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Abstract

Background & Aims—The insulin-like growth-factor 2 (IGF2) mRNA binding protein p62 is
highly expressed in hepatocellular carcinoma tissue. Still, its potential role in liver disease is
largely unknown. In this study we investigated pathophysiological implications of p62
overexpression in mice.

Methods—We generated mice overexpressing p62 under an LAP-promotor. mRNA expression
levels and stability were examined by real-time RT-PCR. Allele-specific expression of 1gf2 and
H19 were assessed after crossing mice with SD7 animals. The Igf2 downstream mediators pAKT
and PTEN were determined by Western Blot.

Results—Hepatic p62 overexpression did neither induce inflammatory processes or liver
damage. However, 2.5 week old transgenic animals displayed a steatotic phenotype and improved
glucose tolerance. p62 overexpression induced the expression of the imprinted genes 1gf2 and H19
and their transcriptional regulator Aire (autoimmune regulator). Neither monoallelic expression
nor mRNA stability of 1gf2 and H19 was affected. Investigating 1gf2 downstream signalling
pathways showed increased AKT activation and attenuated PTEN expression.

Conclusion—The induction of a steatotic phenotype implies that p62 plays a role in hepatic
pathophysiology.
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Introduction

During the past 20 years a rise in HCC incidence has been noticed, which is associated with
metabolic risk factors like obesity, diabetes mellitus, non-alcoholic fatty liver disease
(NAFLD), and non-alcoholic steatohepatitis (NASH) [1].

The oncofetal protein p62 was originally identified as a 62 kDa autoantigen from a patient
suffering from HCC [2]. p62 belongs to the family of IGF2 mRNA-binding proteins (IMPSs)
and represents a splice variant of IMP2. p62 expression is absent in adult livers, but can be
found in HCC nodules and in fetal liver [3]. IMPs have been shown to be implicated in
growth promotion, carcinogenesis, and tumor progression [4-6]. The interaction of p62 and
IGF2 might be of special interest with regard to the tumor-promoting nature of IGF2:
reduced IGF2 expression was shown to enhance survival from HCC [7], and a dysregulation
of the haploidic imprinting status of IGF2 and H19 is associated with metabolic diseases and
cancer development [8].

IGF2 plays a key role in mammalian growth through metabolic and growth-promoting
effects [9]. The induction of downstream signal transduction pathways is mediated mainly
through the activation of phosphoinositide 3 (P13)-kinase/AKT [10] and AKT inactivation is
facilitated by the tumor-suppressor PTEN (phosphatase and tensin homolog [10,11].

Since a potential role of p62 in liver disease is largely unknown, we characterized a mouse
model in which p62 was exclusively overexpressed in the liver. The animals developped
fatty livers at an early age, paralleled by a non-inflammatory phenotype.

Materials and Methods

Animals

All animal procedures were performed in accordance with the local animal welfare
committee.

The targeting vector contained the human p62 protein under control of the transrepressive
responsive element cytomegaly virus (TRE-CMV in) promotor (Fig. 1A). In order to induce
p62 expression, transgenic mice were bred with LT2 mice, which carry a liver enriched
activator protein (LAP) under control of a tetracycline transactivator (tTA) [12]. Liver-
specific expression of the transgene can be switched off by the application of doxycycline
(Fig. 1A).

p62*/LT2* (p62) were compared to p62 ~/LT2* (co) in all experiments. Primer sequences
for genotyping are given in supplementary data.

After microinjection, two mouse lineages founded on a different background were
maintained. In lineage 23, only males displayed the transgene. If not stated otherwise,
experiments were performed on lineage 50 to consider gender-specific differences.
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p62/SD7 mice

LT2 mice were bred to homozygous SD7 animals to produce reciprocal F2 progeny (LT2 x
Mus spretus) [13]. 2.5 week old p62*/LT2* and p62 ~/LT2* mice being heterozygous for the
Mus spretus allele were analysed.

