiological regulator of liver
disease have as yet been unknown. SREBF1 is antempdranscription factor that regulates
lipid metabolism and contributes to the pathophpgjp of the metabolic syndrome (49, 50).
Our data demonstrate a p62-dependent cleavage BBBRIinto its active form. SREBF1
gene expression as well as its cleavage-inducédation is enhanced by insulin, leading to
its binding to sterol-response element, which ated in the promoters of its target genes
(51). HepG2 cells, in which the transcriptional ukegor of SREBF1 NR1H3 was activated,
displayed increase@®REBF1c mRNA levels (52-54), whereas SREBFla expressiba, t
dominant isoform in cultured hepatocytes (55), wasregulated by NR1H3 activation (54,
56, 57). Since neither p62 knockdown nor p62 ovenession showed any effect BiIR1H3
expression, it is hardly surprising tfBREBF1c mRNA levels were not affected by p62.
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IGF1 and insulin treatment have been shown to iedBREBF1 in sebocytesa activation of
the insulin- and IGF1-receptor (58). IGF2 bindsnsulin receptor, IGF1-receptor, and IGF2-
receptor, with moderate to high affinity (45). Humaepatoma cell lines overexpressing p62
andp62 transgenic animals have been shown to expresséwgls ofl GF2 mRNA (24, 27).
We here report a p62-mediated induction of SREBkLEBLOVL6, which depends on IGF2
expression. This causal link is supported by theetation of p62, IGF2, and ELOVL6
expression in human liver tissue.

Our data revealed an upregulation MLXIPL by p62 knockdown, while SREBF1 is
inactivated Vice versa, a MLXIPL downregulation occurs after p62 overexpressionjewh
SREBF1 is activated. In fact, the literature repdiiat SREBF1 overexpression reduces
MLXIPL expression (41). Since MLXIPL knockout animalswhmproved plasma glucose
control (48, 59), the improved glucose toleranceilaied inp62 transgenic animals (24) can
be explained by MLXIPL downregulation and increatgd levels.

Although SREBF1 can induce FASN (41), we observett p62 decreased FASN levels,
while SREBF1 was activated. The effects of p62-gedl SREBF1 activation seems to be
abrogated by the parallel decreased MLXIPL expoessihich is in line with the finding that
50% of lipogenic gene expression is associated IXIML (9). Interestingly, the p62 model
is characterized by a higher sensitivity of ELOVi@vards SREBF1 activation than to
MLXIPL depletion. FASN, on the other hand, is stgen affected by attenuated MLXIPL
levels. In this context, Yu et al. recently repdrteat human fibroblasts, in which MLXIPL
was knocked down by a lentiviral short hairpin Rihasmid showed strongly decreased
levels of FASN° mRNA expression, but rather no effect @OVL6 expression (60)
suggesting that MLXIPL shows stronger transcripgioactivation towards FASN than to
ELOVL6. PKLR, which is uniquely induced by MLXIPI61), is reversely regulated by p62
and is therefore convergent to tl&XIPL expression.

Despite the effect of p62 on FASN in HepG2 andhe murine mouse model, we could not
detect any correlation betweg®2 and FASN expression in human liver samples. Also
published data showed no elevation of FASN in hunhkFLD (62). Concordantly,
Donnelly et al. reported thde novo lipogenesis only to a minor extent contributeslevated
hepatic lipids as found in human NAFLD (63).

In line with these findings, the literature deseslthat liver-specific knockout of FASN did
not rescue the animals from the development oftty faver (64) and Jones et al. recently
reported the development of steatosis in TSC22D&grexpressing mice despite decreased

FASN mRNA levels (65). Most interestingly, also animalgerexpressing ELOVL6 show
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increased liver triglycerides and at the same tietkiced FASN expression (20). Therefore,
fatty acid synthesis appears not to be the pigie in p62-mediated steatosis development.
One of the important inducers of peroxisomal antbamondrialp-oxidation pathways in the
liver is PPARA (10). PPARA agonists like fenofitzateduce steatosis in mice with a
hereditary fatty liver (66). PPARA is downregulaiadp62 overexpressing HepG2, but not in
the p62 transgenics, suggesting that p62 does not faetitipolysisvia PPARA. We suggest
that p62 induces high fatty acid levels due to atied malonyl-CoA levels. Indeed, the
mitochondrialB-oxidation pathway as the central lipolytic pathwayegatively regulated by
high malonyl-CoA levels (67). ELOVL6 can elevatelamyl-CoA since it reduces the levels
of its substrate palmitoyl-CoA ip62 transgenic mice (Fig 4C). Since fatty acidspb?
transgenic mice are mostly bound in triglycerid28) @nd only free fatty acids are converted
to acyl-CoAs (68), triglyceride-bound palmitic acidn not be converted into palmitoyl-CoA.
Whereas high levels of palmitoyl-CoA inhibit thetigity of the enzyme responsible for
malonyl-CoA synthesis (69), i.e. acetyl-CoA carblasg alpha (ACACA) (67), low levels
promote the generation of malonyl-Cofa ACACA. Consequently, the mitochondrif#
oxidation is reduced due to malonyl-CoA-mediate@ratation in CPT1A activity (70) (Fig
4C). Pharmacological inhibition of CPT1A is asst@iawith the development of steatosis
and steatohepatitis (71, 72). Furthermore, a tafaminduced steatosis in rats, which
strongly inhibitedFASN expression, was characterised by an accumulafionatonyl-CoA
and therefore decreased CPT1A activity (73) (Fig 4C

In summary, our data provide evidence of p62 as iaducer of ELOVL6, a
pathophysiological promoter of NASH. ELOVL6 overeagsion results in a subsequent
production of a deleterious fatty acid profile, ainifinally induces hepatic steatosis (Fig 4C).

This study underlines the detrimental role of péAver disease.
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Supplemental data Table

Nr. diagnosis
1 cirrhosis, hepatitis
2 cirrhosis, hepatitis
3 liver cirrhosis, primary biliary cirrhosis
4 cirrhosis
5 cirrhosis, hepatitis
6 cirrhosis, hepatitis
7 liver cirrhosis, hepatitis C virus
8 liver cirrhosis, hepatitis C virus
9 liver cirrhosis, hepatitis B virus
10 liver cirrhosis, alcoholic liver
11 liver cirrhosis, hepatitis B virus
12 cirrhosis, viral hepatitis
13 liver cirrhosis, alcoholic hepatitis
14 liver cirrhosis, hepatitis C virus
15 liver cirrhosis, Budd-chiary-S.
16 liver cirrhosis, hepatitis C virus
17 liver fibrosis, liver cirrhosis
18 liver cirrhosis, liver cirrhosis alcoholic
19 liver cirrhosis
20 liver cirrhosis, viral hepatitis
21 liver cirrhosis, hepatitis C virus
22 liver cirrhosis
23 liver cirrhosis, hepatitis B virus
24 liver cirrhosis
25 cirrhosis, hepatitis C virus
26 liver cirrhosis, hepatitis B virus
27 liver cirrhosis, cryptogen., viral hepatitis
28 liver cirrhosis, viral hepatitis
29 liver cirrhosis, viral hepatitis
30 liver cirrhosis
31 liver cirrhosis, alcoholic liver cirrhosis
32 liver cirrhosis
33 liver cirrhosis, hepatitis B virus, hepatitis/itus
34 liver cirrhosis, hemachromatome
35 liver cirrhosis, alpha-1 antitrypsin deficiency

Supplemental data Table I: Patients / Diagnosis
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2.31GF2 mRNA binding protein p62/IMP2-2 in
hepatocellular carcinoma: antiapoptotic action is mdependent
of IGF2/PI13K signaling
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p62 has been shown to promote NAFLD (Laggai et26114; Simon et al., 2014a), and to
modify pathways involved in cancerogenesis (Tyblakt 2011). In this study, the p62-
mediated overexpression of the growth fadteF2 should also be validated for the human
system. Therefore, we investigated the abundandeimplications of p62 andGF2 in
human HCC and in human cell lines. Furthermore, #ffect of p62 and IGF2 on
antiapoptotic pathways and especially the activatiof the protein kinase B
(PKB)/AKT/PI3K pathway should be validated.

IGF2 mRNA binding protein p62/IMP2-2 in hepatocellular carcinoma: antiapoptotic
action is independent of IGF2/PI3K signaling.

Sonja M. Kessler, Juliane Pokorny, Vincent Zimm8tephan Laggaj Frank Lammert,
Rainer M. Bohle, and Alexandra K. Kiemer.

This research was originally published in Ameridaurnal of Physiology - Gastrointestinal
and Liver Physiology. Kessler, S.M., Pokorny, Jminer, V., Laggai, S, Lammert, F.,
Bohle, R.M., and Kiemer, A.KIGF2 mRNA binding protein p62/IMP2-2 in hepatocellular
carcinoma: antiapoptotic action is independentGiHF2/PI3K signaling AJP-Gastrointest Liver
Physiol. 2013; 304: G328-G336. doi:10.1152/ajpgi.00005.20CB3pyright © 2013, the
American Physiological Society.

The full text article can also be found at:

http://ajpgi.physiology.org/content/304/4/G328
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BASIC LIVER/PANCREAS/BILIARY - HEPATOCARCINOGENESIS
THE IGF2 mRNA BINDING PROTEIN p62 IN HEPATOCELLULAR
CARCINOMA: ANTIAPOPTOTIC ACTION IS INDEPENDENT OF

IGF2/PI3-K SIGNALING

Sonja M. Kesslér Juliane Pokorrfy Vincent Zimmet, Stephan Laggal, Frank Lammet#
Rainer M. Bohlé, Alexandra K. Kiemer*

1Saarland University, Department of Pharmacy, Pheeutical Biology, Saarland University,
Saarbriicken, Germany
2Department of Pathology, Saarland University, Horglsaar, Germany

3Department of Internal Medicine 1I, Saarland Unsigr, Homburg/Saar, Germany

Running head: ANTIAPOPTOTIC ACTION OF p62 INDEPENRNE OF IGF2/PI3-K

*To whom correspondence should be addressed
Alexandra K. Kiemer, Ph.D.

Saarland University

P.O. box 15 11 50

66041 Saarbriicken, Germany

phone: +49-681-302 57301

fax: +49-681-302 57302

e-mail: pharm.bio.kiemer@mx.uni-saarland.de

Electronic word count: 5430; abstract: 250

69



Publication 1l

2.3.3 Abstract

Background and aims: The insulin-like growth fadtofl GF2) mRNA binding protein (IMP)
p62/IMP2-2, originally isolated from an HCC patiemduces a steatotic phenotype when
overexpressed in mouse livers. S{s2 transgenic livers do not show liver cell damage bu
exhibit a pronounced induction tff2 and activation of the downstream survival kinage. A
Aim of this study was to investigate the relatiogtvieen p62 and IGF2 expression in the
human system and to study potential antiapoptctio@s of p62.

Methods:p62 andIGF2 mRNA levels in human paraffin-embedded tissue vessessed by
real-time RT-PCR. For knockdown and overexpressiperiments human hepatoma HepG2
and PLC/PRF/5 cells were transfected with siRNAplasmid DNA. Phosphorylated AKT
and ERK1/2 were analysed by Western blot.

Results: Investigations of 32 human HCC tissuesvedoa strong correlation betwep62

andIGF2 expression. Of note, p62 expression was increasa#iedly in patients with poor
outcome. In hepatoma cells overexpression of p&&ided levels of doxorubicin-induced
caspase-3-like activityVice versa, knockdown of p62 resulted in increased doxorubici
induced apoptosis. However, neither PI3-K inhilstaror a neutralizing IGF2 antibody
showed any effects. Western blot analysis reveahedeased levels of phosphorylated
ERK1/2 in hepatoma cells overexpressing p62 andedsed levels in p62 knockdown
experiments. When p62 overexpressing cells weratede with ERK1/2 inhibitors, the

apoptosis-protecting effect of p62 was completélpgated.

Conclusions: Our data demonstrate that p62 ex&@k4independent antiapoptotic action,
which is facilitatedvia phosphorylation of ERK1/2. Furthermore, p62 migatve as a new
prognostic marker in HCC.

Keywords: IMP, hepatocellular carcinoma, apoptosiERK, chemoresistance
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2.3.4 Introduction

The incidence of hepatocellular carcinoma (HCCjisghg in most industrialized countries
not least due to metabolic risk factors such asitpand diabetes mellitus and the increasing
prevalence of non-alcoholic fatty liver disease @D (12, 48). p62/IMP2-2 is a member of
the family of insulin-like growth factor 111GF2)-mRNA binding proteins and represents a
splice variant of IMP2, where exon 10 of the IMRshg is skipped (11). p62 was originally
identified as an autoantigen in a patient with HGZ) and was shown to be expressed in 1/3
to 2/3 of HCC (33, 56). Interestingly, p62 is akxpressed im-fetoprotein negative HCC
(33). The family member IMP3 has been shown to roplicated in growth promotion,
carcinogenesis, angiogenesis, and tumor progressidifferent tumor types (6, 20, 22, 25).
A pathophysiologic role for p62 in malignant disesshowever, is as yet widely unknown.
p62 transgenic mice expressing the transgene exclysinethe liver develop a fatty liver
phenotype (51) suggesting a critical role for p6diver metabolism. Stillp62 transgenic
livers do not show liver cell damage but exhibgranounced induction of the growth factor
Igf2 and activation of the downstream survival kinakegphoinositide 3 (PI3)-kinase/Akt
pathway. IGF2 plays a key role in mammalian growtihough metabolic and growth-
promoting effects and exerts antiapoptotic acti®®, 7). The interaction of p62 and IGF2
might be of special interest with regard to the durpromoting nature of IGF2. In fact,
overexpression of IGF2 and pronounced activatioAKT has been described in HCC (5, 8,
34, 49). Quite in contrast, reduced IGF2 expresgias shown to enhance survival from HCC
(54).

Since a potential interaction of p62 and IGF2 i&nown in human HCC, we investigated
their relationship and functional aspects regardogdl survival and proliferation. We

observed that p62 expression correlates with b&R2l expression and poor outcome in
human hepatocellular carcinoma. p62 exerted angiatio action in human hepatoma cells
independent of PI3-K signaling, but rather facibthvia extracellular regulated kinases
(ERK) 1/2.

