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ABSTRACT
Mallory-Denk Bodies (MDBs) are prevalent in various liver diseases including
alcoholic hepatitis (AH) and are formed in mice livers by feeding DDC. Liver injury
from alcohol administration causes balloon hepatocytes and MDB formation impeding
liver regeneration. By comparing AH livers where MDBs had formed with normal
liver transcriptomes obtained by RNA sequencing (RNA-Seq), there was significant
upregulation of BRCA1-mediated signaling and G1/S cell cycle checkpoint pathways.
The transcriptional architecture of differentially expressed genes from AH livers
reflected step-wise transcriptional changes progressing to AH. Key molecules such
as BRCA1, p15 and p21 were significantly upregulated both in AH livers and in the
livers of the DDC re-fed mice model where MDBs had formed. The increase of G1/S
cell cycle checkpoint inhibitors p15 and p21 results in cell cycle arrest and inhibition of
liver regeneration, implying that p15 and p21 could be exploited for the identification
of specific targets for the treatment of liver disease. Provided here for the first time
is the RNA-Seq data that represents the fully annotated catalogue of the expression
of mRNAs. The most prominent alterations observed were the changes in BRCA1mediated signaling and G1/S cell cycle checkpoint pathways. These new findings
expand previous and related knowledge in the search for gene changes that might be
critical in the understanding of the underlying progression to the development of AH.

INTRODUCTION

(Cdkn1a) and p27 (Cdkn1b) are over-expressed in AH
and in rats chronically fed ethanol [3, 4]. P21 and p27
over-expression inhibits the regeneration of the liver in
rats after partially hepatectomy [3]. Cdkn2a and Cdkn2b
genes encode p16 and p15 inhibitors of the G1/S phase of
the cell cycle [5], and derepression of Cdkn2a has been
suggested to induce cell death through downstream targets
of p53, including p21 and Wig1 [6].
Mallory-Denk bodies (MDBs) are found in 70%
to 75% of patients with AH [7]. MDBs are composed
of intracellular aggregations of misfolded proteins in
ballooned hepatocytes. They consist of abnormally
phosphorylated, ubiquitinated, and cross-linked keratins 8
and 18 (K8/K18) and non-keratin components [8]. A major
player that determines MDB formation is the ballooned
hepatocyte. MDB-forming hepatocytes stain positive for

The liver acts as a hub for metabolic reactions to
keep a homeostatic balance during development and
growth. Reactive oxygen and nitrogen species (ROS
and RNS, respectively) are products of normal cellular
metabolism. Oxidative stress has been proposed to be
crucially involved in alcoholic liver disease (ALD)
including alcoholic hepatitis (AH) [1]. The pathogenesis
of ALD has been linked to cell cycle arrest, which
inhibits liver cell regeneration. Liver cells enter the cell
cycle, G1 phase, and progress to S phase in response to
stress. The DNA damage response pathways activate the
checkpoint to arrest the cell cycle transiently, promoting
DNA repair and inducing cell senescence or apoptosis [2].
The role of the cell cycle Cip/Kip family members p21
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numerous markers of preneoplasmic change [9]. MDBforming hepatocytes represent volume increase (hydration)
of the hepatocytes. MDBs form due to the failure of the
26S proteasome protein quality control system which leads
to aggresomes composed of cytokeratins (CKs) and the
undigested proteins such as heat shock proteins (HSPs),
Ub, proteasome subunits, tubulin, and the ubiquitinbinding protein p62 [10]. The swelling of the balloon cell
cytoplasm is due to osmotic effect of the accumulation 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 [11, 12]. It was found that the pathogenesis of
MDBs is associated with the downregulation of ufm1conjugation system (Ufmylation) and FAT10-conjugation
system (FATylation) pathways involved in protein quality
control [13], and upregulation of the NFκB-CXCR4/7
pathway [14] in MDB-forming AH patients.
Several research strategies have been used to study
the pathogenesis of AH. However, few have provided
specific mechanisms associated with MDB development
in AH. High-throughput RNA-sequencing (RNA-Seq)
is a recently developed technology that provides new
strategies for analyzing the functional complexity of
a transcriptome [15, 16]. To explore the mechanisms
(e.g., signaling pathways) that mediate the initiation and
progression of AH and cell cycle arrest, the RNA-Seq
(Illumina sequencing) was performed to evaluate the
patients’ overall liver transcriptome. Aberrant modulations
of the BRCA1-mediated signaling and G1/S cell cycle
checkpoint in AH livers where MDBs were formed was
found. Also the key candidate biomarkers (BRCA1, p15
and p21, etc.) were markedly overexpressed in human
and in the livers of DDC re-fed mice forming MDBs.
Combining this new data with the previous publications,
the events that may drive liver MDB formation and cell
cycle arrest in AH livers and subsequent tumor progression
were re-evaluated.

