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1 Abbreviations

SEPT6
HCC
qRT-PCR
WB

IHC
PVDF
BSA
CCK-8
PI
GEPIA
MMP
CCND1
LATSI
YAP
TEAD
CLD
HSC

KC

CRP
T™MC
PAMP
PMA
SBP

SEC
E.coli

E. Cloacae
E. Faecium
S. Pneumoniae
LDH
Myd88
MAPK
NF-xB
IRAK-1

Septin 6
Hepatocellular carcinoma
Quantitative real-time PCR
Western blot
Immunohistochemistry
Polyvinylidene difluoride
Bovine serum albumin
Cell Counting Kit-8
Propidiumiodide
Gene Expression Profiling Interactive Analysis
Matrix metalloproteinase
Cyclin D1
Large Tumor Suppressor Kinase 1
Yes-associated protein
TEA domain family member
Chronic liver disease
Hepatic stellate cells
Kupffer cell
C-reactive protein
THP-1 macrophage
Pathogen-associated molecular pattern
Phorbol myristate acetate
Spontaneous bacterial peritonitis
Sinusoidal endothelial cells
Escherichia coli
Enterobacter cloacae
Enterococcus faccium
Streptococcus pneumoniae
Lactate dehydrogenase
Myeloid differentiation factor 88
Mitogen-associated protein kinase
Nuclear factor-kappa B
Interleukin receptor- associated kinase-1
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4 Introduction
4.1 An overview of HCC

The heterogeneous disease Hepatocellular carcinoma (HCC) has shown an increasing
incidence and fatality rate, it is a widely common malignance and the third primary
cause of the cancer-related deaths across the globe [1]. And just recently, the HCC
incidence rate approached its fatality rate which is due to the direct relationship
between chronic inflammation, chronic viral infection, hepatocellular carcinoma and
hepatotoxins. Around one million patients die every year due to this disease around
the world. additionally, less than half of the patients (40%) are diagnosed in its early
stages [2], where they reach the point where surgeries are no longer viable, while both
the chemotherapy and the radiotherapy do not exhibit potency against HCC [3] .The
poor prognosis with overall survival rates of 3-5% is mainly due to the distant
metastasis, so it must be significant to pinpoint the foreboding HCC biomarkers.
There has been a significant advancement in identifying and curing HCC over the past
few years. With the systemic therapies being the foundation of the advanced stage
patients treatment.

4.2 Septin family

Septin family, a gene family with GTPase activity in all eukaryotes except plants[4].
Mostowy et al. found that the protein members encoded by the genes of this family
are huge.As a scaffold for protein interactions, septins participate in a series of
important biological behaviors and physiological processes such as the regulation of
cell cycle progression, apoptosis, and cell polarization. More and more evidence
shows that the septin family is closely related to the development of some malignant
tumors and neurodegenerative diseases like leukemia, Parkinson's disease,
Alzheimer's disease, prostate and colorectal cancers.

The microfilaments formed by the septin protein complex serve as scaffolds to recruit
and activate other proteins. Through their scaffolding, they also become important
constituents of membrane-associated proteins. The complex signaling pathways of
various gene proteins between the septin family make more and more people believe
that septins may become a new target in anti-cancer treatment strategies [5]. Therefore,
it is of great significance to focus on the relationship between the molecular and
cellular pathophysiological mechanisms of septins’ influence in cancer or other
diseases.

4.3 Septin structure

A total of 13 human septin proteins have been discovered so far, and they could be
split to 4 classes based on the affinity of their genetic structure [6]. The protein
encoded by the septin gene family has a molecular mass of approximately 39 to 60
kDa [7]. Septins can be oligomerized into repetitive and ordered octamers or



hexamers that could form more developed structures, including loops or
microfilaments. Septins are rod-shaped and filament-like, which is related to
membranes, actin or microtubules (MTs), so it is therefore regarded to be the fourth
component of the cytoskeleton [8]. According to the degree of sequence similarity,
SEPT gene family members are divided into four different subfamilies. They are
SEPT 2 subfamily (SEPT 1, 2, 4, 5), SEPT 3 subfamily (SEPT 3, 9, 12), SEPT 6
subfamily (SEPT 6, 8, 10, 11, 14) and SEPT 7 subfamily Family (SEPT 7, 13) [9].

4.4 Septin and biology behavior

4.4.1 Septin and mitosis

Through the formation of highly ordered loops at cell division sites, we found that
septins play a significant part in the time-structure yeast germination control [9]. In
mammalian cells, the septins are also considered to be one of the factors that
contribute to mitosis. In fact, after the mediated Cdkl phosphorylation, the long
SEPT9 subtype becomes a medium for prolyl isomerase Pinl, and in order to achieve
the cytokinesis its isomerization is a must [10]. similar to the Pinl controlled other
tumor suppressors and oncogenes, specific SEPT9 subtypes may be involved in
tumorigenesis. In addition, Spiliotis et al. found that septins help to achieve correct
chromosome expression and separation in the later stage. Thus, the SEPT2/6/7
complex is deemed crucial for the CENP-E recruitment, a protein that belongs to the
family of kinesin involved in the end stage of mitosis [10].

At the end of mitosis, septins are concentrated in the central spindle area, and interacts
with the actin contractile ring through the partnering protein aniline. Current data
showed that the anillin-septin loop prompts the invasion, narrowing and elongation of
intercellular bridges [11]. Recent research reported on the chrysotile asbestos fibers
consequences (causing mesothelioma, asbestos and lung cancer) have highlighted that
due to over-expression of SEPT2 and the occurrence of formaldehyde and SEPT9
dislocation, this is very common in cancer cells [12].

4.4.2 Septin and membrane structure

Through diffusion in the plasma membrane, septins self-assemble into a microtubule
microfilament structure[13]. Therefore, large-scale septin microfilament arrays that
interact stably with the plasma membrane can change the occurrence of cortical
morphology by applying membrane curvature and affecting migrating cells’ hardness,
thereby contributing to tumor metastasis [14].

In addition, septins are also involved in growth factor receptors associated with cancer
development dysregulation. They could aggregate and balance the proteins of the
plasma membrane, including receptor tyrosine kinases[15]. In fact, the
membrane-associated SEPT9 can prevent the binding of CINSS to the ubiquitin ligase
Cbl, leading to a reduction in ubiquitin-dependent degradation of EGFR [16]. In
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addition, septins can persist on the cancer cells plasma membranes by reducing
ubiquitination and degrading ErbB2. Furthermore, the c-Met proto-oncogene surface
distribution is monitored by SEPT2 and 11 in the opposite manner, while both engage
in its interplay with ligands and anchor to the cytoskeleton of actin, elucidating the
subunits composed of septin microfilament can control the importance of biological
functions [17].

4.4.3 Septin and actin

The structure of septin microfilament binds to the cortical area of actin in many cells.
The loss of actin causes septin to form free cytoplasmic loops [18]. In contrast, the
loss of SEPT2 weakens actin binding and destroys stress fibers. Knocking out SEPT6
and SEPT7 can produce similar actin bundle loss and destruction of polarity of the
cells [19]. These ramifications can include septin binding partners that cross-link
septin to actin, such as two of BORG2 and BS5 of the five Cdc42 effectors in the
BORG family [20].

The septin protein controls the remodeling of actin during cell migration and may
therefore lead to the spread and invasion of metastatic cancer cells [21]. Septins help
to stabilize neonatal focal adhesions, which is one of the necessary steps for
tumor-related migration. The study found that the embryonic fibroblasts of SEPT9
knockout mice did migrate much slower than wild-type cells [22]. In addition,
SEPT9 i4 is also associated in the directionality of breast cancer cell MCF7 migration.
Further sustained directional migration depends on SEPT7 and BORGS, because it
can maintain proper actin filament organization [23]. Cell invasion and migration
require epithelial-mesenchymal transition (EMT), which encompasses cell processes
formation and alters the way cells interact with ECM. Studies have found that
knocking out SEPT9 can reverse EMT and reduce the spread, migration and invasion
of cancer cells [24]. In addition, SEPT1 is also associated with the spreading of
DJM-1 cells in the squamous cell carcinoma[24].

Septins are involved in tumor progression, including the formation of new blood
vessels and the transition of tumor cells into the tumor microenvironment. ECM
controls the expression of SEPT9 in endothelial cells through integrin signaling and
regulates the peripheral distribution of cell proliferation and actin assembly [25].
Concerning the migration of tumor-related fibroblasts, studies have shown that due to
the increased expression of the cross-linked protein BORG2, the cohesion between
septins and actin fibers increases [26]. This will lead to matrix remodeling, which will
help activate highly contracted cancer-related fibroblasts and promote the invasion of
cancer cell, angiogenesis, and tumor growth.
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4.4.4 Septin and microtubules

In some types of cells, septin filaments are co-paired with MTs. They compete with
the MT-stable protein MAP4 and reduce MT stability [27]. However, the relation
between septins and MT acetylation remains ambiguous. In dendritic cells, SEPT7 is
recorded interacting with tubulin deacetylase HDAC6 [28]. Additionally, septin
microfilaments interact with polyglutamylated MTs and facilitate the transport of
vesicles along these trajectories to sustain the polarity of MDCK cells [29].

Septins don’t only form a barrier to diffuse at the base of primary cilia, but also
associated with acetylated MTs in the axons of RPE-1 cells whose SEPT2/7/9
complex controls ciliary body length [30]. Loss of TTLL3 activity, a polysaccharide
acylation enzyme needed for a stable primary cilia genesis is closely related to the
development of colon cancer [31]. Similar to the study of septin microfilaments
recruiting tubulin polyglutaminase on MTs, axon-related septin may scaffold TTLL3
on cilia MTs because it is a part of the same enzyme family [32].

4.5 Septin with disease
4.5.1 Hereditary neuromuscular dystrophy (HNA)

HNA is a rare autosomal dominant inherited peripheral neuropathy characterized by
severe pain and weakness in the shoulders and/or arms, loss of feeling and atrophy of
the arm muscles. The patient usually recovers completely, but it may take weeks to
years. Genetic analysis of several HNA patients and their families identified mutations
in the SEPT9 gene [33]. To date, missense mutant subtypes R88W or S93F have been
found in some HNA families (the longest numbered SEPT9 subtype) [34]. In addition,
a repeat containing the SEPT9 gene was also detected, in which the length and
position of the repeated part SEPT9 were different. Interestingly, point mutations and
gene duplication occur in the N-terminal region shared by isomers 1, 2 and 3 of
SEPT9, but not 4 and 5, indicating the importance of this region for the onset of HNA
[35].

4.5.2 Male infertility

A group of patients infertile due to decreased sperm motility (azoospermia) showed
disintegration of ring and septin rings. Septins provide rigidity at the ring and acts as a
diffusion barrier to distinguish different parts of sperm. Specifically, SEPT4-deficient
mice can lead to loss of sperm motility, and studies have found that SEPT4 is essential
for the barrier between the midsection and the tail [36]. Although the loss of SEPT4
has been detected in infertile human males, the cause of SEPT4 loss remains to be
determined. The importance of SEPT4 and whether it provides cell rigidity or
diffusion barrier function needs further verification.
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4.5.3 Leukemia (MLL)

Septins are associated with various human MLL caused by the translocation of the
MLL oncogene to the septin gene locus [37]. MLL is located on chromosome 11q23,
a locus frequently involved in chromosomal translocations associated with leukemia
[38]. Although more than 60 different MLL gene translocations have been identified
so far, 5 of them involve members of the septin family, making it unlikely that this
will happen by accident. These translocations have caused a variety of acute
leukemias. The first described septin was fused to the MLL gene located on
chromosome 11, resulting in the chimeric protein containing the N-terminal region of
MLL linked to SEPT9 [39].

Other septins (SEPT2, SEPTS, SEPT6, and SEPT11) were later reported to have
experienced similar translocations and produced fusion proteins with MLL [40]. This
fusion protein is thought to lead to leukemia progression through excessive activation
of MLL, leading to unnecessary transcription of certain genes including members of
the HOX family [41, 42]. Septin's contribution to this activation is unclear, but may
involve their self-interacting properties that may lead to MLL dimerization [43]. In
addition, their association with membranes or other components of the cytoskeleton
can also play a role. Osaka et al. identified septins as the fusion partner for leukemia
MLL and found that in many cancer cells, SEPT2, 8, 9, and 11 are up-regulated, while
SEPT4 and 10 are down-regulated [44, 45].

4.5.4 Breast and ovarian cancer

The study found that the SEPT9 gene is closely related to breast and ovarian cancer.
The human SEPT9 locus has been identified as a hot allele in ovarian and breast
cancer. SEPT9 gene amplification can also be found in human and mouse breast
cancer cell lines [46].

4.5.5 Head and squamous sell carcinoma

Studies have found that strong expression of Sept9 il is linked to head and squamous
cell carcinoma poor prognosis. The frequency of methylation at the SEPT9 site
indicates that changes in the SEPT9 subtype may result in a malignant phenotype
[47].

4.5.6 Colorectal cancer (CRC)

The experiment found that SEPT9 is closely related to colorectal cancer. The decrease
in expression may be due to the reduction in the transcription frequency of the
promoter and its methylation of CpG islands [48]. Consistent with this, treatment of
cultured cells with demethylating agents resulted in increased levels of SEPT9 mRNA
and protein. This methylation change has recently been used to diagnose the colon
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cancer using blood-based SEPT9 gene promoter methylation detection [49]. Because
it is minimally invasive, it may have a higher participation rate than colonoscopy [50,
51]. These findings not only point out a new treatment method, but also provide a new,
effective and non-invasive diagnostic method for the diagnosis of colorectal cancer.