2.3.5 Materials and Methods

Animals
All animal procedures and protocols were approvgdab independent review committee
(AZ: 391 2.2.2) Mice were kept under controlled ditions in terms of temperature,

humidity, 12 h day/night rhythm and food delivepg2 transgenic mice were established as
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previously described (51). In short, mice carrymtiver enriched activator protein promoter
under the control of a tetracycline transactivat@re crossed with p62 transgenic mice, in
which the human p62 is under the control of thendrepressive responsive element
cytomegaly virus (TRE-CMVmin). The double positigéspring expresses p62 exclusively

in the liver.

Real-time quantitative polymerase chain reaction

Experiments and quantification were performed asciileed in detail previously (2). RNA
from human HCC samples was isolated using the QmARNA-FFPE-Kit according to
manufacturers’ instructions. Sequences and comdit@we given in table 1.

Isolation of primary murine hepatocytes
Hepatocytes were isolated according to a modifiessien of the two-step collagenase
perfusion method of Seglen (13, 44) with a viapikceeding 80%. Cells were cultured on

collagen-coated plates for one day before treatment

MTT Assay

Cells were cultured on 96-well tissue culture @atand every 24 h an MTT assay was
performed for up to 4 days. Cells were then incedatith MTT (0.5 mg/ml) solution for 2 h,
MTT solution was aspirated, cells were lysed andisneed at 550 nm and at 690 nm as

control wavelength.

Caspase-3-like activity assay

In primary murine hepatocytes apoptosis was indigeaiddition of 0.4 pg/ml actinomycin D
(Act D) for 15 min and 100 ng/ml TNé&for 20 h. HepG2 cells were treated with 12.5 pg/ml
PLC/PRF/5 with 50.0 pg/ml doxorubicin for 20 h. ISelere then washed twice, lysed and
centrifuged. The substrate solution containing pknycarbonyl-Asp-Glu-Val-Asp-
aminofluoromethylcoumarin was added to the supantatnd generation of free fluorescent
7-amino-4-trifluoromethyl coumarin was determinect@ding to Kulhanek-Heinze et al.
(28).

Western blot analysis
Western blots were performed as previously desdr{b&). Antibodies used were specific to
phospho-AKT (Ser473), phospho-ERK1/2, total ERKI1pRospho-Insulin Receptor, total
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Insulin Receptor (New England Biolabs, Frankfurtva, Germany), and-tubulin (Sigma,

Thermo Fisher Scientific, Karlsruhe, Germany).

Cell transfection

For overexpression assays, pcDNA3.1/CT-GFP-T®PBER sense or the antisense construct
was introduced into HepG2 or PLC/PRF/5 cells usjiePEIM™-Hepatocyte transfection
reagent (Polyplus-transfection, New York, USA). kKkdown was performed with
sip62/IMP2 and control siRNA using INTERFERTh (Polyplus-transfection, New York,
USA) transfection reagent as recommended underseueansfection in the manufacturer’s
guidelines. Inhibition of the IGF2/PI3-K pathway svalone using the PI3-K-inhibitors
LY294002 (10 uM) and wortmannin (800 mM) as welbasIGF2 antibody (ab9574, Abcam,
United Kingdom). PD98059 and U126 (both 10 uM) sdnas ERK1/2-inhibitors (17).
Inhibition was achieved by pretreatment for 1 hhwithibitors and for 2 h with the IGF2
antibody. Neutralizing effect of IGF2 antibody waarified by Western Blot analysis after

treatment with recombinant human IGF2 (R&D SyteWgsbaden, Germany).

Immunohistochemistry

Staining of the paraffin-embedded sections wasopaéd with the CSA Il Kit (Dako,
Hamburg, Germany). Primary antibodies used werecifipeto phosphoERK1/2 (New
England Biolabs, Frankfurt a. M., Germany) and (&2 51).

Human HCC tissues

Paraffin-embedded liver samples from randomly setepseudonymised HCC patients who
underwent liver resection at the Saarland Univengiedical Center between 2005 and 2010
were obtained. The study protocol was approvedhiyldcal Ethics Committee (Kenn-Nr.
47/07). Table 2 summarizes the clinical data. TNEhmg was performed according to the
NCCN Hepatobiliary Cancers Clinical Practice Guiget in Oncology (NCCN Guidelines™
for Hepatobiliary Cancers V2.2012 © 2011 Nationainprehensive Cancer Network, Inc.
cited with permission from the NCCN). T classifioat was ascertained on the resected
specimen, whereas N and M classifications wererah@ed by clinical radiological staging
for most of the patients.
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Statistical analysis

Data analysis and statistics were performed usim@ir© software (OriginPro 8.1G;
OriginLabs). All data are displayed as mean valtieSEM. Statistical differences were
estimated by independent two-sample t-test. HumBRE-HCC samples were tested by
Wilcoxon rank-sum test. Kaplan-Meier-Survival arsidywas tested by log rank test. All are
two-sided and differences were considered staistisignificant when p values were less
than 0.05.

2.3.6 Results

p62 and IGF2 expression in human HCC samples

The analysis of 32 human HCC tissues showed inedelevels ofp62 andIGF2 in tumor
tissue as compared to matched normal tissue (RAg.Furthermore, a significant correlation
betweernp62 andIGF2 expression was observed (Fig. 1B). Kaplan-Meievigal analysis of
patients with high p62 expression (upper quartieeyus low p62 expression (lower quartile)
was not significant, but revealed a trend to shoswgrvival in patients with high p62
expression in liver tissue (Fig. 1C). Therefore2 p&pression was tested for different
parameters of poor outcome of the correspondin@pmatp62 expression was significantly
higher in tumors with increased tumor size andradg 2 and 3 tumos&rsus grade 1 tumors
(Fig. 1D). p62 expression correlated with tumomgstaising both BCLC and TNM staging
system (Fig. 1E, F). Altogether, the subgroup whiigh p62 expression showed poorer
outcome characterized by intermediate to advan@ddbna staging (stages B or C), TNM

staging Ill or IV, multinodularity, and increasahtor diameter (Fig. 1G).
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Fig. 1. p62 and IGF2 expression in human HCC samples (Ap62 and IGF2 mRNA
expression in human HCC samples (n=32) comparednadched normal tissugB)

Correlation ofp62 mMRNA andIGF2 mRNA in human HCC sample¢C) Kaplan-Meier
survival analysis of the upper quartile (high p62) the lower quartile (low p62) of p62
MRNA expression in HCC samplgf) p62 mRNA expression in HCC samples ordered by
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different clinicopathological parameters of poorwogmosis of the corresponding patient:
Barcelona Clinic Liver Cancer (BCLC), TNM classdion and staging, grading, uni- or
multinodularity, tumor size and recurreng, F) Correlation data gb62 expression to tumor
stage for BCLQE) and TNM(F) staging system(G) Comparison 0p62 mRNA expression
with prognostic clinical data from HCC patients,cBuas BCLC, TNM staging,
multinodularity, and tumor size.

Relationship between p62 and IGF2 expression in hamhepatoma cells

In order to determine whether the presence of péRdes IGF2 expression in the human
system as previously observedoi? transgenic mice (51), p62 was knocked down by $iRN
in HepG2 cells. Knockdown of p62 decread€aF2 expression (Fig. 2A)Vice versa,
overexpression of p62 resulted in increat&#2 MRNA levels (Fig. 2B). Because of the
proliferating and antiapoptotic features of IGF2 weestigated the effect of p62 on
proliferation and apoptosis. After knockdown of p&2wever, no effect on cell proliferation
was observed (Fig. 2C).

Basal levels of apoptosis were not altered in $ivef transgenic animals (data not shown).
TNF-o/Act D-induced caspase-3-like activity in primaryumnme hepatocytes from p62
overexpressing mice, however, was attenuated cadp@r control cells (Fig. 2D). In the
human system overexpression of p62 in HepG2 ce#lsredised doxorubicin-induced
apoptosis (Fig. 2E)Vice versa, knockdown of p62 in HepG2 cells resulted in iased

doxorubicin-induced caspase-3-like activity (Fi§).2
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Fig. 2. Proliferation and apoptosis (A)p62 andIGF2 mRNA expression 48 h after siRNA
knockdown of p62 (si p62) in HepG2 cells compam@dandom siRNA control (si cofB)
p62 andlGF2 mRNA expression 48 h after p62 overexpression (p62epG2 normalized to
control vector carrying the antisense plasmid (£o@) Proliferation of HepG2 cells after
knockdown of p62 (si p62) compared to random siR{NAc0). (D) Caspase-3-like activity
levels of primary murine hepatocytespfi2 transgenic animals (p62) and wild-type animals
(wt) induced by TNFe/Act D treatment. Data is expressed as fold inducof apoptosis
compared to untreated contr{f, F) Doxorubicin-induced caspase-3-like activity in
after transfection either with random siRNA (si @y)p62 siRNA (si p62)E) or with p62
antisense construct (co-v) or p62 sense cons6e) (F).

Antiapoptotic effect of p62 is independent of P13gkgnaling
Since p62 transgenic animals showed increased levels of lpdrgfated Akt (51), we

speculated that the IGF2/PI3-K pathway is involwedhe antiapoptotic effect of p62. In
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order to determine the involvement of IGF2 in thatiagpoptotic effect, p62 was
overexpressed in HepG2 cells followed by inhibitadrthe IGF2/PI13-K pathway. Neither the
PI3K-inhibitors LY294002 and wortmannin nor a nalizing IGF2 antibody lowered the
antiapoptotic effect of p62 (Fig. 3A). The neutzalg capacity of the IGF2 antibody was
confirmed by Western blot analysis of phosphorglatasulin receptor (Fig. 3B). The
independence of p62 expression and PI3K/AKT siggalin the human system was
confirmed by p62 knockdown or overexpression, aneither approach affected
phosphorylation of AKT significantly (Fig. 3C, D).
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p62 protects from apoptosis via phosphorylationEdRK1/2

Another survival pathway that is often altered emcer is the mitogen activated protein
kinase (MAPK) pathway (29). When p62 overexpressiepG2 cells were treated with ERK
1/2 inhibitors, the apoptosis-protecting effectp@2 was completely abrogated (Fig. 4A).
Knockdown of p62 in HepG2 cells resulted in sigraftly decreased phophorylation of
ERK1/2 (Fig. 4B, D)Vice versa, overexpression of p62 activated ERK1/2 marke8ly.(4C,
D). In order to check the relevance of these figdiin another hepatoma cell line, we
investigated PLC/PRF/5 cells. p62 regulailéF2 expression also in this cell line: p62
knockdown downregulatedGF2 mRNA by 40.88% [§=0.023) and p62 overexpression
induced IGF2 mRNA 2.01-fold p=0.016). Still, the IGF2 antibody did not affect
chemosensitivity, whereas both ERK inhibitors digantly abrogated apoptosis induction
(Fig. 4D). As seen in HepG2 cells, p62 induced ERKvation, as proven by knockdown and
overexpression strategies also in PLC/PRF/5 (FiyH4. Finally, in tissue samples from
HCC patients activation of ERK was observed in bepdes, which showed high p62

expression (Fig. 41).
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using either a neutralizing IGF2 antibody (Ab) betERK inhibitors PD98059 (PD) and
U126 (U). Data are expressed as percent inhibafotloxorubicin-induced apoptosis in p62
transfected cells (cofB-D) and(F-H): phosphorylated ERK levels after knockdown of p62
in HepG2(B) and PLC/PRF/SF) cells (si co: random siRNA, si p62: p62 siRNA) and
overexpression of p62 in HepGE) and PLC/PRF/HG) cells (co-v: antisense construct,
p62: sense construct). Densitrometric analysis aés\n blots from HepGZD) or
PLC/PRF/5(H) cells upon knockdown or overexpression of p62alxat expressed as ratio
of phosphorylated ERK to total ERK signal interestwith values for respective controls (si
CO or co-v) set as 100%l) Microphotography displaying a representative heqeltular
carcinoma case (a: HE staining, b: total ERK1/2 imostaining) with positive specific
PERK1/2 immunostaining (c) and corresponding pesip62 immunostaining (d) in tumor
tissue. Original magnification: 100x.

2.3.7 Discussion

The IGF2 mRNA binding protein p62 was originally identifieds a tumor-associated
autoantigen with autoantibodies against p62 daleirte21% of HCC patients (55) and in
several other types of cancer (40, 58). p62 proteas reported to be expressed in HCC
tissue, but not in healthy surrounding tissue i#3@3, 56) and up to 61.5% of HCCs (47).
Concordantly, our data show significantly increaleels ofp62 mRNA in HCC tissue.

The IMP family member IMP3 was suggested as a sty marker for tumor malignancy
and prognosis in different cancers, such as paticrdactal adenocarcinoma, neuroblastoma,
prostate cancer, and colon cancer (7, 22, 24,3i@)ilarly, IMP1 was observed to correlate
with metastasis and shorter survival in colon caifté) and ovarian carcinoma (27). In line
with these findings we observed a correlation betwp62 expression and poor prognostic
markers. Higher p62 expression was observed imudsdrom intermediate or advanced
tumors showing multinodularity, increased tumoresipoorer differentiation, and early
recurrence of tumors, all of which indicate a meegere status of disease. Sipé2 mMRNA
levels were increased in G2/@8 G1 patients one might speculate that p62 expnessight
serve as a valuable tumor marker in the future. él@r, higher numbers of patients need to
be analyzed.

Our HCC cases comprised different etiologies, henedimited sample number did not allow
to correlate etiologies with the extent of p62 egsion. Neither an association between viral
infection (21) nor a potential correlation with aghepatitis caused by NAFLD could be
found for p62, although p62 overexpression in mdusas induced a prominent steatotic
phenotype (51).

The p62 transgenic mouse model showed a pronounced eipmess the metabolic and

antiapoptotic growth factorgf2 (51). We now demonstrate that p62 expression el
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with IGF2 expression also in human HCC. In factaasal effect of p62 on IGF2 expression
is proven by both knockdown and overexpressione@f ip two different hepatoma cell lines.
IGF2 is a well described antiapoptotic factor oxpressed in HCC (5, 32, 41, 42, 50) and
other tumor tissues (3, 9, 45). The balance betvageptosis and survival is often disrupted
due to antiapoptotic signals occurring in canc&).(Accordingly, hepatocarcinogenesis and
promotion of HCC is characterized by defective dapsis and increased cell proliferation (18,
38). Proliferation did not seem to be influenced @82 expression, which has also been
shown for IMP3 in a hepatoma cell line (25). Ingtiregly, however, both knockdown and
overexpression of p62 in hepatoma cells verifiedaatiapoptotic effect of p62. The IMP
famlily members IMP1 and IMP3 have recently beemalestrated to promote cell survival
and cancer cell proliferation (26, 31), whereby 2cdeems to mediate apoptosis protection
(31).