Real-time quantitative polymerase chain reaction

Experiments and quantification were performed as described in detail in [14,15]. Sequences
and conditions are given in supplementary data.

Allele-specific expression analysis using single-nucleotide primer extension (SNuPE)

Primer extension was performed employing SNUPE primers placed adjacent to the
polymorphic sites. All steps are described in detail in [16]. The allele-specific expression
index was assessed by calculating the ratio h(C)/[h(C)+h(T)].

IP-Glucose Tolerance Test (IP-GTT)

2.5 week old mice were starved before they were given a single i. p. injection (10 ul/g body
weight) of glucose (B. Braun, Melsungen, Germany). Circulating glucose levels were
measured with an Accu-Check Aviva glucometer (Roche Diagnostics, Mannheim,
Germany).

Serum analysis

2.5 week old mice were starved and sacrificed. Serum levels were determined at the
“Zentrallabor des Universitatsklinikums des Saarlandes” (Homburg, Germany).

Hepatocyte isolation and mRNA stability

Hepatocytes were isolated using a modified two-step collagenase perfusion method [17]
with a viability exceeding 80 %.

Cells were cultured on collagen-coated plates and the next day treated with 10 pug/ml ActD
at different time points [18] (see supplementary data).

Histology and immunohistology

Staining was performed either on cryosections or paraffin-embedded tissues. Detection for
immunohistochemistry was done with the CSA Il kit (DAKO, Hamburg, Germany).

Western blot analysis

Western blots were performed according to [19]. Antibodies used were specific to
phosphoAKT (Ser473), PTEN (New England Biolabs, Frankfurt a. M., Germany and a-
tubulin (Sigma, Thermo Fisher Scientific, Karlsruhe, Germany).

Statistical analysis

Groups were compared using student” s t-test for independent, normally distributed samples.
Data represent the mean + standard error of the mean (SEM). P values less than .05 were
considered significant.

Results

Liver specific expression of p62

Solely double-positive (p62*/LT2%) mice expressed the transgene in the liver (Fig. 1A+B).
Doxycyclin administration abrogated p62 expression (Fig. 1C). Expression levels of p62
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showed rather high interindividual variability and strongly decreased at the age of 10 weeks
(Fig. 1D) although LAP activity increased with age, as shown by increased tTA expression
in LT2* mice (Fig. 1E). p62 expression is restricted to the cytoplasm (Fig. 1F).

Induction of a fatty liver in 2.5 week old p62 transgenic mice

Livers displayed an accumulation of basophilic cells around the central veins (Rappaport
zone 1, Fig. 2A). Leukocyte infiltration was not observed.

A decrease in glycogen staining indicated metabolic alterations (Fig. 2B).

Liver architecture gave hints of an accumulation of neutral lipids. Specific fat staining
demonstrated a steatotic phenotype with a significant rise in fat droplets without a preferred
zonal distribution in 58% of animals (Fig. 2C). Fatty livers occurred with a higher frequency
in females (66%) when compared to males (44%).

Livers of animals at older age displayed no histological alterations.

p62 transgenic animals at 2.5 and 5 weeks of age displayed a non-significant difference in
liver weight, with a tendency towards lower body weights. A slight but significant increase
in the liver to body weight ratio was only observed at the age of 2.5 weeks (Fig. 3A). Serum
cholesterol and HDLC did not differ, neither with regard to gender nor the experimental
groups (Fig. 3B). However, a slight but significant increase in triglyceride (TG) levels was
found in males (Fig. 3B).

Absence of liver damage and inflammation

In order to determine characteristics of NASH, i.e. liver alterations encompassing
inflammation, a potential activation/translocation of NF- B (p65 subunit), which plays a
pivotal role in the inflammatory response, was determined.

Nuclear p65 in immune cells, indicating inflammatory activity, was detected to a very low
extent in both experimental groups (Fig. 3C). Interestingly, however, an increased
cytoplasmic staining of hepatocytes was revealed in 80% of transgenic animals compared to
controls.