for human AH livers with MDBs was successfully used in
prior biopsy sections tested [4, 13, 14]. A representative
AH biopsy in which the balloon cells had formed MDBs
is shown (Figure 1A). The Principal-Component Analysis
(PCA) Mapping indicates that the three samples in the AH
group (red color) clustered together and the three samples
in the normal liver group (blue color) clustered together
(Supplementary Figure 1), suggesting a clear difference
between these two groups. The RNA-Seq analysis revealed
798 differentially expressed genes (DEGs) differentiating
the AH livers from normal livers (false discovery rate
(FDR)-adjusted P-value< 0.05 and fold-change ≥2).
The two-dimensional hierarchical clustering, using the
798 DEGs, clearly showed the degree of separation
between the AH livers with MDBs and normal control
livers (Figure 1B). Of these DEGs, 660 were specifically
upregulated (Supplementary Table S2), and 138 genes
were specifically downregulated (Supplementary Table
S3). The fold-changes in the AH livers ranged from -16.12
to 1069.6 (Supplementary Table S2, S3).
MDBs contain cytokeratin (CK) and heat shock
proteins (HSPs) [17, 18]. Several molecules related to
MDB formation included HSPA2 (heat shock 70kDa
protein 2), KRT80 (Keratin80), and HSPA12A (heat
shock 70kDa protein 12A) were also discovered in the
RNA-Seq database and were significantly upregulated
(Supplementary Table S2). The protein degradation
pathway and TLR signaling are crucial for liver MDB
formation in AH and non-alcoholic steatohepatitis
(NASH) [13, 14]. The previously identified set of genes
reported was compared with the expression pattern in
the RNA-seq database. As expected, mRNA expression
determined by RNA-Seq for key molecules involved
in Ufmylation, FATylation and TLR signaling, such as
UBD (FAT10; 9.041107 fold; p=0.007061), ubiquitin
fold modifier 1 (Ufm1) (-2.121568 fold, p=0.002144),
UfSP1 (-3.161889 fold, p=0.007848) and TLR4 (8.27599
fold, p=0.003397) (Supplementary Tables S2, S3) were
simultaneously expressed when compared to the mRNA
expression determined by quantitative real-time PCR
(qRT-PCR). This supported the previous conclusions.

RESULTS

Functional analysis of the DEGs identified by
RNA-Seq

Expression shift profile between alcoholic
hepatitis (AH) livers with Mallory-Denk Bodies
(MDBs)

For all the DEGs among AH and normal control
liver groups, pathway analyses were constructed using
ingenuity pathway analysis (IPA). IPA demonstrated that
a total number of 19 pathways were defined with at least
three genes related to each pathway (Supplementary Table
S4). To define the most significantly changed pathways,
the number of differentially expressed genes involved
in each pathway were prepared as a standard. Eleven
pathways with prominent changes in this analysis are
shown in Figure 1C. Among these differentially regulated

