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Abstract

Chemokines and their receptors are involved in oncogenesis and in tumor progression, invasion,
and metastasis. Various chemokines also promote cell proliferation and resistance to apoptosis of
stressed cells. The chemokine CXCLS8, also known as interleukin-8 (IL-8), is a proinflammatory
molecule that has functions within the tumor microenvironment. Deregulation of IL-8 signaling is
shown to play pivotal roles in tumorigenesis and progression. Mallory-Denk Bodies (MDBs) are
prevalent in various liver diseases including alcoholic hepatitis (AH) and are formed in mice livers
by feeding DDC. By comparing AH livers where MDBs had formed with normal livers, there
were significant changes of IL-8 signaling by RNA sequencing (RNA-Seq) analyses. Real-time
PCR analysis of CXCR2 further shows a 6-fold up regulation in AH livers and a 26-fold up
regulation in the livers of DDC re-fed mice. IL-8 mRNA was also significantly up regulated in AH
livers and DDC re-fed mice livers. This indicates that CXCR2 and IL-8 may be crucial for liver
MDB formation. MDB containing balloon hepatocytes in AH livers had increased intensity of
staining of the cytoplasm for both CXCR2 and IL-8. Over expression of 1L-8 leads to an increase
of the mitogen activated protein kinase (MAPK) cascade and exacerbates the inflammatory cycle.
These observations constitute a demonstration of the altered regulation of IL-8 signaling in the
livers of AH and mice fed DDC where MDBs formed, providing further insight into the
mechanism of MDB formation mediated by IL-8 signaling in AH.
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Introduction

Mallory-Denk bodies (MDBs) are composed of intracellular aggregations of misfolded
proteins in ballooned hepatocytes. They consist of abnormally phosphorylated,
ubiquitylated, and cross-linked keratins 8 and 18 (K8/K18) and non-keratin components
(French et al., 2010; Haybaeck et al., 2012). A major player that determines MDB formation
is the ballooned hepatocyte. MDB-forming hepatocytes stain positive for numerous markers
of preneoplasmic change (French et al., 2011). MDBs form due to the failure of the 26S
proteasome protein quality control system which leads to aggresomes composed of
cytokeratins (CKs) and undigested proteins such as heat shock proteins (HSPs), Ub,
proteasome subunits, tubulin, and the ubiquitin-binding protein p62 (Yuan et al., 1996). It
was found that the pathogenesis of MDBs is associated with the down regulation of the
ufml-conjugation system (Ufmylation) and FAT10-conjugation system (FATylation)
pathways involved in protein quality control (Liu et al., 2014b). The swelling of the balloon
cell cytoplasm is due to the osmotic effect of these undigested proteins. MDBs develop in
the liver of DDC re-fed mice. In the DDC fed mouse model where liver cells proliferate,
MDBs form and later, after DDC withdrawal (DDC primed hepatocytes), hepatocellular
carcinoma (HCC) develops (Li et al., 2008; Oliva et al., 2008). Three new mechanisms of
MDB formation (epigenetic mechanisms, shift from the 26S proteasome to the
immunoproteasome and activation of Toll-like receptors signaling) have recently been
identified (French et al., 2010). However, the detailed molecular events involved in liver
MDB formation, especially in human liver disease development, remain undetermined.

Interleukin 8 (IL-8), also known as CXCLS8, is a CXC-type chemokine produced in an
inflammatory microenvironment. It aggravates the inflammatory state and enables cancer
cells to survive and to migrate from the primary site (Matsushima et al., 1992; Rollins,
2009). IL-8 is one of the dominant transcriptional targets of inflammatory signaling
mediated by NF«B, which is commonly activated in cancer cells (Gales et al., 2013). I1L-8
signaling is involved in regulating the communication between different cell types such as
cancer cells, endothelial cells, neutrophils, and tumor-associated macrophages within the
tumor microenvironment (VVandercappellen et al., 2008). IL-8 signals primarily through the
receptors CXCR1 and CXCR2, present in various types of normal as well as cancerous cells
(Gales et al., 2013). The enzyme PI3-kinase (PI3K) is a principal effector of IL-8-mediated
chemotaxis in neutrophils (Lane et al., 2006; Li et al., 2012). Recent advances reveal 1L-8
signaling as a potential key to targeting breast cancer stem cells (Singh et al., 2013),
suggesting that IL-8 and its receptors may be attractive targets for cancer therapy. Despite
these reports, the biological significance of IL-8 signaling in AH with MDB formation
remains unclear.

