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Abstract

ErbB2 is a prominent representative of the epidermal growth factor receptors that mainly attract attention as oncogenic drivers
and therapeutic targets in cancer. Besides transmembrane signaling, ErbB2 may also translocate into the nucleus and mediate
distinct nuclear signaling effects including DNA repair and cell cycle arrest. Unexpectedly, we found nuclear ErbB2 expression
in human hepatocytes in various liver diseases so we aimed to investigate the characteristics of liver disease leading to nuclear
ErbB2 translocation. The immunohistochemical pattern of ErbB2 staining was analyzed in 1125 liver biopsy samples from
patients with hepatic dysfunction. Further signaling and metabolic markers were analyzed by immunohistochemistry in selected
liver biopsy samples. We found a cytoplasmic and nuclear ErbB2 expression in hepatocytes from different disease conditions
with the strongest expression detected in alcoholic steatohepatitis. Nuclear ErbB2 positivity significantly correlated with histo-
logic parameters of hepatocellular damage including inflammatory activity in steatohepatitis, hepatocellular ballooning, and
cholestasis. ErbB2 overexpressing hepatocytes revealed an increase of phospho-STAT3, a downstream effector of nuclear
ErbB2 signaling. Notably, we observed in nuclear ErbB2-positive hepatocytes a downregulation of estrogen receptor expression.
In alcoholic steatohepatitis and other toxic liver diseases, hepatocytes revealed a nuclear ErbB2 expression implying a so far
unknown mechanism in hepatocytes upon cellular stress that might lead to resistance to cell death. Nuclear ErbB2-positive
hepatocytes showed downregulation of estrogen receptor expression and increased levels of pSTAT3, which are signs of
functionality of nuclear ErbB2 signaling. Furthermore, analysis of hepatocellular ErbB2 expression could serve as helpful tool
for diagnosis of liver disease.
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Introduction

ErbB2 is one of the Epidermal Growth Factor Receptors
(EGFR), a group of transmembrane receptors with tyrosine
kinase activity that are expressed in many tissues and mediate
signals of proliferation and cell growth vitally important for
organ development and tissue regeneration. Four subtypes of
EGF receptors have been identified: EGFR I-1V,
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synonymously designated as ErbB (avian viral erythroblasto-
sis oncogene) 1-4 or HER1-4.

Common ligands of EGFRs are TGF«, amphiregulin,
neuregulins, and others [12]. For ErbB2 (synonymous
EGFR 1II or HER2/neu), no ligand is known; however,
ErbB2 heterodimerizes with the other EGFR subtypes
resulting in broad and overlapping effects of ErbB2
signaling.

Upon ErbB2 activation, multiple intracellular signaling
cascades are involved like the mitogen-activated protein ki-
nase (MAPK), the phosphatidylinositol 3-kinase (PI3K)-AKT
pathways, signal transducer and activator of transcription pro-
teins (STAT), SRC tyrosine kinase, and mammalian target of
rapamycin (mTOR) [34] mediating proliferation and pro-
survival effects.

Unsurprisingly, mutations in these receptors leading to con-
stitutive activation represent common oncogenic driver muta-
tions and therefore particularly EGFR I and ErbB2 are two of
the most frequently investigated receptors in tumorigenesis.
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In case of ErbB2 receptor, overexpression is frequently
caused by gene amplification as observed in breast cancer
and gastric cancer [8]. ErbB2 expression status is typically
evaluated by immunohistochemistry. Strong circular membra-
nous expression of ErbB2 is stated as ErbB2 positive.
Cytoplasmic and/or nuclear staining is very rare (observed in
gastric cancer [31]) and is not considered for diagnostic deter-
mination of ErbB2 overexpression.

Intensive research on EGFR I and ErbB2 in tumor cells has
led to successful therapeutic strategies targeting these recep-
tors: Anti-EGFR molecules like cetuximab or gefitinib are
used in colorectal cancer, lung cancer, head and neck carcino-
ma, and others. Anti-ErbB2 molecules (for example
trastuzumab) are approved for therapy of ErbB2 overexpress-
ing breast cancer or gastric cancer.