To uncover molecular mechanisms involved in
Mallory-Denk Bodies (MDBs) pathogenesis in alcoholic
hepatitis (AH), the genomic profile was compared using
RNA sequencing (RNA-Seq) in a group of archived AH
liver biopsies who had formed MDBs and archived normal
liver controls with normal hepatic function, after having
their informed consent. The immunohistochemical staining
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pathways, the BRCA1-mediated tumor suppression and
G1/S cell cycle checkpoint (FDR-adjusted P-value< 0.05,
respectively) were the two most significantly changed
canonical pathways thus identified (Table 1). The p70S6K
signaling, Tec kinase pathway and apoptosis signaling are
the other three significantly altered canonical pathways
(Supplementary Table S4). In addition, the top ranked
co-expression network for “Gene Disease and Function”
was mainly involved in Cell Cycle disorders (Figure 1D),
including the genes encoding for regulators, for example,
BRCA1 and KRT80 (Supplementary Table S5). The “Cell
death and Survival” is another enriched co-expression
network (Supplementary Table S5). Further functional

analysis for “Gene Disease and Function” classification
by IPA revealed that all up- and down regulated DEGs
were mainly associated with increased cell viability
(z-score=2.47; Supplementary Table S6), which is in
accordance with the enriched biological process of the
canonical pathways.

The expression of differential genes in the livers of
patients and mice fed DDC
A total of eighteen genes with various fold changes
from the above mentioned top 5 pathways (Supplementary

Figure 1: High-resolution transcriptsome analysis of human AH livers with MDBs present. A. A representative

immunohistochemical staining section (4 μm) from a human AH biopsy, double stained with Ub (red) and DAPI (blue). The white
arrow indicates the balloon cells that had formed MDBs. ×20. B. 2-Dimensional hierarchical clustering using the top 798 selected genes
discriminating 3 alcoholic hepatitis livers from 3 normal control livers. Each column represents a subject and each row a gene probe set.
Probe set signal values were normalized to the mean across the livers. The relative level of gene expression is depicted by heat map from
the lowest (blue) to the highest (red), according to the scale shown on the top. Respective gene symbols are indicated on the top side.
C. Significance levels of functions of differentially expressed hepatic genes in AH livers with MDBs. Threshold was set at p=0.05 and
indicated as -log (p value) on the X-axis. Y-axis shows functions of differentially expressed genes. D. The network was algorithmically
constructed by Ingenuity Pathway Analysis (IPA) software on the basis of the functional and biological connectivity of genes. The network
is graphically represented as nodes (genes) and edges (the biological relationship between genes). Red and green shaded nodes represent
up- and down regulated genes, respectively; others (empty nodes) are those that IPA automatically includes because they are biologically
linked to these genes based on the evidence in the literature. Top ranked network generated by IPA with cell cycle modulated genes (score
16, n=35 associated genes, P < 0.05). This network is centered around the canonical cell cycle-related molecules cyclin D1 (CCND1).
Meanings of node shapes and edges are indicated in the legend within the figure.
www.impactjournals.com/oncotarget
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Table 1: Most representative canonical pathways deregulated in AH livers with MDBs.

Abbreviations: FDR, false discovery rate; IPA, ingenuity pathway analysis. aFischer’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).
Table S4) were selected and quantified to verify the
RNA-Seq data by qRT-PCR on all AH livers and normal
liver biopsies. As shown in Figure 2A, 15 genes were
significantly upregulated, and 2 genes had slightly
downregulation expression, which is consistent with the
RNA-Seq results. There was discordance between the
RNA-Seq and the qRT-PCR in the relative expression
levels for only one of eighteen genes (CXCL14) (Figure
2A). Furthermore, Pearson’s correlation coefficient was
performed to validate our results. A statistically significant
correlation (R=0.599, p< 0.05) between the qRT-PCR and
RNA-Seq results was observed for all tested genes (Figure
2A), indicating a relatively high concordance between
these two databases.
DDC feeding was used to induce MDB formation
www.impactjournals.com/oncotarget

in mice. Mice liver tissue isolation was performed from
mice fed the control diet and mice re-fed DDC for 7
days as described earlier [19]. The RNA-Seq analysis
of markedly changed genes was further examined in the
livers of DDC re-fed mice using qRT-PCR analysis. The
mRNA expression of BRCA1, BRCA2, p15, p21, Tec,
guanine nucleotide binding protein (G protein), gamma2
(GNG2), Bax, ATM and Ki67, which are substantially
upregulated in the AH livers, were all upregulated to
various degrees (Figure 2B). The mRNAs of BRCA1,
p21, p15 and Tec were significantly upregulated when
compared to other mRNAs. Among these, p21 showed a
very high 40-fold induction in the livers of DDC re-fed
mice. Other molecules including BRCA1, p15 and Tec
mRNAs were induced to approximately 22-, 20- and 2542494