The lack of an increase in serum transaminases underlined the absence of inflammation (Fig.
3B).

Increased expression of Igf2 and H19

Since p62 belongs to the family of IGF2 mMRNA-binding proteins and due to the fact that
IGF2 shares an imprinting control region with H19 [20], potential expression changes were
determined.

A significant upregulation of 1gf2 and H19 could be shown (Fig. 4A). This effect of p62
overexpression on Igf2 and H19 was not due to genetic predisposition: after administration
of doxycycline, Igf2 and H19 levels declined, also seen in another lineage (Fig. 4B and
supplementary Fig. 1). p62 transgenic females displayed higher Igf2 and H19 mRNA
expression levels in comparison to males, further supported by the detection of a lower p62
expression in another lineage, where only males express the transgene (Fig. 4B and
supplementary Fig. 1). When we grouped 2.5 week old animals into fatty liver and non-fatty
liver transgenic mice neither differences in p62 nor H19 expression were observed (Fig. 4C).
However, Igf2 levels were higher in fatty livers than in phenotypically normal transgenic
tissues (Fig. 4C).
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Mechanisms of Igf2 and H19 induction

With p62 being an mMRNA binding protein it might regulate mRNA stability [21]. 1gf2 and
H19 mRNA stability was estimated in actinomycin D-treated hepatocytes. Fig. 5A shows
that steady-state levels of all MRNAs decreased similarly over time and more than 50 % of
mRNA levels were left after 10 h.

Since no stabilizing action of p62 on Igf2 and H19 mRNA was observed, we investigated
allele-specific expression of 1gf2 and H19. A mono-allelic Igf2 and H19 expression could be
demonstrated in both groups (Fig. 5B), corresponding to an allele-specific index of 1.0.

Both Igf2 and H19 have been reported to be strongly induced by the transcriptional regulator
Aire (autoimmune regulator) [22]. Interestingly, Aire expression was significantly increased
in p62 transgenic animals at the age of 2.5 and 5 weeks, whereas it was downregulated at the
age of 10 weeks (Fig. 5C). Female animals showed a slightly higher expression of Aire.

Activation of IGF2 downstream targets

Enhanced AKT phosphorylation at Ser473 was observed at the age of 5 and 10 weeks,
whereas 2.5 week old animals showed no changes (Fig. 6A). A reduction of both PTEN
protein and mMRNA levels could be demonstrated for 2.5 and 10 week old p62 transgenic
mice (Fig. 6B/C).

Improved glucose tolerance

Since histological analyses suggested metabolic changes, an intraperitoneal glucose
tolerance test (IP-GTT) was performed.

Fasting levels of glucose and end point values corresponded in both experimental groups.
The time course revealed a slightly improved glucose clearance of p62 transgenic animals at
30 min after glucose administration (p>.05) (Fig. 7A).

The glucose tolerance distribution curve in female p62 transgenic mice revealed a
significant reduction of glucose levels at 30 min (69.5 + 10.8 %) and at 75 min (75.2 +
15.1%) (p <.05, both) in comparison to controls. Differences in glucose tolerance were
further supported by a significant decrease in the AUC (area under the curve: glucose
concentration over time) of females only (Fig. 7B). In summary, the results indicate a
gender-specifically enhanced glucose clearance in the presence of p62.

Discussion

The exclusive expression of p62 in HCC cancer nodules [2] together with its appearance in
fetal liver make it an oncofetal protein [3]. Functional implications of the protein have as yet
been completely unknown. We herein present the first phenotypic characterization of liver-
specific p62 overexpression in transgenic mice.

Although no evidence of spontanous tumor formation upon p62 overexpression was
detected, a hint on an impact of p62 on cell malignancy was given by HE-staining due to the
appearance of basophilic cell foci in p62 transgenic liver tissue, a phenotype suggesting a
progressive cellular dedifferentiation [23].