HCC is characterized by alterations in several irtgya cellular signaling networks including
the PI13-K and the ERK pathways (52). Constitutiggvation of the PI13-K/AKT pathway has
been firmly established as a major determinanuwofar cell growth and survival in several
tumors (8). In HepG2 cells IGF1 has been demomsirad have the ability to reverse
apoptotic signaling by activation of the PI3-K/AKSignaling (1). IGF1 binds to the IGF1
receptor whose autophosphorylation is followed bgpgphorylation of intracellular targets
and finally leads to activation of the PI3-K anc tBERK pathways (39). IGF2 was also
demonstrated to actia the PI3-K/AKT pathway (30). Unexpectedly, the stk IGF2
expression after knockdown or overexpression of giP not result in changes in AKT
activation in HepG2 cells. Another recent studyoathowed independence of hitBF2
MRNA expression and phophorylation of AKT in hum4@C tissues (50). Interestinglp62
transgenic animals only exhibited increased Aktpbtooylation in five-week-old animals,
althoughlgf2 was strongly induced also in animals of other @&gg. Together with the lack
of effect of a neutralizing anti-IGF2 antibody thefindings strongly suggest no direct
signaling axis p62-IGF2-PI3-K/Akt. The differentstédts between wortmannirs. LY294002
regarding the extent of apoptosis protection in-p@@rexpressing cells is probably due the
partial inhibition of proapoptotic p38 kinase byrvoannin (60).

Our data clearly indicate that the antiapoptotieatfof p62 is rather facilitateda ERK
phosphorylation. In fact, in a rodent model tumoovwgh and apoptosis resistance of
intraperitoneally applied hepatoma cells was enddnby overexpression of the ERK
upstream kinase MEK1 (23), and overactivation & MWAPK pathway in liver tumor cells

was reported to play a role in the initiation are/elopment of HCC through resistance to
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apoptosis (4). Silencing ERK1/2 expression usingARMNerference also led to suppression of
cell proliferation in other tumors, such as ovarcamcer (46). In addition to these findings in
experimental systems, two clinical reports disptegberrant ERK phosphorylation, ranging
from 23 up to 69% of HCCs (23, 43). InterestingBchmitz et al. demonstrated ERK1/2
phosphorylation to correlate with poor prognosi3)(4Among the human HCC samples we
also observed phosphorylation of ERK in cases Wigfn p62 expression and poor outcome.
There were also samples that were negative forghtteERK in tumor vessels, serving as
staining control. We suggest that the detectiopladspho-ERK might have failed, because
the stabilization of phosphorylated proteins imfafin-fixed paraffin-embedded tissues is not
always successful due to slow tissue penetratidh ¢€hd phosphorylation of ERK seems to
be less stable as compared to other phospho-psot@iB). Therefore, an even higher
frequency of HCC samples with ERK activation mightassumed.

ERK phosphorylation is not only altered in maligh@issues, but alsim patients with severe
chronic hepatitis B virus (HBV) infection (19), gy&gsting a transition step towards HCC. In
fact, in the context of both HBV and hepatitis @ugi (HCV) infection, activation of the ERK
pathway was demonstrated to enhance cell cyclerggsmn, cell proliferation, and survival
(15, 59). Concordantly, ERK phosphorylation wasrsfity correlated to HCV infection (43).
We demonstrate for the first time that ERK phospladion in hepatoma cells, which leads to
resistance against apoptosis, is due to expressitre IMP p62. In line with these findings,
ERK also seems to be involved in modulating drugjstance of HCC cells (53). Clinical
relevance is underlined by the suggestion of a @oeabdoxorubicin and ERK targeted
therapy with enhanced anti-cancer effects in HG®J. (1

Taken these findings together, p62 seems to pldgynainant role in HCC progression and is
accompanied by increased expression of the oncd@f2 Furthermore, p62-induced ERK

activation seems to display a critical step in lheparcinogenesis.
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2.4 Lipid Metabolism Signatures in NASH-AssociatedHCC -

Letter
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A publication reporting that ELOVL6 was upregulateda murine NASH model and in
murine NASH-associated HCC (Muir et al., 2013) drew attention, since ELOVL6 has
been reported to promote NASH in mice and humanat{ivkaka et al., 2012) and is also
overexpressed in the p62-induced steatosis, whichadcompanied by mild signs of
inflammation (Laggai et al., 2014). However, thethaus proposed ELOVL6 as a
pharmacological target for the treatment of huma@CH without showing ELOVL6
expression data or showing elevated fatty acidgglton in the human system (Muir et al.,
2013). Our own data obtained from the analysisushéin HCC data from a Gene Expression
Omnibus dataset and a murine HCC model suggesta@éased expression of ELOVL6 in
HCC.

Lipid Metabolism Signatures in NASH-Associated HCGC Letter.

Sonja M. Kessler$Stephan Laggaj Ahmad Barghash, Volkhard Helms, and Alexandra K.
Kiemer.

This research was originally published in CanceseRech. Kessler, S.M., Laggai, S.,
Barghash, A., Helms, V., and Kiemer A.K. Lipid Metdism Signatures in NASH-
Associated HCC—LetteiCancer Res. 2014;74, 2903-2904. doi: 10.1158/0008-5472.CAN-
13-2852. Copyright © 2014, American Association@ancer Research.

The full text article can also be found at:

http://cancerres.aacrjournals.org/content/74/1@2Z00.pdf+html
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2.4.3 Letter

An article published recently i€ancer Research elegantly performed lipidomic and gene
expression analyses in a murine model of NASH-aasat hepatocellular carcinoma (HCC)
and compared the findings to serum samples fromdib and HCC patients (1).

The study reports that the expression of the Cit§ &id producing elongase BL{OVLS6) is
elevated in a mouse non-alcoholic steatohepatitidain The animals also exhibited elevated
oleic acid (18:1n9) and vaccenic acid (18:1n7) aamae in livers and serum. Thereby, the
study supports findings about increased hepBtLi©VL6 expression in other models of
NASH, such as a fructose feeding model (2) and dewsity lipoprotein receptor (LDLR)
knockout animals fed a western type diet (3). he lwith these findings, a causal role for
ELOVLG in the development of NASH was publishedermtty in a comprehensive work
employing overexpression and knockdown stratedigs (

HCC represents a rare but important complicatiomari-alcoholic steatohepatitis (NASH)
(5). The study by Muir et al. reports an increasgdression of ELOVL6 not only in murine
NASH but also in murine NASH-associated HCC. Beedysdomic analyses of sera of 15
patients with HCC showed a higher prevalence ofGh8 vaccenic acid (18:1n7) than serum
of cirrhosis patients, the authors suggested etevEi OVL6 expression in human HCC.
Although they observed lower levels of the moreralaunt linoleic acid (18:2n6) and they do
not show any data on ELOVL6 expression in patients HCC, they propose ELOVLG6 as a
pharmacological target for patients predisposddG¢&.

We investigated differentidtLOVL6 gene expression between HCC (n=247) and non-tumor
(n=239) samples of a Gene Expression Omnibus dqaS&14520, Fig. 1).
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||

)

ELOVLG6 expression in HCC relative to p,,ma

Figure 1. mRNA levels ofELOVL6 in 247 human HCC samples relative to the mear86f 2
non-tumor liver tissue ({dma). Samples of dataset GSE14520 }l¢gxpression) values from
GEO after Robust Multi-array Average normalizatiomgre mapped to hgul33a.db using
bioconductor. Significance valugs=3.8E-11, Kolmogorov-Smirnov tegb= 6.7E-11 t-test;
5.1E-11, Mann-Whitney U test.

HCC samples

Interestingly, in contrast to Muir and colleaguesr results from this large data set revealed
significantly decreased levels &.OVL6 gene expression in the majority of human liver
tumors compared to non-tumorous tissue. We alserebd a decreased expressiortiavi6

in the widely accepted murine diethylnitrosamin€&) HCC model (Fig. 2).
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Figure 2: Wild-type mice were treated with the carcinogeetldylnitrosamine (DEN) at the
age of 2 weeks. Livers were analyzed after 24 weekassess the tumor initiation state.
Analyses in the tumor progression stadium were dafter 36 weeksElovie mRNA
expression as determined by real-time RT-PCR w418 per group. Data were normalized
to 18s. Statistical differences compared to unéaanimals of the same age (ctrl.) were
calculated by Mann-Whitney U-test.

Taken together, different recent reports from ftexdture suggest a pathophysiological role
for ELOVLEG in steatohepatitis. Still, a role for BVL6 in HCC is as yet elusive and our data
show ELOVL6 expression to be reduced in a commonimaunon-NASH-associated HCC
model as well as in a large proportion of patiemtsh HCC. In our opinion the data available
on ELOVL6 in HCC do not justify proposing ELOVL6 as therapeutic target in either

prevention or treatment of HCC.
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The following part contains new data, which will sbmitted for publication after
submission of my PhD thesis.

3.1 Abstract

p62 has been found to upregulégf?2 andH19 mRNA expression in murine livers and our
unpublished data suggest that p62 strongly amslifienor incidencdgf2 andH19 genes are
regulated by epigenetic mechanisms and are encéalimgicroRNAs.

The aim of our study was to evaluate the impagi6# on microRNA regulation and to link
them to p62-mediated hepatocarcinogenesis.

We performed microRNA array analysis2 transgenic livers and compared them to wild-
type controls. The microRNA array revealed an mdéng effect of p62 on up to 25
microRNAs located in the imprinteBlkl and Gtl2 (human homologudMEG3) domain,
whereby the maternally expresgetl2 represents a non-coding microRNA precursor RNA.
We could identify that p62 also induces miR-483 a@idb, which are encoded bgf2 and
H19.

The paternally expressed DIkl encodes for a proteich has been suggested to be involved
in hepatocarcinogenesis, we looked#tl andGtl2 expression. In line with the finding that
p62 induces the miRNAs located in tbék1-Gtl2 cluster, we were able to demonstrate that
p62 also induceBlkl andGtl2 mRNA and DLK1 protein in untreated animals. Besjdee
found elevated levels oDlkl and the Rho GTPasBRacl mRNAs in p62 transgenics
challenged with the potent carcinogen DERAC1 mRNA was regulated dependent on p62 as
found in human HepG2 cells challenged by p62 knoskdor overexpression. An additional
finding revealed that DLK1 inducé®AC1.

DLK1 and RAC1 might be responsible for ERK actigatas found ip62 transgenic animals
treated with or without DEN.

Taken together, we could decipher parts of thevpayhhow p62 might exert its carcinogenic
and antiapoptotic effects, which seems mainly ntedidy affecting imprinting, regulation of
microRNAs, and the activation of the ERK pathweyDLK1/RACL1.
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3.2 Introduction

Previous data showed that p62 acts as a regulagene expression with distinct effects on
imprinted genes (Tybl et al., 2011) as well as inelia and inflammatory regulators (Laggai
et al., 2014; Simon et al., 2014a; Simon et alL4%). We hypothesized that p62 might exert
its actions in liver pathophysiology also by affegtthe expression of microRNAs (miRs).
MicroRNAs are small non-protein-coding RNAs, whidan negatively control their
respective gene targets (Esquela-Kerscher and ,S28€6). MicroRNAs are transcribed by
RNA polymerase I, resulting in a large RNA preausrsalled primary microRNA, processed
by the RNase Ill enzyme Drosha and the double-gd&@iRNA-binding protein Pasha into the
respective precursor microRNA (~70 nucleotides)(eeal., 2002). The precursor microRNA
iIs cleaved by another RNase Ill enzyme called Diaed the mature double-stranded
microRNA (~22 nucleotides) is incorporated into the&eroRNA induced silencing complex
(Meister, 2013), which finally can bind to and r&ga its target RNAs. In addition to their
action within their cell of origin, microRNAs cartsa be secreted into the circulating blood
included in lipid or lipoprotein complexes, suchex®somes, and act by modulating the gene
expression within their recipient cells (Hu et &012). Circulating microRNAs were
suggested as new biomarkers for liver diseasesaft€ost al., 2010).

MicroRNAs play a pivotal role also in the normaldr development. In this context, members
of the miR-181 family are highly expressed in endmig liver and involved in liver
differentiation (Ji et al., 2009). Aberrant expieasof microRNAs correlates with all stages
of NAFLD (Wang et al., 2012) and in various humamaer types. MicroRNAs can act as
tumor suppressors as well as oncogenes (Esquetatk@rand Slack, 2006).

Literature regarding microRNA profiles and mecharss in NAFLD is rather
underrepresented compared to liver cancer. Howes@ne microRNAs are regarded as
potential biomarkers for NAFLD progression:

miR-15b was elevated in two different NAFLD rat netsl (Zhang et al.,, 2013), and
circulating levels of miR-122, -34a, -16 (Cermdtial., 2011), and -15b were significantly
higher in sera of NAFLD patients (Zhang et al., 20iR-29 was shown to be implicated in
the regulation of human and murine liver fibros®®{erburg et al., 2011), and miR-106b and
-181b were suggested as potential biomarkerswvier tirrhosis (Chen et al., 2013).

MicroRNA profiling in liver cancer is currently thmost studied topic regarding microRNAs
in liver disease. There are several studies, widiehtified let-7, miR-122, -26, and -101 to be
downregulated, and miR-221, -181, and -17-92 ,te2ie upregulated in serum and tissue of
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HCC patients (Karakatsanis et al., 2013; Wang et28114; Wang et al., 2012; Xu et al.,
2011; Xu et al., 2014). Reduced expression of nfiR-dften correlates with poor prognosis
(Coulouarn et al., 2009). Furthermore, miR-21 wighlly upregulated in human HCC tissue
and modulated the expression of the tumor supprgssosphatase and tensin homolog,
which was responsible for increased cell growthgration, and invasion in human

hepatocytes and liver cancer cell lines (Meng .e2807).

The aim of our study was to decipher the influeat@62 on microRNA expression and to

link them to p62-mediated pathophysiologic actionthe liver.