4.6 Aim of the study

4.6.1 SEPT6 drives proliferation, migration and invasion of hepatocellular
carcinoma through Hippo/YAP signaling pathway (Publication 1)

The gathered data proposes that the cytoskeleton proteins are essential for the
hepatocellular carcinoma tumorigenesis. Yet, the exact SEPT6 function in the
hepatocellular carcinoma is still unrevealed. In this study, by utilizing RT-PCR and
the western blot assay, we were able to identify the expression of SEPT6 in HCC cell
lines, as well as identifying the role of SEPT6 in proliferation, cell cycle progression,
invasion and migration of HCC by carrying out a gain- and loss- of function assays.
Furthermore, we examined the underlying mechanism focused on the Hippo signaling,
since that this pathway is crucial in progression and tumorigenesis of HCC. Our
findings demonstrated that the Hippo signaling is inhibited by the overexpression of
SEPT6, and that SEPT6 also affected the downstream effector YAP by stabilizing and
dephosphorylating it, and as a consequence, the active YAP is translocated to the
nucleus, so it could boost the Cyclin D1 and MMP2 transcription, leading to the
metastasis and growth of HCC. These gathered data as a whole have the potential to
yield a therapeutic intuition in the treatment of HCC. The data is published in
Publicationl

4.6.2 Pretreatment with Zinc protects Kupffer cells following administration of
microbial products (Publication 2)

The severe liver fibrosis and the systemic inflammation can prompt a decline in the
concentration of the serum zinc. Nonetheless, the absence of any symptoms for zinc
deficiency leads it to be undetected in clinics. This research explored the relationship
between the serum zinc and the other indicators in CLD patients, in correlation with
the zinc protective mechanisms in SBP infections. And we found that: 1) there is a
direct correlation between deficient serum zinc concentrations and elevated MELD
scores and CRP levels in CLD patients , where 60 pg/dl is established to be the zinc
deficiency threshold; 2) There is a major LDH surge in both HSCs as well as KCs
induced by the bacterial products, yet, Only KCs but not HSCs, are preserved by the
zinc pretreatment; 3) Zinc pretreatment exhibited guarding features in KCs rather than
zinc posttreatment and these features are propagated through Myd88-MAPK-related
pathway; 4) The pretreatment of zinc decreases the TXB2 production in KCs
otherwise caused by bacterial stimulation. In a word, the levels of serum zinc seem to
be an important indicator in evaluating the severity of the CLD patients with infection
and liver fibrosis. The data were published in Publication 2.
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5 Summary

Publication 1:

SEPT6 drives proliferation, migration and invasion of hepatocellular carcinoma
through Hippo/YAP signaling pathway

The gathered data proposes that the cytoskeleton proteins are essential for the
hepatocellular carcinoma tumorigenesis. Septin 6 (SEPT6) is considered to be a
highly evolutionarily conserved GTP binding protein, which takes a crucial part in
regulating the biological behaviors of wvarious cells, like actin dynamics, cell
migration and shape and more, Yet, the exact SEPT6 function in the Hippo signaling
and the hepatocellular carcinoma is still unrevealed. In this research, we revealed the
function of SEPT6 in hepatocellular carcinoma and the underlying
mechanism.Thereby, our study focused on the research of SEPT6 in hepatocellular
carcinoma and the underlying mechanism was discovered in this research.

In order to inspect the SEPT6 function in HCC we determined the SEPT6 expression
in 64 HCC sample pairs using qRT-PCR. Meanwhile,the expression of SEPT6 in both
HCC as well as the adjacent non-tumor tissues was traced by the western blot. he
correlation of SEPT6 expression with overall survival using Kaplan-Meier survival
analysis was then studied, which showed that the elevated SEPT6 expression level is
correlated with a poorer survival rate for HCC patients.Moreover, the SEPT6
expression in the database of GEPIA further confirmed the SEPT6 mRNA level
upregulation in the tissues of HCC. Subsequently,we utilized IHC staining in order to
examine the SEPT6 expression in the samples of HCC and non-tumor samples, we
discovered that the levels of SEPT6 expression were noticeably higher in the HCC
samples when compared to the non-tumor adjacent samples, while the expression of
SEPTG6 protein was predominantly situated in the cytoplasm. Lastly, we assessed the
SEPTG6 expression in the normal hepatocytes (Chang liver) as well as 5 HCC cell lines.
Both the WB and qRT-PCR results demonstrated that the expression of SEPT6 was
remarkably elevated in those characterized by large metastatic potential HCC cell
lines (MHCC-97H and HCC-LM3) when compared to the regular hepatocytes (Chang
liver). All these data pointed out that the expression of SEPT6 is upregulated in
human HCC and that it predicts bad prognosis

We also carried out a loss- and gain- of function assays in order to inspect the role of
SEPT6 in HCC proliferation and other cellular functions. The qRT-PCR and western
blot both confirmed the successful stable knockdown efficiency of SEPT6 in the cells
of MHCC-97H as well as the overexpression efficiency in Huh7 cells. We then carried
out the CCK-8 assays in order to assess the function of SEPT6 in the proliferation of
cells. We observed the cell cycle distribution via FACS in order to check if the
proliferation is regulated by SEPT6 via altering the cell cycle transition. The findings
proposed that SEPT6 advanced the transition of G1/S cell cycle in HCC cells.
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Consequently, we recognized the cyclin D1 and cyclinEl expression, that is
substantially linked to transition of GI1/S cell cycle. Afterwards, we carried out
Transwell assays and were able to recognize the MMP2 and MMP9 expression via
qRT-PCR and WB to examine both the HCC cells invasion and migration capabilities
after both the overexpression and the knockdown. Lastly, we discovered that the
overexpression of SEPT6 in vitro significantly prompted the HCC proliferation, cell
cycle migration, invasion, and progression, while the SEPT6 suppression imposed the
counter effects on HCC cell lines. Hence, we recognized SEPT6 as an oncogene in
HCC, contrasting to its function in the prostate cancer.

Afterwards, the underlying mechanism why SEPT6 acts as an oncogene was explored.
The Hippo signaling as the pathway plays vital role in HCC tumorigenesis and
progression was mainly studied. T Our findings demonstrated that the overexpression
of SEPT6 inhibited the Hippo signaling pathway as well as stabilizing and
dephosphorylating the downstream effector YAP, as a consequence, the active YAP,
boosted the Cyclin D1 and MMP?2 transcription when it is translocated to the nucleus,
leading to the metastasis and growth of HCC. Moreover, the YAP knockdown reduced
the function of SEPT6 in the progression of HCC, whilst the overexpression of YAP
preserved the suppressing function of SEPT6 downregulation. Accordingly, SEPT6
applied its oncogenic abilities in HCC by regulating the Hippo/YAP signaling
pathway.

To conclude, our research proposed that SEPT6 is upregulated in HCC and that it acts
as oncogene in the progression of HCC. We also documented that SEPT6 is
prompting the HCC proliferation, cell cycle migration, invasion and progression,
where is at least via an innovative SEPT6/Hippo/YAP axis. All in all, our data
displayed that SEPT6 plays an oncogenic role in HCC, that can administer a
therapeutic target in the treatment of HCC.

Publication 2:

Pretreatment with Zinc protects Kupffer cells following administration of
microbial products

Zinc is a crucial trace metal to maintain human functions, and it is vital in about 300
enzymes for their formation and functionality. Moreover, zinc exhibits antioxidizing
and antiapoptotic abilities, and it is widely used in anti-bacterial pathogens studies.
The serum zinc levels can be severely hindered by systemic inflammation and severe
fibrosis, on the other hand, the supplementation of patients by zinc is shown to
enhance their Chronic liver disease (CLD) prognosis. Even though that the zinc
associated medications proved its vitality, there has been no universal agreement on
the dosage, timing and the mechanism of the effects yet. Bacterial isolates collected
from SBP patients isolated strains are used to treat the human primary liver
non-parenchymal cells such as HSCs, KCs and sinusoidal endothelial cells (SECs) in
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this research, and the clinical data gathered throughout 2016 to 2019 was aggregated,
in order to inspect the role of zinc in suppressing the microbial infections as well as
the clinical application of zinc for CLD patients.

According to serum zinc levels, 149 CLD patients were split to three groups. The
markers related to infection and fibrosis were compared. The findings showed a major
inverse correlation between serum zinc levels and CRP and a major direct correlation
between serum zinc and albumin in the both groups.

In in-vitro experiments, the human liver non parenchymal cells were triggered by
microbial isolates extracted from patients, and in certain cases the solution of zinc
sulfate was added. By comparing the effect of zinc by LDH and thromboxane A2
(TXAZ2) levels in the cell supernatant, the study intended to explore the clinical effects
of the serum zinc in CLD patients as well as its protective effects in in-vitro
experiments. We found that zinc pretreatment could protect the injury of bacterial
stimulation in TMCs. Patients with deficient serum zinc levels showed more
C-reactive protein (CRP), GGT, INR, total bilirubin, MELD score as well as lower
albumin levels compared to other groups. There is a prevalent correlation between
serum zinc with CRP and Albumin in both the groups with low and normal zinc levels,
LDH levels were surged in Kupffer cells (KCs) as well as stellate cells by bacterial
isolates, However, it did not show any impact on the sinusoidal endothelial cells,
where the pretreatment by zinc only protected the KCs.

Finally, we investigated the potential associated pathway for zinc protection by
RT-gPCR, and found that Myd88 related signaling pathway was vital for the
protecting zinc pretreatment impacts in bacterial-induced injury in KCs, and reduced
production of thromboxane A2 was due to decreased gene expression of Myd8S,
MAPK and NF-kB.

In summary, the levels of serum zinc show a high probability of being a worthy
weapon in evaluating the mass of the infection and liver fibrosis in CLD patients.
Moreover, the findings reinforced our comprehension of the supplementation by zinc
as a viable antimicrobial ally where the pretreatment by zinc is shown to constrain
inflammation through suppressing Myd88-MAPK-NF-kB pathway activation in KCs,
and TXA2 as an important player.
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6 Zusammenfassung

Veroffentlichung 1:

SEPT6 fordert die Tumorprogression iiber den Hippo/YAP-Signalweg beim
hepatozelluliren Karzinom

Akkumulative Studien haben gezeigt, dass Zytoskelettproteine eine wichtige Rolle bei
der Tumorentstehung des Leberzellkarzinoms spielen. Septin 6 (SEPT6) ist ein
hochgradig evolutionir konserviertes GTP-bindendes Protein, das eine bedeutende
Rolle bei der Regulierung verschiedener zellbiologischer Verhaltensweisen wie
Aktindynamik, Zellform und Zellmigration usw. spielt. Die Rolle von SEPT6 bei der
Entwicklung des hepatozelluldren Karzinoms (HCC) und der Hippo-Signalweg ist
jedoch noch unbekannt. In dieser Studie haben wir die Rolle von SEPT6 beim
hepatozelluldren Karzinom und den zugrunde liegenden Mechanismus aufgedeckt.

Um die Rolle von SEPT6 auf HCC zu untersuchen, haben wir die Expression von
SEPT6 in 30 Paaren von HCC-Proben mittels qRT-PCR gemessen. Die Expression
von SEPT6 im HCC und in angrenzenden Nicht-Tumorgeweben wurde ebenfalls
durch Western Blot bestitigt. Wir analysierten dann die Expression von SEPT6 in der
GEPIA-Datenbank, wobei das [Ergebnis auch die Hochregulation des
SEPT6-mRNA-Spiegels in HCC-Geweben bestitigte. Als néchstes haben wir die
Expression von SEPT6 in zwei normalen Leberzelllinien und mehreren
HCC-Zelllinien gemessen. Zusammengenommen deuten diese Ergebnisse darauf hin,
dass die SEPT6-Expression in HCC-Geweben und Zelllinien mit hochgradig
metastatischem Potenzial hochreguliert ist.

Um die Rolle von SEPT6 bei der zelluldren Funktion des HCC wie HCC-Proliferation,
Zellzyklusprogression, Migration und Invasion zu untersuchen, haben wir
Funktionsverlust- und Gewinn-Assays durchgefiihrt. Der erfolgreiche stabile
SEPT6-Knockdown in MHCC-97H-Zellen und die Uberexpression in Huh7-Zellen
wurden durch qRT-PCR und Western Blot bestitigt. Um die Rolle von SEPT6 bei der
Zellproliferation zu untersuchen, fiihrten wir die CCK-8-Tests durch. Um zu
untersuchen, ob  SEPT6 die Proliferation durch Beeinflussung des
Zellzyklusiibergangs reguliert, haben wir die Zellzyklusverteilung mittels FACS
nachgewiesen. Die Daten legten nahe, dass SEPT6 den G1/S-Zellzyklusiibergang in
HCC-Zellen fordert. In der Folge entdeckten wir die Expression von Cyclin D1 und
Cyclin E1, die signifikant mit dem G1/S-Zellzyklusiibergang zusammenhéngen. Wir
filhrten dann Transwell-Assays durch und untersuchten die Expression von MMP2
und MMP9 mittels qRT-PCR und WB, um die Migrations- und Invasionsfahigkeit von
HCC-Zellen nach dem Knockdown oder der Uberexpression von SEPT6 zu beurteilen.
SchlieBlich fanden wir in vitro heraus, dass die Uberexpression von SEPT6 die
Proliferation, Zellzyklusprogression, Migration und Invasion von HCC-Zellen
forderte, wihrend die Unterdriickung von SEPT6 die entgegengesetzten
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Auswirkungen auf die HCC-Zelllinien hatte. Daher gehen wir davon aus, dass SEPT6
beim HCC als Onkogen fumgiert, was im Gegensatz zu seiner Rolle bei Prostatakrebs
steht.

