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Schistosoma mansoni Egg—Secreted
Antigens Activate Hepatocellular
Carcinoma—Associated Transcription

Factors c-Jun and STAT3 in Hamster and
Human Hepatocytes
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Clinical data have provided evidence that schistosomiasis can promote hepatocellular carcinogenesis. c-Jun and
STATS3 are critical regulators of liver cancer development and progression. The aim of the present study was to
investigate the hepatocellular activation of c-Jun and STAT3 by Schistosoma mansoni infection. Expression and func-
tion of c-Jun and STAT3 as well as proliferation and DNA repair were analyzed by western blotting, electrophoretic
mobility-shift assay, and immunohistochemistry in liver of §. mansoni—infected hamsters, Huh7 cells, primary hepat-
ocytes, and human liver biopsies. Hepatocellular activation of c-Jun was demonstrated by nuclear translocation of
c-Jun, enhanced phosphorylation (Ser73), and AP-1/DNA-binding in response to S.mansoni infection. Nuclear c-Jun
staining pattern around lodged eggs without ambient immune reaction, and directionally from granuloma to the
central veins, suggested that substances released from schistosome eggs were responsible for the observed effects. In
addition, hepatocytes with c-Jun activation show cell activation and DNA double-strand breaks. These findings
from the hamster model were confirmed by analyses of human biopsies from patients with schistosomiasis. Cell
culture experiments finally demonstrated that activation of c-Jun and STAT3 as well as DNA repair were induced
by an extract from schistosome eggs (soluble egg antigens) and culture supernatants of live schistosome egg (egg-
conditioned medium), and in particular by IPSE/alpha-1, the major component secreted by live schistosome eggs.
The permanent activation of hepatocellular carcinoma-associated proto-oncogenes such as c-Jun and associated tran-
scription factors including STAT3 by substances released from tissue-trapped schistosome eggs may be important
factors contributing to the development of liver cancer in §.mansoni—infected patients. Therefore, identification and

therapeutic targeting of the underlying pathways is a useful strategy to prevent schistosomiasis-associated carcino-

genesis. (HepaToLocy 2020;72:626-641).

Abbreviations: EMSA, electrophoretic mobility-shift assay HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus;
JNK, c~Jun N-terminal kinase; MCM2, Minichromosome Maintenance Complex Component 2; PCNA, proliferating cell nuclear antigen; SEA,
soluble egg antigens; UV, ultraviolet.
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chistosomiasis is one of the most important para-
sitic infections worldwide that is caused by trem-
atodes of the genus Schistosoma. Three major
species of schistosomes infect humans in 78 countries:
Schistosoma mansoni, S. haematobium, and S. japonicum.
The disease causes severe clinical symptoms as well as
socioeconomic problems and more than 200,000 deaths
per year.?) According to the World Health Organization
(WHO), at least 206.5 million people required preven-
tive treatment in 2018 (WHO 2018, Schistosomiasis
— fact sheet). Schistosomiasis is increasingly imported
into temperate climates by immigrants from and travel-
lers to endemic areas.>® A recent epidemiological case
study investigating an outbreak of urogenital schistoso-
miasis in Corsica (France) demonstrated the potential
risk of schistosomiasis to spread into novel areas.”
During infection with §. mansoni, the paired adult
worms, which lodge in mesenterial veins, produce
approximately 300 eggs per day per couple. Half of the
eggs migrate through the intestinal tissue toward the
gut lumen, from where they are expelled. The other
half, however, are carried away with the blood stream
into the liver, where they get trapped. In both the gut
and the liver tissue, the schistosome eggs induce an
inflammatory reaction with granuloma formation.”
All evidence suggests that schistosome eggs, and not
adult worms, induce the morbidity caused by schisto-
some infections.””) Eggs of §. mansoni trapped in the
liver sinusoids continuously secrete hepatotoxic and
immunologically active antigens such as IPSE/alpha-1
(IL-4 inducing principle from S§.mansoni eggs) and
omega—l.(6’7) Recently, it has been demonstrated that
IPSE/alpha-1 representing a pathogen-secreted and

host nucleus—infiltrating protein (infiltrin) might act
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as a transcription factor controlling the host—parasite
interaction at the molecular level.® Moreover, egg-
secreted immunologically active antigens are involved in
recruitment of inflammatory and immune cells, leading
to the formation of periovular granulomas and eventually
chronic fibrosis in infected individuals.”) In . mansoni
infections, the fibrotic process takes 5-15 years and leads
in turn to progressive occlusion of the portal veins, portal
hypertension, splenomegaly, collateral venous circulation,
portocaval shunting, and gastrointestinal varices.”)