For some years now, it has been known that EGFRs can
translocate to the nucleus and mediate particular signaling
functions: (1) Transcriptional regulation of cyclinD1, iNOS,
Aurora-A, COX-2 promoters, and others via a transactivation
domain and (2) alteration of p21, p53, PCNA activity, and
others via a protein kinase domain [14, 29, 33]. This is shown
for proliferating tissue (gravid uterus, embryonal tissue, epi-
thelial cells [14]) as well as for several carcinoma types (oral
cancer [14], breast cancer [16]). Nuclear ErbB2 expression in
tumor cells results in a poor prognosis and might mediate
chemoresistance and radioresistance [3].

Little data are available about (nuclear) EGFR/ErbB2 ex-
pression in liver tissue. Marti et al. showed nuclear accumu-
lation of EGFR during rat liver regeneration [18, 19].

In hepatocellular carcinoma (HCC), ErbB2 overexpression
is uncommon [10, 32]. Hung et al. showed that in Hep3Bx
cells, a hepatitis B virus—triggered HCC cell line, ErtbB2 ex-
pression mediates migration ability but has no impact on pro-
liferation [11].

In developed countries, one of the most important risk fac-
tors for liver cirrhosis and HCC is alcoholic steatohepatitis
(ASH) [20]. ASH is histologically characterized by steatosis,
hepatocellular ballooning, necroinflammation, and occurrence
of Mallory-Denk bodies. ASH comes along with severe hepa-
tocellular damage gradually leading to liver fibrosis, cirrhosis,
and development of HCC.

Referring to an incidental finding of hepatocellular ErbB2
expression in liver disease, we characterized ErbB2 expres-
sion in human non-tumorous and tumorous liver diseases.

Methods

Human liver tissue specimens A total of 1125 liver core nee-
dle biopsies were analyzed in routine diagnostics. The follow-
ing clinical parameters were available: patient’s age, sex, his-
tory of alcohol consumption, transaminases, bilirubin, tests for
viral hepatitis, focal liver lesions. Tissue was fixed in 4%
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neutral buffered formalin, dehydrated, and embedded in par-
affin. Two-micrometer thick slides were stained with hema-
toxylin and eosin (H&E), periodic acid Schiff’s stain (PAS),
Prussian blue stain (for iron detection), and Picrosirius red
stain (for fibrosis). Comparative histological evaluation was
also performed with a subset of liver resection specimens and
other tissues from routine diagnostics (gastrointestinal, skin,
heart biopsies; renal cell cancer). Furthermore, more than
1200 breast cancer cases were tested for ErbB2 expression
in routine diagnostics with the anti-ErbB2-antibody clone
4B5 (Roche Ventana). Institutional Review Board was obtain-
ed at the local ethical committee of the Universititsmedizin
Greifswald.

The following diagnostic groups were chosen: No findings
(n = 38): neither inflammation nor necrosis, steatosis, fibrosis,
cholestasis, pathological iron storage, or tumor. Alcoholic
steatohepatitis (ASH; n=85) and non-alcoholic
steatohepatitis (NASH; n =13) were diagnosed and graded
according to the Brunt system [4]. In 72 cases, steatohepatitis
exhibited mixed features and could not definitely classified as
ASH or NASH, termed as unclear steatohepatitis. Further di-
agnostic groups were viral hepatitis (n =33), autoimmune
hepatitis/ primary biliary cirrhosis (n = 23), necrosis (n =26),
cholestasis (n=27), HCC (n="74), or liver metastasis (n =
312). Fibrosis/cirrhosis (n = 60) and steatosis (n = 102) of liver
tissue were only stated as major diagnosis if no other major
finding (inflammation, cholestasis etc.) was present. Further
diagnostic cases like other hepatocellular tumors than HCC
(n = 18), non-hepatocellular liver tumors (n = 1), rare liver dis-
cases like storage disease (n =5), and miscellaneous findings
like scars, chronic abscess, hematoma, or venous congestion
(n=16) were analyzed for ErbB2 expression, too, but not
included in statistical analysis due to the smaller number of
cases. Finally, for statistical analysis, 865 cases were included.

In the investigated population of north-eastern Germany,
liver cirrhosis and HCC most frequently are induced by etha-
nol consumption. Viral hepatitis (hepatitis A—E virus) is rare
in this population (n = 33).