Als nichstes untersuchten wir den zugrunde liegenden Mechanismus, warum SEPT6
als Onkogen wirkt. Wir konzentrierten uns hauptsédchlich auf den Hippo-Signalweg,
da dieser eine entscheidende Rolle bei der Tumorentstehung und -progression des
HCC spielt. Unsere Daten bewiesen, dass die SEPT6-Uberexpression den
Hippo-Signalweg inaktivierte, den nachgeschalteten Effektor YAP stabilisierte,
worauthin das aktive YAP in den Zellkern translozierte, wo es die Transkription von
Cyclin D1 und MMP2 f6rderte, was zu HCC-Wachstum und Metastasierung fiihrte.
Dariiber hinaus verringerte der Knockdown von YAP die giinstige Rolle von SEPT6
bei der HCC-Progression, wihrend die YAP-Uberexpression die hemmende Rolle der
SEPT6-Abwirtsregulierung  rettete. Mechanistisch gesehen tiibte SEPT6 seine
onkogene Rolle beim HCC aus, indem es den Hippo /YAP-Signalweg regulierte.

Zusammenfassend ldsst sich sagen, dass unsere Studie darauf hinweist, dass SEPT6
im HCC hochreguliert ist und als Onkogen in der HCC-Progression wirkt. Wir
definierten, dass SEPT6 die HCC-Proliferation, die Migration und die Invasion im
Zellzyklus fordert, was zumindest durch eine neue SEPT6/ Hippo /YAP-Achse
erreicht wird. Insgesamt zeigten unsere Ergebnisse eine onkogene Rolle von SEPT6
beim HCC, die ein therapeutisches Interventionsziel fiir die Behandlung des HCC
darstellen konnte.
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Veroffentlichung 2:

Vorbehandlung mit Zink schiitzt Kupfferzellen nach Verabreichung von
mikrobiellen Produkten

Zink ist ein essentielles Spurenmetall im menschlichen Korper und spielt eine
wichtige Rolle bei der Zusammensetzung und Funktion von mehr als 300 Enzymen.
Zink hat antioxidative und antiapoptotische Wirkungen und wird héufig in Studien
gegen bakterielle Krankheitserreger verwendet. Systemische Entziindungen und
schwere Fibrosen konnen zu einer signifikanten Senkung des Zinkspiegels im Serum
filhren, wéhrend eine Zinksupplementierung die Prognose von Patienten mit
chronischer Lebererkrankung (CLD) verbessern konnte. Obwohl iiber zinkbezogene
Behandlungen als neue antibakterielle Waffen berichtet wurde, gibt es noch keinen
Konsens iiber die Dosierung, den Zeitpunkt und die Mechanismen, die filir solche
Effekte verantwortlich sind. In dieser Studie wurden humane primére
nicht-parenchymale Leberzellen [einschlieBlich KCs, HSZs wund sinusoidale
Endothelzellen (SECs)] mit Bakterienisolaten behandelt, die aus Stdmmen von
SBP-Patienten isoliert wurden. Durch die Kombination der von uns von 2016 bis
2019 gesammelten klinischen Daten wollten wir den Mechanismus von Zink zur
Verhinderung mikrobieller Infektionen und seine klinische Anwendung bei Patienten
mit CLD untersuchen.

Nach den Serum-Zinkspiegeln wurden 149 CLD-Patienten in 3 Gruppen eingeteilt.
Die mit der Infektion und Fibrose verbundenen Marker wurden verglichen. Die Daten
zeigten eine signifikant negative Korrelation zwischen den Serum-Zinkspiegeln und
dem CRP und eine signifikant positive Korrelation zwischen Serum-Zink und
Albumin in beiden Gruppen.

In In-vitro-Experimenten wurden mikrobielle Isolate von Patienten verwendet, um
nicht-parenchymale Zellen der menschlichen Leber zu stimulieren, und in bestimmten
Experimenten wurde die Zinksulfatlosung hinzugefiigt. Durch den Vergleich der
Wirkung von Zink durch LDH- und Thromboxan-A2-Spiegel im Zelliiberstand
wollten wir die klinische Anwendung von Serum-Zink bei Patienten mit CLD und
seinen anti-infektiven Mechanismus in in-vitro-Studien untersuchen. Wir fanden
heraus, dass eine Vorbehandlung mit Zink die Verletzung der bakteriellen Stimulation
bei TMCs schiitzen konnte. Patienten mit niedrigen Serumzinkwerten zeigten im
Vergleich zu anderen Gruppen hohere C-reaktive Proteine (CRP), GGT, INR,
Gesamtbilirubin, MELD-Score und niedrigere Albuminwerte. CRP und Albumin
waren sowohl in den Niedrig- als auch in den Normalzinkgruppen signifikant mit dem
Serumzink korreliert. Bakterienisolate erhdhten die LDH-Spiegel in Kupfferzellen
(KCs) und hepatischen Sternzellen signifikant, hatten aber keinen Einfluss auf
Sinusendothelzellen, wihrend die Vorbehandlung mit Zink zwar die KCs, nicht aber
die hepatischen Sternzellen schiitzte.
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SchlieBlich untersuchten wir den mdglichen verwandten Pfad fiir den Zinkschutz
durch RT-gPCR und stellten fest, dass der Myd88-verwandte Pfad fiir die schiitzende
Wirkung der Zink-Vorbehandlung bei bakteriell induzierten Verletzungen in KCs
wesentlich ist, und dass die verminderte Produktion von Thromboxan A2 auf die
verminderte Genexpression von Myd88, MAPK und NF-kB zuriickzufiihren ist.

Zusammenfassend ldsst sich sagen, dass die Serum-Zink-Konzentration ein wertvoller
Marker fiir die Beurteilung des Schweregrades der Infektion und der Leberfibrose bei
Patienten mit CLD sein kann. Dariiber hinaus vertiefen unsere Ergebnisse unser
Verstiandnis der Zinksupplementierung als antimikrobielle Waffe: Die Vorbehandlung
mit Zink reduziert die Entziindung durch Hemmung der Aktivierung des
Myd88-MAPK-NF-kB-Signalwegs bei KCs und TXA2 als wichtigen Akteur.
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Abstract. Septin 6 (SEPT6) is a member of the GTP-binding
protein family that is highly conserved in eukaryotes and
regulates various biological functions, including filament
dynamics. cytokinesis and cell migration. However. the
functional importance of SEPT6 in hepatocellular carci-
noma (HCC) is not completely understood. The present
study aimed to investigate the expression levels and roles of
SEPT6 in HCC, as well as the underlying mechanisms. The
reverse transcription quantitative PCR, western blotting and
immunohistochemistry staining results demonstrated that
SEPT6 expression was significantly elevated in HCC tissues
compared with corresponding adjacent non-tumor tissues,
which indicated that SEPT6 expression may serve as a
marker of poor prognosis for HCC. By performing plasmid
transfection and G418 treatment. stable SEPT6-knockdown
and SEPT6-overexpression cell lines were established. The
Cell Counting Kit-8, flow cytometry and Transwell assay
results demonstrated that SEPT6 overexpression significantly
increased HCC cell proliferation, cell cycle transition, migra-
tion and invasion compared with the Vector group, whereas
SEPT6 knockdown displayed significant suppressive effects
on HCC cell lines in vitro compared with the control group.
Mechanistically, SEPT6 might facilitate F-actin formation,
which induced large tumor suppressor kinase 1 dephosphory-
lation, inhibited Hippo signaling, upregulated yes-associated
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protein (YAP) expression and nuclear translocation, and
upregulated cyclin DI and matrix metallopeptidase 2 (MMP2)
expression. Furthermore, YAP overexpression significantly
reversed SEPT6 knockdown-induced inhibitory effects
on HCC, whereas YAP knockdown significantly inhibited
the oncogenic effect of SEPT6 overexpression on HCC.
Collectively. the present study demonstrated that SEPT6 may
promote HCC progression by enhancing YAP activation,
suggesting that targeting SEPT6 may serve as a novel thera-
peutic strategy for HCC.

Introduction

In 2018, hepatocellular carcinoma (HCC) was estimated to be
the sixth most common cancer and the third most common
cause of cancer-related mortality, resulting in ~841,000 new
cases and 781,000 deaths worldwide (1,2). Although advances
in therapeutic strategies have benefited patients who are
diagnosed at an early stage, the majority of patients with HCC
are diagnosed at an advanced stage and their overall survival
remains poor, which is primarily attributed to the recurrence
and metastasis of the disease (3). Therefore, identifying novel
causative genes and molecular mechanisms underlying HCC
progression is important for the development of therapeutic
targets with improved efficacy.

Recent studies revealed that the Hippo signaling pathway
is implicated in tumorigenesis and may display tumor
suppressor effects (4-6). The core of Hippo signaling consists
of macrophage stimulating 1/2, which regulates activation
of large tumor suppressor kinase 1/2 (LATS1/2). Active
LATS1/2 phosphorylates the downstream transcriptional
co-activator Yes-associated protein (YAP)/tafazzin (TAZ).
In the cytoplasm, the proteasome mediates ubiquitination and
degradation of phosphorylated YAP/TAZ, which suppresses
the transcription of proliferation- and survival-associated
genes (7). Increasing evidence has indicated that the Hippo
signaling pathway is crucial for HCC initiation and progres-
sion (8-10). Several factors have been reported to regulate
Hippo signaling, including actin cytoskeleton. cell polarity
and cell contact (11). Moreover, recent studies have demon-
strated that cytoskeletal proteins regulate HCC progression by
activating the Hippo signaling pathway (6,12,13).



Septins are highly conserved GTP-binding proteins
family incorporating 13 members, which are ubiquitously
expressed in the majority of eukaryotes (14). Recently, septins
were categorized as the fourth cytoskeletal component,
which interacts with cellular membranes, actin filaments and
microtubules. and regulates various cellular processes (15).
Among the 13 members, septin 6 (SEPT6) primarily regu-
lates filament dynamics, cytokinesis, proliferation, cell cycle
transition, survival and chemotaxis (14.16-18). In prostate
cancer tissues, SEPT6 expression was decreased, and SEPT6
knockdown contributed to prostate cancer survival and inva-
sion (18). Recently, it was reported that SEPT6 expression was
upregulated in liver fibrosis, which promoted hepatic stellate
cell activation, proliferation and migration (19). A previous
study demonstrated that Hepatitis B surface antigen (HBsAg)
knockdown blocked HCC growth, whereas HBsAg knock-
down decreased SEPT6 expression in Hep(G2.2.15 cells (20),
indicating that SEPT6 may be involved in HCC pathogenesis.
However, the functional importance of SEPT6 in HCC devel-
opment and the regulation of the Hippo signaling pathway is
not completely understood.

The present study aimed to investigate whether SEPT6
expression was upregulated in HCC tissues and to determine its
association with prognosis. The effects of SEPT6 overexpres-
sion on HCC cell proliferation, cell cycle transition, migration
and invasion, and the role of the Hippo signaling pathway and
YAP activation were investigated. The results of the present
study may indicate a novel therapeutic strategy for HCC.

Materials and methods

HCC samples and cell lines. A total of 64 patients (51 male
patients and 13 female patients: age range, 26-78 years:
average age, 52.58+12.73) were enrolled in the present study
at Tongji Hospital (Wuhan, China) between January 2011
and December 2014. The inclusion criteria were as follows: i)
Patients were pathologically diagnosed with HCC; ii) patients
underwent surgical excision; and iii) patients were aged
>18 years. The exclusion criteria were as follows: i) Patients
received preoperative therapy: and ii) patients with more than
one primary tumor. The tumor and corresponding adjacent
non-tumor (distance from tumor margin, >2 cm) tissues were
collected. Tissues were fixed with 4% paraformaldehyde
at room temperature for 48 h, embedded in paraffin and
sectioned to 5-pm thick sections for immunohistochemistry
staining. Alternatively, tissues were immediately preserved
at -80°C for RNA and protein extraction. The clinicopatho-
logical characteristics of the patients were recorded, including
sex, age, hepatitis B virus infection, a-fetoprotein levels,
tumor size, tumor number and metastasis (Table ). Written
informed consent was obtained from all patients. The present
study was approved by the Ethics Committee of Tongji
Hospital (approval no. TJI-IRB20180404) and was conducted
according to the principles outlined in the Declaration of
Helsinki. Two normal hepatocyte cell lines (THLE-2 and
THLE-3). Hep3B and Huh7 were purchased from American
Type Culture Collection. MHCC-97L and MHCC-97H were
purchased from The Cell Bank of Type Culture Collection of
The Chinese Academy of Sciences. HCC-LM3 was obtained
from the Liver Cancer Institute, Zhongshan Hospital, Fudan
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University (Shanghai, China). Cells were cultured in DMEM
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C
with 5% CO,.

Reagent. The F-actin inhibitor latrunculin B (Lat. B) was
purchased from Abcam (cat. no. ab144291) and was used
following the standard protocol. Briefly, latrunculin B (I mg)
was dissolved in 40 yl DMSO to make a 25 mg/ml stock solu-
tion. The stock solution was stored at -20°C until subsequent
use. Before use, Lat. B was thawed and added to DMEM to a
final concentration of 10 M. Cells were treated with Lat. B
for 2 hat 37°C.