Oncotarget

fold (respectively, p<0.01) in this test. CDK2 mRNA,
however, is significantly downregulated in the livers of
DDC re-fed mice (Figure 2B), similar to the observation in
the AH livers with MDBs determined by RNA-Seq (Table
S3). These data clearly suggested that these key regulators
might be involved in liver MDB formation.

nuclear staining of BRCA1 in the nuclei of hepatic cells
without MDBs compared to the nuclei of neighboring
normal liver cells. The results showed that the nucleus in
hepatic cells without MDBs stained with more intensity
compared to the nucleus in the normal liver cells (Figure
3B). The yellow line on the photomicrograph runs over
the nuclei indicating where the intensity was measured.
The immunoreactivity intensity of BRCA1 in all tested
livers with AH was 180% of that in controls (p<0.01)
(Figure 3C), where twenty-five cells from liver sections
of each patient were analyzed. Also, BRCA2 had
increased staining intensity of the cytoplasm in MDB
containing balloon liver cells of AH biopsies determined
by immunohistochemical staining (Figure 3D). Similar to
BRCA1, the morphometric screen hunters showed that
the nucleus in hepatic cells without MDBs stained with
more intensity for BRCA2 compared to the nucleus in the
normal liver cells (Figure 3E). The protein level of BRCA1
in MDB-forming hepatic cells was evaluated by Western
blot. A marked increase in the AH livers compared with
normal controls were observed (Figure 3F).
Other components of the BRCA1-mediated pathway
with notable upregulation included ATM, p21, E2F (more
than a 2-fold change, Supplementary Table S2) beside
RFC, where mRNA was downregulated (Supplementary
Table S3). All these results imply that the pathogenesis
of liver MDB formation is linked to upregulation of the
BRCA1-mediated signaling.

Hyperactivation of the BRCA1-mediated pathway
in the AH patients with MDBs
The IPA revealed that the most changed pathway
(z-score=1.89) is the BRCA1-mediated signaling
pathway in AH where MDBs had formed (Table 1 and
Supplementary Table S4). A schematic diagram of the
activated BRCA1-mediated signaling pathway derived
using IPA was shown (Supplementary Figure 2). The
extremely high expression and induction in the AH livers
and DDC re-fed mice led to the possibility that BRCA1 is
a central element in this pathway and plays an important
role in the initiation and progression of liver MDB
formation.
The immunohistochemical staining was performed
in all AH livers tested in this RNA-Seq, which showed that
MDB containing balloon liver cells in AH liver biopsies
had increased staining intensity of the cytoplasm for
BRCA1 (Figure 3A). The morphometric screen hunters
were then used to measure and visualize the intensity of

Figure 2: The expression analysis of differential genes in the livers of AH and mice fed DDC. A. Comparison of transcript
expression in terms of fold change was measured by RNA-Seq and qRT-PCR. The transcript expression fold changes measured by RNASeq and qRT-PCR are indicated by violet and orange red columns, respectively. Asterisks on the qRT-PCR values indicate significant
differences between normal livers and AH livers with MDBs. n=3. B. Induction of BRCA1, BRCA2, P15, P21, TEC, GNG2, BAX, ATM,
Ki67 and CDK2 in the livers of DDC re-fed mice. *p<0.05, **p<0.01, and ***p<0.001.
www.impactjournals.com/oncotarget
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The altered modulation of G1/S cell cycle in AH
patients with MDBs present