The following criteria were graduated for each biopsy: fi-
brosis (06, according to Ishak [13]), chicken wire fibrosis
(grades 0 to 3), steatosis (grades 0 to 3 [1]), ballooning of
hepatocytes (1, present or 0, not present), Mallory-Denk-
bodies (1, present or 0, not present), and inflammatory activity
of steatohepatitis (grades 0 to 3 [4]).

Immunohistochemistry All liver biopsies were tested for
ErbB2 expression by immunohistochemistry with anti-
ErbB2-antibody clone 4B5 (Roche Ventana) using the FDA-
approved staining kit and the fully automated Ventana Bench
Mark staining platform following the manufacturer’s protocol
for mammary core needle biopsies. The following alternative
primary antibodies were used: clone CB11 (DCS diagnostics),
clone SP3 (ThermoFisher Scientific), and the polyclonal
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antibodies HercepTest (Dako) and ErbB2 (Cell Signaling).
For further immunohistochemical analyses, the following an-
tibodies were used: EGFR (clone 5B7, Roche Ventana),
ErbB4 (polyclonal, Spring Bioscience), Ki67 (clone MIB-1,
Dako), estrogen receptor (clone SP1, Roche Ventana), and
phospho-STAT3 (Tyr705, Cell Signaling). All used primary
antibodies are listed in supplementary material.
Immunohistochemical reactions with primary antibodies,
peroxidase-conjugated secondary antibody, and diaminoben-
zidine substrate were performed on automated immunohisto-
chemistry stainers: BOND Max (Leica, Wetzlar, Germany) or
Bench Mark Ultra (Roche Ventana, Oro Valley, Arizona,
US). ErbB2 in situ-hybridization was performed using the
ZytoDot© 2C SPEC ErbB2/centromere 17 probe
(Zytovision, Bremerhaven, Germany) according to the in-
structions of the manufacturer.

Scoring of ErbB2 staining Membranous and/or cytoplasmic
and/or nuclear staining of hepatocytes was regarded as posi-
tive. ErbB2 grade was evaluated on the basis of the proportion
of ErbB2-positive hepatocytes referred to all vital hepatocytes
of the liver biopsy: grade 0, less than 1%; grade 1, 1-5%;
grade 2, >5-20%; grade 3, more than 20% positive
hepatocytes.

Statistical analysis ErbB2 expression scores were evaluated
with Student’s ¢ test. Test results were considered significant
if p<0.05.

Results
Patterns of hepatocellular ErbB2 expression

ErbB2 overexpression is mainly known from different carci-
nomas like breast cancer or gastric cancer. In these tumors,
protein overexpression is caused by ErbB2 gene amplification
and receptor expression is strictly membranous. We analyzed
human liver biopsy samples for ErbB2 positivity in immuno-
histochemistry and observed ErbB2 overexpression in non-
neoplastic hepatocytes with different expression patterns
(Fig. 1): When hepatocellular ErbB2 expression was present,
staining was most frequently strongly nuclear and more or less
intensely cytoplasmic (Fig. 1a). Less frequently, the cytoplas-
mic colocalization was lacking and ErbB2 expression was
restricted to the nucleus (Fig. 1b). Rarely, we also observed
an exclusively membranous expression without or with only
very weak cytoplasmic or nuclear positivity for ErbB2 (Fig.
lc). However, this overall mainly nuclear ErbB2 expression
pattern was considerably different from the solely membra-
nous expression that is known from breast cancer cells (Fig.
1d).

A strong circular membranous expression like in breast
cancer was never observed in hepatocytes of any liver disease.
Vice versa, in breast cancer (more than 1200 cases analyzed),
we never observed a nuclear expression of ErbB2.

There was no ErbB2 expression in non-parenchymal cells
of the liver, i.e., Kupffer cells, quiescent or activated stellate
cells, endothelial cells, and lymphocytes. Bile duct epithelial
cells sometimes were ErbB2 positive, either membranous or
weakly nuclear, but this was not obviously correlated with the
hepatocellular positivity and was not focused in this study.