Reverse transcription-quantitative PCR (RT-qPCR). Total
RNA extraction, reverse transcription, and RT-qPCR were
performed following a standard protocol, as previously
described (19). Total RNA was extracted from liver tissues
and cell lines using TRIzol" reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). RNA concentrations were determined
using a NanoDrop 2000 Spectrophotometer (Thermo Fisher
Scientific, Inc.). Total RNA was reverse transcribed into cDNA
using the PrimeScript reagent kit (Takara Biotechnology Co..
Ltd.) according to the manufacturer's protocol. The following
temperature protocol was used for reverse transcription:
37°C for 15 min and 85°C for 5 sec. Subsequently, qPCR was
performed using SY BR Premix ExTaq (Takara Biotechnology
Co., Ltd.) and an ABI StepOne Real-Time PCR System
(Applied Biosystems: Thermo Fisher Scientific. Inc.) according
to the manufacturer's protocol. The following thermocycling
conditions were used for qPCR: Pre-denaturation at 95°C for
30 sec; followed by 40 cycles of 95°C for 5 sec and 60°C for
30 sec. mRNA expression levels were quantified using the
2444 method (21) and normalized to the internal reference
gene [3-actin. The sequences of the primers used for qPCR are
presented in Table SI.

Western blotting and co-immunoprecipitation (co-1P).
Total protein was extracted from liver tissues and cell lines
using RIPA buffer containing protease inhibitors PMSF and
cocktail (Servicebio Technology Co., Ltd.). Nuclear proteins
were extracted using NE-PER (Thermo Fisher Scientific,
Inc.). Protein concentrations were determined using a BCA
kit (Boster Biological Technology). Western blotting was
performed as previously described (19). Briefly, proteins
(30 pg per lane) were separated via 10% SDS-PAGE and
transferred onto PVDF membranes (EMD Millipore), which
were then blocked with 5% BSA (cat. no. 4240GR100;
Guangzhou Saiguo Biotech Co., Ltd.) at room tempera-
ture for | h. Subsequently, the membranes were incubated
with primary antibodies at 4°C overnight. After washing
three times in TBST, the membranes were incubated with
HRP-conjugated secondary antibodies (Beyotime Institute of
Biotechnology) at room temperature for 1 h. After washing
three times, protein bands were detected using an ECL assay
kit (Advansta, Inc.). Protein expression was semi-quantified
using Imagel software (version 1.44p: National Institutes
of Health) with B-actin as the loading control. The primary
and secondary antibodies used for western blotting are listed
in Table SII.
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Table I. Association between SEPT6 expression and clinico-
pathological variables in human HCC tissues.

SEPT®6 expression
Variable Low (n=18) High (n=46) P-value
Sex 0.530
Female 4 9
Male 14 37
Age (years) 0.578
<45 6 16
>45 12 30
HBsAg 0.291
Negative 5 18
Positive 13 28
AFP (ng/ml) 0.172
<400 8 13
>400 10 33
Tumor diameter (cm) 0.010
<5 11 12
>5 i 34
Tumor number 0.490
Single 13 35
Multiple 5 11
Metastasis 0.016"
No 11 13
Yes T 33

min, and the Agarose beads were discarded. The supernatant
was collected and analyzed via western blotting using anti-
bodies targeted against SEPT6, LATSI and LATS2 according
to the aforementioned protocol. The antibodies used for co-IP
are listed in Table SII.

Immunohistochemistry (IHC) staining. The expression of
SEPT6 in HCC samples and corresponding adjacent non-tumor
tissues were analyzed by IHC, as previously described (19).
Briefly, paraffin-embedded slides were de-paraffinized in
xylene and rehydrated using an alcohol gradient. Antigen
retrieval was performed by heating samples in 0.01 mol/l
citrate buffer (pH 6.0) for 15 min in a microwave. Subsequently,
the slides were immersed in 3% H,0; at room temperature for
15 min to eliminate the endogenous peroxidase. After washing
three times with PBS, the sections were blocked using 10%
goat serum (Boster Biological Technology) at room tempera-
ture for 30 min. Subsequently, the sections were incubated
with an anti-SEPT6 (cat. no. 12805-1-AP; 1:100; ProteinTech
Group, Inc.) at 4°C overnight. After washing three times with
PBS. the sections were incubated with a biotinylated secondary
antibody (cat. no. SP-9000; OriGene Technologies, Inc.) at
37°C for 1 h. After washing three times with PBS, peroxidase
activity was visualized using DAB (OriGene Technologies,
Inc.) at room temperature for ~10 sec. Then, the sections were
counterstained with hematoxylin (OriGene Technologies, Inc.)
at room temperature for ~I min. Stained samples were visual-
ized using an IX71 light microscope (Olympus Corporation;
magnification, x100).

. oftuorescence staining. Huh7 cells (5x10* each well)

SEPT6 expression was assessed via reverse transcription-quantitative
PCR. SEPT6 high/low expression indicated that SEPT6 expression in
was higher/lower in HCC tissues compared with corresponding adja-
cent non-tumor tissues. “P<0.03. SEPT6, septin 6; HCC, hepatocellular
carcinoma: HBsAg. hepatitis B surface antigen: AFP, a-fetoprotein.

For the co-1P assay, MHCC-97H cells (2-5x107) were
washed twice with cold PBS twice and lysed using 1% NP-40
buffer (cat. no. PO013F; Beyotime Institute of Biotechnology)
containing protease inhibitors at 4°C for 30 min. After centrif-
ugation at 12,000 x g for 15 min at 4°C, the supernatant was
collected. Protein A/G PLUS-Agarose beads (cat. no. sc-2003;
Santa Cruz Biotechnology. Inc.) were washed three times with
PBS and diluted in PBS to 50% concentration. Subsequently,
the Agarose beads (100 ul/ml) were added to the supernatant
(containing 200-600 ug protein). The mixture was incubated
for 30 min at 4°C on a horizontal shaker. After centrifugation
at 1,000 x g for 5 min at 4°C, the supernatant was collected
and divided into two parts. SEPT6 antibody (2 pg/500 pg cell
lysate) or isotype normal IgG antibody (2 pug/500 peg cell lysate:
cat. no. sc-2026: Santa Cruz Biotechnology, Inc.) was added to
the supernatant (~500 ul total volume) and incubated for 1 h at
4°C. Subsequently. additional Agarose beads (100 ul/ml) were
added and incubated at 4°C overnight. After centrifugation at
1,000 x g for 5 min at 4°C, the supernatant was discarded and
the pellets were washed four times with 1.0 ml NP-40 buffer.
The samples were boiled with sample loading buffer for 10

were seeded onto glass cover slides in 24-well plates overnight.
Subsequently, cells were fixed with 4% formaldehyde at room
temperature for 20 min, permeabilized using 0.3% Triton X-100
and blocked with 5% BSA (cat. no. 4240GR100; BioFroxx;
Saiguo Biological Technology Co., Ltd.) at room temperature
for 30 min. Subsequently, the slides were incubated with
ActinRed (cat. no. KGMP0012; Nanjing KeyGen Biotech Co.,
Ltd.) at room temperature for 20 min. The nuclei were counter-
stained with DAPI solution (cat. no. G1012; Wuhan Servicebio
Technology Co., Ltd. ) at room temperature for 10 min. Stained
cells were observed using an IX71 fluorescence microscope
(Olympus Corporation; magnification, x400).

Plasmid transfection and stable cell line selection. The
plasmids used for SEPT6 and YAP knockdown and over-
expression were purchased from Shanghai GeneChem Co.,
Ltd. At B0-90% confluence, cells were transfected with 2 pg
plasmid using Lipofectamine® 3000 (Invitrogen; Thermo
Fisher Scientific, Inc.) in Opti-MEM (Gibco: Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. At
6-8 h post-transfection, the cell culture medium was replaced
with DMEM supplemented with 10% FBS. The control shRNA
was a non-targeting shRNA and the overexpression control
was an empty vector. The shRNA sequences are presented
in Table SI. At 48 h post-transfection, transfected cell lines
were treated with G418 (400 ug/ml) for 2 weeks to select stably
transfected cells, Transfection efficiencies were assessed and
the stable cell lines were used for subsequent experiments. The
following cell lines were established: MHCC-97H-shcontrol,

25



MHCC-97H-shSEPT6, Huh7-Vector, Huh7-SEPT6,
MHCC-97H-shSEPT6+YAP, Huh7-SEPT6+shYAP,
HCC-LM3-shcontrol, HCC-LM3-shSEPT6, Hep3B-Vector
and Hep-3B-SEPT®6.

Cell Counting Kit-8 (CCK-8) assay. Cell proliferation was
detected using the CCK-8 kit (cat. no. C0037; Beyotime
Institute of Biotechnology) according to the manufacturer's
protocol, as previously described (19). Briefly. cells were
seeded (1x10° cells/well) into 96-well plates and cultured for
24, 48, 72 or 96 h. Subsequently, the culture medium was
replaced with 100 ¢l DMEM and 10 gl CCK-8. After incuba-
tion for 2 h, the absorbance of each well was measured at a
wavelength of 450 nm using an ELISA reader.

Flow cytometry analysis of the cell cycle.Cell cycle distribution
was assessed by flow cytometry, as previously described (22).
Briefly, cells (1x10°) were harvested, washed with cold PBS
and fixed using 75% ethanol overnight at 4°C. After washing
twice with PBS, cells were incubated with PI staining solution
containing RNase (cat.no. KGA 511-KGAS512; Nanjing KeyGen
Biotech Co., Ltd.) at 37°C for 30 min in the dark. Subsequently.
cell cycle distribution was analyzed using a BD FACSVerse
flow cytometer (BD Biosciences) and CELLQuestPro soft-
ware (version 5.1; BD Biosciences).

Transwell assays. Transwell insert chambers (pore size, 8 yum:
Corning, Inc.) were used to examine cell invasion and migration,
respectively. For the invasion assay, the upper chamber inserts
were precoated with Matrigel (BD Biosciences) at 37°C for | h.
Briefly. 200 pl serum-free DMEM containing cells (2x10%) was
plated into the upper chamber and the lower chamber was filled
with 600 gl DMEM supplemented with 20% FBS. Following
incubation at 37°C for 24 h, migratory/invading cells were fixed
using absolute methanol at room temperature for 10 min, and
stained using 0.2% crystal violet solution at room temperature
for 1 h.Cells were observed using an IX71 microscope (Olympus
Corporation; magnification, x100) in at least three fields of view.

Database. The Gene Expression Profiling Interactive Analysis
(GEPIA) database (gepia.cancer-pku.cn) was used to deter-
mine SEPT6 mRNA expression levels in human liver HCC
specimens and corresponding adjacent non-tumor specimens.

Statistical analysis. Each experiment was performed in
triplicate. Data are presented as the mean = SD. Statistical
analyses were performed using GraphPad Prism (version 5.0;
GraphPad Software, Inc.) or SPSS (version 19.0; IBM Corp.)
software. Comparisons between two groups were analyzed
using the paired or unpaired Student's t-test. Comparisons
among multiple groups were analyzed using one-way
ANOVA followed by Tukey's post hoc test. Categorical data
were analyzed using Fisher's exact test. Patient survival was
analyzed via Kaplan-Meier analysis and log-rank tests. P<0.05
was considered to indicate a statistically significant difference.

Results

SEPT® is upregulated in human HCC and predicts poor prog-
nosis. To examine SEPT6 expression in HCC, SEPT6 mRNA
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expression levels were assessed in 64 paired HCC samples.
Compared with corresponding adjacent non-tumor samples,
SEPT6 mRNA expression levels were significantly higher in
46 paired HCC samples (71.88%: Fig. 1A). Subsequently, we
selected 20 paired tissues, including 16 paired tissues with
higher SEPT6 mRNA expression in the HCC tisues compared
with the adjacent non-tumor tissues, and 4 paired tissues with
lower SEPT6 mRNA expression in HCC tissues compared with
the adjacent non-tumor tissues. The protein expression levels
of SEPT6 were determined via western blotting. The results
demonstrated that the protein expression levels of SEPT6
were significantly higher in 16 HCC tissues compared with
the adjacent non-tumor tissues (Fig. 1B and SIA, C and D),
whereas the protein expression levels of SEPT6 were signifi-
cantly lower in 4 HCC tissues compared with the adjacent
non-tumor tissues (Fig. S1B), indicating a positive association
between mRNA and protein expression levels of SEPT6 in
human patients with HCC. The association between SEPT6
expression levels and clinicopathological characteristics was
investigated. SEPTG6 expression levels were significantly asso-
ciated with tumor size and metastasis, but not significantly
associated with sex, age. hepatitis B virus infection, tumor
number or a-fetoprotein levels (Table I). Furthermore, the
association between SEPT6 expression and overall survival
was assessed. SEPT6 high/low expression represented that
SEPT6 expression in the HCC tissues was higher/lower
compared with the corresponding adjacent non-tumor tissues
(fold change >1.5), respectively. The results demonstrated that
high SEPT6 expression levels indicated significantly worse
overall survival in patients with HCC compared with low
SEPT6 expression levels (Fig. 1C). IHC staining demonstrated
that SEPT6 expression levels were notably higher in HCC
samples compared with corresponding adjacent non-tumor
samples, and SEPT6 protein expression was primarily local-
ized in the cytoplasm (Fig. 1D). In addition, analysis of the
GEPIA database demonstrated significantly upregulated
SEPT6 expression in HCC compared with adjacent non-tumor
tissues (Fig. 1E). Subsequently, SEPT6 expression levels
were examined in two normal hepatocyte cell lines (THLE-2
and THLE-3) and several HCC cell lines. Among HCC cell
lines, MHCC-97H and HCC-LM3 cells display the highest
metastatic potential (23-25). The results suggested that SEPT6
expression was significantly higher in the majority of the HCC
cell lines, particularly in those with high metastatic potential
(MHCC-97H and HCC-LM3), compared with normal hepato-
cytes (Fig. IF and G). Collectively, the results indicated that
SEPT6 expression was upregulated in human HCC and may
serve as a predictor of poor prognosis.