In this study, significant changes in IL-8 signaling were observed by comparing AH livers
where MDBs had formed with normal livers. These changes were obtained by RNA
sequencing (RNA-Seq) analyses. The altered expression of I1L-8 and CXCR2 was confirmed
in the livers of DDC re-fed mice and human liver biopsies from AH livers, indicating a
crucial role of IL-8 signaling during MDB formation.
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Materials and Methods

Liver biopsy specimens
Human formalin-fixed paraffin-embedded (FFPE) liver biopsies from patients who had
alcoholic hepatitis (AH; n=3-5) were obtained from Harbor UCLA hospital archives. In all
the cases liver forming MDBs were presented. Normal control livers were used for
comparison. The liver biopsies used were also used in previous studies (French et al., 2012;
Liu et al., 2014a; Liu et al., 2014b). The liver biopsy sections were 4 um thick.

Mouse liver

Diethyl 1, 4-dehydro-2, 4, 6-trimethyl-3, 5-pyridine-dicarboxylate (DDC) was used to
induce the formation of Mallory-Denk bodies (MDBs) in mice. One-month-old C3H male
mice were fed 0.1% DDC added to the control diet and a second group were fed control diet
for 10 weeks (Li et al., 2008). The mice were then withdrawn from the drug for 1 month and
re-fed DDC for 7 days as previously done (Oliva et al., 2009). Three mice were used in each
of two groups as follows: 1) control, 2) DDC. DDC was re-fed for 7 days. Mice livers were
placed in isopentane which is in liquid nitrogen, fast freezing the tissues. The tissues were
then stored at —80°C. The livers used had been used in prior studies (Liu et al., 2014a; Liu et
al., 2014b; Oliva et al., 2009). All mice were treated in a humane manner as approved by the
Animal Care Committee at Harbor UCLA Laboratory BioMedical Research Institute
according to the Guidelines of the National Academy of Science.

Tissue sectioning

Muice liver frozen sections were cut 5 um thick at —20°C and immediately transferred to a
micro slide box kept on dry ice and stored at —80°C. A new blade was used for each frozen
sample.

RNA isolation

RNA isolation of FFPE sections of human liver biopsies was performed as previously
described (Liu et al., 2014b). RNA (5ug) was treated and the quality and yield were assessed
by electrophoresis using the Agilent 2100 bioanalyzer (Agilent, Palo Alto, CA, USA).

RNA sequencing (RNA-Seq)

Libraries for RNA-Seq were prepared with Nugen Ovation Human FFPE RNA-Seq
Multiplex System. The workflow consists of double-stranded cDNA generation using a
mixture of random and poly (T) priming, fragmentation of double stranded cDNA, end
repair to generate blunt ends, adaptor ligation, strand selection via nucleotide analog-
targeted degradation, InDA-C-mediated adaptor cleavage and PCR amplification to produce
the final library. Different adaptors were used for multiplexing samples in one lane.
Sequencing was performed on Illumina HiSeq 2500 for a single read 50 run. Data quality
check was done on Illumina SAV. Demultiplexing was performed with lllumina CASAVA
1.8.2. The gene expression level was calculated using RSEM software (Li and Dewey,
2011). TPM (transcript per million) was used to normalized the gene expression. Only genes
that were significantly modulated (false discovery rate (FDR)-adjusted; p-value <0.05) and
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more than a 2 fold change were considered differentially expressed in the AH livers
compared with normal livers. The pathway and network analysis was performed using
Ingenuity Pathway Analysis (IPA). IPA computes a score for each network according to the
fit of the set of supplied focus genes. These scores indicate the likelihood of the focus genes
to belong to a network versus those obtained by chance. A score >2 indicates a < 99%
confidence that a focus gene network was not generated by chance alone. The data presented
here are accessible at the UCLA website (http://hpc.ucla.edu/hoffman2/file-transfer/

gol.php).