Density of ErB2 expressing hepatocytes varied from single
spotted, weakly stained cells to small groups of ErbB2-
positive hepatocytes to diffuse extensive expression by many
hepatocytes and with high staining intensity. Due to this wide
range of expression density, we classified hepatocellular
ErbB2 expression in three expression levels (grades 1-3)
(Fig. le—g). For this grading, nuclear and/or cytoplasmic
and/or membranous ErbB2 positivity was included.

In some cases, staining intensity varied with highly ErbB2
expressing hepatocytes side by side to an area of weakly
ErbB2-positive hepatocytes resulting in a checkered pattern
(Fig. 1h).

ErbB2 staining results were comparable using three differ-
ent ErbB2 antibodies targeting the intracellular domain of
ErbB2 (clone 4B5, CB11; Herceptest©). With the one
ErbB2 antibody clone recognizing the extracellular receptor
domain of ErbB2 (clone SP3), hepatocellular staining was
negative.

In hepatocytes with nuclear, cytoplasmic, or membranous
ErbB2 positivity, we did not observe an amplification of the
ErbB2 gene by in situ hybridization (suppl. Fig. 1).

ErbB2 expression in liver disease

Eight hundred sixty-five liver biopsy samples obtained due to
hepatic dysfunction or hepatic foci were scored for nuclear,
cytoplasmic, or membranous ErbB2 expression levels 0-3 as
explained above. Figure 2 demonstrates the distribution of
ErbB2 expression levels dependent on leading diagnosis.
The strongest association of ErbB2-positive cases was ob-
served with diagnosis of alcoholic steatohepatitis (ASH). All
liver biopsies with diagnosis of ASH showed an at least weak
(score 1), mainly nuclear localized expression of ErbB2, more
than 30% even a strong expression (score 3). Scores of hepa-
tocellular ErbB2 expression were significantly correlated with
inflammatory activity of ASH. Nuclear ErbB2 positivity was
particularly strong in ballooned hepatocytes (Fig. 3).
Strikingly, in non-alcoholic steatohepatitis (NASH), ErbB2
expression was low (score 1) to negative and reached in no
case a medium (score 2) to strong (score 3) expression level.
ErbB2 scores in ASH were significantly higher than in NASH
even if the groups NASH and unclear steatohepatitis were
pooled for statistical analysis. In general, ErbB2 expression

@ Springer



Virchows Arch (2021) 478:309-318

2

.. o

TS

W

Fig. 1 Different ErbB2 expression patterns in hepatocytes. Most
commonly, nuclear and cytoplasmic expression (a), solely nuclear
expression (b) or, rarely, solely membranous expression (c).
Hepatocellular ErbB2 expression clearly differed from membranous
expression without nuclear or cytoplasmic colocalization in breast

significantly correlated with inflammatory activity of
steatohepatitis (ASH and NASH) (Fig. 3).
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cancer cells (d). Varying density of ErbB2 expressing hepatocytes
ranging from grades 1 (e), 2 (f) to 3 (g) expression. Variable staining
intensity within one sample (h, checkered pattern). Length of lower
image border a—d, 0.23 mm; e-h, 0.47 mm

In other hepatitides, i.e., viral hepatitis, autoimmune hepa-
titis, drug-induced hepatitis, or graft-versus-host disease,
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Fig. 2 Proportion of ErbB2-positive cases dependent on diagnosis of
liver disease. The highest frequency of hepatic ErtbB2 expression and also
the highest density of ErtbB2 expressing hepatocytes were found in alco-
holic steatohepatitis (ASH). Other hepatitides as well as non-alcoholic
steatohepatitis (NASH) and steatosis without concomitant inflammation
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were mainly ErbB2 negative. A strong association to ErbB2 expression
was also observed in cholestatic liver diseases, in subacute confluent
hepatocelluar necrosis, and in hepatocellular carcinoma (ErbB2-positive
tumor cells). In metastatic liver disease, hepatocytes sometimes were
ErbB2 positive
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Fig. 3 Hepatocellular ErbB2 positivity correlated with distinct
histomorphologic features of liver injury. ErbB2 scores of liver tissue
samples correlated with progressive liver fibrosis, particularly chicken
wire fibrosis, irrespective of the presence of inflammation. Severity of
steatohepatitis (inflammatory activity) and particularly hepatocellular

ErbB2 immunoreactivity of liver tissue was negative in most
cases independent of inflammatory activity. The few cases
with moderate or strong ErbB2 expression additionally
showed a moderate or severe steatosis.