SEPT6 promotes HCC cell proliferation. Subsequently, gain-
and loss-of-function assays were performed to assess the effect
of SEPT6 on HCC cell function. Following assessment of
SEPT6 endogenous expression levels in different HCC cells,
MHCC-97H and Huh7 cells were selected for SEPT6 knock-
down or overexpression, respectively, and stably transfected
cells were established. Transfection efficiencies were deter-
mined by measuring SEPT6 mRNA and protein expression
levels (Fig. 2A and C). The CCK-8 assay results indicated that
SEPT6 knockdown significantly inhibited MHCC-97H cell
proliferation compared with the control group, whereas SEPT6
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Figure 1. SEPT6 is upregulated in human HCC and predicts poor prognosis. (A) SEPT6 mRNA expression levels in 64 paired HCC samples and adjacent
non-tumor tissues were assessed via RT-qPCR. (B) SEPT6 protein expression levels in HCC samples (n=4) and corresponding adjacent non-tumor samples
(n=4) were assessed via western blotting. (C) Association between SEPT6 expression and overall survival as determined by Kaplan-Meier survival analysis.
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overexpression significantly increased Huh7 cell proliferation
compared with the Vector group (Fig. 2B). Subsequently, flow
cytometry was performed to investigate whether SEPT6 regu-
lated the cell cycle. Compared with the control group, SEPT6
knockdown resulted in significantly increased cell cycle
arrest at the G,/S phase in MHCC-97H cells, but displayed no
significant effect on the G,/M transition (Fig. 2D). By contrast,
compared with the Vector group, SEPT6 overexpression
significantly promoted G,/S transition in Huh?7 cells, but had
no significant effect on G,/M transition. The results suggested
that SEPT6 primarily regulated the G,/S transition, whereas its
effect on the G,/M transition was not significant. Furthermore,
cyclin DI and cyclin El expression levels are significantly
associated with G/S cell cycle transition (15). The RT-qPCR
results indicated that SEPT6 knockdown significantly
decreased cyclin D1 expression in MHCC-97H cells compared
with the control group, whereas SEPT6 overexpression signifi-
cantly increased cyclin DI expression in Huh7 cells compared
with the Vector group (Fig. 2E). However, cyclin El mRNA
expression levels were not significantly altered by SEPT6
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knockdown or overexpression compared with the control and
Vector groups, respectively. Consistent results were obtained
for protein expression levels (Fig. 2F). Collectively, the results
indicated that SEPT6 promoted HCC cell proliferation and
G//S transition in vitro.

SEPT6 promotes HCC cell migration and invasion. Metastasis
is the leading cause of HCC-related mortality (26). The
Transwell assay results demonstrated that SEPT6 knockdown
significantly decreased MHCC-97H cell migrationandinvasion
compared with the control group, whereas SEPT6 overexpres-
sion significantly increased Huh7 cell migration and invasion
compared with the Vector group (Fig. 3A and B). Moreover,
matrix metallopeptidase (MMP)2 expression levels were
significantly decreased by SEPT6 knockdown in MHCC-97H
cells compared with the control group, whereas SEPT6 over-
expression significantly increased MMP2 expression levels in
Huh7 cells compared with the Vector group (Fig. 3C). However,
MMP9 mRNA expression levels were not significantly altered
in response to SEPT6 knockdown or overexpression compared
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with the control and Vector groups, respectively (Fig. 3C).
Similar results were obtained via western blotting (Fig. 3D).
Collectively, the in vitro results demonstrated that SEPT6
enhanced HCC cell migration and invasion.

SEPT6 regulates the Hippo/ YAP signaling pathway in HCC.
As aforementioned, SEPT6 promoted HCC cell prolifera-
tion and migration: therefore, the mechanism underlying its
action was investigated. Increasing evidence has demonstrated
that Hippo signaling is crucial for HCC tumorigenesis and
metastasis (8-10). Furthermore, Hippo signaling is primarily
regulated by the actin cytoskeleton (11). Septin proteins are
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considered as the fourth cytoskeletal component and SEPT6
regulates actin cytoskeleton dynamics (15); therefore, the
present study further investigated whether SEPT6 promoted
HCC cell progression by regulating Hippo signaling. The
transfection efficiency of SEPT6 knockdown and overex-
pression in HCC-LM3 and Hep3B cells, respectively, was
verified via RT-qPCR and western blotting (Fig. S2). The
western blotting results indicated that compared with the
control group, SEPT6 knockdown significantly promoted
the phosphorylation of LATSI and YAP in MHCC-97H and
HCC-LMS3 cells. but notably decreased the overall expression
of YAP. By contrast, compared with the vector group, SEPT6
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overexpression significantly decreased the phosphorylation of  expression of YAP. Subsequently, the present study examined
LATSI and YAP, and markedly increased the overall expres- whether SEPT6 regulated YAP nuclear translocation. The
sion of YAP both in Huh7 and Hep3B cells (Fig. 4A). The  western blotting results demonstrated that SEPT6 knockdown
results indicated that SEPT6 may regulate the activity of Hippo  significantly decreased nuclear YAP protein expression levels
signaling, while modulating the activity, stability and overall in MHCC-97H and HCC-LM3 cells compared with the
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control group, whereas SEPT6 overexpression significantly
upregulated nuclear YAP protein expression levels in Huh7
and Hep3B cells compared with the Vector group (Fig. 4B).
The results suggested that SEPT6 upregulation may inactivate
Hippo signaling by inhibiting the phosphorylation of LATSI,
which resulted in inhibition of YAP phosphorylation, as well
as proteasome-induced YAP ubiquitination and degradation.
Therefore. higher protein expression levels of YAP were
translocated to the nucleus, resulting in enhanced gene tran-
scription.

Furthermore, an endogenous co-IP assay was performed
to investigate whether SEPT6 interacted with LATSI1 and
LATS2. The results indicated that SEPT6 did not directly
interact with LATS (Fig. 4C). Septins, the fourth component
of the cytoskeleton, lack the kinase activity domain (6); there-
fore, SEPT6 may regulate LATSI phosphorylation indirectly,
which may be associated with the cytoskeleton-regulating
function of the septin proteins. To verify this hypothesis,
SEPT6-overexpression Huh7 cells were treated with the F-actin
inhibitor Lat. B to disrupt the cytoskeleton. Subsequently,
F-actin levels and the phosphorylated and overall expression
levels of LATSI and YAP were assessed. The results indicated
that compared with the vector group, SEPT6 overexpression
notably facilitated F-actin formation, which was markedly
disrupted by Lat. B (Fig. 4E). Furthermore, Lat. B treatment
increased LATSI and YAP phosphorylation, thus notably
decreasing YAP overall expression in SEPT6-overexpression
Huh7 cells (Fig. 4D). Collectively, the results indicated that
SEPT6 may regulate Hippo/YAP signaling in HCC by modu-
lating F-actin formation.

SEPT6 regulates HCC cell proliferation, cell cycle progression,
migration and invasion via the Hippo/ YAP signaling pathway.
The present study further investigated whether SEPT6 exerted
its effects via regulating the Hippo/YAP signaling pathway.
Firstly, the transfection efficiencies of YAP-overexpression
plasmids in MHCC-97H cells and YAP-knockdown plasmids
in Huh7 cells were verified by measuring mRNA and protein
expression levels, which suggested that these plasmids were
appropriate for YAP overexpression and knockdown (Fig. 83).
Subsequently, YAP was overexpressed by plasmid transfec-
tion in stable SEPT6-knockdown MHCC-97H cells and
stable cells were selected by G418. YAP upregulation in
MHCC-97H-shSEPT6 cells was validated by protein expres-
sionanalysis(Fig. 5A). Compared withthe control group, SEPT6
knockdown significantly decreased MHCC-97H cell prolif-
eration, G,/S transition, migration and invasion (Fig. 5B-D).
SEPT6 knockdown-induced effects were significantly reversed
by YAP overexpression. YAP downregulation was achieved
by shRNA transfection in stable SEPT6-overexpression Huh7
cells, and stable cells were selected for further experiments.
YAP knockdown was verified in Huh7-SEPT6 cells (Fig. 5E).
Compared with the Vector group, SEPT6 overexpression
significantly enhanced Huh7 cell proliferation, migration,
invasion and G,/S phase transition (Fig, SF-H), SEPT6 overex-
pression-mediated effects were significantly reversed by YAP
knockdown. Furthermore, the present study assessed whether
YAP was involved in SEPT6-regulated cyclin D1 and MMP2
expression. YAP overexpression significantly upregulated
cyclin D1 and MMP2 expression levels in SEPT6-knockdown
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MHCC-97H cells, whereas YAP knockdown significantly
decreased cyclin DI and MMP2 expression levels in
SEPT6-overexpression Huh7 cells (Fig. 5I). Furthermore, to
analyze SEPT6-independent effects of YAP on the regulation
of cyclin DI and MMP2 expression, four stable cell lines were
established by plasmid transfection and G418 selection using
Huh7 cells, namely Huh7-Vector, Huh7-SEPT6, Huh7-shYAP
and Huh7-shYAP-SEPT6. Compared with the Vector group,
SEPT6 overexpression significantly upregulated cyclin DI and
MMP2 expression levels, whereas YAP knockdown not only
inhibited SEPT6-mediated effects on cyclin D1 and MMP2
expression, but also significantly decreased cyclin DI and
MMP2 expression levels (Fig. S4). Collectively, the results
demonstrated that the Hippo/YAP signaling axis may serve a
key role in SEPT6-induced HCC cell proliferation, cell cycle
progression, migration and invasion.

Discussion

HCC is the third leading cause of cancer-related mortality,
and its prognosis is extremely poor due to early relapse and
metastasis following curative resection (3). Although various
therapeutic targets have been identified. the prognosis of
patients with HCC remains poor (3). To the best of our knowl-
edge, the present study was the first to demonstrate that SEPT6
inhibited Hippo signaling, activated the downstream effector
YAP. and enhanced cyclin DI and MMP2 expression levels,
which promoted HCC growth and metastasis.

SEPT®6 is primarily implicated in hematological malig-
nancies (27), nervous system development (16) and tumor
progression (18). In prostate cancer, SEPT6 expression is
downregulated, and SEPT6 knockdown promotes cancer cell
survival and invasion, suggesting a tumor suppressor role (18).
However, the present study demonstrated that SEPT6 expres-
sion was significantly increased in HCC tissues compared with
corresponding adjacent non-tumor tissues, which was associ-
ated with poor prognosis. The results prompted investigation
into why SEPT6 expression was upregulated in HCC tissues. It
was hypothesized that the malignant transformation of tumor
cells and the complicated tumor microenvironment, which
involves hypoxia, inflammatory cytokines stimulation, meta-
bolic reprogramming and epigenetic regulation, might be the
leading causes for SEPT6 upregulation in HCC. Moreover, the
leading cause of HCC and whether the causes work synergis-
tically requires further investigation. SEPT6 overexpression
significantly enhanced HCC cell proliferation, cell cycle
transition, migration and invasion compared with the Vector
group, whereas SEPT6 knockdown displayed the opposite
effects compared with the control group. Therefore, SEPT6
was identified as an oncogene in HCC, which contrasted to
its role in prostate cancer. It was previously reported that
SEPT6 promoted liver fibrogenesis (19). Since liver fibrosis
and liver cirrhosis are considered as the precancerous states
of HCC, it is reasonable to hypothesize that SEPT6 may
promote HCC progression. The results of the present study
indicated that the expression patterns and effects of SEPT6
in prostate cancer and HCC were opposite, which may be due
to different genetic backgrounds, including gene mutation, or
the tumor microenvironment. The roles of certain proteins
are context-dependent; therefore, the difference in the tumor
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HCC growth and metastasis

Figure 6. Summary of SEPT6-regulated Hippo/ YAP signaling pathway in HCC. SEPT6 expression was upregulated in HCC. which inactivated Hippo sig-
naling, dephosphorylated and stabilized the downstream effector YAP and upregulated YAP expression. Subsequently, active YAP was translocated to the
nucleus and promoted transactivation of cyclin DI and MMP2, resulting in HCC cell proliferation and metastasis. SEPT6, septin 6: YAP, yes-associated
protein; HCC, hepatocellular carcinoma; MMP2, matrix metallopeptidase 2; TEAD. TEA domain transcription factor: p, phosphorylated

microenvironment between HCC and prostate cancer may
result in different expression patterns and functional roles of
SEPT6.