and DDC re-fed mice, causing speculation as to its role
in cell cycle arrest. Similar to p21, immunohistochemical
staining showed that balloon hepatocytes with MDBs in
AH liver biopsies were expressing p15 in the cytoplasm
(Figure 4A). The intensity of nuclear staining for p15 in
the nuclei of hepatic cells without MDBs was compared to
the nuclei of neighboring normal liver cells, which showed
elevated intensity in contrast to the nucleus in the normal
control liver cells (Figure 4B). The immunoreactivity
intensity of p15 in all AH patients tested was 203% (25
hepatic cells without MDBs/liver section from each
patient) of that in control subjects (p<0.01) (Figure 4C).
The p15 protein was significantly increased by Western
blot analysis in AH biopsies (Figure 4E). This is analogous

Another markedly changed pathway in the RNASeq database determined by IPA was the G1/S cell cycle
checkpoint in AH livers with MDBs (Table 1). P21, a cell
cycle inhibitor at G1/S growth phase, was significantly
induced in the livers of AH and DDC re-fed mice (Figure
2A and 2B), and was shown to be expressed in numerous
hepatic nuclei in the liver biopsies from patients with AH
as reported previously [4]. It was further observed that
p15, a member of the Ink4 family mediating G1 cell cycle
arrest [20] was prominently induced in the livers of AH

Figure 3: Altered modulation of the BRCA1-mediated pathway in the liver of AH livers with MDBs. A. The liver sections

from AH livers and controls were double stained with antibodies to BRCA1 (green), Ub (red) and DAP1 (blue). The MDBs stained positive
for both Ub and BRCA1. ×520. B. The liver sections from patients with AH (right) and controls (left) were stained with an antibody
against BRCA1. The hepatic cells without MDBs from patients with AH demonstrated greater intensity for BRCA1 compared to controls.
A representative screen snip was obtained from morphometric screen. The fluorescence intensity was traced along the yellow line in the
top panel and shown as a green tracer in the bottom picture. C. Quantification of fluorescence intensity of the immunoactivity of BRCA1
in B (n=3 patients; 25 cells/liver sections from each patients). D. The liver sections from AH livers and controls were double stained
with antibodies to BRCA2 (green), Ub (red) and DAP1 (blue). The MDBs stained positive for both Ub and BRCA2. ×520. E. The liver
sections from AH (right) and controls (left) were stained with an antibody against BRCA2. A representative screen snip obtained from the
morphometric screen showed the hepatic cells without MDBs from AH livers showed greater intensity for BRCA2 compared to controls. F.
Western blot analysis of BRCA1 in AH (A1, A2 and A3) and control biopsies (C1 and C2). Data represent mean values ±S.E.M. *p<0.01.
www.impactjournals.com/oncotarget
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DISCUSSION

to the mRNA level determined by qRT-PCR and RAN-Seq
(Figure 2A). The mRNA level of p21 expression was high
in the AH livers and DDC re-fed mice.
When the cell cycle is arrested, apoptosis will
occur and liver regeneration is impeded. Therefore, the
immunohistochemical staining and Western blot were
performed to evaluate the change of apoptosis-related
molecule Bax. The results showed that Bax staining
intensity was increased in the liver cytoplasm (Figure 4D),
and also was significantly increased in the AH biopsies
compared to the normal control livers (Figure 4E).
These data indicate a possible role of the G1/S cell cycle
checkpoint in the reduced liver regeneration observed in
AH pathogenesis.

In this study, we found that the discriminated
expression genes mainly involved in the aberrant
modulation of the BRCA1-mediated signaling and G1/S
cell cycle checkpoint. The specificity of these pathways
in AH livers compared with normal livers were confirmed
with GSEA as previously reported [21]. Further disease
and functional analysis for DEGs revealed obviously
increased cell viability of tumor cell generation (Figure
5), reflecting step-wise transcriptional changes from
AH progressing to HCC in response to liver injury from
alcohol administration. Recent microarray analysis
identifies TNF superfamily receptors are overexpressed
in AH [22]. Some genes of TNF family such as TRAF1
(8.12 fold; p=0.006), TNFRSF1B (2.77 fold; p=0.023) and