Furthermore, hepatic steatosis by itself without concomi-
tant steatohepatitis presented in most cases as ErbB2 negative,
too (suppl. Fig. 2), and there were no differences in ErbB2
scores between different grades of steatosis (Fig. 3). However,
in steatohepatitis, there was even a significant inverse corre-
lation between degree of steatosis and mean score of ErbB2
(Fig. 3).

Other liver diseases associated with a common ErbB2 ex-
pression were cholestatic hepatopathies and cases with sub-
acute confluent hepatocellular necrosis following toxic injury
(Fig. 2), severe hepatocellular siderosis, and Wilson’s disease.
Of note, in cholestasis, ErbB2 expression of hepatocytes was
often confined to the cell membranes without additional cyto-
plasmic or nuclear expression (Fig. 1c¢ and suppl. Fig. 3). In
cholestatic hepatopathy and also some other liver diseases,
ballooning of hepatocytes, as mentioned above in case of
ASH, can be observed. Strikingly, ballooning was clearly as-
sociated with ErbB2 positivity of these cells (Fig. 3). As
ballooned hepatocytes often contained Mallory-Denk bodies,
the finding of Mallory-Denk bodies was also significantly
associated with ErbB2-positive hepatocytes (Fig. 3). No liver

ballooning and presence of Mallory-Denk-bodies significantly correlated
with ErbB2 positivity. In case of steatosis with or without concomitant
steatohepatitis, ErbB2 scores did not correlate with grade of steatosis.
Depicted are means of ErbB2 scores with SEM. *p <0.05, ***p <0.0001

sample containing Mallory-Denk bodies was ErbB2 negative.
Fibrosis score as well as score of chicken wire fibrosis corre-
lated significantly with increasing scores of ErbB2 expression
(Fig. 3).

Liver cirrhosis, as result of different disease conditions like
ASH, revealed a mixed presentation of ErbB2 expression
levels. ErbB2 expression in cirrhosis often was confined to
the hepatocellular layers in the periphery of the cirrhosis nod-
ules (Fig. 4) resulting in a gradient of ErbB2 expression within
the cirrhosis nodule.

Interestingly, tumor cells of more than 50% of HCC cases
showed an ErbB2 expression and expression levels were in
case of ErbB2 positivity particularly strong (score 3) (in suppl.
Fig. 4, an example of only weakly ErbB2-positive HCC is
depicted).

Histologically inconspicuous liver tissue generally re-
vealed no or in rare cases a weak ErbB2 expression. Of note,
in proximity to metastatic tumor masses, we sometimes ob-
served some spotted ErbB2-positive hepatocytes without an-
other underlying liver disease (Fig. 4).

We checked other tissues sharing the morphologic aspect
of ballooning of altered cells, i.e., mucoid degenerated
cardiomyocytes after sublethal ischemia, clear cell renal cell
carcinoma, and human papilloma virus—associated cell swell-
ing of squamous cells of the skin, esophagus, and cervix uteri
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positive hepatocytes in ASH (a). Only single positive cells in NASH (b)
and completely ErbB2-negative liver tissue in viral hepatitis type E (c).
Gradient of ErbB2-positive hepatocytes in cryptogenic cirrhosis to the

for ErbB2 expression with consistently negative findings.
ErbB2 positivity of non-neoplastic tissue, also with nuclear
expression, we found in bile cholangiocytes and gastric
foveolar epithelia in some cases (suppl. Fig. 5).

Altered expression of growth hormone receptor and
steroid hormone receptor in ErbB2-positive liver
tissue

Hepatocellular ErbB2 expression was accompanied by further
alterations of hepatocellular growth factor expression: EGFR
I, constitutively membranous expressed in hepatocytes, com-
monly was depressed in liver tissue with a strong ErbB2 pos-
itivity (Fig. 5). Of note and in contrast to ErbB2, at no time, we
observed a nuclear localization of EGFR 1. We did not find a
hepatocellular ErbB4 expression neither in ErbB2-positive
nor in ErbB2-negative cases. Strikingly, in ErbB2-positive
hepatocytes, independent from the disease background, estro-
gen receptor (ER) expression was considerably downregulat-
ed (Fig. 5). Hepatocytes containing Mallory-Denk bodies
were ER negative. Most ballooned hepatocytes were ER neg-
ative. Commonly, ER downregulation also affected the
ErbB2-negative hepatocytes in direct proximity to ErbB2-
positive hepatocytes resulting in an even bigger proportion
of ER-negative than ErbB2-positive hepatocytes (suppl.
Fig. 6).