Subsequently, the mechanism underlying the oncogenic
action of SEPT6 was examined. The present study focused on
the Hippo signaling pathway. which is crucial for HCC tumori-
genesis and progression (8-10). Hippo signaling is primarily
regulated by the actin cytoskeleton (11). For example, the
cytoskeletal protein PDZ and LIM domain 1 inhibited HCC
metastasis by activating Hippo signaling (6). SEPT6 has been
reported to regulate actin and microtubule remodeling (17).
Based on the aforementioned studies, the potential role of SEPT6
in promoting HCC progression in a Hippo/YAP-dependent
manner was assessed. The results indicated that compared with
the Vector group, SEPT6 overexpression inactivated Hippo
signaling, and dephosphorylated and stabilized the downstream
effector YAP, leading to the translocation of active YAP into
the nucleus and the transactivation of cyclin DI and MMP2,
which resulted in HCC cell proliferation and metastasis (Fig. 6).
Furthermore. YAP knockdown significantly reversed the
oncogenic effects of SEPT6 overexpression on HCC progres-
sion, whereas YAP overexpression significantly reversed
SEPT6 knockdown-mediated inhibitory effects. As previously
reported, YAP regulates cyclin D1 and MMP2 expression
independently, regardless of SEPT6 expression (26,28-30). The
results of the present study also demonstrated that YAP knock-
down inhibited SEPT6-mediated upregulation of cyclin D1
and MMP2 expression. The results demonstrated that SEPT6
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regulated cyclin D1 and MMP2 expression via YAP, and YAP
independently regulated cyclin D1 and MMP2 expression to a
certain extent.

The regulatory mechanism underlying Hippo signaling has
received increasing attention. Hippo signaling can be regulated
by mechanical force, the extracellular matrix, cell-cell contact
and cytoskeletal interactions (7,11.31,32). With regard to cyto-
skeletal interactions, Hipposignaling can be regulated by F-actin
levels, F-actin activity and cytoskeletal tension (11). In HCC
cell lines, F-actin was confirmed to bind to LATSI, resulting in
the dephosphorylation and inactivation of Hippo signaling (6).
Furthermore, the Rho GTPase serves an important role in regu-
lating Hippo signaling activity by the cytoskeleton (31). Septins
belong to a family of GTP-binding proteins and are considered
as the fourth cytoskeletal component. In addition, SEPT6
was reported to regulate actin cytoskeleton dynamics (14.15).
Based on previous studies, it was hypothesized that SEPT6
may regulate Hippo via three possible mechanisms, one of
which involves the regulation of F-actin formation by SEPT6
in order to affect cytoskeleton dynamics. Subsequently, F-actin
binds to LATSI and causes Hippo inactivation. The hypothesis
was confirmed by the present study, since compared with the
Vector group, SEPT6 overexpression notably facilitated F-actin
formation, whereas disruption of F-actin by Lat. B abrogated
SEPT6-induced LATSI dephosphorylation and Hippo inacti-
vation. Furthermore, whether SEPT6 regulates other proteins
associated with cytoskeleton dynamics, including Ezrin and
neurofibromin 2 (NF2), requires further investigation. Previous



12

studies reported that Ezrin and NF2 were involved in the regu-
lation of Hippo signaling (33.34). Secondly, as a GTP-binding
protein, SEPT6 may regulate GTPase activity and thus. Hippo
signaling activity. Finally, it may be possible that SEPT6
mediates the recruitment of certain phosphatases to repress
LATS] phosphorylation. Collectively, the results of the present
study indicated a possible mechanism by which SEPT6 regu-
lated Hippo signaling via upregulation of F-actin formation.
However, further investigation of the underlying mechanism is
required.

In conclusion, the present study demonstrated that SEPT6
was upregulated in HCC and displayed an oncogenic function
in HCC progression. SEPT6 promoted HCC cell prolifera-
tion, cell cycle progression, migration and invasion, which
was mediated at least partly via the SEPT6/Hippo/YAP axis.
Therefore, the results of the present study may provide novel
insight into HCC treatment.
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Figure SI. SEPT6 protein expression levels in another 16 paired HCC and corresponding adjacent non-tumor tissue samples
were assessed via western blotting. (A, C and D) SEPTG6 protein expression levels were increased in 12 HCC tissues compared
with the adjacent non-tumor tissues. (B) SEPT6 protein expression levels were decreased in 4 HCC tissues compared with the
adjacent non-tumor tissues. “"P<0.01 and ""P<0.001 vs. corresponding adjacent non-tumor tissue samples. SEPT6, septin 6;
HCC, hepatocellular carcinoma: N. adjacent non-tumor tissues: C, HCC tissues.
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Figure S2. Transfection efficiencies of SEPT6 knockdown and overexpression. Transfection efficiencies of sh-SEPT61/2 in
HCC-LM3 cells and SEPT6 in Hep3B cells were determined via (A) reverse transcription-quantitative PCR and (B) western
blotting. At 48 h post-transfection, cells were treated with G418 (400 pg/ml) for 2 weeks for stable cell selection. “"P<0.01 and
“"P<0.001 vs. shcontrol or Vector. SEPT6, septin 6; sh, short hairpin RNA.
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Figure S3. Transfection efficiency of YAP knockdown and overexpression. MHCC-97H cells were transfected with YAP or
vector. Huh7 cells were transfected with sh-YAP or sh-control. At 48 h post-transfection, cells were treated with G418 (400 pgg/ml)
for 2 weeks for stable cell selection. Transfection efficiencies were determined via (A) reverse transcription-quantitative PCR
and (B) western blotting. “P<0.01 and ““P<0.001 vs. Vector or shcontrol. YAP, yes-associated protein; sh, short hairpin RNA.
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Figure S4. SEPT6 regulates cyclin DI and MMP2 expression via YAP, and YAP also independently regulates cyclin D1 and
MMP2 expression. Cyclin D1 and MMP2 (A) mRNA and (B) protein expression levels were determined via reverse tran-
scription-quantitative PCR and western blotting. “"P<0.001 vs. Vector; “*P<0.001 vs. SEPT6. SEPT6, septin 6; MMP, matrix
metallopeptidase; YAP, yes-associated protein; sh, short hairpin RNA
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Table SI. Sequences of primers used for quantitative PCR and

shRNAs.

Primer/vector

Sequence (5'—=3')

p-actin
SEPT6
Cyclin DI
Cyeclin E1
MMP2
MMP9
YAP

shSEPT6-1
shSEPT6-2
shYAP

Control

AT @TET AT O MW P

: CATGTACGTTGCTATCCAGGC
: CTCCTTAATGTCACGCACGAT

TCCAAGAGAGCAACGTGAGG

: AATTCCACGATAGGCTTGTAGC

GCTGCGAAGTGGAAACCATC

: CCTCCTTCTGCACACATTTGAA

ACTCAACGTGCAAGCCTCG
GCTCAAGAAAGTGCTGATCCC
TACAGGATCATTGGCTACACACC

: GGTCACATCGCTCCAGACT

TGTACCGCTATGGTTACACTCG

: GGCAGGGACAGTTGCTTCT

: TAGCCCTGCGTAGCCAGTTA
: TCATGCTTAGTCCACTGTCTGT

GCAGCACAGAAGAACUGAA
GACCUAGUGACUAUGAAGA
GGAATTGAGAACAATGACGAC
UUCUCCGAACGUGUCACG

SEPT6. septin 6;: MMP. matrix metallopeptidase; sh, short hairpin
RNA; YAP. yes-associated protein; F, forward: R, reverse.
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Table SII. Antibodies used for western blotting.

Antibody Dilution Cat. no. Supplier details

SEPT6 1:400 12805-1-AP ProteinTech Group, Inc.

Cyclin D1 1:2,000 60186-1-Ig ProteinTech Group, Inc.

Cyclin E1 1:1,000 11554-1-AP ProteinTech Group, Inc.

MMP2 1:1,000 4022 Cell Signaling Technology, Inc.
MMP9 1:300 BAO0573 Boster Biological Technology Co., Ltd.
LATSI 1:1,000 9153 Cell Signaling Technology. Inc.

YAP 1:1,000 14074 Cell Signaling Technology. Inc.
p-LATS1 1:1.000 9157 Cell Signaling Technology. Inc.

p-YAP 1:1,000 13008 Cell Signaling Technology, Inc.
LATS2 1:1.000 5888 Cell Signaling Technology. Inc.

Lamin B1 1:5,000 66095-1-Ig ProteinTech Group, Inc.

P-actin 1:2,000 BM0627 Boster Biological Technology Co., Ltd.
Anti-Rabbit IgG 1:1,000 A0208 Beyotime Institute of Biotechnology
Anti-mouse IgG 1:1,000 A0216 Beyotime Institute of Biotechnology

SEPT®. septin 6;: MMP. matrix metallopeptidase: LATS, large tumor suppressor kinase; YAP, yes-associated protein; p, phosphorylated.
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ARTICLE INFO ABSTRACT

Background: Systemic inflammation and severe fibrosis can reduce serum zinc levels, while zine supplementa-
tion is reported to improve the prognosis of patients with chronic liver disease (CLD).

Objectives: We aimed to investigate the clinical application of serum zinc in patients with CLD and the anti-
infective mechanism of zinc supplementation.

Methods: Based on the serum zinc level, 149 CLD patients were divided into 3 groups and their clinical para-
meters were d. In in-vitro i microbial isolates derived from patients were used to stimulate
human liver non-parenchymal cells, and the zinc sulfate solution was added in certain experiments. The effect of
zinc was compared by LDH and thromboxane A; levels in the cell supernatant.

Result: Compared with other groups, patients with low serum zinc levels had significantly higher C-reactive
protein (CRP), total bilirubin, INR, creatinine, and MELD scores, while albumin and GOT levels were reduced.
Only CRP and albumin were significantly correlated with serum zinc in both low and normal-zinc groups.
Bacterial isolates significantly increased LDH levels in Kupffer cells (KCs) and stellate cells but had no effect on
sinusoidal endothelial cells, whereas zinc pretreatment protected KCs but not stellate cells. Thromboxane A,
secreted by KCs can also be induced by bacterial sti i accompanied by i gene expression of
Myd88, MAPK and NF-kB, while zinc pretreatment can attenuate that.

Conclusion: Serum zinc levels can be used to estimate infection and liver fibrosis in CLD patients. As a new
antibacterial weapon, zinc supplementation acts on KCs through Myd88-MAPK related pathways.

Keywords:
Primary non-parenchymal cell
Spontaneous bacterial peritonitis
Zine

1. Introduction dysfunction that can lead to cirrhosis and serious complications [2].

Although the cause and mechanism from CLD to cirrhosis remain un-

Zine is an essential trace metal in the human body and plays an
important role in the composition and function of more than 300 en-
zymes. The concentration of zinc in the plasma is about 15 pM, of which
about 80 % is transported bound to albumin. Zinc has antioxidant and
anti-apoptotic effects and is commonly used in studies against bacterial
pathogens. Normally, zinc deficiency is due to inadequate dietary in-
take, but systemic inflammation also leads to a significant reduction in
circulating zinc levels [1].

Chronic liver disease (CLD) is strongly associated with immune

clear, infection or inflammation may play an important role in this
P ion [3,4]. Thromb (TX) A, has been identified as an im-
portant effector of Kupffer cells (KCs) activated by bacteria and plays an
important role in the progression of cirrhosis [5,6]. Zinc deficiency
often leads to a reduction in the body's immune function and affects
cirrhotic patients with clinical signs such as skin lesions, muscle spasms
and hepatic encephalopathy [7]. Patients with zinc deficiency are more
likely to develop spontaneous bacterial peritonitis (SBP) than patients
with normal zinc levels, and ascites is an independent predictor of

Abbreviations: CLD, chronic liver disease; HSC, hepaticstellate cells; KC, Kupffercell; PAMP, pathogen-associatedmolecular pattern; PMA, phorbolmyristate acetate;

SBP, spontaneousbacterial peritonitis; SEC, sinusoidalendothelial cells

* Corresponding author at: Department of Medicine II, University Hospital, LMU Munich, Marchioninistrasse 15, 81377, Munich, Germany.
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serum zinc levels [7,8]. Escherichia coli (E. coli), Enterobacter cloacae (E.
cloacae), Enterococcus faecium (E. faecium) and Streptococcus pneumoniae
(S. pneumoniae) are the most common pathogens causing SBP. Some
strains of these species (such as E.coli-CFT073) can induce rapid death
of macrophages [5,9,10].

Zinc supplement has been shown to repair pathological changes in
animal models with alcoholic injury or infections [11,12]. Many clin-
ical studies have also shown that zinc supplementation had a beneficial
effect in severe diarrhea and respiratory infections, especially in infants
and children [13]. The effect of zinc supplementation on the infectious
diseases is often associated with the number or function of macro-
phages. Therefore, macrophages is an important cellular target for the
anti-infective function of zinc [13]. Highly expressed zinc-dependent
endopeptidases in hepatic stellate cells (HSCs) and KCs may also be
involved in the progression of fibrosis [8].

Although zinc-related treatments have been reported as new anti-
bacterial weapons, there is still no consensus on dosage, timing and the
mechanisms responsible for such effects [14]. In this study, human
primary liver non-parenchymal cells [including KCs, HSCs and sinu-
soidal endothelial cells (SECs)] were treated with bacterial lysates ex-
tracted from strains isolated from SBP patients. Combining the clinical
data we collected from 2016 to 2019, we aimed to investigate the
mechanism of zinc in preventing microbial infections and its clinical
application in patients with CLD.