Among the five human-pathogenic species of
schistosomes, §. mansoni and S. japonicum are linked
to hepatocellular carcinoma (HCC).(lo) Clinical
studies and animal experiments have suggested that
schistosomiasis promotes the development of HCC
but also colorectal cancer, prostate cancer, and giant
follicular lymphomas.(n’lz) Furthermore, schistoso-
miasis likely potentiates hepatic injury when coin-
ciding with hepatitis B virus (HBV) and hepatitis C
virus (HCV) infections."? 8. mansoni infection in a
mouse model for HCC accelerated hepatic dysplastic
changes and promoted earlier onset of cancer forma-
tion with a more aggressive nature. %) Currently, it is
discussed whether the aggravated carcinogenesis in
the case of HBV- or HCV-schistosome coinfection
results from intensified liver lesions or an impairment
of the immune system.(lo) Carcinogenic mechanisms
have been described for blood and liver flukes, includ-
ing chronic inflammation, metabolic oxidative stress
induced by parasite-derived products, and host-tis-
sue damage during parasite development, along with
the active wound healing, immunosuppression, and a
reduced immunosurveillance, which could initiate or
promote hepatocellular caurcinogenesis.(14’15
definite biomolecular risk factors linking S. mansoni
infection to HCC are still unknown.

) However,
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HCC is the second leading cause of cancer mortal-
ity worldwide, with 745,000 deaths annually.m HCC
predominantly develops in the context of liver cirrho-
sis following chronic liver damage due to exposure to
liver carcinogens or infection with HBV or HCV.®)
Chronic liver injury is frequently accompanied by
inflammation driving the compensatory proliferation
of surviving hepatocytes into cirrhosis.® c-Jun and
STAT3 are proto-oncogenes or transcription factors
whose activation promotes the development and pro-
gression of dysplasia during HCC tumorigenesis. 119
In 2001, a clinical study initially suggested that the
coordinated expression of ¢-fos and c—jun in HCC may
reflect the coordinated tumor cell cycle of progres-
sion and proliferation.(lé) c-Jun is a major regulator
of hepatocyte survival'” and hepatocyte proliferation
during regeneration."® In vivo studies demonstrated
the importance of c-Jun for liver cancer initiation and
survival by suppression of apoptosis.** In transgenic
mice, the HCV core protein potentiates chemically
induced HCC through c¢-Jun and STAT3 activation,
which in turn enhances cell proliferation, suppresses
apoptosis, and impairs oxidative DNA damage repair.
This finally leads to hepatocellular transformation.®"
STATS3 is a member of the signal transducer and acti-
vator of transcription (STAT) family, which is inac-
tive in nonstimulated cells, but is rapidly activated by

various stimuli like cytokines and growth factors.*?

The feedback-controlled STAT3 activity ensures
transient STAT3 activation in normal cells, whereas
STAT3 is often found to be constitutively activated
in liver cancer cells.?) STAT3 signaling contributes
to tumor cell proliferation, invasion, and survival in
HCC.?Y STATS3 activation also functions as a potent
immune checkpoint for multiple antitumor immune
responses.*) STAT3-positive HCCs are more aggres-
sive, > and STATS3 is a marker for poor prognosis in
liver cancer.?® The aim of this study was to exam-
ine whether §. mansoni infection is associated with
the activation of c¢-Jun and STAT3, which are vitally
important for the development of HCC.

Materials and Methods
HUMAN MATERIAL

Pseudonymized human liver samples were kindly
provided by Dr. Janssens and Dr. Van Eyken from
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Ziekenhuis Oost-Limburg and the tissue bank of the
German Center for Infection Research after approval
by the ethics committee (project ID: 0064). According
to the ethics vote, informed consent was not required
for our retrospective analyses of archived tissues.

ANIMAL MODEL
For the life cycle,

Biomphalaria glabrata snails were used as intermedi-
ate hosts and Syrian hamsters (Mesocricetus auratus) as
final hosts. The strain of S. mansoni originated from a
Liberian isolate obtained from Bayer AG (Monheim,
Germany). Bisex (= mixed sex) and single-sex (= uni-
sexual) worm populations were generated by poly-
miracidial and monomiracidial intermediate-host
infections, respectively.(27) Hamsters of both sexes
were analyzed by immunohistochemistry. Only female
hamsters were analyzed for semiquantitative assays
and electrophoretic mobility-shift assay (EMSA).

All animal experiments have been done in accor-
dance with the European Convention for the
Protection of Vertebrate Animals used for experimen-
tal and other scientific purposes (ETS No 123; revised
Appendix A) and have been approved by the Regional
Council (Regierungsprisidium) Giessen with approval

number V54-19 ¢ 20/15 ¢ GI 18/10 Nr. A1/2014.

maintaining S. mansoni

SOLUABLE EGG ANTIGENS
ISOLATION AND EGG-
CONDITIONED MEDIUM
PRODUCTION

S. mansoni eggs were prepared from livers of bisex
infected hamsters at day 46 post infection, and solu-
ble egg antigens (SEA) was isolated from such eg,(ggs
as described earlier with minor modifications.*”)
SEA protein concentration was determined colori-
metrically employing the Advanced Protein Assay
(Cytoskeleton, Inc., Denver, CO) according to the
manufacturer’s instructions.