Histological fat staining revealed the phenotype of a fatty liver with a microvesicular fat
distribution in p62 transgenic mice, as found in other genetic mouse models and in cases of
human NAFLD [24]. Interestingly, fat accumulation was accompanied by increased 1gf2
expression, as also found in human fatty livers [25].
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A steatotic phenotype is considered to be benign with little risk of disease progression unless
inflammation is detected [26]. The lack of an increase in serum transaminases was also
observed in dietary models of fatty livers [27]. Higher TG (triglyceride) levels as observed
in male p62 transgenic mice are not toxic per se and were also found in mice with a liver-
specific nuclear respiratory factor 1 deletion [28] and the significant increase of the ratio of
the liver to body weight is consistent with observations made in fatty liver models [29].

The decrease of glycogen in p62 transgenic animals might represent an early stage of liver
dysfunction, as it has been described in humans with alcohol-induced liver cirrhosis [30].

Since fatty livers are often connected to the establishment of insulin resistance leading to
impaired glucose tolerance, IP-GTT was performed. A significant decrease in the area under
the curve (AUC) in p62 transgenic females could be demonstrated, indicating an increased
ability to clear glucose. This observation is in concordance with improved glucose tolerance
after liver-specific PTEN deletion in mice [24]. Interestingly, the effect of decreased PTEN
is less pronounced at 5 weeks compared to 2.5 weeks of age, when actual fat depositions
occur. This suggests PTEN downregulation as a critical feature in p62-induced steatosis.

The increase of pAKT, being known as a promotor of cell malignancy and a metabolic
regulator [31], can be explained by p62-mediated 1gf2 induction. Also PTEN
downregulation might support the increase in pAKT via the attenuated ability of PTEN to
dephosphorylate the AKT activator PIP-3 [10]. Since AKT phosphorylation was not
increased at the age when steatosis occurred, however, its pathophysiological role is
suggested to be of minor relevance.

The gender differences in liver phenotypes reflect the observation that females express
higher 1gf2 levels although p62 levels were similar in males and females. Interestingly, the
transcriptional regulator of I1gf2, Aire [22] is also higher expressed in transgenic females and
it is known to act gender-specifically [32]. Both fatty livers and improved glucose tolerance
were more pronounced in females, suggesting a causal interaction between Aire-induced
Igf2 and the metabolic phenotype.

The shared regulation of IGF2 and PTEN has been shown in several cancer cells [33] and a
direct inhibition of PTEN expression by Igf2 has been reported [34]. The p62-induced
downregulation of PTEN might contribute to the increase in fatty acids as shown in mice
with a liver-specific PTEN deletion [24]. Vice versa since fatty acids are able to
downregulate PTEN [35], they might contribute to further declined PTEN expression.

The question whether the fatty liver phenotype in p62 transgenic animals is accompanied by
NASH, i. e. the additional occurrence of inflammation, was addressed by different
approaches. No leukocyte infiltrates could be detected. The lack of transaminase increases,
also observed in a genetic mouse model of NAFLD [28], as well as the absence of NF-kB
translocation confirmed the absence of a pro-inflammatory phenotype. Interestingly, p62
transgenic animals showed a distinct increase in cytosolic p65. Very few studies address
changes in the expression levels of non-activated, i.e. cytosolic p65 [36], but an association
with tumor diseases has been demonstrated in malignant epithelial cells from colorectal
tissue [37]. Constitutive overexpression of the p65 protein has also been shown in thyroid
carcinoma cells [38] and the oncogene MDM?2 induces p65 protein expression in acute
lymphoblastic leukemia [39]. Although functional implications of increased levels of p65
are as yet largely unknown, they might enhance an inflammatory response upon respective
stimuli [36]. Whereas the microvesicular fat distribution in p62 transgenic mice forms the
borderline from a benign to a morbid condition [40], our results suggest that the “second hit”
towards the progression of NASH, resulting from inflammation, is missing.
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Our data report that p62 induces both IGF2 and H19 [41] expression, which are known to
play opposite roles in tumor development. Despite strongly increased 1gf2 levels, our
animals did not develop tumors. This might be connected to high levels of the tumor
suppressor gene H19 [13]. Also the decline of transgene expression at the age of 10 weeks
most likely contributes to the lack of the development of a malignant disease. Our data do
not indicate that LAP-induced gene expression is downregulated with age, which is why we
suggest that CMV promoter activity declines.