Quantitative Real-time PCR

Real-time PCR was performed as previously described (Liu et al., 2014b). Primer sequences
are as follows: CXCR2 (human; NM_001557) forward primer: 5’-
TCTTCTTCAGGCACACTTC-3’, reverse primer: 5°-
AGAACGTGGCCTCCTCTAACT-3"; CXCR2 (mouse; NM_009909) forward primer: 5'-
CTGCCTTAACCCCATCATCT-3, reverse primer: 5'-
GCCATGCTGAAAGACAAGAA-3'; IL-8 (human; NM_000584) forward primer: 5'-
TAGCAAAATTGAGGCCAAGG-3, reverse primer: 5'-
AGCAGACTAGGGTTGCCAGA-3'; IL-8 (mouse; NM_011339) forward primer: 5'-
CGGCAATGAAGCTTCTGTAT-3', reverse primer: 5-CCTTGAAACTCTTTGCCTCA-3..

Immunohistochemical analysis

FFPE tissue slides were double stained for CXCR2 and IL-8 (Abcam Inc., Cambridge MA)
with Ubiquitin (Millipore, Temecula, CA). A second set of slides was stained for CXCR2
and IL-8 (Enzo Life Sciences, Farmingdale, NY) with Ubiquitin (Millipore, Temecula, CA).
CXCR2 and IL-8 were detected using donkey anti rabbit Alexa Fluor 488 (Jackson Immuno
Research Laboratories Inc. West Grove, PA). Ubiquitin was detected using donkey anti
mouse Alexa Fluor 594 (Jackson Labs. West Grove, PA). All slides were stained with the
nuclear stain DAPI (Molecular Probes, Eugene, OR). The fluorescence intensity of stained
protein of interest was measured quantitatively using a 40x objective and a standard
exposure time of 800ms using a Nikon 400 fluorescent microscope with three filters (FITC-
green, Texas Red, and Tri-Color), and the Nikon morphometric system.

Statistical analysis

Results

Statistical significance was determined using the t-test and One Way ANOVA test with
SigmaStat software. P< 0.05 was considered as a statistically significant difference.
Regression plots were constructed using SigmaPlot software. All data were presented as the
mean +S.E.M and were representative of at least three-independent experiments done in
triplicate.

The Ingenuity Pathway Analysis (IPA) revealed the marked change of IL-8 signaling (z-
score=2.309) in AH livers where MDBs had formed (Table 1). A schematic diagram of the
IL-8 signaling derived using IPA was shown (Figure 1). CXCR2 and IL-8, two central
elements of this pathway, were selected and quantified to verify the RNA-Seq data by qRT-
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PCR on all AH livers and normal livers. DDC feeding was used to induce MDB formation
in mice. Hepatocyte isolation was performed from mice fed the control diet and mice re-fed
DDC for 7 days as described earlier (Oliva et al., 2009). As expected, IL-8 and CXCR2
MRNAs tested were up regulated both in the livers of AH and DDC re-fed mice (Figure 2).
Among them, approximately a 6-fold up regulation in AH livers and a 26-fold up regulation
in DDC re-fed mice livers of CXCR2 mRNA were observed (p<0.05) (Fig. 2A and 2B). In
contrast to CXCR2, IL-8 mRNA was induced to 11-fold in AH liver biopsies and 37-fold
levels in livers of DDC re-fed mice (p<0.05) (Fig. 2C and 2D). Other components of this
pathway including Bax, Bcl-2 and Nox4, were also up regulated to various degrees in the
livers of AH patients with MDBSs present (Figure 1). These data clearly suggest that these
key regulators might be involved in liver MDB formation.