Egg-conditioned medium (ECM) was prepared by
incubation of liver eggs in nonsupplemented M199
medium (Gibco, Thermo Fisher Scientific, Darmstadt,
Germany) in a humidified incubator with 5% CO, at
37°C for 6 days. Medium was collected and cleared
by centrifugation at 12,000g. The supernatant was ali-
quoted, frozen in liquid nitrogen, and stored at —80°C
for further use.
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PURIFICATION OF IPSE/ALPHA-1

Natural IPSE (nIPSE)/alpha-1 was purified from
SEA by a two-step chromatography procedure.
The first step was a cation exchange chromatogra-
phy described in detail by Schramm et al,? fol-
lowed by an affinity chromatography via binding to
a monoclonal anti-IPSE/alpha-1 antibody coupled
to N-hydroxysuccinimide-activated sepharose. Bound
IPSE/alpha-1 was eluted from the column by 0.1 M
glycin/HCl, pH 2.8, and immediately neutralized to
pH 7.5 with 1 M Tris solution. Fractions were con-
trolled by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), silver staining, and
western blot for content and purity of IPSE/alpha-1,
dialyzed against phosphate-buffered saline, pH 7.5,
concentrated to a final suitable concentration, and
stored in aliquots at -80°C.

CELL CULTURE EXPERIMENTS

Huh7 cells at 80% confluency were stimulated
in vitro with SEA, ECM, or IPSE as indicated in the
figures or legends. Cells from one well of a 24-well
plate were lysed in 60 pL Laemmli-buffer for western
blot analysis.

Human primary hepatocytes were plated and
cultured according to the manufacturer’s protocols
(Cellartis Enhanced hiPS-HEP v2 Kits; Takara,
Goteborg, Sweden). Following the initial plating
and culture protocol, the medium was changed to
William’s Medium E, and the cells were treated with
the indicated doses of SEA and IPSE for the recom-

mended time.

PHOSPHO-KINASE PROTEOME
PROFILER ARRAY

Lysates were prepared according to the manufac-
turer’s protocol from primary human hepatocytes
cultured to ~80% confluency in one well of a 6-well
plate. The proteome profiler arrays were carried out as
indicated in the manual (R&D Biosystems, Abington,
United Kingdom).

IMMUNOHISTOCHEMISTRY/
IMMUNOFLUORESCENCE

Detection of c-Jun (Cell Signaling Technology,
Leiden, the Netherlands), Ki67 (Abcam, Cambridge,
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United Kingdom), Minichromosome Maintenance
Complex Component 2 (MCM2; CST), proliferating
cell nuclear antigen (PCNA; CST), Ubiquityl-PCNA
(Lys164) (CST), y-H2AX (CST), and hepatocyte
nuclear factor 4 alpha (HNF4a; CST) was performed
as described.%? Appropriately concentrated anti-
bodies were used for isotype control in order to avoid
unspecific staining.

WESTERN BLOT ANALYSIS

Protein samples were prepared from total liver
lysates and boiled in Laemmli-buffer for 5 minutes,
chilled on ice, and subjected to 10% SDS-PAGE and
transferred to polyvinylidene difluoride membranes.
Visualization of proteins was performed by horserad-
ish peroxidase (HRP)-linked antibodies and the ECL
Chemiluminescence Detection Kit (SuperSignal West
Pico Chemiluminescent Substrate; ThermoFisher
Scientific) according to the manufacturer’s protocols.
Semiquantitative analysis of obtained signals was
done with the BioDoc Analyze 2.1 imaging system
(Biometra, Gottingen, Germany).

PREPARATION OF NUCLEAR
PROTEIN EXTRACTS

Nuclear lysates were prepared from the hamster liv-
ers as per the instruction given in NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Fisher
Scientific, Dreieich, Germany). The nuclear extracts
were stored at -80°C until further use.

ELECTROPHORETIC MOBILITY-
SHIFT ASSAY

The double-stranded activator protein 1 (AP-1)
or STAT3 consensus oligonucleotides were labeled
with biotin (Seglab, Goettingen, Germany). Nuclear
extracts (3 pL) were mixed with 17 pL of binding
buffer (10 mM Tris-HCI [pH 7.5], 50 mM NaCl,
1mM EDTA, 1 mM DDT, 5% glycerol) contain-
ing 0.5ng of end-labeled probe. For competition
studies, the binding reactions were performed in the
presence of 100-fold excess of unlabeled AP-1 or
STAT3 consensus oligonucleotides. After incubation
for 20 minutes at room temperature, the complexes
were separated on a native 5% polyacrylamide gel
and transferred to a nylon membrane (Carl Roth,
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Karlsruhe, Germany). The DNA was crosslinked for
15 minutes by ultraviolet (UV) light to the membrane
in a transilluminator, and visualization of proteins was
performed by HRP-linked streptavidin and the ECL
Chemiluminescence Detection Kit according to the
manufacturer’s protocol.