2. Materials and methods
2.1. Study cohort

Totally 149 patients were included, 78 were female and 71 were
male. The patient's diagnosis includes: autoimmune hepatitis (AIH, n =
24), chronic viral hepatitis B (HBV, n = 29), chronic viral hepatitis C
(HCV, n 18), primary biliary cholangitis (PBC, n 6), primary
sclerosing cholangitis (PSC, n = 8), alcoholic liver disease (ALD, n
3), cystic liver disease (n 2), Budd-Chiari Syndrome (n 3), M.
Wilson disease (n = 1), sarcoidosis (n = 1), liver cirrhosis (including
32 hepatitis-induced, 3 alcohol-induced and 1 Alagille syndrome-in-
duced), nonalcoholic steatohepatitis (NASH, n = 4), cryptogenic cir-
rhosis (n = 3), toxic liver disease (n = 2), hemochromatosis (n = 2),
steatosis hepatitis (n = 5) and liver adenoma (n = 2). The overall zinc
concentration was 67.32 £ 21.70 pg/dl and age was 53.34 £ 14.79.
The study was approved by the local ethical committee. The laboratory
parameters including serum zinc, C-reactive protein (CRP), Leukocytes,
Albumin, total bilirubin, Aspartate aminotransferase (GOT), Alanine
aminotransferase (GPT), international normalized ratio (INR) and
Creatinine were measured by the department of laboratory of the
University of hospital of LMU. The above indicators were tested using
an automatic analyzer (cobas®8000 modular analyzer series, Roche,
Switzerland) and standardized operating procedures according to the
manual. Model For End-Stage Liver Disease (MELD) score was calcu-
lated as the following formula: MELD Score 10 * (0.957 * In
(Creatinine) + 0.378 * In (Bilirubin) + 1.12 * In (INR) + 0.643).

2.2. Human tissue studies

Human liver tissues were provided by the Biobank of the
Department of General, Visceral and Transplantation Surgery, Ludwig-
Maximilians University (LMU), Munich, Germany under the adminis-
tration of the Human Tissue and Cell Research (HTCR) Foundation. The
fr: k of HTCR F ion [15], which includes obtaining written
informed consent from all donors, has been approved by the ethics
commission of the Faculty of Medicine at the LMU (approval number
025-12) as well as the Bavarian State Medical Association (approval
number 11142), Germany. All experiments were approved by the local
government (Regierung von Oberbayern, Munich, Germany) and were
reported to the responsible authorities annually. A total of 11 liver

q
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tissues were involved in our experiments. Diagnosis of patients included
liver metastasis from digestive tract tumor (n = 6), hepatocellular
carcinoma (n = 1), liver focal nodular hyperplasia (n = 2), severe liver
necrosis (n = 1) and high-risk cholangitis (n = 1).

2.3. Isolation of human primary primary liver non-parenchymal cells

Gradient density centrifugation using Nycodenz gradients (Axis
Shield, Rodelokka, Norway) was used to isolate primary liver non-
parenchymal cells. Liver tissues were cut into 5-10 mm thick slices and
digested for 20 min at 37 °C with pronase (Sigma, St. Louis, USA) and
DNase (Roche, Mannheim, Germany). After filtration and centrifuga-
tion with fresh Nycodenz solutions (16.7 % for KCs and 28.7 % for
HSCs), the mixtures were centrifuged without brake and the interfaces
were then collected. Cells were collected and cultured at 37 °Cin 5 %
CO, in RPMI 1640 with fetal calf serum (FCS). To isolate SECs, CD146
MicroBeads (Miltenyi Biotec, Teterow, Germany) and magnetically
activated cell sorting system were additionally used. Cells were seeded
in plates and cultured at 37 °C in 5 % CO,. Before stimulation, the
medium was changed to RPMI 1640 without FCS for 24 h. Detailed
procedures were described in previously published articles [16-18].
Immunofluorescence staining with specific antibodies to liver non-
parenchymal cells further confirmed the extracted cells (Fig. 1).

2.4. Cell culture line and treatment

The THP-1 monocytic cell line (American Type Culture Collection,
reference number TIB-202™) was a kind gift from Prof. Peter Nelson.
Cells were cultured at 37 °C in 5 % CO; in RPMI 1640 medium sup-
plemented with 10 % FCS, i1-glutamine and streptomycin/penicillin.
THP-1 cells differentiated into macrophages by stimulation with 20 ng/
mL phorbol myristate (PMA, Sigma, USA) for 24 h [19,20]. Before
stimulation, the i of di d THP-1 macroph (TMCs)
was changed to RPMI 1640 without FCS for 24 h.

2.5. Cell stimulation plan

Bacterial strains isolated from patients with SBP including E. coli, E.
cloacae, E. faecium and S. pneumoniae were involved in this experiment
(different group of patients from the study cohort). The isolates were
cultured on Columbia 5 % sheep blood media (Becton Dickinson,
Heidelberg, Germany) at 37 “C under aeration. The isolates were taken
into phosphate buffered solution and washed three times to remove any
residual media after growth. Subsequently, the solutions were vortex
mixed and checked for sterility after centrifugation and heat inactiva-
tion. Extracts were finally diluted to standardized protein concentra-
tions [21]. The isolates were then used to stimulate the relevant cells in
certain groups, and the solution of zinc sulfate (ZnSO4, Sigma, USA)
was added as well to the stimulation. The supernatants of cells were
collected, and immediately frozen and stored at —80 °C before mea-
surement.

2.6. Lactate dehydrogenase (LDH) measurement

The efflux of LDH was measured as an indicator of cell damage, and
5 % Triton-X-100 was used as the 100 % positive control. LDH activity
was proportional to the reduction of NAD to NADH. Under NAD cata-
lysis, lactic acid was converted to pyruvate by LDH. The amount of LDH
was quantified by the absorbance value at 365 nm according to the rate
of NADH production [16,22,23].

2.7. Quantitative reverse transcription PCR (RT-qPCR)
RT-gPCR experiments were performed with the standard protocols.

RNA was extracted from human primary KCs and reverse transcribed
(total RNA was 1 pg) using the TriFast™ and GoScript™ reverse
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Control Immunofluorescence

Human KC

Human HSC

DAPI

CD146

Human SEC

Fig. 1. Immunofluorescence staining results of THP-1 macrophages and human primary non-parenchymal cells.
Anti-CD11b, CD68, a-SM1 and CD146 antibodies were used to confirm the differentiated THP-1 macrophages and primary non-parenchymal cells (including KCs,
HSCs and SECs) isolated from human tissues. Each picture was representative from five separate immunostaining results (200x magnification).

transcription system (Promega, USA). The mRNA expression was ana- system (Applied Biosystems, USA) was used for SYBR green qPCR
lyzed by the GoTaq® qPCR Master Mix system (Promega, USA) with analysis. Relative expression levels of each gene were calculated using
specific primers (Table 1). The ABI Prism 7300 sequence detector the 2724 method comparing with glyceraldehyde-3-phosphate
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Table 1
Primers involved in RT-PCR experiments.
Name Sequence (5 ‘to 3) Fragment
GAPDH GGAGCGAGATCCCTCCAAAAT 197
GGCTGTTGTCATACTTCTCATGG
Mydss GCATATGCCTGAGCGTTTCG 155
TAGACCAGACACAGGTGCCA
MAPK CTGTTGGACGTTTTTACACCTGC 158
AGACCTCGGAGAATTTGGTAGA
NE-xB GAAGCACGAATGACAGAGGC 137
GCTTGGOGGATTAGCTCTTTT
IRAK1 TGAGGAACACGGTGTATGCTG 119
GTTTGGGTGACGAAACCTGGA

dehydrogenase (GAPDH).

2.8. ELISA measurement

TXA, secretion was quantified from the supernatants of the stimu-
lated cells. TXB,, the stable degradation product of TXA2, was measured
by TXB, ELISA kit (Cayman Chemical, Ann Arbor, MI, USA). The pro-
cedures are described in more detail in our previous publications
[16,24].

2.9. Confocal microscopy

Primary antibodies against CD11b (1:100; Santa Cruz, Dallas, Texas,
USA), CD68 (1:100; Dako, Santa Clara, CA, USA), a-SM1 (1:100; Santa
Cruz, Dallas, Texas, USA) and CD146 (1:100; Abcam, London, UK) were
used for immunofluorescence. The cells were fixed with 4 % paraf-
ormaldehyde (Roth, Karlsruhe, Germany) followed by incubation in
blocking buffer (1 % bovine serum albumin, 0.05 % Tween 20 in PBS)
for 30 min. After staining with primary antibodies overnight at 4 °C,
fluorescent labeled secondary antibodies (Life Technology, Darmstadt,
Germany) were added. The cells were analyzed by confocal microscopy
(Zeiss LSM 510 META, Jena, Germany).

2.10. Statistical analyses

All data were presented as the mean * standard deviation (SD) or
median and interquartile range (IQR). Normality of data distribution
was tested by Kolmogorov-Smirnov Z test (Table 2). The Two-sided
Students t-test was used for paired or unpaired observations. One-way
analysis of variance (ANOVA) or Kruskal Wallis test were used in the
comparison of multiple groups. The spearman'’s rank correlation coef-
ficient was used to measure the potential correlation between zinc and
other paraments. A value of p < 0.05 was considered to be statistically
significant; n denoted the number of samples used. SPSS and Graphpad
prism were used for data analysis and figure generation.

Table 2

Normality test of laboratory parameters.
Characteristics Mean + SD (N) K-S test P value
Age (year) 53.34 £ 14.79 (149) 0.599 0.865
Zinc (mmol/L) 67.32 = 21.70 (149) 0.727 0.665
Leukocytes (G/L) 6.48 + 2.39 (147) 1.229 0.097
Albumin (g/dl) 3.86 £ 0.73 (138) 1.894 0.002
CRP (mg/d1) 111 + 2.02 (116) 3.326 < 0.001
Total bilirubin (mg/dl) 2.62 + 4.62 (149) 3.758 < 0.001
GOT (U/L) 111.65 = 411.92 (142) 4.875 < 0.001
GPT (U/L) 146.21 + 649.12 (149) 5.255 < 0.001
INR 1.20 £ 0.40 (149) 2.638 < 0.001
Creatinine (mg/dl} 1.08 = 0.84 (149) 3.726 < 0.001
Meld score 11.25 + 6.73 (149) 2.897 < 0.001

K-S test: Kolmogorov-Smirnov Z test. Data are expressed as mean + SD.
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3. Results

3.1. Serum zinc was associated with infection and fibrosis levels in patients
with CLD

A total of 149 CLD patients was divided into 3 groups according to
the serum zinc levels: low-zinc group (< 60 pg/dl), medium-zinc group
(60—74 pg/dl) and high-zinc group (=75 pg/dl). Compared with the
other two groups, the low-zinc group had lower serum zinc, albumin
and GOT levels, while the CRP, total bilirubin, INR, creatinine and
MELD scores were significantly higher. In addition, the age in the low-
zinc group were also significantly higher than those in the high-zinc
group. There were no significant differences between the high-zinc and
medium-zinc groups except for serum zinc and CRP levels (Table 3).

According to the results above, using 60 pg/dl as an indicator of zinc
deficiency showed better clinical significance. We then divided all pa-
tients in only two groups: low-zinc (< 60 mmol/L) and normal-zinc
(=60 mmol/L). Correlations between zinc and other tested indicators
were calculated in both groups. The data demonstrated a significant
negative correlation between serum zinc levels and CRP and a sig-
nificant positive correlation between serum zinc and albumin in both
groups. Besides, significantly negative correlations were also observed
between serum zinc level and total bilirubin, INR or MELD score in the
low-zinc group (Table 4).

3.2. Zinc pretreatment protected the injury of bacterial stimulation in TMCs

Dose-response experiments of microbial isolates extracted from SBP
patients showed 8 yg/mlL was a suitable dosage to cause significant
damage in TMCs (Fig. 2A-D). 10-50 pM zinc solution are most com-
monly used to treat cells and higher concentration is reported to cause
direct injury. In our experiments, 24 h treatment with 10 or 20 yM
ZnS04 solution were safe for TMCs, while 50 pM induced significant
injury (Fig. 2ZE). 10 or 20 pM ZnSO, solution were then added in TMCs
for 24 h before bacterial stimulation (zinc 10 or 20 uM pretreatment),
only 20 uM could protect against the injury caused by bacterial isolates
(Fig. 2F).

3.3. Effects of zinc treatment in bacterial-induced injury in liver non-
parenchymal cells

The protective effect of zinc pretreatment (treatment with 20 pM
ZnS04 solution for 24 h prior to bacterial stimulation) was then tested
in human liver non-parenchymal cells. Bacterial isolates induced sig-
nificant LDH increase in KCs, and zinc pretreatment attenuated the
increase, however zinc post-treatment (treatment with 20 uM ZnSO4
solution and bacterial isolate simultaneously) did not protect against
the injury (Fig. 3A). Bacterial stimulation also caused higher LDH levels
in HSCs, but zinc pretreatment was ineffective for this injury (Fig. 3B).
No significant changes in LDH levels were found in SECs after bacterial
stimulation (Fig. 3C).