3.3 Materials and Methods

3.3.1 Animals

All animal procedures were performed in accordamite the local animal welfare committee
(permission 48/2009p62 transgenic mice were established as previouslgribesl (Tybl et
al., 2011).

Mice were treated with diethylnitrosamine (DEN) tite age of two weeks by an
intraperitonneal injection with 5 mg/kg body weigMice were sacrificed at the indicated
time. All animal procedures were performed by Donf@ M. Kessler (Pharmaceutical

Biology, Saarland University, Saarbruecken, Germany

3.3.2 Cell culture experiments

HepG2 cells were cultured in RPMI-1640 (Sigma Addri Taufkirchen, Germany) with
supplementation of 10% [v/v] FCS (Sigma Aldrichdp Iv/v] glutamine (Sigma Aldrich), and
1% [v/v] penicillin/streptomycin (Sigma Aldriclat 37°C and 5% C£©

Knockdown and overexpression experiments were padad as previously described (Laggai
et al., 2014).

HepG2 cells were treated with 1 pg/ml human recomntti DLK1 in complete RPMI-1640
media for 48 h (1144-PR-025, R&D Systems, MinnegptlSA).

3.3.3 microRNA array

The microRNA array was performed in cooperatiorhviite group of Prof. Meese (Dr. Petra

Leidinger, Humangenetik, Universitaetsklinikum Saad, Homburg, Germany). RNA from
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tissues were isolated using the miRNeasy mini X1f7004, Qiagen, Hilden, Germany), and
the microRNA array was performed with auase miRNA microarray, Release 17.0, 8x60K
(G4872A-035430, Agilent Technologies, Waldbronn,ri@any) as recommended by the

manufacturer.

3.3.4 Real-time RT-PCR

Real-time RT-PCR was performed as previously deedriLaggai et al., 2014; Tybl et al.,
2011). Primer sequences and conditions can be foutlle supplementary part (page 117-
119)

3.3.5 Extracellular-signal regulated kinase (ERK) &§tern Blot
ERK Western blot and analysis was performed by ®wnja M. Kessler as previously
described (Kessler et al., 2013).

3.3.6 ELISA
DLK1 ELISA was performed with a Mouse Protein deftamolog 1 (DLK1) ELISA kit
(CSB-EL006945MO, Cusabio, Wuhan, China) as reconad@ey the manufacturer.

3.3.7 Statistical analysis

Statistical differences were estimated using thenM/hitney-U test orFisher exact test
(tumor incidence, 6 months, DEN mice). Calculatiovere performed using the software
package Origin (Origin pro 8.6G, OriginLab Corpavat Northampton, USA). Pearson’s
correlation was used to determine the relationfieifpveenDIkl and Racl in 8 months old
transgenic animals treated with DEN. Values of PSOwere considered statistically

significant.

3.4 Results

microRNA array analysis of most distinctly alteredcroRNAs in p62 transgenic mice
revealed that microRNAs from the delta-like 1 hoogule Drosophila) (DLK1) / maternally
expressed gene MEG3)(human), gene-trap locus Zt(2)(mouse) MEG3/Gtl2) cluster
were altered and showed a total regulation of 2Z5@RNAs (fold change > 1.4)(Fig. 3.1).
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Fig. 3.1: p62-dependent changes in microRNA expression fteaDIk1-Gtl2 cluster. Total
RNA from wild-type andp62 transgenic animals (5 weeks, n = 2, each) wereyaeadlby
microRNA array. Results are presented as fold chaogipared to wild-type animals.

Furthermore, data from the microRNA array revedleat p62 transgenic mice exhibited
increased levels of miR-675-3p (1.7 fold, 5 week#)ich is encoded biA19 (Keniry et al.,
2012), and miR-483-3p (1.5 fold, 2.5 weeks), as an mtrdranscript from thégf2 gene (Liu

et al., 2013). The paternally express&i2 and the maternally expressed non-coding gene
H19 are imprinted genes, which are co-expressed apmbnel in a reciprocal manner to loss
of DNA methylation (Schmidt et al., 2000).
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Also the DIK1-Gtl2 cluster represents an imprinted genomic regiét2 is a maternally
expressed non-coding gene (Schmidt et al., 200@jchwencodes for 54 microRNAs
(Benetatos et al., 2013). With 25 of these microRN#eing regulated ip62 transgenic
animals we hypothesized that p62 upregul&d2 expression. We in fact found elevated
levels of GtI2 mRNA (Fig. 3.2A). InterestinglyDLK1/pre-adipocyte factor-1Pfef-1) as a
paternally expressed protein coding gene (Schntidt. £2000) was also elevated in qf2
transgenics (Fig. 3.2BBince only the secreted form of DLK1 is active (Waat al., 2006),
we validated the expression of the active form @KD by ELISA in mouse serum (Fig.
3.2C).
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Fig. 3.2: A) Real-time RT-PCR foGtl2 mRNA expression from wild-type (wt) anab2
transgenic micepB2 tg) at the age of 2.5 (wt: n = p62 tg n = 5) and 5 weeks (wt: n = 14;
p62 tg: n = 15).B) Real-time RT-PCR foblkl mRNA expression from wt angb2 tg at the
age of 2.5 (wt: n = ;62 tg n = 5) and 5 weeks (wt: n = 1g82 tg: n = 15).C) DLK1 ELISA

of sera from 5 week old wt a2 tg animals (wtp62 tg: n=22, each).

With DLK1 being an oncofetal marker (Falix et &012) we hypothesized that elevated
levels might support tumorigenic actions. We therefchallengeg62 transgenic and wild-
type mice with the carcinogen DEN in order to siatel states of tumor initiation and
progression. We in fact observed a higher tumoiderce inp62 transgenic animals (Fig.
3.3).
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Fig. 3.3: Tumor incidence of wild-type (wt, n = 20) ap@2 transgenic animal62 tg, n =
20) 6 months after treatement with DEN (data preditly Dr. Sonja M. Kessler).

DLK1 has been shown to activate extracellular-digegulated kinase (ERK) by inducing
ras-related C3 botulinum toxin substrate 1 (RACLadipocytes (Wang et al., 2010). Since
p62 induces ERK activation as an important tumoonmting protein kinase, we
hypothesized that a similar signalling is inducedp2 during hepatocarcinogenesis. We in
fact found increased levels Bikl, Gtl2, andRacl mRNA (Fig. 3.4A, B, C), DLK1 protein
(Fig. 3.4E), and increased amounts of activated ERKp62 transgenics (Fig. 3.4F).
Interestingly, DIK1 was significantly upregulated in tumor tissue camed to non-tumor
tissue (Fig. 3.4A). Sinc®lkl showed only borderline significance in normal tesswfp62
transgenic mice, we determined the interconnedbenweenDlkl and Racl mRNA from
these tissues by Pearson’s correlation and indeedlfa strong correlation (Fig. 3.4D).
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Fig. 3.4: A) Real-time RT-PCR foDlkl mRNA expression from wild-type (wt) anub2
transgenic micepB2 tg) at the age of 8 months treated with DBR tg: n = 18, each) and
the corresponding normal and tumor tissue figg# tg (wt, p62 tg: n = 15, each)B) Real-
time RT-PCR forGtl2 mRNA expression from wt angb2 tg at the age of 8 months treated
with DEN (wt, p62 tg: n = 18, each)C) Real-time RT-PCR foRacl mRNA expression from
wt andp62 tg at the age of 8 months treated with DEN @®2 tg: n = 18, each)D) Real-
time RT-PCR foDIkl andRacl of p62 tg at the age of 8 months treated with DEN (n ¥ 18
normalized orn8s mRNA levels E) DLK1 ELISA of sera from 6 months old wt apé2 tg
animals treated with DEN (wp62 tg: n = 9, each)F) Phospho-ERK (pERK) Western blot
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and quantification of livers from 6 months old widgp62 tg animals normalized on total
ERK (tERK)(wt,p62 tg: n = 9, each) (data provided by Sonja M. Ke3sle

We performed p62 knockdown and overexpression mdmHepG2 cells and in line with the
findings fromp62 transgenic animals, we saw tHRAC1 expression was dependent on p62
expressionRAC1 was increased by overexpressing p62 (Fig. 3.5M)detreased after p62
knockdown (Fig. 3.5B).

Since also HepG2 were susceptible to p62-mediB&dl induction, we used this HepG2
model to validate that increased levelsRatl were dependent on increased DLK1 levels in
our p62 transgenics. Therefore, we treated HepG2 cells rgitombinant DLK1 and observed
increased levels &RAC1 mRNA (Fig. 3.5C).
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Fig. 3.5: A) Real-time RT-PCR of HepG2 transfected with p62rexpression vector (p62)
or control vector (co-v) foRACL mRNA expression (n = 3, triplicate) Real-time RT-PCR
of HepG2 transfected with p62 siRNA (si p62) or ttohsiRNA (si co) forRAC1 mRNA
expression (n = 3, quadruplicat€}) Real-time RT-PCR of HepG2 treated with soluble
DLK1 at a concentration of 1 pg / ml or untreatemhteol cells (co) forRAC1L mRNA
expression (n = 3, duplicate).
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3.5 Discussion

Aberrant expression of microRNAs of tld K1-MEG3 cluster, as also found in op62
transgenic animals, are common features in sewanater types, as recently reviewed in
detail by Benetatos and colleagues (Benetatos,e2(l3). Interestingly, although tibd K1-
MEG3 cluster is encoding for at least 54 microRNAs (&artos et al., 2013) functional
implications are rather uncharacterized. One pabbta suggests that thil K1-MEG3 locus

is frequently deregulated in human HCC (Anwar et2012). Lim et al. recently found this
cluster upregulated in a subtype of human HCC antihriee transgenic mouse models and
suggested miR-494 as a therapeutic target for rketnmient of HCC (Lim et al., 2014).
Interestingly, miR-494, among many other microRNAghis cluster, was also upregulated
in the presence of p62.

A crucial role for the imprintetiGF2-H19 cluster in different cancer types is widely aceept
(Kamikihara et al., 2005; Ohlsson et al., 1999; &aki et al., 2005). For example, loss of
imprinting of thelGF2-H19 domain leads to the formation of the Beckwith-V\ethnn
syndrome and Wilms’ tumor (Sakatani et al., 200%)e IGF2-H19 cluster is encoding for
two microRNAs: The long non-coding RNIA19 encodes for miR-675 (Keniry et al., 2012),
and miR-483 is encoded by intronic regions of tBE2 gene (Liu et al., 2013). Data from
our microRNA array indicated that miR-675 and mi&4were upregulated and are in line
with the finding that botigf2 andH19 were strongly enhanced p62 transgenic animals
(Tybl et al., 2011). miR-675 suppresses growth eeltl proliferation in different cell lines
(Keniry et al., 2012) suggesting tumor-suppressiggons. On the other hand, miR-675 is
upregulated in human adrenocortical carcinoma aathstases (Schmitz et al., 2011). miR-
483 enhances transcription lgf2 and tumorigenesis (Liu et al., 2013), and was ssiggl as

a potential biomarker for HCC (Shen et al., 2083)lon organoid culture revealed miR-483
as a dominant driver oncogene inducing dysplasstro and tumorigenicityn vivo (Li et
al., 2014). Taken together, p62 induces the exjmess tumor-associated microRNAs. They
might contribute to p62’s tumor-promoting actiormarid in DEN-treated animals. Further
comprehensive analysis is required for a detailedhanistic understanding.

Since p62 induces the coordinated expression ofntipeinted Igf2 and H19 genes inp62
transgenic animals (Tybl et al., 2011) and thespeetive microRNAs, miR-483/miR-675,
and p62 is also implicated in the regulation of itin@rinted DIk1-Gtl2 cluster in these mice

leads us to speculate that p62 is a general reguatmprinted genes.
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We observed that DLK1 mRNA and protein was elevatep62 transgenics. Interestingly,
DLK1 protein has been shown to be expressed intbepldular, colon, pancreas, and breast
carcinoma at a high frequency (Yanai et al., 20D0)K1 is induced specifically in HCC
tissue and not in adjacent tissue, and suppresgi@LK1 in human cancer cell lines can
inhibit cell growth, colony formation, and tumorigeity (Huang et al., 2007). DLK1 is a
transmembrane protein, which is cleaved by tumarrases factor converting enzyme,
secreted in its soluble form, and can thereforeaacan autocrine / paracrine factor (Hudak
and Sul, 2013). Recently, DLK1 has also been repoais a serum marker of hepatoblastoma
in young infants (Falix et al., 2012) and as a raaf&ar stem cells (Falix et al., 2012; Oertel et
al., 2008; Tanimizu et al., 2003).

The finding that the antiapoptotic effect of p62dependent on the ERK signalling pathway
and independent of IGF2 w62 transgenic mice and human (Kessler et al., 2018¢dahe
guestion how p62 induces activation of the ERK ywath

The ERK signalling pathway plays a central rolecell proliferation and survival and
increased ERK activity is found in many human cangees (Montagut and Settleman, 2009;
Thompson and Lyons, 2005). Also HCC is associatitld @verexpression and activation of
ERK (Huynh et al., 2003) and activation of ERK edates with poor prognosis (Schmitz et
al., 2008).

DLK1 has been shown to activate ERK (Niba et @012 Wang et al., 2010), which was
postulated to be mediateth RAC1 (Wang et al., 2010).

RACL1 belongs to the family of small GTPases androts cytoskeletal rearrengements and
cell growth, is overexpressed in aggressive breaster (Schnelzer et al., 2000) and gastric
cancer (Walch et al., 2008), and correlates withr gpyognosis in HCC patients (Yang et al.,
2010).

We found that DLK1 was strongly induced in qa@2 transgenic animal model, and led to
increased expression BAC1 and activated ERK in DEN-challengpf2 transgenics as well
as elevatedrRAC1 mRNA in a human cell line treated with DLK1 prateHepG2 cells, in
which p62 was modulated by knockdown or overexpoessevealed activated ERK levels
(Kessler et al., 2013) corresponding to the leséRAC1 found in this study. When p62 was
absent, activated ERK and RACL1 levels decreaged.versa, when p62 was overexpressed
activated ERK and RAC1 levels increased. Since Dli&s been shown to induce the
activation of ERKvia RAC1 (Wang et al., 2010), we conclude that p62 aeduDLK1 in our

p62 transgenic animals, which leads to increased RAR&ls and subsequent activation of
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ERK (Fig. 3.6). We suppose that DLK1 might be thesimg link for the mechanism how p62

induces ERK activation.