The immunohistochemical staining done on all AH livers tested in this RNA-Seq analyses
showed that hepatocytes in AH liver biopsies had increased cytoplasm staining for CXCR2
(Figure 3). IL-8 also had increased staining of the cytoplasm hepatocytes of AH biopsies
(Figure 4). These results suggest that the pathogenesis of liver MDB formation is linked to
up regulation of the IL-8 signaling and could explain the MDB-pmn satellitosis
phenomenon.

Discussion

MDBs are found in various hepatic diseases such as AH, hepatitis B, C, and HCC
(Basaranoglu et al., 2011). To better understand the pathogenesis of MDBs in AH patients, it
is crucial to know the development of ballooning hepatocytes. Ballooning or swelling of
hepatocytes is induced by oxidative stress, which is also the main effect of alcohol exposure
and its products such as oxyradicals. However, this mechanism is not fully understood.
Several reports have investigated the molecular mechanisms underlying the complex
pathogenesis of MDB formation in chronic hepatitis patients and in the DDC re-fed mice
model (French et al., 2010; Basaranoglu et al., 2011).

In this study, an altered regulation of IL-8 signaling by a whole-genome expression analysis
(RNA-Seq) was discovered in AH livers with MDBs. The up regulation of IL-8 and CXCR2
was confirmed by gRT-PCR in the livers of DDC re-fed mice, indicating a correlation of
IL-8 and CXCR2 with MDB formation. This is the first study to report the changes in 1L-8
and CXCR2 expression associated with MDB formation in human and mice livers. The
marked increase of mRNA levels of other components of this pathway was also observed
(Table 1). Taking into account the important link between IL-8 signaling and oxidative
stress (Fernandes et al., 2008; lvison et al., 2010), it is possible that IL-8 signaling may play
a crucial role in oxidative stress and liver MDB formation. The immunostaining results from
our lab showed that MDB-forming hapatocytes stained positive for IL-8 and CXCR2
supporting this hypothesis.

Further, NFkB, a transcription factor with pleiotropic effects and a downstream mediator of
growth signaling, which controls the expression of genes that promote cell growth and
survival, seems to be the main regulator controlling IL-8 gene activity (Freund et al., 2004).
There is persistent NFxB activation in cancers associated with chronic inflammation.
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However, the inhibition of NFkB activity results in down regulation of IL-8 expression
levels and inhibition of cell proliferation and metastasis (Patel et al., 2002).

Recently, the prominent up regulation expression of FAT10 in the livers of AH patients was
observed (Liu et al., 2014b). FAT10 expression is induced by interferon (IFN)-y and tumor
necrosis factor a (TNFa) in tumor cells (Lukasiak et al., 2008; Ren et al., 2011) and
activates NFxB, which in turn up regulates CXCR4/7 (Gao et al., 2014; Liu et al., 2014c).
Interestingly, the NFxB binding site was found at the FAT10 promoter region (Zhang et al.,
2006), while TNFa-dependent induction of FAT10 expression requires NF«xB activation
(Ren et al., 2011). The interferon sequence response element (ISRE) located on the FAT10
promoter region activates NFxB in response to IFNy (Oliva et al., 2010). These findings
indicate a potential feedback system in chronic inflammatory-associated microenvironments
such as in AH. NFkB has recently been found to bind a transcript factor for both CXCR4
and CXCRY receptors (Tarnowski et al., 2010), and CXCR4 and CXCR7 can also activate
NFxB (Huang et al., 2009; Liu et al., 2014c), suggesting IL-8-mediated receptors may
sustain NFkB activity by a feedback system. Our results confirmed that the IL-8 and
CXCR2 mRNAs was up regulated in MDB-forming (FAT10-over-expressing) hepatocytes,
indicating a potential feedback system within NFxB network. The gene expression changes
induced the up regulation of IL-8 signaling may be a novel mechanism in liver MDB
formation. The further elucidation of the relationship of IL-8 signaling with NF«B will
provide a better understanding of chronic liver disease pathogenesis and MDB formation.