STATISTICAL ANALYSIS

Statistical analysis was performed with SPSS V.
22.0 software (SPSS Inc., IBM Corp., Armonk, NY).
One-way analysis of variance test was applied in order
to define differences between expression and phos-
phorylation levels in western blotting. Significant dif-
ferences are pointed out (*P < 0.05).

Results

§. MANSONI EGGS LODGE IN

THE LIVER OF INFECTED
SYRIAN HAMSTERS AND INDUCE
GRANULOMA FORMATION

S. mansoni eggs enter the liver through the portal
vein and get trapped in sinusoids around portal tracts
(Fig. 1A). Sinusoidal-trapped eggs recruited inflam-
matory and immune cells, leading to the formation
of periovular granulomas (Fig. 1B,C). Thus, the ham-
ster model for §. mansoni infection used in the cur-
rent study demonstrated typical clinical characteristics
comparable to liver damage in infected humans.

SEA-ACTIVATED c-Jun AND
STAT3 IN PRIMARY HUMAN
HEPATOCYTES

Currently, there are only a few details available
about the role of hepatocytes during §. mansoni
egg—induced liver injury. Therefore, we investigated
whether 8. mansoni-egg antigens directly interact with
hepatocytes to stimulate the activation of distinct
intracellular signaling pathways. To this end, a phos-
pho-kinase array approach was performed, demon-
strating that c-Jun and STAT3, two nuclear factors
that are known to be essential for hepatocellular car-
cinogenesis, were activated by stimulation of primary

human hepatocytes with SEA (Fig. 1D,E).
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¢-Jun IS ACTIVATED IN
HEPATOCYTES ADJACENT TO
§. MANSONI EGGS

Immunohistochemistry ~ demonstrated
translocation of c-Jun (red arrows) in hepatocytes
around granuloma (hash, border: dashed line) in the
livers of S. mansoni-infected hamsters (Fig. 2A,B).

Nuclear translocation of c-Jun appeared more
prominent in hepatocytes adjoining granuloma

nuclear

and in directional pattern between granuloma and
central veins (Fig. 2A). The costaining of c-Jun in
combination with HNF4a identified hepatocytes
as the major hepatic cell population showing c-Jun
activation (Fig. 2B). Moreover, a potentiated nuclear
translocation of c-Jun was observed in hepato-
cytes around granuloma bearing multiple eggs (Fig.
2C,D). Furthermore, the activation of c-Jun was
also demonstrated in hepatocytes around initially
settled eggs without surrounding immune cells
(Supporting Fig. S1). The globally enhanced expres-
sion and phosphorylation of c-Jun and STAT3 was
demonstrated by semiquantitative western blot anal-
ysis (Fig. 2E,F). Expression and phosphorylation
patterns of c-Jun and STAT3 were normalized to
tubulin. The ratio of the phosphorylated forms in
relation to the nonphosphorylated forms is depicted
in Fig. 2E,F, and statistical data are summarized in
Table 1.

EMSAs were performed to verify that the infec-
tion with §. mansoni exerted stimulatory effects on
the binding of nuclear extracts to an AP-1 consen-
sus oligonucleotide that binds the c-Jun homodimer
and the Jun/Fos heterodimer.®? S. mansoni infection
increased the binding of nuclear extracts to AP-1
consensus oligonucleotides when compared with sin-
gle-sex infected controls (Fig. 3A). The specificity of
DNA-protein complex formation was confirmed by
competition experiments with 100-fold molar excess
of unlabeled AP-1 oligonucleotide (Fig. 3A). After
demonstrating that STAT3 is significantly activated
in 8. mansoni-infected hamsters (Fig. 2F), we con-
firmed the DNA-binding ability of nuclear pSTAT3
in EMSA using nuclear pSTAT3 and labelled STAT3
consensus oligonucleotide (Fig. 3A). To demonstrate
the specificity of the binding activity, an unlabeled
STAT3 binding-site DNA probe was added to the

reaction in 100-times molar excess.
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FIG.1. Liver-trapped eggs of S. mansoni during lodging and granuloma formation in Syrian hamsters. (A) S. mansoni egg (arrow) entering
the liver parenchyma through a branch of the portal vein. (B,C) Eggs were trapped in the liver around the portal tracts. At 6 weeks post
infection, the eggs were surrounded by a dense population of immune cells, followed by a band of fibrovascular tissue (blue arrows), leading
to the formation of a mature granuloma (hash). The parenchyma around the central vein (star) was free from granuloma. Formalin-fixed,
paraffin-embedded liver sections stained with hematoxylin and eosin (A,B) or Masson Goldner staining kit (C). Arrowheads indicate
bile ducts. Magnifications are x200 (A left panel), x400 (A,C right panels), x50 (B,C left panels), and x100 (B right panel). Space bars
are 50 pm (A) and 100 pm (B,C). (D,E) Phospho-kinase Proteome Profiler arrays of control- (D) and SEA-stimulated (E) human
hepatocytes (hiPS-Hep). The Human Phospho-Kinase Array is a rapid, sensitive, and economical tool to simultaneously detect the
relative levels of phosphorylation of 43 kinase phosphorylation sites. The Human Phospho-Kinase Array is divided into two parts (left
and right panels of each figure) and each kinase is analyzed in duplicate. The red boxes indicate activated c-Jun, and the blue boxes indicate
activated STAT3 (dotted boxes: enhanced activation by SEA stimulation). Please note that other factors that have been described in the
context of hepatic carcinogenesis were activated by SEA stimulation, e.g., CREB (arrow) or HSP27 (arrowhead).