Taken together, our data show that p6R gromotes tumor development (Fig. 3.6),) (

deregulates microRNAs, which are involved in hepatoinogenesis (Fig. 3.6)]k) regulates

imprinting networks linked to hepatocarcinogeneassfound for theégf2/H19 andDIk1/Gtl2

cluster (Fig. 3.6), andlY) leads to the activation of the survival pathwaRKE via

DLK1/RACL (Fig. 3.6).
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Fig. 3.6:Mechanisms of p62-mediated ERK activation and cadeeelopment.

These findings support p62 as a potential biomaakdrtarget for the treatment of HCC.
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4 Extended summary

The insulin-like growth factor 21GF2) mRNA binding protein p62/IGF2B2-2/IMP2-2
induces hepatic steatosis in mice, is overexpressedtients with hepatocellular carcinoma
(HCC), and is associated with the overexpressidhetumorigenic growth factor IGF2.

With hepatic steatosis being a crucial step in Hf&@elopment, the mechanisms by which
p62 promotes malignant transformations in liveedse progression are poorly characterized.
Therefore, the aim of this study was to elucid&ie implications of p62 on lipogenic and
tumorigenic pathways.

Since alterations in hepatic lipid and fatty acaimposition are linked to liver pathogenesis
we analyzed the liver lipids @62 transgenic animals. Almost all lipid classes welevated

in the p62 transgenic livers, with triglycerides showing te®ongest increase. The lipid
profile indicated thap62 transgenic animals might develop signs of inflarmomawithin their
livers. Concordantly, we found elevated hepatielewf the inflammatory marker F4/80 and
leukocyte infiltrates (Fig. 4.1).

The fatty acid composition revealed an increaséd od C18 to C16 fatty acids. In line with
this finding, the enzyme ELOVL fatty acid elonga8e(ELOVLG6), responsible for the
elongation of C16 to C18 fatty acids and implicatethe development of steatohepatits, was
upregulated by p62 and the subsequent inductid@lB2 (Fig. 4.1). Concordantly, we found
that p62 and IGF2 mRNA strongly correlated witiELOVL6 mRNA also in human liver
disease. IGF2 mediated its effect by inducing tregumation of sterol regulatory element
binding transcription factor 1 (SREBF1) (Fig. 4.9ne of the pivotal transcriptional
regulators of ELOVLS.

p62-induced steatosis was not mediated by increalgedhovo lipogenesis, decreased
peroxisomal lipid degradation, decreased lipid etpw increased lipid uptake in the liver. In
fact, decreased levels of C16 fatty acids, elorjabeC18 fatty acids by ELOVL6, were
responsible for carnitine palmitoyltransferase 1@&PT1A) inhibition and a subsequently
decreased mitochondrial fatty acid degradation, ctwhifinally led to hepatic lipid
accumulation and steatosis (Fig. 4.1).

These results demonstrate an important role ofg&Pp62-induced ELOVLG levels in the
development of steatosis and steatohepatitis.

We found that p62 correlates with poor prognosipatients with HCC, inducekGF2 in
human hepatoma cell lines and exerts its antiapiopdffect dependent on the extracellular-
signal regulated kinase (ERK) pathway (Fig. 4.1).
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In HCC, however, the role of ELOVLSG is still elusivWe could demonstrate that ELOVL6
was downregulated in a large proportion of HCCqrdsi and in a murine HCC model.

p62 amplifies HCC development, which might be pasitributed to delta-like 1 homolog
(DLK1) mediated upregulation of ras-related C3 hotum toxin substrate 1 (RAC1) and the
subsequent activation of the antiapoptotic ERK wath as found in ouyp62 transgenic mice
and cell culture experiments (Fig. 4.1).

Taken together, our data underline the crucial 0blg62 in liver diseases and provide further
evidence that p62 might serve as prognostic maakdrtarget for treatment options in liver

diseases.
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Fig. 4.1: Summary: Pathophysiological effects of p62.
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5.1 Supplemental materials and methods

5.1.1 Preparation of nuclear extracts

Nuclear extracts from HepG2 cells and murine litissue were prepared as described by
Azzout-Marniche et al. (Azzout-Marniche et al., Q00500,000 cells in 2 ml media were
grown over night in 6 well plates prior to the resfive treatment. After the treatment, cells
were washed twice with ice cold PBS and lysed i@ iObuffer A and homogenized with a
syringe and transferred to a clean vial. Liveruesgapproximately 100 mg) was homogenized
in 200 pl buffer A with a pestle homogenizef49540-0000, Kontes Glass Company,
Vineland, USA) and a syringe. The cell or tissusatgs were centrifuged at 5@ for 10
min at 4 °C. The supernatant was transferred teancvial and stored at -80 °C until SDS-
PAGE as cytosolic fraction. The pellet was washeidd with buffer A. The washed pellet
was resuspended in 20 pl (cells) or 50 pl (tisfudher B and incubated for 30 min on ice.
Afterwards, the nuclear fraction was centrifuged1d{000 xg for 30 min at 4 °C. The
supernatant was stored at -80 °C and subjecte®@&FAGE as nuclear fraction. Anti-lamin
A/C antibody (#2032, Cell Signaling Technology, Dars, USA) for nuclear fraction and

anti-a—tubulin for cytosolic fraction were used as logdaontrols.
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Buffer A:

1l
Tris-HCI 169
NacCl 0.584 g
MgClxx6H20 0.61g

Freshly add to 5 ml Buffer A

Nonidet P40 0.25 ml
Complete 7 0.83 ml
Buffer B:

1l
HEPES 249
NaCl 58.44 g
MgCl2x6H20 0.3g
Glycerol 25 ml
EDTA 0.37¢g
EGTA 0.38¢g

Freshly add to 5 ml Buffer B
DTT 50 pl
Complete 7 0.83 ml

Supplemental part

concentration
10 mM

10 mM

3 mM

0.5%
1x

concentration
10 mM

0.42 M

1.5 mM
2.5%

1mM

1mM

1 mM
1x
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5.1.2 Immunocytochemistry

HepG2 cells were grown on coverslips. After 48 éytlwere washed with phosphate buffered
saline (PBS, pH 7.4) and fixed with 4% paraformbidte in PBS for 10 min at RT. The
samples were washed with ice cold PBS and incubaiéd 1% [m/v] BSA/10% [v/V]
FCS/0.3 M glycin in PBS + 0.1% [v/v] TweBrR0. After washing with PBS, the primary
antibodies against ELOVL6 (PRS4571, Sigma Aldriglaufkirchen, Germany), SREBF1
(ab3259, Abcam, Cambridge, United Kingdom), and FI2D946, BD Biosciences, Franklin
Lakes, USA) were incubated at 1 pg/ml in PBS + O[#sg Tweerf 20 and 1% BSA [m/V]
overnight at 4°C. The samples were washed with BB& the secondary antibodies Alexa
Fluor® 594 F(ab?) fragment of goat anti-rabbit IgG (H+L) and Alexduér® 498 F(ab})
fragment of goat anti-mouse IgG (H+L) (A-1103%¥-11017, Life technologies, Darmstadt,
Germany) was added in a dilution of 1:1,000 in PB&.1% [v/v] Tweeff 20 and 1% BSA
[m/v] for 1 h at RT under exclusion of light. Aftevashing with PBS, the samples were
treated with 0.2 pg/ml diaminophenylindol HCI (DARD9542, Sigma Aldrich, Taufkirchen,
Germany) for 1 min. The cells were washed with PB®unted in FluoroSafemounting
medium (#345789, Merck, Darmstadt, Germany), asdalised with an inverse fluorescence

microscope (Axio Observer, Zeiss, Feldbach, Swiss).
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5.1.3 Primer and conditions

Supplemental part

primer
amount
; . : amplicon gene bank [ul/reaction
orward primer reverse primer . :
gene o : o size accession [10 puM]]
sequence 5°-3 sequence 5°-3
[bp] number /
annealing
temp [°C]
TGCGTGACATTAA | GTCAGGCAGCTCG 0.4
huACTB GGAGAAG TAGCTCT 107 NM_001101 60
TCCGACCAGTAAT | GGGAACGTTATCC 0.5
huACACA CACTTTGC CCAAACC 139 NM_198834.1 60
CACTGTGAGCTGG| GTGTGAAGTCAAA 0.4
huELOVL6 AAAAGGGAG CAGGGAGGG 104 NM_024090.2 60
ACTTCCCCAACGG| GCGTCTTCCACAC 0.4
huFASN TTCAGGTTC TATGCTCAG 150 NM_004104.4 62
CCTTACGCTCCAA | TCTCTCCGAGGGG 0.4
huGCK GGCTACA CTAAGAG 93 NM_033508.1 60
GGACTTGAGTCCC| TGAAAATTCCCGT 0.5
hulGF2 TGAACCA GAGAAGG 100 NM_000612 56
CCCAAGTGGAAGA | CTCTTCCTCCGCTT] 0.4
huMLXIPL ATTTCAAAG CACATACT 110 NM_032952.2 59
TCATCAACCCCAT | GCAATGAGCAAGG 0.2
huNR1H3 CTTCGAG CAAACTC 79 NM_005693 60
GTTCCCGCATCAT | GAATCTCGCCAGC 0.4
hup62 CACTCTTAT TGTTTGA 117 AF057352 62
CCCACACTGAAAG | CTCCTGGAGCCCC 0.4
huPKLR CATGTCG AATCAG 114 NM_000298.5 60
TGCGTAGAAGAGC| GTTGACTGGACGG 0.2
D
huPPARA CCAGAAA AGCTGAG 137 NM_001001928.p 60
AAGAGAAAATGCC | GCGTACAAAGGTT 0.4
huRAC1 TGCTGTTGTAA CCAAGGG 2 NM_006908.4 60
GCCAATTTCCTCT | AAGTTCGCTCTTA 0.4
huSCD CCACTGCTG GAAGCTGCC 80 NM_005063.4 60
CCATGGATTGCAC | GGCCAGGGAAGTC 0.4
huSREBF1 TTTCGAA ACTGTCTT 66 NM_001005291. 60

Suppl. table 1: Real-time RT-PCR primer and conditions for humanegeand 5 x HOT
FIREPoP EvaGreefigPCR Mix.
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primer
amount
. . amplicon gene bank [pl/reaction
forward primer reverse primer . ;
gene o : o size accession [10 puM]]
sequence 5°-3 sequence 5°-3
[bp] number /

annealing

temp. [°C]
GTAACCCGTTGAA | CCATCCAATCGGT 0.4
mul8s CCCCATT AGTAGCG 151 NR_003278.1 58
mMu91H CCGTGTGCTTGAG| CAACCTCCCCCCA 194 NR_001592.1 0.4
GCCTCGCCT TGAGTCG NC_000073.6 61
. CGGAGCTACCTGC| GTGACAGCAGCAT 0.3
muAire AGAGAC CAGAGC 106 NM_009646 55
ACTTGCGTGGACC| CTGTTGGTTGCGG 0.3
muDIk1 TGGAGAA CTACGAT 221 NM_010052.5 58
muF4/80/ | CTTTGGCTATGGG| GCAAGGAGGACA 0.3
EMRL CTTCCAGTC | GAGTTTATCGTG | 16° NM_010130 60
ACAATGGACCTGT | GTACCAGTGCAGG 0.2
muElovl6 CAGCAAA AAGATCAGT 119 NM_130450.2 60
AAGCACCATGAGC | TTGCACATTTCCT 0.4
muGtl2 CACTAGG GTGGGAC 288 NR_104450.1 62
muH19spec GGAGACTAGGCCA| GCCCATGGTGTTC 159 NR_001592.1 0.5
P GGTCTC AAGAAGGC reverse primer 60
GAGAGCCTGTGTT | GAGTGCTGCCTAA 0.5
mull1p TTCCTCC TGTCCC 115 NM_008361.3 60
: CTGGGGACCTAAA| GAAGCCACCCTAT 0.5
muMIxipl CAGGAGC AGCTCCC 166 NM_021455.4 60
TTGGATGGGCTGT| GTGACGTTGACAA 0.4
mup62 TGGCTGA CGGCAGTT 86 NM_183029.2 60
CCTTCCCTGTGAA | CCACAGAGCGCTA 0.5
muPpara CTGACG AGCTGT 77 NM_001113418. 60
GCGAAAGAGATCG | GACAGAGAACCGC 0.4
muRacl GTGCTGT TCGGATAG 100 NM_009007.2 62
GTGAGGATGGTAG| CACCACGCTTCAA 0.4
muPten GGGAAT AGAGAAA 88 NM_008960.2 60
ATCGCCGTTCACG | GGAAACCGCGCTT 0.4
muWnt10b AGTGTC GAGGAT 111 NM_011718.2 61

Suppl. table 2: Real-time RT-PCR primer and conditions for murirengs and 5 x HOT

FIREPoP EvaGreefigPCR Mix.
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. dNTPs | MgCl2
. . amplicon | gene bank
forward primer | reverse primer )y o . . / /
gene C o . Probe, 5'-3 size accession
sequence 5°-3" | sequence 5°-3 Probe | Temp
[bp] number N
[pmol] | [°C]
TGTCTTTGG | TGGGCCGC
eyclophilin | CCTTCATOAC aacTTTGTC | GTCTCCTT| 64 | NMPDB90) 125 KM S M
TGC CGA ' '
TCACTGAA
1o | CAGAGGTGGA fgﬂ’g}%ﬁ? GGCGAGG| oo | NR_00159| 125 uM | 3mM
TGTGCCTGCC CTGTC ATGACAG 2.1 25 58
GT GTGG
CCTTCGCC
GGAAGTCGAT | CGAACAGAC
Igf2 GTTGGTGCTTC| AAACTGAAG | [ TCTECTG 5y |NM_01051) 125 uM | 4 mM
CATCGCTG 4.3 15 60
TC CGTGT cT

Suppl. table 3: Real-time RT-PCR primer and conditions for

probes (6-FAM-BHQ1).

murirengs and taq man
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5.1.4 Antibodies and conditions