IL-8 may also regulate the activity of the mitogen activated protein kinase (MAPK) cascade
in cancers, where there is a crosstalk with the epidermal growth factor receptor (EGFR)
pathway through the activation of CXCR1/2. IL-8 activates the classical MAPK signaling
cascade, with downstream phosphorylation of Erk1/2 in neutrophils and cancer cells (Luppi
etal., 2007). MAP2K1 (MEK1) mRNA was found to be significantly up regulated in AH
livers with MDBs (Figure 1) in this test. Activation of MAPK signaling is consistent with
the promotion, by IL-8, of proliferation and survival for various types of cells (Luppi et al.,
2007; MacManus et al., 2007). The classical cascade between Erk and MAPK signaling
describes a pathway linking IL-8 to the activation of E2F and activator protein transcription
factors, the main function of which is to regulate the transcription of genes (Aggarwal and
Sung, 2011; Sparmann and Bar-Sagi, 2004), favoring cell proliferation and MDB formation.

In summary, our data demonstrates for the first time the gene expression changes of IL-8
signaling in the livers of AH where MDB were formed. The prominent transcription up
regulation expression of IL-8 and CXCR2 were observed in FAT10 over-expressing
hepatocytes, indicating that IL-8 and CXCR2 may be attractive targets for AH therapy. The
data provide evidence to further understand MDB formation and the inhibition of liver cell
regeneration.
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Figure 1.
Altered modulation of the IL-8 signaling pathway in AH livers with MDBs. Changed

expression of the I1L-8 signaling pathway was shown at the transcriptional level in AH livers
compared with normal livers. The altered modulation of the IL-8 signaling pathway
components contribute to the constitutive hyperactivation of this pathway, resulting the cell
viability, inflammation and respiratory burst as shown in diagram. The red symbols indicate
the genes with relative higher expression in alcoholic hepatitis vs normal livers.
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Figure 2.
Induction of CXCR2 and IL-8 in AH livers and in the livers of DDC re-fed mice.

Quantification of MRNA was carried out by SYBR real-time PCR assays. ** p<0.01 and
***n<0.001 by t-test.
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CXCR2

Figure 3.
The liver section from AH patients and controls were double stained with antibodies to

CXCR2 (green), Ubiquitin (red) and DAPI (tricolor). AH liver sections stained with more
intensity for CXCR2 compared to controls. x324
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Figure 4.
The liver sections from AH patients and controls were double stained with antibodies to

IL-8 (green), Ubiquitin (red) and DAPI (tricolor). The AH liver sections stained with greater
intensity for IL-8 compared to the controls. x324
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Table 1

IL-8 signaling is deregulated in AH livers with MDBs.

Pathway Gene

IPA category -log (P-value®)  symbol Molecules in dataset Ratio
BRCA1-mediated 1.41E00 CXCR2 Chemokine (C-X-C motif) receptor 2 6.56E-02

NOX4 NADPH oxidase 4

FLT4 Fms-related tyrosine kinase 4

BCL-2 B-cell CLL/lymphoma 2

MAP2K1  Mitogen-activated protein kinase kinase 1

ATM ATMserine/threonine kinase

BAX BCL-2 associated X protein

PIK3CB Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit beta

GNG11 Guanine nucleotide binding protein (G protein), gammall

GNG2 Guanine nucleotide binding protein (G protein), gamma 2

GNAI1 Guanine nucleotide binding protein (G protein), alpha

inhibiting activity polypeptide 1
LIMK2 LIM domain kinase 2
PTGS2 prostaglandin-endoperoxide synthase 2

Abbreviations: FDR, false discovery rate; IPA, ingenuity pathway analysis.
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a_. - . . .
Fischer’s exact test was used to calculate the P-value, determining the probability that the association between the genes in the data set and the
canonical pathway is explained by chance alone. To account for multiple canonical pathways tested by IPA, the FDR option was used (FDR<0.1).
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