The AP-1 transcription factor c-Jun and STAT3
are well-characterized key regulators of hepatocyte
proliferation.(lg) Therefore, we next analyzed cellu-
lar proliferation factors MCM2, PCNA, and Ki67
that also have been described as prognostic molecu-
lar markers in the context of HCC.®" The western
blot analysis revealed significantly enhanced hepatic
expression of MCM2 and PCNA in §. mansoni-in-
fected hamsters (Fig. 3B; Table 1). The relative
expression of MCM2 and PCNA was normalized
to tubulin loading controls. In addition, enhanced
nuclear staining of MCM2 and PCNA suggested
initiation of DNA replication in hepatocytes around
granuloma (Fig. 3C,D). Furthermore, proliferation
marker Ki67 was shown to colocalize with c-Jun in
the same nuclei of hepatocytes around granuloma
induced by §. mansoni eggs (Fig. 3E,F). Similar to
the c-Jun staining pattern, Ki67 was also stained
in the nuclei of hepatocytes in directional pattern
between granuloma and central veins (Fig. 3E). In
addition, costaining of the DNA replication marker
PCNA and the cell cycle inhibitor p27 demon-
strated their colocalization in the same nuclei
of hepatocytes around granuloma (Supporting

Fig. S2).

SEA, ECM, AND IPSE ACTIVATE
PROTO-ONCOGENE c-Jun AND
STAT3 IN PRIMARY HUMAN
HEPATOCYTES AND Huh7 CELLS

The c-Jun staining pattern raised the hypothe-
sis that the observed activation of c-Jun is caused by
substances released from the eggs and transported
with the blood flow from portal tracts toward cen-
tral veins (Figs. 2A and 3E). In order to demonstrate
egg-dependent activation of c-Jun, primary human
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hepatocytes (hiPS-Hep) and the human HCC cell
line Huh7 were stimulated with SEA in witro. The
time- and concentration-dependent activation of
c-Jun was demonstrated by western blot and immu-
nofluorescence (Fig. 4A,B). A maximum of c-Jun
activation was observed 4 hours after addition of
SEA to the culture medium, and c-Jun expression and
phosphorylation was still more prominent after 24
hours in comparison with cells that were treated with
control medium (Fig. 4A). The activation of c-Jun
in Huh7 cells by SEA was confirmed by enhanced
expression and phosphorylation as well as nuclear
translocation (Fig. 4A,B; Supporting Fig. S3). Also,
S. mansoni ECM stimulated c-Jun and STAT3 activa-
tion in Huh7 cells (Fig. 4C), strongly indicating that
products that are secreted from the eggs are respon-
sible for the activation of c-Jun. The SEA-induced
expression and activation of c-Jun was inhibited by a
potent, cell-permeable, and selective inhibitor of c-Jun
N-terminal kinase (JNK) (Fig. 4D).

In order to demonstrate the activation of c-Jun
in Huh?7 cells by purified nIPSE/alpha-1, we stimu-
lated freshly seeded cells in vitro, employing titration
of IPSE/alpha-1. Interestingly, expression was maxi-
mal by stimulation with 250 ng/mL nIPSE/alpha-1,
whereas phosphorylation of c-Jun was highest at lower
concentrations of 2.5 ng/mL nlIPSE/alpha-1 (Fig.
4E). These results were also reproduced with recom-
binant IPSE/alpha-1 produced from human embry-
onic kidney cells (data not shown). Similar assays for
the stimulation of JNK, c-Jun, and MCM2 by solu-
ble factors of S. mansoni eggs were also performed in
primary hepatocytes (representative western blots are
depicted in Supporting Fig. S4). The SEA-stimulated
activation of c-Jun and MCM2 was abrogated by
inhibition of JNK, the proximate upstream activator
of c-Jun (Fig. 4F).
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FIG. 2. Activation of c-Jun in hepatocytes around S. mansoni egg—induced granuloma. (A-D) Coimmunostaining (red arrows) for
c-Jun (red) and HNF4a (gray) depicted the nuclear translocation of c-Jun in hepatocytes joining granuloma and central veins (¥).
Note the directional hepatocellular activation pattern of c-Jun from granuloma to central vein (A). Enhanced nuclear translocation
of c-Jun (red arrows) next to granuloma around egg-conglomerates (C,D) *central vein, # granuloma, dashed line granuloma border,
black arrow S. mansoni egg. Magnification x200 (A), x1,000 (B,D), x400 (C), bars 100 pm (A,C), 20 um (B,D). (E) Semiquantitative
western blot analysis and subsequent assessment of optical density revealed enhanced expression and activation of c-Jun (p-Ser73) in
§. mansoni (bisex infected, +3)—infected hamsters in comparison with single-sex infected hamsters (no egg production) that served as
controls. Note that the ratio of p-c-Jun/c-Jun increased only by trend. (F) Western blot analysis demonstrated induced expression and
activation of STAT3 (p-Ser705) in §. mansoni (2+3)—infected hamsters in comparison with controls. n = 9/group for statistical analysis;
representative blots are depicted, *P < 0.05.