Supplemental part

primary antibodies

manufacturer /

(anti-human/mouse) dilution buffer temp. Time order number
. : 1:1,000 in PBST + selfmade; Zhang et al.
anti-p62, rabbit 1IgG 50 BSA RT 2h 1999
, . 1:1,000 in PBST + Sigma Aldrich
anti-alpha-tubulin, mouse IgG 5% dry milk RT 2h T9026
Abcam
anti-SREBF1, mouse 1gG 1:200 in RBB RT 2h ab3259
[2A4]
. ] . 1:1,000 in PBST + o . Abcam
anti-PPARA,; rabbit IgG 5% dry milk 4°C overnight ab8934
. . 1:1,000 in PBST + o . Sigma Aldrich
anti-ELOVLS, rabbit IgG 59 BSA 4°C overnight PRSA571
Cell Signaling
. . i . Technology
anti-FASN, rabbit IgG 1:1,000 in RBB RT 2h #3180
[C20G5]
Cell Signaling
anti-lamin A/C, rabbit IgG 1:1,000 in RBB 4°C ovéght Technology
#2032

Suppl. table 4:Antibodies and conditions for Western blot analysis
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5.2 Supplemental figures

The following figures show results obtained withilee PhD thesis from gene expression
analysis by Real-time RT-PCR done on tissue fromNBeated animals. They either
revealed non-statistically significant effects fi82 or are related to other projects. This is

why they will not be discussed in detail.
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Suppl. Fig. 1: mRNA expression in livers from wild-type (co widp62 transgenic mice
(cop62 tg) (co wt, cgpb2 tg, n = 5, each) and mice treated with DEN for(@EN 4 h wt,
p62 tg: n = 6, each) or 48 h (DEN 48 h wt, n = 4@2 tg, n = 10) (permission 13/2009) for
A) transgenic human p62y p62), B) endogenous murine p6&y§ p62), C) Gtl2, D) DIk1,
andE) Elovi6.
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Suppl. Fig. 2: mRNA expression in livers from wild-type (co wihdhp62 transgenic mice
(cop62 tg) (co wt, cop62 tg: n = 5, each) and mice treated with DEN for (OEN 4 h wt,
p62 tg: n = 6, each) or 48 h (DEN 48 h wt, n = 482 tg, n = 10) (permission 13/2009) for

A)Wnt10b, andB) 1114,
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Suppl. Fig. 3:mRNA expression in livers from wild-type (co wtzrB) andp62 transgenic
mice (cop62 tg, n = 5) and mice treated with DEN (DEN w62 tg: n = 20, each)

(permission 48/2009) for

A) transgenic human p68y p62), B) endogenous murine p6&ij p62), C) Igf2, D) H19
using primer, which recognize batil9 and antisens@1H, E) H19 using primer specific for

H19, andF) 91H.
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(permission 48/2009) for
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ER ELOVL6 Overlay

Suppl. Fig. 9: ELOVL6 is located in the endoplasmatic reticulumERY],
Immunocytochemistry of HepG2 cells. Left (green) BDI), middle (red) ELOVLSG, right
merge, (blue) nucleus (DAPI).

130



References

6 References

Anderson, E.L., Howe, L.D., Fraser, A., Callaway,PM Sattar, N., Day, C., Tilling, K. and
Lawlor, D.A. (2014) Weight trajectories throughanty and childhood and risk of
non-alcoholic fatty liver disease in adolescencee RLSPAC study.J Hepatol, in
press, doi: 10.1016/j.jhep.2014.04.018.

Anderson, N. and Borlak, J. (2008) Molecular mec$ras and therapeutic targets in steatosis
and steatohepatiti®harmacol Rev, 60, 311-357.

Anwar, S.L., Krech, T., Hasemeier, B., Schippet, &hweitzer, N., Vogel, A., Kreipe, H.
and Lehmann, U. (2012) Loss of imprinting and allslvitching at the DLK1-MEG3
locus in human hepatocellular carcinorRRoS One, 7, €49462.

Armstrong, M.J., Houlihan, D.D., Bentham, L., ShalC., Cramb, R., Olliff, S., Gill, P.S.,
Neuberger, J.M., Lilford, R.J. and Newsome, P.N01@) Presence and severity of
non-alcoholic fatty liver disease in a large pratpe primary care cohorf. Hepatol,
56, 234-240.

Azzout-Marniche, D., Becard, D., Guichard, C., Eporé/., Ferre, P. and Foufelle, F. (2000)
Insulin effects on sterol regulatory-element-birdinprotein-1¢  (SREBP-1c)
transcriptional activity in rat hepatocyt@ochem J, 350 Pt 2 389-393.

Benetatos, L., Hatzimichael, E., Londin, E., Valtimatos, G., Loher, P., Rigoutsos, I. and
Briasoulis, E. (2013) The microRNAs within the DLHIIO3 genomic region:
involvement in disease pathogene€idl Mol Life i, 70, 795-814.

Blachier, M., Leleu, H., Peck-Radosavljevic, M.,IdaD.C. and Roudot-Thoraval, F. (2013)
The burden of liver disease in Europe: a revievawdilable epidemiological data.
Hepatol, 58, 593-608.

Bohte, A.E., van Werven, J.R., Bipat, S. and Stoke(2011) The diagnostic accuracy of US,
CT, MRI and 1H-MRS for the evaluation of hepatieadbsis compared with liver
biopsy: a meta-analysiEur Radiol, 21, 87-97.

Browning, J.D. and Horton, J.D. (2004) Moleculardia¢ors of hepatic steatosis and liver
injury. J Clin Invest, 114, 147-152.

Bruix, J. and Sherman, M. (2011) Management of tomgdlular carcinoma: an update.
Hepatology, 53, 1020-1022.

Cermelli, S., Ruggieri, A., Marrero, J.A., loannds,N. and Beretta, L. (2011) Circulating
microRNAs in patients with chronic hepatitis C amzh-alcoholic fatty liver disease.
PLoSOne, 6, €23937.

Chalasani, N., Younossi, Z., Lavine, J.E., DiehlMA Brunt, E.M., Cusi, K., Charlton, M.
and Sanyal, A.J. (2012) The diagnosis and manageaiemon-alcoholic fatty liver
disease: Practice guideline by the American Assiotiafor the Study of Liver
Diseases, American College of Gastroenterology, atkde American
Gastroenterological AssociatioAm J Gastroenterol, 107, 811-826.

Chen, Y.J., Zhu, J.M., Wu, H., Fan, J., Zhou, &, H, Yu, Q., Liu, T.T., Yang, L., Wu, C.L.,
Guo, X.L., Huang, X.W. and Shen, X.Z. (2013) Cisatulg microRNAs as a
Fingerprint for Liver CirrhosisPLoS One, 8, e66577.

Christiansen, J., Kolte, A.M., Hansen, T. and MNirIsF.C. (2009) IGF2 mRNA-binding
protein 2: biological function and putative roletype 2 diabetes] Mol Endocrinol,
43, 187-195.

Cohen, J.C., Horton, J.D. and Hobbs, H.H. (201 1k fatty liver disease: old questions
and new insightsScience, 332 1519-1523.

Cotler, S.J., Kanji, K., Keshavarzian, A., JendeM. and Jakate, S. (2004) Prevalence and
significance of autoantibodies in patients with facoholic steatohepatitisl Clin
Gastroenterol, 38, 801-804.

131



References

Coulouarn, C., Factor, V.M., Andersen, J.B., DurkihE. and Thorgeirsson, S.S. (2009)
Loss of miR-122 expression in liver cancer coredatith suppression of the hepatic
phenotype and gain of metastatic properti@sogene, 28, 3526-3536.

Crabb, D.W. (1999) Pathogenesis of alcoholic lidesease: newer mechanisms of injury.
Keio J Med, 48, 184-188.

Dai, L., Ren, P., Liu, M., Imai, H., Tan, E.M. athang, J.Y. (2014) Using immunomic
approach to enhance tumor-associated autoantibaatgcttbn in diagnosis of
hepatocellular carcinom&lin Immunol, 152, 127-139.

Day, C.P. and James, O.F. (1998) Steatohepatitzde af two "hits"Aastroenterology, 114,
842-845.

Day, C.P. and Yeaman, S.J. (1994) The biochemidtatcohol-induced fatty liverBiochim
Biophys Acta, 1215 33-48.

de Lope, C.R., Tremosini, S., Forner, A., Reig,avid Bruix, J. (2012) Management of HCC.
J Hepatol, 56 Suppl 1, S75-87.

Dentin, R., Benhamed, F., Hainault, I., Fauveay,PRéufelle, F., Dyck, J.R., Girard, J. and
Postic, C. (2006) Liver-specific inhibition of ChBE improves hepatic steatosis and
insulin resistance in ob/ob mid@iabetes, 55, 2159-2170.

Esquela-Kerscher, A. and Slack, F.J. (2006) OncommicroRNAs with a role in cancer.
Nat Rev Cancer, 6, 259-2609.

Falix, F.A., Aronson, D.C., Lamers, W.H., HiralallLK. and Seppen, J. (2012) DLK1, a
serum marker for hepatoblastoma in young infaResliatr Blood Cancer, 59, 743-
745.

Fan, J.G. (2013) Epidemiology of alcoholic and roolaolic fatty liver disease in Chind.
Gastroenterol Hepatol, 28 Suppl 1, 11-17.

Fattovich, G., Stroffolini, T., Zagni, I. and DowatF. (2004) Hepatocellular carcinoma in
cirrhosis: incidence and risk factof@astroenterology, 127, S35-50.

Forner, A., Llovet, J.M. and Bruix, J. (2012) Hegallular carcinomalLancet, 379, 1245-
1255.

Foufelle, F. and Ferre, P. (2002) New perspeciivdbe regulation of hepatic glycolytic and
lipogenic genes by insulin and glucose: a role tfog transcription factor sterol
regulatory element binding protein-Riochem J, 366, 377-391.

Fracanzani, A.L., Valenti, L., Bugianesi, E., Andletti, M., Colli, A., Vanni, E., Bertelli, C.,
Fatta, E., Bignamini, D., Marchesini, G. and Fangi&. (2008) Risk of severe liver
disease in nonalcoholic fatty liver disease withnmal aminotransferase levels: a role
for insulin resistance and diabetklgpatology, 48, 792-798.

Fromenty, B. and Pessayre, D. (1995) Inhibition netochondrial beta-oxidation as a
mechanism of hepatotoxiciti?harmacol Ther, 67, 101-154.

Ganapathy-Kanniappan, S., Karthikeyan, S., GesahwirF. and Mezey, E. (2014) Is the
pathway of energy metabolism modified in advancedasis?J Hepatol, in press,
doi: 10.1016/j.jhep.2014.04.017.

Harano, Y., Yasui, K., Toyama, T., Nakajima, T.t8diyoshi, H., Mimani, M., Hirasawa, T.,
Itoh, Y. and Okanoue, T. (2006) Fenofibrate, a pismme proliferator-activated
receptor alpha agonist, reduces hepatic steatadidigd peroxidation in fatty liver
Shionogi mice with hereditary fatty livdriver Int, 26, 613-620.

Hoyumpa, A.M., Jr., Greene, H.L., Dunn, G.D. andh&iker, S. (1975) Fatty liver:
biochemical and clinical consideratiorgn J Dig Dis, 20, 1142-1170.

Hu, G., Drescher, K.M. and Chen, X.M. (2012) ExoabmiRNAs: Biological Properties and
Therapeutic Potentiakront Genet, 3, 56.

Huang, J., Zhang, X., Zhang, M., Zhu, J.D., Zha¥d,., Lin, Y., Wang, K.S., Qi, X.F.,
Zhang, Q., Liu, G.Z., Yu, J., Cui, Y., Yang, P.Wang, Z.Q. and Han, Z.G. (2007)

132



References

Up-regulation of DLK1 as an imprinted gene couldtcibbute to human hepatocellular
carcinomaCarcinogenesis, 28, 1094-1103.

Hudak, C.S. and Sul, H.S. (2013) Pref-1, a gateeep adipogenesig-ront Endocrinol
(Lausanne), 4, 79.

Huynh, H., Nguyen, T.T., Chow, K.H., Tan, P.H., S&C. and Tran, E. (2003) Over-
expression of the mitogen-activated protein kinddAPK) kinase (MEK)-MAPK in
hepatocellular carcinoma: its role in tumor progi@s and apoptosisBMC
Gastroenterol, 3, 19.

Ji, J., Yamashita, T., Budhu, A., Forgues, M., Bia,., Li, C., Deng, C., Wauthier, E., Reid,
L.M., Ye, Q.H., Qin, L.X,, Yang, W., Wang, H.Y., g, Z.Y., Croce, C.M. and
Wang, X.W. (2009) Identification of microRNA-181 lgenome-wide screening as a
critical player in EpCAM-positive hepatic canceerstcells Hepatology, 50, 472-480.

Kamikihara, T., Arima, T., Kato, K., Matsuda, T.at, H., Douchi, T., Nagata, Y., Nakao,
M. and Wake, N. (2005) Epigenetic silencing of thmprinted gene ZAC by DNA
methylation is an early event in the progressionhofman ovarian canceint J
Cancer, 115 690-700.

Karakatsanis, A., Papaconstantinou, |., Gazouli, IMberopoulou, A., Polymeneas, G. and
Voros, D. (2013) Expression of microRNAs, miR-21iRa81, miR-122, miR-145,
miR-146a, miR-200c, miR-221, miR-222, and miR-22®atients with hepatocellular
carcinoma or intrahepatic cholangiocarcinoma asdpibgnostic significanceMol
Carcinog, 52, 297-303.

Keniry, A., Oxley, D., Monnier, P., Kyba, M., Dandp L., Smits, G. and Reik, W. (2012)
The H19 lincRNA is a developmental reservoir of r&FS that suppresses growth
and Igflr.Nat Cell Biol, 14, 659-665.

Kessler, S.M., Pokorny, J., Zimmer, V., Laggai, Sammert, F., Bohle, R.M. and Kiemer,
A.K. (2013) IGF2 mRNA binding protein p62/IMP2-2 hepatocellular carcinoma:
antiapoptotic action is independent of IGF2/P13ghsiling.Am J Physiol Gastrointest
Liver Physiol, 304, G328-G336.

Kim, K.H., Shin, H.J., Kim, K., Choi, H.M., Rhee,F&, Moon, H.B., Kim, H.H., Yang, U.S,,
Yu, D.Y. and Cheong, J. (2007) Hepatitis B virupddtein induces hepatic steatosis
via transcriptional activation of SREBP1 and PPARg®. Gastroenterology, 132
1955-1967.