Since p62 is a member of the IMP family [3] and IMPs have been reported to bind to H19
[42], IMPs are potential candidates to influence mRNA stability [21]. However, our results
revealed no influence of p62 on mRNA stability of 1gf2 and H19. Since both mRNAs turned
out to be rather stable mMRNAs (t1/,>10 h) the regulation via stabilizing mechanisms is rather
unlikely since stability-regulated genes mostly represent short-lived mRNAs [21].

The counter-regulatory actions between IGF2 and H19 are very complex [43]. The
imprinted genes IGF2 and H19 often show coordinate, reciprocal regulation [44,45]. On the
other hand, Li et al. found parallel expression of IGF2 and H19 in HCC [46] and loss of
imprinting (LOI) of IGF2 in HCC has been associated with coexpression of H19 and IGF2
[47]. Therefore, investigations of the chromosomal expression of IGF2 and H19 evoked by
p62 were done. However, neither a change in allele-specific nor biallelic expression was
detected for Igf2 and H19. Our result that LOI of the IGF2 locus is not involved in increased
Igf2 gene expression in p62 transgenic mice is in concordance with the observation made by
Feinberg et al. [48].

The increased expression of the transcriptional regulator Aire is most likely responsible for
the high expression of both 1gf2 and H19 in p62 transgenic animals: both 1gf2 and H19 are
among the genes most highly regulated by Aire expression [22]. Although Aire has been
described to be found in hepatocytes to a high extent [49], a functional implication of Aire
expression in the liver has as yet been completely unknown. Therefore, further studies need
to establish an insight into the connection between the autoantigen p62 and Aire, the latter
being known to be an important regulator of autoimmunity [49].

Taken together, our data provide evidence that p62 exhibits a distinct upregulation of the
metabolic growth factor 1gf2 via induction of the transcriptional activator Aire. p62 seems to
play a pathophysiological role in liver disease through its induction of a fatty liver
phenotype. p62 might therefore serve both as a diagnostic marker as well as a
pharmacological target.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Generation of p62 transgenic mice. No expression of p62 mRNA under TRE-CMV
promotor control (upper panel). Liver-specific expression of p62 mRNA in double-positive
p62*/LT2* mice (middle panel). Application of doxycycline inhibits transgene expression
(lower panel). TRE-CMV pin: transrepressor responsive element cytomegalovirus; tTA:
tetracycline transactivator; LAP: liver enriched activator protein; dox: doxycycline (B) p62
expression in different mouse organs. The Northern Blot detects the 2.0 kb band of p62
mMRNA only in livers of p62 transgenic mice. (C) p62 mRNA expression after doxycycline
(dox) administration. (D) Hepatic p62 mRNA expression (n=14/2.5 weeks, n=21/5 weeks,
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and n=8/10 weeks). (E) tTA expression in LT2* mice (n=7/2.5 weeks, 12/5 weeks, and 8/10
weeks). (F) p62 immunohistochemistry.
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Scharlach Red