replication stress.®® Therefore, we aimed to analyze

markers for DNA damage, which is a hallmark of rep-

TABLE 1. Relative Expression and Phosphorylation of
Nuclear Factors and Proliferation Markers

lication stress.®® The phosphorylation of H2AX is the

Control Bisex infected P Value
el 110005018 0400210581 000 first step in DNA repair, and nuclear foci of phosphor-
p-c-Junva-fubulin 10(005-:019) 40(021-0.58) ' ylated H2AX represent DNA double-strand breaks in
c-Jun/a-tubulin 0.20 (0.16-0.23) 0.56 (0.49-0.64)  <0.001 (34) . . .
a 1:1 manner.”"” We visualized the phosphorylation
p-c-Jun/ c-Jun 0.49 (0.30-0.68) 069 (0.45-093)  0.153 £ HOAX (v-H2AX.5139) br, & b
pSTAT3faubuiin 048 (038:059)  121(105137) <ooo  pattern of Ha. .(V“ 2AX-S139) by Immunohisto-
STAT3/ee-tubulin 021 (016:026)  033(0.24-041) 0015 chemical staining in livers of hamsters infected with
p-STAT3/STAT3 2.40 (1.8]-2.98) 4.04 (293_5‘]5) 0.008 S mansoni. Immunohistological Costaining Of C-Jlll’l
MCM2/etubulin 024 (011-0.38)  1.23(0.89-1.58) <0001  (gray) in combination with y-H2AX (red) demon-
PCNA/a-tubulin 0.37 (0.22-051) 096 (0.64-1.27) 0.001 strated the phosphorylation of H2AX in hepatocyte

Mean (95% confidence interval) of the indicated ratios of densito-
metrically assessed signals of western blots is depicted (n = 9 per
group).

Abbreviations: MCM2, Minichromosome Maintenance Complex
Component 2; PCNA, proliferating cell nuclear antigen.

DNA DOUBLE-STRAND
BREAKS OCCURRED IN c-Jun®
HEPATOCYTES

Genomic instability, DNA damage, and the induc-
tion of DNA repair pathways are common hallmarks
of most human cancers.®? It has been demonstrated
before that the activation of the JNK pathway might
contribute to DNA damage in liver cells including
increased phosphorylation of related proteins such as
H2AX,%¥ indicating DNA double-strand breaks.®¥
We demonstrate the §. mansoni egg-regulated acti-
vation of hepatocellular cancer—associated factors
c-Jun and STAT3 as well as proliferation markers in
the hamster model. Furthermore, DNA replication
marker PCNA and the cell cycle inhibitor p27 appear
in the same nuclei of hepatocytes around granuloma.
Simultaneous DNA replication and cell cycle inhi-
bition clearly indicated replication stress, which can
cause DNA damage. These results suggested that
the hepatocytes in our model might be damaged by
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nuclei with prominently activated c-Jun (Fig. 5A,B,
red arrows). Typical staining patterns of nuclear foci
of y-H2AX (red) were visible in y-H2AX-stained liver
slices without any nuclear costaining (Fig. 5C,D, red
arrows). As y-H2AX has been shown to be involved
in apoptosis,(%)
ase-mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) staining was performed. In con-
trast to the multitude of y-H2AX-positive hepatocyte
nuclei around granuloma, apoptotic hepatocytes were
rarely found in TUNEL-stained livers of S. man-
soni—infected hamsters (Fig. 5E, green arrows). The
typical y-H2AX ring showing early apoptosis®” was
not observed in any of the y-H2AX-positive hepato-
cytes. As we could show that PCNA is upregulated
in 8. mansoni—infected hamsters, we aimed to analyze
whether PCNA was ubiquitinated. Indeed, PCNA
was ubiquitinated in bisex infected hamsters, indicat-
ing translesion DNA synthesis.*®