3.4. Myd88 related pathway was essential for the protective effect of zinc
pretreatment in bacterial-induced injury in KCs

Comparing the effects of zinc pretreatment in hepatic non-par-
enchymal cells, KC seemed to be the primary target cell for the pro-
tective role of zinc in bacterial-induced damage. The possible related
pathway for zinc protection was subsequently investigated by RT-qPCR.
After bacterial stimulation, the gene expression of myeloid differ-
entiation factor 88 (Myd88), mitogen-associated protein kinase (MAPK)
and nuclear factor-kappa B (NF-xB) was significantly increased, while
zinc pretreatment reduced the increase (Fig. 4A-C). However, gene
expression of interleukin receptor-associated kinase-1 (IRAK-1) did not
differ before and after bacterial stimulation (Fig. 4D). TXA; is an im-
portant effector secreted by KCs after activation, and its role is closely
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Table 3

Laboratory parameters based on serum zinc Levels.
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Characteristic

High (N) Medium (N) Low (N) P value
Age (year) 48.81 + 13.93 (58) 54.16 + 16.15 (38) 57.70 + 13.50* (53) 0.0055*
Sex (Male/Female) 29/29 16/22 26/27 /
Zinc (mmol/L) 88.62 + 11.26 (58) 67.95 = 3.86* (38) 4357 £ 10.44** (53) < 0.0001*
Leukocytes (G/L) 6.46 £ 159 (58) 6.49 + 282 (36) 6.50 = 2.82 (53) 0.9955"
Albumin (g/dl) 4.40(IQR, 4.30 —4.60) (54) 4.20(IQR, 3.85—4.50) (37) 3,50(IQR, 3.00—4.00)*" (47) < 0.0001"
CRP (mg/dl) 0.10(IQR, 0.10 - 0.20) (38) 0.30(IQR, 0.10-0.55)* (29) 1.30(IQR, 0.55—2.60)** (49) < 0.0001"
Total bilirubin (mg/dl) 0.70(IQR, 0.50 —1.10) (58) 0.85(IQR, 0.60—1.93) (38) 2,70(IQR, 0.95—11.2)** (53) < 0.0001"
GOT (U/L) 28.5(IQR, 25.0 - 37.5) (58) 32.5(IQR, 25.0—48.3) (36) 46.0(IQR, 35.3—104.0)*" (48) < 0.0001"
GPT (U/L) 30.5(IQR, 22.8 ~49.3) (58) 3LO(IQR, 18.8~74.3) (38) 29.0(IQR, 18.5—53.5) (53) 0.8326"
INR 1.00(IQR, 0.90—1.10) (58) 1.00(IQR, 1.00—1.30) (38) 1.30(IQR, 1.10—1.50)*" (53) < 0.0001°
Creatinine (mg/dl) 0.90(IQR, 0.80—1.00) (58) 0.90(IQR, 0.80—1.03) (38) 1.10(IQR, 0.90-1.30)** (53) 0.0006"
MELD score 6.50(IQR, 6.00—8.00) (58) 8.00(IQR, 6.00—12.0) (38) 14.0(1QR, 9.50—19.0)** (53) < 0.0001"

Data are expressed as mean * SD or median and interquartile range (IQR), *p < 0.05, comparing with high group, *p < 0.05, comparing with middle group.

* One-way ANOVA analyze.
b Kruskal Wallis test.

Table 4
Correlation between zinc level and the other laboratory parameters.

Variables Zinc (< 60 mmol/  Zinc (=60 mmol/ Zinc (all samples)
L L
R P Value R P R P Value
Value
Age 0.089 0.525 -0.196 0.056 -0.273 0.001
CRP —0.338 0.017 -0.376 0.002 —-0.689 < 0.001
Albumin 0.468 0.001 0.397 = 0.708 < 0.001
0.001
Total bilirubin 0,437 0.001 =0.171 0.097 0.501 < 0.001
GOT -0.137 0.355 -0.153 0142 -0.388 < 0.001
INR —0.490 < -0.180 0.080 -=0.547 < 0.001
0.001
Creatinine -0.205 014 -0.190 0.266 -0.253 0.002
MELD score -0.503 = -0.190 0.064 -0.571 < 0.001
0.001

R: Spearman correlation.

related to the Myd88-MAPK related pathway. To confirm the activation
of KCs and the MAPK-related pathway during bacterial stimulation,
TXB> was measured in the supernatants of KCs: all tested bacterial
isolates increased TXB; in KCs and zinc pretreatment reduced this se-
cretion (Fig. 4E).

-

Fig. 2. Effects of zinc pret in THP-1 macr

4. Discussion

This study investigated the association between serum zinc and
other indicators in patients with CLD and the protective mechanisms of
zinc in SBP infections. Novel findings in our research were: (1) Low
serum zinc levels correlated with higher MELD scores and CRP levels in
CLD patients, 60 pg/dl was identified as a threshold for zinc deficiency;
(2) Bacterial products induced significant LDH increase in KCs and
HSCs, however zinc pretreatment only protected KCs rather than HSCs.
(3) Zinc pretreatment, rather than posttreatment, showed protective
effects in KCs, and the protection is mediated through the Myd88-
MAPK-related pathway. (4) Zinc pretreatment reduced the secretion of
TXB, in KCs caused by bacterial stimulation.

4.1. Clinical significance of the serum zinc

Systemic inflammation and severe liver fibrosis could induce a de-
crease in serum zinc concentration. However, due to the lack of specific
symptoms, zinc deficiency is always ignored in the clinic. There are
various thresholds for zinc deficiency in published articles, the most
common being 60 or 75 pg/dl [25-27]. To determine which value is
more appropriate, we collected the data from 149 patients with CLD
and divided them into three groups based on their serum zinc levels.
Serum zinc, albumin, CRP, total bilirubin, GOT, INR, Creatinine and
MELD scores in the low-zinc group were significantly different from the
other two groups. However, no large differences were found between

s 2l ’fr/x o S

phages following bacterial stimulation,

A-D: Different concentrations of bacterial isolates were used to stimulate differentiated THP-1 macrophages (TMCs), and 8 pg/mL appeared to be a suitable dose for
all bacteria (* p < 0.05, compared before and after stimulation). E: Treatment of TMCs with 10 or 20 uM ZnS04 solution (Zinc 10 or 20 uM) for 24 h did not increase
LDH levels, whereas 24 h stimulation with 50 pM ZnS04 solution (Zine 50 pM) caused direct cell damage (* p < 0.05, compared with control group). F: Pretreatment
with 20 uM ZnSO4 solution for 24 h in TMCs significantly reduced LDH levels induced by bacterial stimulation, while 10 pM ZnS04 solution pretreatment showed no
protective effect (* p < 0.05 compared with vehicle treatment in control group; * p < 0.05 compared between vehicle and zinc pretreatment). 5 % Triton-X-100 was
used as the positive control. Data were expressed as mean * SD, ns: no significance, n = 6 in each group from three independent experiments.
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Fig. 3. Effects of zinc treatment on bacterial-induced injury in human liver non-parenchymal cells.

A: Bacterial stimulation (8 pg/mL, 24 h) increased LDH levels in human KCs. Zine pretreatment (treatment with 20 pM ZnS04 solution for 24 h before bacterial
stimulation) attenuated the LDH increase in KCs, however, Zinc posttreatment (simultaneous treatment with 20 pM ZnSO4 solution and bacterial isolates for 24 h)
had ne protective effect. B: Bacterial stimulation (8 pg/mL, 24 h) increased LDH levels in human HSCs, but zinc pretreatment failed to reduce the injury. C:
Stimulation of human SECs with bacterial isolates (8 pg/mL, 24 h) had no significant effect on LDH concentrations. 5 % Triton-X-100 was used as the positive control.
Data were expressed as mean + SD, *p < 0.05 compared with vehicle treatment in control group, *p < 0.05 compared between vehicle and zinc treatment, ns: no
significance, n = 6 in each group from three independent experiments with a total of three different human tissues.

the medium-zinc and high-zinc groups. Therefore, using 60 pg/dl as the
threshold for zinc deficiency might better distinguish the degree of
infection and fibrosis in CLD patients and help to choose the right time
to supplement zine.

We then investigated the correlations between zinc level and the
other laboratory parameters in low-zinc (< 60 mmol/L) and normal-

zinc (=60 mmol/L) groups. There was a significant correlation be-
tween serum zinc and CRP or albumin in low-zine, normal-zinc and all
populations. Serum albumin is the major zinc-binding protein in the
blood and decreases with acute inflammation, while CRP is an acute
phase protein that increases with infection [28]. Therefore, serum zinc
level was closely related to infections in CLD patients. Different from
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Fig. 4. The Myd88-MAPK related pathway and thromboxane A, were involved in the protective effect of zinc pretreatment.
A-D: After stimulation with bacterial isolates (8 pg/mL, 24 h), gene expression of Myd88, MAPK and NF-xB was sngnlﬁcantly (*p < 0.05 compared with vehicle

nf cf#wf&jf

treatment in control group) increased in human KCs. Pretreatment with 20 pM ZnSO4 solution for 24 h before (zine | t) signi 1y
(*p < 0.05 compared between vehicle and zinc treatment) attenuated the increase. The expression of IRAK-1 was not affected by bacterial stimulation. Data were
expressed as mean + SD, n = 5 of five in each group from five independent experiments with a total of five different human tissues. E: Bacterial stimulation
significantly (*p < 0.05 compared with vehicle treatment in control group) increased the TXB, secretion in KCs, which could be reduced ("p < 0.05 compared
between vehicle and zinc treatment) by zinc pretreatment. Data were expressed as mean + SD, n = 6 in each group from three independent experiments with a total

of three different human tissues.
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the inflammation-related indicators (CRP and albumin), the significant
negative correlations between fibrosis-related indicators (total bilir-
ubin, INR and MELD score) and serum zinc occurred only in the low-
zine group. Zinc supplementation can improve the clinical outcome of
patients with hepatitis C, regardless of whether they were accompanied
with cirrhosis [29,30]. However, there was no significant correlation
between changes in serum zinc and changes in MELD scores in patients
receiving zinc supplementation [7]. These results indicate that serum
zine in patients with CLD was more related to infection than to fibrosis.

Indeed, zinc supplementation is still an ongoing debate and has to
be ruled out in prospective randomized studies. Our human data sup-
ported again the ity to i igate zinc deficiency and zinc sup-
plementation and supported the need to accompany the in vitro study to
better understand the pathc hani. of zinc 1 tion and
zinc deficiency in Kupfer cells. In addition, our human data in part
answer the question which boundary value might be preferred in pa-
tients with liver diseases.

4.2. The effects of bacterial isolates and zinc supplementation in liver non-
parenchymal cells

To investigate the protective mechanism of zinc in bacterial infec-
tions, extracts from the four most common pathogens isolated from SBP
patients (E. coli, E. cloacae, E. faecium and S. pneumoniae) were used to
stimulate human KCs, HSCs and SECs. SECs account for the highest
proportion of non-parenchymal cells in liver, however, the levels of
costimulatory molecules (such as CD40, CD80 and CD86) in the SEC are
much lower than in HSCs or KCs [31]. Costimulatory molecules are
involved in antigen pr ion and i resp which may
explain why microbial isolates did not cause an increase in LDH levels
in SECs (Fig. 3). Our results were also consistent with previous studies
showing that anaphylatoxin C5a can rapidly increase the release of
th b Az and p landins in KCs and HSCs, but is not in SECs
[32].

Recent evidence suggests that regulation of zinc transport in mac-
rophages may play an active role in antibacterial responses. However,
the concentration of zinc plays a crucial role: activation of specific pro-
inflammatory signaling pathways requires low concentrations of zinc,
but high concentrations can inhibit the same pathway [33,34]. Zinc can
be phagocytosed and accumulated in KCs. Increased zinc levels in KCs
after zinc pretreatment can inhibit inflammatory signaling pathways,
thereby reducing damage caused by bacterial stimulation. There is no
clear evidence that zinc has an accumulating effect in HSCs, which may
be the reason why zinc pretreatment did not reduce the injury to HSCs.

Excessive concentrations of zinc may directly cause cell damage,
and in our experiments, 50 pM zinc caused direct injury (Fig. 2E). LPS
can trigger rapid accumulation of free zinc in human and mouse mac-
rophages within minutes and reduce serum zinc levels in healthy
human volunteers [35,36]. Zinc posttreatment (co-treatment of zinc
and bacterial isolates) may cause zinc to accumulate rapidly to ex-
cessive concentrations in KCs, resulting in KCs' damage and loss of
protection (Fig. 3A).

4.3. Possible mechanisms of the protective effects of zinc in KCs

In addition to choosing the right concentration and conditions,
understanding possible antibacterial mechanisms of zinc in KCs is es-
sential to improve the therapeutic results [13]. Most studies related to
zine signaling in macrophages focused on TLR signaling and zinc may
act as a key component of many primary TLR signaling events [13]. The
Myd88 related pathway is the commonest pathway during TLR acti-
vation in macrophages [37-39]. In our experiments, zinc pretreatment
attenuated the increased gene expression of Myd88, MAPK and NF-kB
caused by bacterial isolates in KCs, suggesting that this pathway plays
an important role in the protective effect of zinc.

TXA, is mainly secreted by KCs via the Myd88-MAPK-related
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pathway and has recently been identified as an important factor in
bacterial defense [40]. In our previous publications, we have demon-
strated the important role of TXA in increasing portal perfusion pres-
sure after TLR activation [16,24,41]. The protective effect of zinc pre-
treatment in KCs and the antibacterial effect of TXA, suggested a
possible link between zinc and TXA, secretion. We then measured the
secretion of TXB, in KCs after bacterial stimul : zinc pret
significantly reduced TXB, secretion caused by all tested bacterial iso-
lates (Fig. 4E). This not only demonstrated the direct effect of zinc on
TXAz secretion but also verified the association of MAPK-related
pathways with zinc. The inhibitory effect of zinc on TXB; secretion may
also explain the association between zinc deficiency and prehyperten-
sion in previous studies [42].

5. Conclusion

Serum zinc levels may be a valuable marker for assessing the se-
verity of infection and liver fibrosis in patients with CLD. In addition,
our results deepen our understanding of zinc supplementation as an
antimicrobial weapon: Zinc pretreatment reduces inflammation and
TXA; secretion by inhibiting the activation of the Myd88-MAPK-NF-xB
pathway in KCs.
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