Kopec, K.L. and Burns, D. (2011) Nonalcoholic falityer disease: a review of the spectrum
of disease, diagnosis, and theragytr Clin Pract, 26, 565-576.

Kosaka, N., Iguchi, H. and Ochiya, T. (2010) Ciating microRNA in body fluid: a new
potential biomarker for cancer diagnosis and pregn@ancer i, 101, 2087-2092.

Kostapanos, M.S., Kei, A. and Elisaf, M.S. (2013)rn@nt role of fenofibrate in the
prevention and management of non-alcoholic fattgrlidiseaseWorld J Hepatol, 5,
470-478.

Koteish, A. and Diehl, A.M. (2001) Animal modelssitatosisSemin Liver Dis, 21, 89-104.

Kotronen, A. and Yki-Jarvinen, H. (2008) Fatty liva novel component of the metabolic
syndromeArterioscler Thromb Vasc Biol, 28, 27-38.

Kotronen, A., Yki-Jarvinen, H., Mannisto, S., S&aski, L., Korpi-Hyovalti, E., Oksa, H.,
Saltevo, J., Saaristo, T., Sundvall, J., Tuomileldtoand Peltonen, M. (2010) Non-
alcoholic and alcoholic fatty liver disease - twisahses of affluence associated with
the metabolic syndrome and type 2 diabetes: the-DX@N survey.BMC Public
Health, 10, 237.

Laggai, S., Kessler, S.M., Boettcher, S., Lebrun, &mperlein, K., Lederer, E., Leclercq,
[.A., Mueller, R., Hartmann, R.W., Haybaeck, J. atidmer, A.K. (2014) The IGF2
MRNA binding protein p62/IGF2BP2-2 induces fattyidaelongation as a critical
feature of steatosid.Lipid Res, 55, 1087-1097.

133



References

Laggai, S., Simon, Y., Ranssweiler, T., Kiemer, A#&nhd Kessler, S.M. (2013) Rapid
chromatographic method to decipher distinct altenst in lipid classes in
NAFLD/NASH. World J Hepatol, 5, 558-567.

Lee, Y., Jeon, K., Lee, J.T., Kim, S. and Kim, V(2002) MicroRNA maturation: stepwise
processing and subcellular localizati&BO J, 21, 4663-4670.

Li, X., Nadauld, L., Ootani, A., Corney, D.C., P&,K., Gevaert, O., Cantrell, M.A., Rack,
P.G., Neal, J.T., Chan, C.W., Yeung, T., Gong,Y¥Xian, J., Wilhelmy, J., Robine, S.,
Attardi, L.D., Plevritis, S.K., Hung, K.E., Chen, £, Ji, H.P. and Kuo, C.J. (2014)
Oncogenic transformation of diverse gastrointestiigsues in primary organoid
culture.Nat Med, in press, doi: 10.1038/nm.3585.

Lim, L., Balakrishnan, A., Huskey, N., Jones, K.Dodari, M., Ng, R., Song, G., Riordan, J.,
Anderton, B., Cheung, S.T., Willenbring, H., Dupdy, Chen, X., Brown, D., Chang,
A.N. and Goga, A. (2014) MicroRNA-494 within an @genic microRNA
megacluster regulates G1/S transition in liver tugemesis through suppression of
mutated in colorectal cancétepatology, 59, 202-215.

Liu, M., Roth, A., Yu, M., Morris, R., Bersani, FRivera, M.N., Lu, J., Shioda, T.,
Vasudevan, S., Ramaswamy, S., Maheswaran, S., fkgeS. and Haber, D.A.
(2013) The IGF2 intronic miR-483 selectively enhestranscription from IGF2 fetal
promoters and enhances tumorigendsenes Dev, 27, 2543-2548.

Liu, X., Ye, H., Li, L., Li, W., Zhang, Y. and Zhgn J.-Y. (2014) Humoral Autoimmune
Responses to Insulin-Like Growth Factor 1 mRNA-#@iimy Proteins IMP1 and
p62/IMP2 in Ovarian Cancedournal of Immunology Research, 2014 7.

Lonardo, A., Adinolfi, L.E., Loria, P., Carulli, N.Ruggiero, G. and Day, C.P. (2004)
Steatosis and hepatitis C virus: mechanisms andifis@nce for hepatic and
extrahepatic diseas@astroenterology, 126, 586-597.

Loomba, R. and Sanyal, A.J. (2013) The global NAFRgmdemic.Nat Rev Gastroenterol
Hepatol, 10, 686-690.

Lu, M., Nakamura, R.M., Dent, E.D., Zhang, J.Y.eNen, F.C., Christiansen, J., Chan, E.K.
and Tan, E.M. (2001) Aberrant expression of fetlllARbinding protein p62 in liver
cancer and liver cirrhosigm J Pathol, 159 945-953.

Matsuda, Y., Matsumoto, K., Yamada, A., Ichida,Asakura, H., Komoriya, Y., Nishiyama,
E. and Nakamura, T. (1997) Preventive and therapeffects in rats of hepatocyte
growth factor infusion on liver fibrosis/cirrhosidepatol ogy, 26, 81-89.

Matsuzaka, T., Atsumi, A., Matsumori, R., Nie, Bhinozaki, H., Suzuki-Kemuriyama, N.,
Kuba, M., Nakagawa, Y., Ishii, K., Shimada, M., Kglashi, K., Yatoh, S., Takahashi,
A., Takekoshi, K., Sone, H., Yahagi, N., Suzuki, Murata, S., Nakamuta, M.,
Yamada, N. and Shimano, H. (2012) Elovl6 promotesaitoholic steatohepatitis.
Hepatology, 56, 2199-2208.

Meister, G. (2013) Argonaute proteins: functionasights and emerging roleblat Rev
Genet, 14, 447-459.

Meng, F., Henson, R., Wehbe-Janek, H., Ghoshal,J&cpb, S.T. and Patel, T. (2007)
MicroRNA-21 regulates expression of the PTEN tursappressor gene in human
hepatocellular canceGastroenterology, 133 647-658.

Miyoshi, H., Moriya, K., Tsutsumi, T., Shinzawa,, &ujie, H., Shintani, Y., Fujinaga, H.,
Goto, K., Todoroki, T., Suzuki, T., Miyamura, T.,atuura, Y., Yotsuyanagi, H. and
Koike, K. (2011) Pathogenesis of lipid metabolisnsodder in hepatitis C:
polyunsaturated fatty acids counteract lipid atierss induced by the core proteih.
Hepatol, 54, 432-438.

Montagut, C. and Settleman, J. (2009) Targeting RAd--MEK-ERK pathway in cancer
therapy.Cancer Lett, 283 125-134.

134



References

Moriya, K., Todoroki, T., Tsutsumi, T., Fujie, HShintani, Y., Miyoshi, H., Ishibashi, K.,
Takayama, T., Makuuchi, M., Watanabe, K., MiyamUra,Kimura, S. and Koike, K.
(2001) Increase in the concentration of carbon b®ounsaturated fatty acids in the
liver with hepatitis C: analysis in transgenic mared humansBiochem Biophys Res
Commun, 281, 1207-1212.

Muir, K., Hazim, A., He, Y., Peyressatre, M., Kifd,Y., Song, X. and Beretta, L. (2013)
Proteomic and lipidomic signatures of lipid metadol in NASH-associated
hepatocellular carcinom@&ancer Res, 73, 4722-4731.

Nagrath, D. and Soto-Gutierrez, A. (2014) Reply"te:the pathway of energy metabolism
modified in advanced cirrhosis3'Hepatol, in press, doi: 10.1016/j.jhep.2014.04.040.

Nascimento, A.C., Maia, D.R., Neto, S.M., Lima, E.Mwycross, M., Baquette, R.F. and
Lobato, C.M. (2012) Nonalcoholic Fatty liver diseas chronic hepatitis B and C
patients from Western Amazomt J Hepatol, 2012 695950.

Neuschwander-Tetri, B.A. and Caldwell, S.H. (208@®nalcoholic steatohepatitis: summary
of an AASLD Single Topic Conferencdepatology, 37, 1202-1219.

Niba, E.T., Nagaya, H., Kanno, T., Tsuchiya, A.,t@&0 A., Tabata, C., Kuribayashi, K.,
Nakano, T. and Nishizaki, T. (2013) Crosstalk bemé13 kinase/PDK1/Akt/Racl
and Ras/Raf/MEK/ERK pathways downstream PDGF rece@ell Physiol Biochem,
31, 905-913.

Nielsen, F.C., Nielsen, J. and Christiansen, JOI20A family of IGF-Il mRNA binding
proteins (IMP) involved in RNA traffickingScand J Clin Lab Invest Suppl, 234, 93-
99.

Nielsen, J., Christiansen, J., Lykke-AndersenJdhnsen, A.H., Wewer, U.M. and Nielsen,
F.C. (1999) A family of insulin-like growth factoll mMRNA-binding proteins
represses translation in late developmptd. Cell Biol, 19, 1262-1270.

Nishikawa, T., Bellance, N., Damm, A., Bing, H.,\.ZIZ., Handa, K., Yovchev, M.I., Sehgal,
V., Moss, T.J., Oertel, M., Ram, P.T., Pipinos, Sbto-Gutierrez, A., Fox, 1.J. and
Nagrath, D. (2014) A switch in the source of ATBguction and a loss in capacity to
perform glycolysis are hallmarks of hepatocyteuial in advance liver diseasé.
Hepatol, in press, doi: 10.1016/j.jhep.2014.02.014.

Oertel, M., Menthena, A., Chen, Y.Q., Teisner, Bnsen, C.H. and Shafritz, D.A. (2008)
Purification of fetal liver stem/progenitor cellsortaining all the repopulation
potential for normal adult rat liveGastroenterology, 134, 823-832.

Ohlsson, R., Cui, H., He, L., Pfeifer, S., Malmikom H., Jiang, S., Feinberg, A.P. and
Hedborg, F. (1999) Mosaic allelic insulin-like grihwfactor 2 expression patterns
reveal a link between Wilms' tumorigenesis and eépagic heterogeneitfancer Res,

59, 3889-3892.

Postic, C. and Girard, J. (2008) Contribution of mevo fatty acid synthesis to hepatic
steatosis and insulin resistance: lessons from tgalg engineered miceJ Clin
Invest, 118 829-838.

Puri, P., Baillie, R.A., Wiest, M.M., Mirshahi, FChoudhury, J., Cheung, O., Sargeant, C.,
Contos, M.J. and Sanyal, A.J. (2007) A lipidomi@lgmsis of nonalcoholic fatty liver
diseaseHepatology, 46, 1081-1090.

Puri, P., Wiest, M.M., Cheung, O., Mirshahi, F.rgsant, C., Min, H.K., Contos, M.J.,
Sterling, R.K., Fuchs, M., Zhou, H., Watkins, S.Ehd Sanyal, A.J. (2009) The
plasma lipidomic signature of nonalcoholic steapatiitis. Hepatology, 50, 1827-
1838.

Qian, H.L., Peng, X.X., Chen, S.H., Ye, H.M. andiQl.H. (2005) p62 Expression in primary
carcinomas of the digestive systaiorld J Gastroenterol, 11, 1788-1792.

135



References

Ratziu, V., Bellentani, S., Cortez-Pinto, H., D&y, and Marchesini, G. (2010) A position
statement on NAFLD/NASH based on the EASL 2009 igpeonferenced Hepatol,

53, 372-384.
Ray, K. (2013) NAFLD-the next global epidemidat Rev Gastroenterol Hepatol, 10, 621.
Reddy, J.K. (2001) Nonalcoholic steatosis and sltegdatitis. Ill. Peroxisomal beta-

oxidation, PPAR alpha, and steatohepatfis1 J Physiol Gastrointest Liver Physiol,
281, G1333-1339.

Reddy, J.K. and Rao, M.S. (2006) Lipid metabolisml &ver inflammation. Il. Fatty liver
disease and fatty acid oxidatiohm J Physiol Gastrointest Liver Physiol, 290, G852-
858.

Roderburg, C., Urban, G.W., Bettermann, K., Vuddt, Zimmermann, H., Schmidt, S.,
Janssen, J., Koppe, C., Knolle, P., Castoldi, McKE, F., Trautwein, C. and Luedde,
T. (2011) Micro-RNA profiling reveals a role for Ri29 in human and murine liver
fibrosis.Hepatology, 53, 209-218.

Sakatani, T., Kaneda, A., lacobuzio-Donahue, C@aster, M.G., de Boom Witzel, S.,
Okano, H., Ko, M.S., Ohlsson, R., Longo, D.L. arginberg, A.P. (2005) Loss of
imprinting of Igf2 alters intestinal maturation atuwmorigenesis in mice&cience, 307,
1976-1978.

Schattenberg, J.M. and Schuppan, D. (2011) Nonalwolsteatohepatitis: the therapeutic
challenge of a global epidemiCurr Opin Lipidol, 22, 479-488.

Schmidt, J.V., Matteson, P.G., Jones, B.K., Guad, and Tilghman, S.M. (2000) The DIkl
and Gtl2 genes are linked and reciprocally impdn€enes Dev, 14, 1997-2002.
Schmitz, K.J., Helwig, J., Bertram, S., Sheu, SSattorp, A.C., Seggewiss, J., Willscher, E.,
Walz, M.K., Worm, K. and Schmid, K.W. (2011) Diftartial expression of
microRNA-675, microRNA-139-3p and microRNA-335 irerbgn and malignant

adrenocortical tumourd.Clin Pathol, 64, 529-535.

Schmitz, K.J., Wohlschlaeger, J., Lang, H., Sotmdps, G.C., Malago, M., Steveling, K.,
Reis, H., Cicinnati, V.R., Schmid, K.W. and BabaAH(2008) Activation of the ERK
and AKT signalling pathway predicts poor prognasisiepatocellular carcinoma and
ERK activation in cancer tissue is associated vh#patitis C virus infectionJ
Hepatol, 48, 83-90.

Schnelzer, A., Prechtel, D., Knaus, U., Dehne, ®erhard, M., Graeff, H., Harbeck, N.,
Schmitt, M. and Lengyel, E. (2000) Racl in humaealt cancer: overexpression,
mutation analysis, and characterization of a n@forsn, RaclbOncogene, 19, 3013-
3020.