Figure 4: Hyperactivation of the G1/S cell cycle checkpoint in the liver of AH livers with MDBs. A. Liver sections from AH

patients and controls were double stained with antibodies to p15 (green), Ub (red) and DAP1 (blue). The MDBs stained positive for both Ub
and p15. ×520. B. The liver sections from AH (right) and controls (left) were stained with an antibody against p15. A representative screen
snip obtained from the morphometric screen demonstrated the hepatic cells without MDBs from AH livers have greater intensity for p15
compared to controls. C. Quantification of fluorescence intensity of the immunoactivity of p15 in B (n=3 patients; 25 cells/liver sections
from each patients). D. The liver sections from AH and controls were double stained with antibodies to Bax (green), Ub (red) and DAP1
(blue). The MDBs stained positive for both Ub and Bax. ×520. E. Western blot analysis of p15 and Bax in AH (A1, A2 and A3) and normal
biopsies (C1 and C2). Data represent mean values ±S.E.M. *p<0.001.
www.impactjournals.com/oncotarget
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FASTKD5 (5.86 fold; p=0.014) are also overexpressed in
our RNA-Seq analysis (Supplementary Table S2). The
different observations between previous microarray and
our RNA-Seq results may be from the difference in the
samples used. Another reason is that the basic justification
for our approach is to focus on individual MDB-forming
balloon liver cells rather than including all the different
cell types in the liver. The next goal is to discover novel
molecular biomarkers involved in AH with MDBs. What
was found was (a) higher BRCA1 mRNA and protein
levels, (b) increased p15 and Bax mRNAs and protein
levels, and (c) enhanced p21 and Tec mRNA levels.
Interestingly, the immunostaining showed that the AH
liver biopsies with MDBs had increased staining intensity
than the livers without MDBs and normal livers for
BRCA1, BAX and p15 (Figure 6). All these candidate
biomarkers were further confirmed in MDB-forming AH
livers.

Comprehensive pathway analysis revealed that the
BRCA1-mediated pathway is the most enriched altered
pathway (Supplementary Table S4) in AH livers with
MDBs. BRCA1 is established as a tumor suppressor and
functions primarily by maintaining genome integrity [23].
Interestingly, it showed that multiple phosphorylations
may activate BRCA1 function in response ROS and
BRCA1 maybe an ROS sensor [23]. The BRCA1/BARD1
complex can stabilize p53 and induce cell cycle protein
p21 in response to interferon gamma (IFNγ) [24]. Tumor
necrosis factors-α (TNFα) and IFNγ strongly induce the
FAT10 and LMP2 expression, resulting in a decrease in
protein degradation and liver MDB formation [13, 25].
Hepatocyte regeneration is an important part of the
repair process during the recovery stage of alcoholic liver
disease. Progression through the G1 phase is facilitated
by the D-type cyclins (D1, D2, D3), which form active
holoenzymes with cyclin-dependent kinases 4 or 6 (CDK4,

Figure 5: List of genes involved in increased cell viability in AH livers with MDBs. The genes in the red box illustrate

differentially expressed genes between the AH livers and controls in the RNA-Seq analysis. The network was algorithmically constructed
by IPA software on the basis of the disease and functional connectivity of genes. Red and green shaded nodes represent up- and down
regulated genes, respectively; Top ranked disease and function network generated by IPA with cell viability related genes (n=56 associated
genes, z-score=2.47). Meanings of node shapes and edges are indicated in the legend in the figure.
www.impactjournals.com/oncotarget
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CDK6), and cyclin E, which activates CDK2 [26]. The S
phase marker CDK2 is significantly downregulated in AH
livers with MDBs and in the livers of DDC re-fed mice
(Figure 2B). Subsequent phosphorylation by the cyclin
E-dependent kinase results in the release of members
of the E2F family of transcriptional activators from Rb
[27]. The Cip/Kip family, p21, p27 and p57 can bind to
complexes containing all known CDKs. P21 is found to
be linked to fibrosis and an adverse liver-related outcome
in alcohol-related liver disease [28]. The Ink4 family, p15,
p16, p18 and p19, bind only CDK4 and CDK6, thereby
mediating G1 cell cycle arrest [20]. Analysis of canonical
pathways revealed that G1/S cell cycle checkpoint is
another enriched upregulated pathway in AH livers with
MDBs (Supplementary Tables S3). The high mRNA
levels of p15 and p21, and high protein level of p15 were
observed in the present study in AH livers, suggesting
that cell cycle arrest occurred in AH livers due to p15 and