Constitutive hepatocellular progesterone receptor and an-
drogen receptor expression were not altered in ErbB2-positive
liver tissue (tested with 25 cases). Furthermore, no nuclear
translocation of beta-catenin was observed.
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periphery of a cirrhosis nodule (d). Small groups of ErbB2-positive he-
patocytes in proximity to a liver metastasis (in this case small cell lung

cancer, lower left corner) (e). Strongly positive tumor cells of HCC (f).
Length of lower image border a—f, 0.31 mm

Effects of ErbB2 expression

Proliferative activity (Ki67 index) of ErbB2-positive liver tis-
sue commonly was slightly increased compared with histolog-
ically normal liver tissue but ErtbB2-positive cells themselves
did not show an enhanced proliferative activity so increased
proliferation could be attributed to reparative effects following
inflammatory liver injury. Regenerative and proliferative ac-
tivity of hepatocytes in viral or autoimmune hepatitis was
much higher than in ASH but those cases almost always were
ErbB2 negative as described above. Phosphorylated STAT3,
a downstream effector of nuclear ErbB2, was increased in
ErbB2-positive liver tissue.

Discussion

Many growth factor receptors, including EGF receptors [5, 22,
23] and fibroblast growth factor (FGF) receptor [5, 17], are
usually well known as receptor tyrosine kinases localized at
the cell membrane but have been found in the nucleus as well.
Their nuclear functions are only partially understood. Nuclear

Fig. 5 a-1 Additional changes of cellular metabolism in ErbB2-positive P>
hepatocytes in ASH: Left column: Histologically normal liver tissue.
Right column: ASH (note ballooned hepatocytes containing Mallory-
Denk bodies (thick arrow)). In ErbB2 expressing hepatocytes in ASH,
EGFR expression was decreased, estrogen receptor expression clearly
downregulated (thin arrows), proliferative activity (Ki67) slightly in-
creased, and phospho-STAT3 expression increased. Length of lower im-
age border a1, 0.19 mm
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expression of ErbB2 and other EGFRs is mainly found in
tumor cells [14, 16] but also in proliferating cells during em-
bryonal development [14].

To the best of our knowledge, this is the first description of
nuclear ErbB2 expression in hepatocytes in human liver dis-
ease. Most frequently, we detected ErbB2 expression in alco-
holic steatohepatitis (ASH). ErbB2 positivity of liver tissue
correlated with severity of inflammation and signs of
longstanding liver injury like liver fibrosis. By contrast, in
non-alcoholic steatohepatitis (NASH), we detected a signifi-
cantly lower ErbB2 positivity. Steatosis without concomitant
steatohepatitis was not associated with nuclear ErbB2 expres-
sion, either. Furthermore, ErbB2 expression was not observed
in case of immunologic liver inflammation with immune cell—
mediated apoptosis of hepatocytes like viral hepatitis and au-
toimmune hepatitis.

Thus, alcohol seems to be the trigger of hepatocellular
ErbB2 expression presumably due to its direct hepatotoxic
or indirect lipotoxic properties. This assumption is supported
by single cases following exposure to other liver-toxic agents
like herbicides that also revealed a strong nuclear ErbB2
expression.

Cholestatic liver disease was a further entity associated
with frequent ErbB2 expression in this study. Interestingly,
ErbB2 expression pattern was different than described before;
in cholestatic liver disease, hepatocytes showed an accentuat-
ed membranous ErbB2 expression.

Cellular mechanisms inducing ErbB2 expression in hepa-
tocytes upon alcohol or bile acid/ bile salt exposure might be
damage of cell membrane integrity possibly by detergent-like
effects or release of reactive oxygen species as a result of cell
organelle damage.