terminal deoxynucleotidyl transfer-

HEPATOCELLULAR ACTIVATION
OF c-Jun AND H2AX IN PATIENTS
WITH SCHISTOSOMIASIS

In order to obtain a model-independent proof of
the most important results from hamster and cell cul-
tures, c-Jun, Ki67, and y-H2AX were stained on a liver
slice of a male Egyptian patient aged 38 years and
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FIG. 3. AP-1/DNA binding and induction of proliferation markers. (A) The upper EMSA assay demonstrated the enhanced
AP1/DNA binding in two different complexes (arrows) using liver extracts of §. mansoni—infected hamsters in comparison with single-
sex infected controls. The preparation of nuclear extracts and the binding to the labelled consensus oligonucleotide were performed
in the absence of a competitor or in the presence of 100-fold excess of the unlabeled AP-1 consensus oligonucleotide (cold probe).
Binding of STAT3 to biotin-labeled DNA probes is shown in the lower EMSA blot. To compete with the binding, an unlabeled
STATS3 binding-site DNA probe was added to the reaction in 100-times molar excess. The STAT3-DNA complexes are marked
by arrows. Arrowhead indicates free probe. (B) Western blot analysis and subsequent assessment of optical density of the signals
depicted enhanced expression of the MCM?2 and the PCNA in §. mansoni-infected hamsters. MCM?2 (white bars) PCNA (gray bars),
n = 9/group for statistical analysis; representative blots are depicted, *P < 0.05. (C,D) Immunohistological nuclear staining (red arrows)
of MCM2 (C, red) and PCNA (D, red) was shown in hepatocytes closely located around granuloma. Magnification x400, bars 50 pm.
(E,F) Immunohistological costaining of c-Jun (red) and Ki67 (gray) demonstrated the activation of the cell cycle in hepatocytes with
prominently activated c-Jun (red arrows). Magnification x100 (C), x400 (D), bars 100 pm (C), 50 um (D). *central vein, # granuloma,
dashed line granuloma border.

diagnosed with schistosomiasis. No other infections
were diagnosed in the patient. Pathological assessment
of a puncture biopsy demonstrated a residual state of
the disease with partly dystrophic and calcified eggs
(Fig. 6A,B). Interestingly, nuclei of hepatocytes in
direct vicinity of granuloma were positively stained
for c-Jun (Fig. 6C,D), y-H2AX (Fig. 6E,F), and Ki67
(Supporting Fig. S5) even in this late stage of the dis-
ease and long time after primary infection and hepatic
lodging of the eggs. The same findings were validated
in a recently published case of a 26-year-old patient
from Eritrea who was diagnosed with hepatosplenic
schistosomiasis by liver biopsy(39) (representative c-Jun
immunostainings are depicted in Supporting Fig. S6).

Discussion

A large epidemiologic study of schistosomiasis
including 89,180 individuals showed the prevalence
of mainly two Schistosoma species in Egypt, S. mansoni
and S. haematobium. §. haematobium, the predominant
etiologic agent for urinary schistosomiasis, is carcino-
genic to humans, inducing squamous cell carcinoma
of the urinary bladder and bladder cancer.*? §. hac-
matobium—associated bladder cancer has been associ-
*2) genes and
dysregulated expression of Bcl-2 and tumor protein
p53.(43) Case reports have described associations of
S. mansoni with prostatic adenocarcinoma, colorec-
tal cancer, and bladder cancer.***® Experiments in
mice demonstrated that infection with §. mansoni can
accelerate hepatic dysplastic changes in the presence
of other risk factors, inducing earlier cancer appear-
ance with a more aggressive nature.’® Clinical stud-
ies demonstrated that the coinfection of HBV and

ated with mutations in Aras*" and Zras'
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HCV in combination with §. mansoni aggravate the
clinical course of hepatitis but also of hepatocellular
carcinogenesis."*7*¥  Schistosomiasis-induced Th2
polarization has been discussed as one mechanism
in promoting viral persistence; it might be responsi-
ble for increased viral load in the case of coinfection
and thus might cause a higher risk of HCC.“® The
altered expression of p53 in patients with §. mansoni
colitis-related colorectal cancer suggested that schis-
tosome infections may induce carcinogenesis by tar-
geting oncogenes.*” Furthermore, it was recently
supposed that cancer induction by §. mansoni infection
could result from somatic mutations in oncogenes and
in the regulation of immune responses leading to acti-
vation of several host signaling cancer pathways."
Nevertheless, the permanent activation of c-Jun and
STAT3 as critical regulators in liver cancerogenesis
and progression in human HCC has not yet been
described in the context of . mansoni infection. 1%