p21 expressed in MDB-forming hepatocytes in the AH
livers. Similarly, the mRNA levels of p15 and p21 were
significantly upregulated in the livers of the DDC re-fed
mice model, further suggesting an association of p15 and
p21 with MDB formation.
Based on the current information, a very large
amount of BRCA1 together with other effectors (e.g.,
BRCA2) appeared in balloon hepatic cells from liver
injury by an unknown mechanism that likely arose through
adaptive evolution, which mediated downstream gene
expression and prevented BRCA1-related cancer. The
cell cycle inhibitors p21 and p15 are over-expressed due
to the BRCA1 initiated pathway, resulting in cell cycle
arrest and the impeding of liver regeneration (Figure 7).
However, the key regulatory proteins of the cell cycle
are governed by one or more E3 ligases (e.g., SKp2 and
CRL4Cdt2) which fail to degrade these inhibitors (e.g., p21)
of cell cycle progression during G1/S phase regulation

Figure 6: The liver sections from AH patients with MDBs, AH patients without MDBs and controls were double
stained with antibodies to BRCA1 A., Bax B. and p15 C. together with Ub (red) and DAPI (tricolor). The AH liver sections with
MDBs stained with greater intensity for BRCA1, Bax and p15 compared to the controls and AH livers without MDBs. ×520.
www.impactjournals.com/oncotarget
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Figure 7: Proposed model of MDB formation mediated by the BRCA1-mediated signaling and G1/S cell cycle
checkpoint in AH livers are shown. Liver injury can activate the key regulator BRCA1 and other effectors in the BRCA1-mediated
signaling. On the other hand, the expression of cell cycle inhibitors p21 and p15 result in the G1/S cell cycle arrest, which impedes liver
regeneration and the formation of MDBs.

[26, 29]. This suggests that both the mechanism of MDB
formation and cell cycle arrest are a consequence of the
loss of protein quality control by the 26S proteasome seen
in AH since chronic ethanol feeding leads to inhibition of
the 26S proteasome activity in the liver [30, 31].
The RNA-Seq data presented here also shows the
remarkable alteration of p70S6K signaling (Supplementary
Figure 4) and Tec kinase pathways (Supplementary
Figure 5) in the AH livers with MDBs. P70S6K plays
an important role in cell growth, such as proliferation
and differentiation by regulating cell cycle progression
and survival of cancer cells [32]. The immunostaining
results for Tec showed that Tec was increased in MDBforming hapatocytes (Supplementary Figure 6). Tec
kinase signaling has been shown to control assembly and
activity of the noncanonical caspase-8 inflammasome
[33]. MDB formation could be an indicator of the extent
of inflammasome activation [34]. These observations are
suggestive of the potential effects of p70S6K and Tec
kinase signaling in all the contexts where MDB-forming
cells in AH face microenvironmental challenges.
In summary, the altered modulation of the BRCA1mediated signaling and G1/S cell cycle checkpoint in AH
with MDBs present may provide new explanations for
the mechanisms underlying the cause for cell cycle arrest
and the inhibition of liver regeneration seen in AH. The
www.impactjournals.com/oncotarget

suppression of liver regeneration seen in AH is a major
reason for liver failure in AH. Finally, these mechanisms
could be exploited for the identification of specific targets
for the treatment of liver disease.