Fig. 2. Liver histology of 2.5 week old animals

(A) HE-stained liver tissue. Pericentrally located basophilic cells (—) were only detected in
p62 transgenic animals. (») displays eosinophilic cells. (B) Glycogen staining. (—) show
the accumulation of glycogen around the central vein. (C) Scharlach Red stained
cryosections. A microvesicular distribution of fatty acids occurred in hepatocytes of
transgenic animals. (co, n=11, p62, n=21). (A/B: 20x, C: 40x original magnification)
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animals (age) body weight (g) liver weight (g) liver to ?:t?g weight
2.5 8.62 + 0.19 0.33 + 0.01 3.85 + 0.06
weeks
co 5 weeks 15.73 + 0.70 0.79 + 0.06 4.95+0.19
10 2242 +1.02 1.31+0.30 578 + 0.21
weeks
2.5 8.23+0.19 0.33 + 0.01 4.08 + 0.07 (*p<.05)
weeks
P62 | 5 \yeeks 15.32 + 0.37 0.75 + 0.14 4.89+0.16
10 22.71 £ 1.40 1.28 + 0.29 5.58 + 0.28
weeks
ALT AST DeRitis | unic | cHoL TG
ratio
both 583+ 177 | 2564 +280 | 6.29+062 | 86+3 102+ 6 111 + 12
sexes
co male 312+ 36 | 2289+189 | 7.72+0.58 | 89+ 4 108 + 9 85+ 13
female | 932+375 | 2918+592 | 445+078 | 84+5 93+5 144 + 15
both | 354,69 | 17492244 | 599,087 | 8926 | 103:7 | 11613
sexes (*p<0.05)
p62 male 425+94 | 1798 +236 | 545+1.36 | 90+9 | 102 +11 109 + 8
female | 248+87 | 1677+552 | 6.81+088 | 86+5 105 + 4 125 + 31
co
: ’ f ‘;" -
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Fig. 3. Fatty liver and serum parameters
(A) Weight parameters of 2.5 (n=c0:26/p62: 29), 5 (n=co: 12/p62: 12), and 10 (n=co: 6/p62:
3) week old mice. (B) Serum parameters of 2.5 week old p62 transgenic mice (p62: n=10, of
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which n=6 male and n=4 female) vs. controls (n=16, of which n=9 male and n=7 female).

Lipids expressed in mg/dl, transaminases expressed in U/l. (C) Immunostaining of the NF-
kB subunit p65 (left: co, n=7, right: p62, n=15).
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Fig. 4. H19 and Igf2 expression

(A) Time course of 1gf2 and H19 mRNA expression (n=14/2.5 weeks, 21/5 weeks, 8/10
weeks). (B) 1gf2 and H19 mRNA expression after doxycyclin (dox) administration. (C) p62,
Igf2 and H19 mRNA expression in non-fatty transgenic (n=8) vs. fatty transgenic livers
(n=11) with values for non-fatty transgenic livers set as 1.
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Fig. 5. Mechanism of 1gf2 and H19 induction

(A) mRNA stability in p62 transgenic (n=3) vs. control (n=3) hepatocytes, expressed relative
to t=0 h. (B) Allele-specific expression of 1gf2 and H19. Representative HPLC
chromatogram showing amplification products for 1gf2 (above) and H19 (below). (C) Time
course of Aire mRNA expression (n=4 at 2.5 weeks, 7 at 5 weeks and 4 at 10 weeks).
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Fig. 6. 1gf2 downstream target activation

(A) pAKT and (B) PTEN at 2.5 (n=c0:6/p62: 7), 5 (n=co: 4/p62: 5) and 10 weeks (n=co: 7/
p62: 6). Protein normalized to a-tubulin. Representative blots are shown. (C) PTEN mRNA
expression of 2.5 (n=c0:8/p62: 13), 5 (n=co: 4/p62: 6) and 10 week (n=co: 8/p62: 12), mean
percentages + SEMs are shown. P<.01 (**) vs. controls of the respective age.
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Fig. 7. Glucose tolerance test
(A) Blood glucose values (mg/dl) (co: n=17, p62: n=11). (B) AUC (area under the curve) of
glucose levels. Values integrated over 75 min vs. gender-specific controls.
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