In the present study, hints for the functionality of nu-
clear ErbB2 in hepatocytes are the enhanced expression of
phosphorylated STAT3, a downstream effector of nuclear
ErbB2 described in previous studies [2, 7, 15], and the
downregulation of hepatocellular estrogen receptor (ER)
expression.

Initially, this interesting finding of ER downregulation was
difficult to integrate in context to ErbB2 expression because
the physiologic role of ER in hepatocytes is largely unknown
and in some way contradictory. Estrogens seems to support
liver cell regeneration [27, 28] but in hepatocellular carcinoma
(HCC) also act as protective factor against tumor progression
[30], suppress tumor cell proliferation, and promote tumor cell
apoptosis [25].

In concordance with our observations, Erkan et al. found a
lower ER expression in patients with NASH compared with
human liver samples with simple steatosis or normal liver
tissue [6].

In breast cancer cells, previous studies showed that ErbB2
itself in shape of'its p95 carboxy-terminal fragment [24] or via
an ErbB2-encoded miRNA downregulate ER expression [21];
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so in breast cancer, ErbB2 amplification is suspected to lead to
endocrine therapy resistance.

The effects of nuclear ErbB2 expression in toxic and cho-
lestatic liver injury on hepatocyte fate and disease course are
unclear. In this study, we could not observe a direct prolifer-
ative effect of nuclear ErbB2 expression in hepatocytes as one
would have supposed as likely effect of a growth factor recep-
tor. Possibly, ErbB2 expression mediates survival effects in
injured hepatocytes. Interestingly, ballooned hepatocytes,
which are often supposed as degenerative, dying cells, re-
vealed a particularly strong ErbB2 expression. This survival
signal weakens the previous dogma of dying hepatocytes and
supports the hypothesis of ballooned hepatocytes as undead or
senescent cells [9].

In various tumor entities, particularly breast cancer and
gastric cancer, ErbB2 is overexpressed due to ErbB2 gene
amplification. Although ErbB2 overexpression goes along
with poor prognosis, it also opens the opportunity to targeted
therapy by ErbB2 directing antibodies like trastuzumab.
However, for diagnostic testing of ErbB2 overexpression, on-
ly membranous expression is considered. For HCC, ErbB2
overexpression is described as extremely rare event [10, 32].
In the present study, nuclear ErbB2 expression was a frequent
finding in HCC. A strong membranous ErbB2 expression as
described for breast cancer was not observed in HCC (74
cases). Vice versa, in breast cancer, we never detected a nu-
clear ErbB2 expression. In ErbB2-positive HCC, ErbB2 gene
amplification was not present. ErbB2 expression was not as-
sociated with grade of tumor differentiation or morphology. In
ErbB2-positive HCC, surrounding non-tumorous liver tissue
not necessarily revealed ErbB2-positive hepatocytes, either.
Thus, it seems unlikely that ErbB2 expression of injured he-
patocytes is conserved in the progression to preneoplastic le-
sions and HCC but as ErbB2 positivity in HCC seems to be a
recent event in tumorigenesis. It is unclear which impact nu-
clear ErbB2 expression in HCC has on tumor behavior and
whether nuclear localized ErbB2 could be therapeutically
targeted by trastuzumab and other ErbB2-directing molecules.
One study by Tatebe et al. demonstrated a synergistic growth-
inhibitory effect of trastuzumab and 9-cis-retinoic acid in HLF
cells, a HCC cell line [26]. However, ErbB2 expression in
HLF cells was not evaluated.

In conclusion, we presented a precise characterization
of liver disease associated with hepatocellular ErbB2 ex-
pression. Even though mechanisms and effects of nuclear
ErbB2 expression in hepatocytes so far are not well un-
derstood, it is obvious by now that assessment of ErbB2
positivity in liver tissue can serve as useful diagnostic
tool. Nuclear ErbB2 expression is a diagnostic marker
for toxic injury; membranous ErbB2 positivity indicates
cholestatic liver disease. And assessment of ErbB2 ex-
pression is helpful in differential diagnosis of HCC and
other tumor infiltrates in liver tissue.
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Furthermore, this study opens a wide field of research
about functional implications of nuclear ErbB2 signaling de-
ducing possible therapeutic strategies in non-neoplastic liver
disease and HCC.
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