MATERIALS AND METHODS
Liver biopsy specimens
Human
formalin-fixed
paraffin-embedded
(FFPE) liver biopsies from patients who had alcoholic
hepatitis (AH; n=3) 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 [4, 13, 35]. Also the AH livers without
MDBs were used for comparison (n=3). The liver biopsy
sections were 4 μm thick. The study was carried out
according to the principles of the Declaration of Helsinki
and was approved by our institutional ethics review board.
The data were analyzed anonymously and reported.
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Mouse liver

the Partek software. Only genes that were significantly
modulated (false discovery rate (FDR)-adjusted; p-value
<0.05) and 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 canonical pathways generated by IPA
are the most significant for the uploaded data set. Fischer’s
exact test with FDR option was used to calculate the
significance of the canonical pathway. The data presented
here are accessible at the UCLA website (http://hpc.ucla.
edu/hoffman2/file-transfer/gol.php).

The livers of mice in which MDB formation
was induced by feeding Diethyl 1, 4-dehydro-2, 4,
6-trimethyl-3, 5-pyridine-dicarboxylate (DDC) were used
to compare with the AH livers where MDBs had formed.
The livers used had been used in prior studies [13, 19, 35].
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
Mice liver frozen sections were cut 5 μm 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.

Quantitative real-time PCR

RNA isolation

Real-time PCR was performed as previously
described [13]. Primer sequences are listed in
Supplementary Table S1.

RNA isolation of FFPE sections of human liver
biopsies was performed as previously described [13]. RNA
(5μg) was treated and the quality and yield were assessed
by electrophoresis using the Agilent 2100 bioanalyzer
(Agilent, Palo Alto, USA).

Immunohistochemical analysis
FFPE tissue slides were double stained for BRCA1,
BRCA2, p15, Bax and Tec (Abcam Inc., Cambridge MA)
with Ubiquitin (Millipore, Temecula, CA). A second set
of slides were stained for BRCA1, BRCA2, p15, Bax
and Tec (Enzo Life Sciences, Farmingdale, NY) with
Ubiquitin (Millipore, Temecula, CA). BRCA1, BRCA2,
p15, Bax and Tec 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 40× 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.
The results were displayed as a graph attached to the
immunofluorescent photography using a screen snip.

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-Cmediated adaptor cleavage and PCR amplification to
produce the final library. Diffenrent 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 Illumina CASAVA
1.8.2. The gene expression level was calculated using
RSEM software [36] and TPM (transcript per million) was
used to normalized the gene expression.

Protein extraction and immunoblotting

Expression pattern, function enrichment and
network analysis of differentially expressed genes
(DEGs)

The total protein was extracted with Extraction
Buffer EXB using Qproteome FFPE Tissue Kit following
the instructions (Qiagen, San Diego, CA). Briefly, the
excised tissues were incubated on ice for 5 min changing
to 100 °C for 20 min. The tissues were then incubated
at 80 °C for 2 h with agitation. After centrifugation,

The read was first mapped to the latest UCSC
transcript set containing 25343 gene probe sets using
Bowtie2 version 2.1.0. DEGs were identified using
www.impactjournals.com/oncotarget
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the supernatant containing the extracted proteins was
transferred to a new Collection Tube and stored at -20°C.
50 μg of each extracted protein was used for PAGE.
Proteins were fractionated by electrophoresis using
10% SDS-PAGE and electrophoretically transferred
onto a PVDF blot membrane (Bio-Rad, Hercules, CA).
Subsequent Western blot was performed as previously
described [35].

Statistical analysis
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 threeindependent experiments done in triplicate.
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AHalcoholic hepatitis
BAX BCL2-associated X protein
BRCA1/2 breast cancer susceptibility gene
1/2
CDKN1A cyclin-dependent kinase inhibitor
1A
CDKN2B cyclin-dependent kinase inhibitor
2B
DDC diethyl 1, 4-dehydro-2, 4,
6-trimethyl-3, 5-pyridine-dicarboxylate
DEG differentially expressed genes
FFPE formalin-fixed paraffin-embedded
IPA ingenuity pathway analysis
MDB Mallory-Denk body
RNA-Seq RNA sequencing
TEC tyrosine kinase expressed in
hepatocellular carcinoma
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