Shen, J., Wang, A., Wang, Q., Gurvich, I., SiedgeB., Remotti, H. and Santella, R.M.
(2013) Exploration of genome-wide circulating miRMA in hepatocellular
carcinoma: MiR-483-5p as a potential biomarkaancer Epidemiol Biomarkers Prev,
22, 2364-2373.

Sherman, M. (2010) Serological surveillance for dtepellular carcinoma: time to qui.
Hepatol, 52, 614-615.

Shimada, M., Hashimoto, E., Taniai, M., HasegawaQkuda, H., Hayashi, N., Takasaki, K.
and Ludwig, J. (2002) Hepatocellular carcinoma iatignts with non-alcoholic
steatohepatitisl Hepatol, 37, 154-160.

Simon, Y., Kessler, S.M., Bohle, R.M., Haybaeckadd Kiemer, A.K. (2014a) The insulin-
like growth factor 2 (IGF2) mRNA-binding protein §8GF2BP2-2 as a promoter of
NAFLD and HCC?Gut, 63, 861-863.

Simon, Y., Kessler, S.M., Gemperlein, K., BohleMR. Mueller, R., Haybaeck, J. and
Kiemer, A.K. (2014b) Elevated free cholesterol ashallmark of NASH in
p62/IGF2BP2-2 transgenic animai§orld J Gastroenteral, in press.

136



References

Tanimizu, N., Nishikawa, M., Saito, H., Tsujimurg, and Miyajima, A. (2003) Isolation of
hepatoblasts based on the expression of DIk/Pr&E#ll Sci, 116, 1775-1786.

Targher, G., Bertolini, L., Padovani, R., Rodela, Tessari, R., Zenari, L., Day, C. and
Arcaro, G. (2007) Prevalence of nonalcoholic fdter disease and its association
with cardiovascular disease among type 2 diabetiepts.Diabetes Care, 30, 1212-
1218.

Thompson, N. and Lyons, J. (2005) Recent progresargeting the Raf/MEK/ERK pathway
with inhibitors in cancer drug discovei@urr Opin Pharmacol, 5, 350-356.

Tybl, E., Shi, F.D., Kessler, S.M., Tierling, S.aWér, J., Bohle, R.M., Wieland, S., Zhang, J.,
Tan, E.M. and Kiemer, A.K. (2011) Overexpressiontio¢ IGF2-mRNA binding
protein p62 in transgenic mice induces a steapdtenotypeJ Hepatol, 54, 994-1001.

Underwood Ground, K.E. (1984) Prevalence of fattgrlin healthy male adults accidentally
killed. Aviat Space Environ Med, 55, 59-61.

Vuppalanchi, R., Gould, R.J., Wilson, L.A., Unalpida, A., Cummings, O.W., Chalasani,
N. and Kowdley, K.V. (2012) Clinical significancé gerum autoantibodies in patients
with NAFLD: results from the nonalcoholic steatohgps clinical research network.
Hepatol Int, 6, 1, 379-385.

Walch, A., Seidl, S., Hermannstadter, C., RauserD8plazes, J., Langer, R., von Weyhern,
C.H., Sarbia, M., Busch, R., Feith, M., Gillen, Sofler, H. and Luber, B. (2008)
Combined analysis of Racl, IQGAP1, Tiaml and E-eadhexpression in gastric
cancerMod Pathol, 21, 544-552.

Wang, H., Hou, L., Li, A., Duan, Y., Gao, H. andngp X. (2014) Expression of serum
exosomal microRNA-21 in human hepatocellular cancia. BioMed Research
International, 2014 864894.

Wang, X.W., Heegaard, N.H. and Orum, H. (2012) MRNAs in liver disease.
Gastroenterology, 142, 1431-1443.

Wang, Y., Kim, K.A., Kim, J.H. and Sul, H.S. (200Bjef-1, a preadipocyte secreted factor
that inhibits adipogenesid Nutr, 136, 2953-2956.

Wang, Y., Zhao, L., Smas, C. and Sul, H.S. (201@j-P interacts with fibronectin to inhibit
adipocyte differentiationMol Cell Biol, 30, 3480-3492.

Wong, V.W., Wong, G.L., Tsang, S.W., Hui, A.Y., @Gha.W., Choi, P.C., Chim, A.M,,
Chu, S., Chan, F.K., Sung, J.J. and Chan, H.L. Qp0@etabolic and histological
features of non-alcoholic fatty liver disease pagewith different serum alanine
aminotransferase levelaliment Pharmacol Ther, 29, 387-396.

Xu, J., Wu, C., Che, X., Wang, L., Yu, D., Zhang, Muang, L., Li, H., Tan, W., Wang, C.
and Lin, D. (2011) Circulating microRNAs, miR-21,iRa122, and miR-223, in
patients with hepatocellular carcinoma or chrorepdtitis. Mol Carcinog, 50, 136-
142.

Xu, L., Beckebaum, S., lacob, S., Wu, G., KaisetMG Radtke, A., Liu, C., Kabar, 1.,
Schmidt, H.H., Zhang, X., Lu, M. and Cicinnati, V.R2014) MicroRNA-101 inhibits
human hepatocellular carcinoma progression throB@2 downregulation and
increased cytostatic drug sensitividgurnal of Hepatology, 60, 590.

Yahagi, N., Shimano, H., Hasty, A.H., Matsuzaka, [@le, T., Yoshikawa, T., Amemiya-
Kudo, M., Tomita, S., Okazaki, H., Tamura, Y., k&) Y., Ohashi, K., Osuga, J.,
Harada, K., Gotoda, T., Nagai, R., Ishibashi, I ¥amada, N. (2002) Absence of
sterol regulatory element-binding protein-1 (SREBRxmeliorates fatty livers but not
obesity or insulin resistance in Lep(ob)/Lep(ob)cenid Biol Chem, 277, 19353-
19357.

Yanai, H., Nakamura, K., Hijioka, S., Kamei, A.,alk T., Ishikawa, Y., Shinozaki, E.,
Mizunuma, N., Hatake, K. and Miyajima, A. (2010)kEdl, a cell surface antigen on

137



References

foetal hepatic stem/progenitor cells, is expressetiepatocellular, colon, pancreas
and breast carcinomas at a high frequed®&yochem, 148 85-92.

Yang, W., Lv, S., Liu, X., Liu, H., Yang, W. and HE. (2010) Up-regulation of Tiam1 and
Racl correlates with poor prognosis in hepatoaailahrcinomaJpn J Clin Oncoal,
40, 1053-1059.

Zhang, J.Y., Chan, E.K., Peng, X.X. and Tan, E.M90) A novel cytoplasmic protein with
RNA-binding motifs is an autoantigen in human hepaliular carcinomal Exp Med,
189 1101-1110.

Zhang, Y., Cheng, X., Lu, Z., Wang, J., Chen, HanFW., Gao, X. and Lu, D. (2013)
Upregulation of miR-15b in NAFLD models and in teerum of patients with fatty
liver diseaseDiabetes Res Clin Pract, 99, 327-334.

138



List of publications

7 List of publications

Original publications

Laggai, S, Kessler, S.M., Boettcher, S., Lebrun, V., GemgarlK., Lederer, E., Leclercq,
I.LA., Mueller, R., Hartmann, R.W., Haybaeck, J.d &iemer, A.K. (2014) ThéGF2 mRNA
binding protein p62/IGF2BP2-2 induces fatty acidngjation as a critical feature of steatosis.
JLipid Res, 55, 1087-1097.

Kessler, S.M.,Laggai, S, Barghash, A., Helms, V., and Kiemer A.K. (2014jpid
Metabolism Signatures in NASH-Associated HCC-Let@ancer Res, 74, 2903-2904.

Laggai, S, Simon, Y., Ranssweiler, T., Kiemer AK., and KegsS.M. (2013) Rapid
chromatographic method to decipher distinct alienat in lipid classes in NAFLD/NASH.
World J Hepatol, 5, 558-567.

Kessler, S.M., Pokorny, J., Zimmer, \Laggai, S, Lammert, F., Bohle, R.M., and Kiemer,
A.K. (2013) IGF2 mRNA binding protein p62/IMP2-2 in hepatocellul@arcinoma:
antiapoptotic action is independent of IGF2/PI3gnsiling. Am J Physiol Gastrointest Liver
Physiol 304, G328-G336.

Abstracts to short talks / poster presentations

Laggai, S and Kiemer, A.K. (2014) ThéGF2 mRNA binding protein p62/IGF2BP2-2
induces fatty acid elongation as a critical featnirgp62-induced steatosis. International PhD
students meeting 2014 of the German Pharmace&amaéty (DPhG).

Laggai, S, Kessler, S.M., Gemperlein, K., Haybaeck, J., MuelR., and Kiemer, A.K.
(2013) 1270 Altered fatty acid profile in livers erexpressing thé¢GF2 mRNA binding
protein p62: induction of fatty acid elongase ELOkia IGF2-dependant SREBP1
activation. Journal of Hepatology 58, S514. Top 10% best abstracts. EASL Young
Investigator’s Full Bursary for the Internationalé&r Congres8! 2013, in Amsterdam, The
Netherlands, April 24-28, 2013 offered by BMS, @de MSD, and Roche

Laggai, S and Kiemer, A.K. (2012) Regulation des Tumorseppors PTEN durch d&éGF2
MRNA bindende Protein p62. Kolloquiumsband der Gradenférderung der Hochschulen
des Saarlandes: 1. und 2. Gesamtkolloquium deruenddnférderung am 14.10.2011 und
12.10.2012.In. Universitats- und Landesbibliothek, Saarbruckéttp://scidok.sulb.uni-
saarland.de/volltexte/2014/5624/pdf/Kolloquiumsband _GraduiertenfArderung_2013.pdf

Other publications

Kessler, S.M., Simon, Y.Laggai, S, and Kiemer A.K. (2013) Erst schwillt sie, dann
schrumpft sie-die Rolle von p62 in Lebererkrankumdéagazin Forschung.
http://mwww.uni-saarland.de/fileadmin/user _upload/ Campus/For schung/for schungsmagazin/

139



Acknowledgements

8 Acknowledgements

An erster Stelle méchte ich Frau Prof. Dr. Alexan#. Kiemer danken. Sie gab mir die
Mdglichkeit mit einer Diplomarbeit in lhrem Arbeliis zu beginnen und letztendlich mit
einer hochst interessanten und anspruchsvolleneig®n abzuschlie3en. Insbesondere
mdochte ich mich fur Ihr Interesse, Ihr aulR3ergewidhels Engagement und das mir
entgegengebrachte Vertrauen bedanken. Besondeshwmeren Zeiten (bei plotzlich nicht
mehr funktionierenden Kernisolierungen, p62 Ubereggionen oder bei den vielzahligen
Stipendien-Antradgen und Veroffentlichungen) konidie immer, auch sehr kurzfristig, auf
Sie z&hlen. Ohne die vielen interessanten Disknssml die daraus resultierenden Ideen und
Lésungen ware meine Dissertation in dieser Forrhtniedglich gewesen. Ich bedauere es
sehr lhre Gruppe zu verlassen und hoffe auf eirteggkigit in einem &ahnlich angenehmen
Arbeitsumfeld.

Weiterhin mochte ich mich bei Herrn Prof. Dr. Rbfiiller fur die freundliche Ubernahme
des Zweitgutachtens und die verschiedenen Koopesti mit seiner Arbeitsgruppe
bedanken.

Herrn Prof. Dr. Christian Ducho mochte ich fur dfeeundliche Ubernahme des

Prifungsvorsitzes danken.

Herrn Dr. Stefan Boettcher gilt gleich zweifachearR. Zum einen fir die Teilnahme als
wissenschaftlicher Mitarbeiter in der Prifungskosion und zum anderen fir die

unermudliche Arbeit an der Optimimierung und Quaiérung der Acyl-CoA Derivate.

Frau Dr. Sonja M. Kessler mdchte ich als Betreusomwohl im Diplom als auch in der
Promotion fur lhre Einfihrungen in fast alle prakhen Tatigkeiten, Ihre unermudliche
Geduld, Ihren Rat, die vielen Korrekturen und diketund friichtetragende Zusammenarbeit
danken. Da wir die letzten 4 Jahre gemeinsam ierens Labor so viel erlebt haben, werde
ich sie sehr vermissen und hoffe dass sie einequatkn und ahnlich angenehmen Ersatz-

Laborpartner findet.

140



Acknowledgements

Vielen Dank auch an Frau Dr. Jessica Hoppstadter $Smsanne Schitz fur die vielen
anregenden Diskussionen und schonen Nachmittaged&ban den gastronomischen
Betrieben der UDS.

Ich moéchte auch Frau Rebecca Hahn und Frau Dr.t&®&imon fir die schone gemeinsame

Zeit seit Beginn unseres Pharmaziestudiums danken.

Danke auch an die gesamte Arbeitsgruppe von Fraiu Br. Kiemer. Durch Euch entsteht
ein super Arbeitsklima und ich hatte eine sehr sehdeit. Vielen Dank Astrid Decker, Klaus
Gladel, Dr. Britta Diesel, Theo Ranssweiler, Pe&ehneider, Dr. Josef Zapp, Nina
Hachenthal, Christina Schultheil3, Dr. Ksenia AstanBeate Czepukojc und Anna Dembek

fur die schone gemeinsame Zeit, Eure UnterstitzumaigHilfe.

Leider kann ich nicht jeden namentlich erwahnererabh mochte mich bei allen die mich
direkt oder indirekt bei den Publikationen und @essertation unterstiitzt haben, herzlich

bedanken.

In diesem Sinne moéchte ich mich auch bei der Gaatenforderung der UDS bedanken, die
meine Arbeit durch ein Promotionsstipendium tbedaBre geférdert hat und durch das
jahrlich stattfindende Gesamtkolloquium auch indsemte Einblicke in die Arbeit anderer

Doktoranden bietet.

Ganz besonderer Dank gilt meinen Eltern und me@efimutter, die immer hinter mir
stehen, mich zu dem gemacht haben, was ich heatarai ohne die weder mein Studium
noch meine Abschlisse erreichbar gewesen waremiéser Stelle mdchte ich auch meiner
Freundin Doreen Voetchen, ,meinem Lebensmittelpunkiir ihre Unterstitzung,
Zerstreuungsversuche, ihre Energie und Liebe danken

141