In the current study, we demonstrated by phos-
pho-kinase-proteome profiler array that the pro-
to-oncogene c-Jun is among the molecules activated
in primary human hepatocytes stimulated with SEA.
Furthermore, we have shown that c-Jun is activated in
hepatocytes around S. mansoni eggs and that they are
permanently activated in hepatocytes around mature
granuloma in infected hamsters. Moreover, perpet-
ual activation of c-Jun was even demonstrated in the
active and residual state of the disease with partly
dystrophic and calcified eggs in biopsies of patients
with schistosomiasis. The activation of c-Jun and
STATS3, the directional activation pattern of c-Jun, the
correlation between quantity of eggs per granuloma
and surrounding c-Jun activation, and the nuclear
c-Jun translocation next to freshly settled eggs not
surrounded by granuloma supported the hypothesis
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FIG.4.SEA, ECM, and IPSE can activate c-Jun and STAT?3 as well as markers for DNA replication and cell cycle inhibition in vitro.
(A) Concentration-dependent expression and activation of c-Jun by SEA was shown by western blot. (B) IF and western blot analysis
of c-Jun and p-c-Jun demonstrated activation of c-Jun by SEA in Huh7 cells with maximal stimulation after 4 hours. (C) Stimulation
with ECM induced a concentration-dependent expression and phosphorylation of c-Jun and STAT3 in Huh7 cells. (D) The SEA-
activated expression and phosphorylation of c-Jun was inhibited by a specific inhibitor for JNK in Huh7 cells. (E) Western blot analysis
for c-Jun as well as for their phosphorylated forms showed a concentration-dependent activation of both factors nIPSE in Huh7 cells.
(F) The SEA-induced activation of c-Jun, MCM2, and cleavage of caspase 3 were prevented by inhibition of JNK in primary hiPS-
Hep. For control and for zero-concentration in titration experiments, appropriate buffers of SEA, ECM, or IPSE samples were applied.
The in vitro activation of c-Jun and STAT3 fluctuated with different charges of SEA and ECM but also with different passages of
Huh?7 exhibiting different basal activation of the transcription factors. Nevertheless, in vitro assays were repeated at least 2-fold, and
representative blots and stainings with clear activation patterns were depicted. Abbreviations: con, control; IF, immunofluorescence.
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FIG. 5. DNA double-strand breaks in c-Jun" hepatocytes. (A,B) Immunohistochemical costaining of c-Jun (gray) in combination
with y-H2AX (red) demonstrated the phosphorylation of H2AX in hepatocyte nuclei with prominently activated c-Jun (red arrows).
(C,D) Immunohistochemical staining of y-H2AX (red) without any nuclear costaining visualized nuclear foci containing thousands
of molecules at DNA damage sites (red arrows). (E) Apoptotic hepatocytes were rarely found in TUNEL-stained livers of S. mansoni—
infected hamsters (green arrows). Magnification x100 (A,C), x200 (E), x400 (B), and x1,000 (D). Bars 50 um (A-C,E) and 10 pm (D).
# granuloma, dashed line granuloma border. (F) Western blot analysis of Ubiquityl-PCNA (Lys164).
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FIG. 6. Hepatocellular activation of c-Jun and H2AX in human schistosomiasis (A,B) hematoxylin and eosin staining demonstrated a
residual state of the disease with partly dystrophic and calcified eggs. (C,D) Immunohistochemical staining of c-Jun (red) in combination
with hematoxylin nuclear staining points out nuclear translocation of c-Jun (arrows) in hepatocytes around the granuloma (hash). (E,F)
Immunohistochemical staining of y-H2AX (red) demonstrated DNA double strand breaks (arrows) in hepatocytes around granuloma
(hash). Magnification x100 (A,C,E) and x400 (B,D,F). Bars 100 pm (A,C,E) and 50 um (B,D,F). # granuloma, dashed line granuloma
border.
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that c-Jun activation can be caused by components
released from the eggs. Additionally, the activation of
c-Jun and STAT3 was shown in vitro after stimula-
tion with ECM and IPSE derived from . mansoni
eggs. Taken together, these results evidently demon-
strated that stimulating factors are secreted by the
eggs and, furthermore, that IPSE is at least one of the
egg-secreted components inducing c-Jun activation in
hepatocytes. The clinical relevance of these results was
proven in human biopsies of patients with schistoso-
miasis. A similar effect with regard to the activation
of proto-oncogenes in our model has recently been
described for myeloid-derived suppressor cells.®” The
authors suggested that a S. japonicum infection could
promote the expansion of myeloid-derived suppressor
cells by SEA-dependent activation of the JAK/STAT3
pathway.®” Thus, egg-secreted antigen-dependent
perpetual activation of the JNK and STAT3 path-
way described in the current study might be a general
molecular mechanism associated with carcinogenesis
in Schistosoma, or generally in parasite infections that
are associated with oncogene activation."” Indeed,
this hypothesis is strengthened by the fact that we
also observed hepatocellular c-Jun activation around
granuloma in a patient infected with S. haematobium
(data not shown). In our study, we have also provided
evidence that the HCC-promoting downstream pro-
cesses of the JNK and STAT3 signal cascades such
as proliferation and replicative stress with DNA dou-
ble-strand breaks are induced in the hamster model
as well as in the human biopsy sample. Furthermore,
ubiquitylated PCNA indicated active translesion
DNA synthesis, which is likely associated with DNA-
replication stress.®® These findings open a new route
for subsequent studies analyzing the schistosome egg—
induced transformation of hepatocytes.

In conclusion, the HCC-associated transcription
factors c-Jun and STAT3 are permanently induced
in hepatocytes of acute and chronic §. mansoni egg—
infiltrated liver. Also, downstream processes such
as proliferation and DNA double-strand breaks are
perpetually activated in c-Jun-positive hepatocytes
around liver-trapped eggs. Thus, our data suggest an
aspect of how intrahepatically trapped S. mansoni eggs
could directly influence hepatocarcinogenesis.
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