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Abstract

Chronic inflammation is a known hallmark of cancer and is
central to the onset and progression of hepatocellular carci-
noma (HCC). Hepatic macrophages play a critical role in
the inflammatory process leading to HCC. The oncogene
Astrocyte elevated gene-1 (AEG-1) regulates NFkB activation,
and germline knockout ofAEG-1 inmice (AEG-1�/�) results in
resistance to inflammation and experimental HCC. In this
study, we developed conditional hepatocyte- and myeloid
cell–specific AEG-1�/� mice (AEG-1DHEP and AEG-1DMAC,
respectively) and induced HCC by treatment with N-nitroso-
diethylamine (DEN) and phenobarbital (PB). AEG-1DHEP

mice exhibited a significant reduction in disease severity
compared with control littermates, while AEG-1DMAC mice
were profoundly resistant. In vitro, AEG-1�/� hepatocytes

exhibited increased sensitivity to stress and senescence. Nota-
bly, AEG-1�/� macrophages were resistant to either M1 or M2
differentiation with significant inhibition in migration, endo-
thelial adhesion, and efferocytosis activity, indicating that
AEG-1 ablation renders macrophages functionally anergic.
These results unravel a central role of AEG-1 in regulating
macrophage activation and indicate that AEG-1 is required in
both tumor cells and tumor microenvironment to stimulate
hepatocarcinogenesis.

Significance: These findings distinguish a novel role of
macrophage-derived oncogene AEG-1 from hepatocellular
AEG-1 in promoting inflammation anddriving tumorigenesis.
Cancer Res; 78(22); 6436–46. �2018 AACR.

Introduction

The risk factors for hepatocellular carcinoma (HCC) include
viral hepatitis, alcoholism, and nonalcoholic fatty liver disease,
all of which lead to chronic inflammation (1). Liver-resident
macrophages (Kupffer cells) constitute approximately 20% of
the total cells in the liver and play a vital role in establishing a
proinflammatory, protumorigenic environment (2). During
hepatocarcinogenesis, there is also infiltration of monocyte-
derived macrophages into the liver further contributing to the
inflammatory process. During initial tumorigenesis, damaged
hepatocytes release cytokines, such as IL1b, which stimulate
Kupffer cells to activate NFkB, resulting in the release of IL6 that

activates the oncogenic STAT3 signaling in the hepatocytes
thereby promoting proliferation of transformed cells (3–10).
Concomitantly, tumor-associated macrophages (resident and
infiltrating) also secrete various cytokines and chemokines,
including IL1b, TNFa, IL6, CCL2, and CXCL10, which increase
HCC cell proliferation and NFkB-mediated protection from
HCC cell apoptosis, as well as angiogenic and growth factors,
such as VEGF, PDGF, TGFb, and FGF, which support HCC
growth (2, 11). Understanding the mechanism of macrophage
activation is, therefore, vital in controlling the chronic inflam-
matory process leading to HCC.

Our extensive studies over the last decade have firmly estab-
lished that Astrocyte elevated gene-1 (AEG-1)/metadehrin
(MTDH) functions as a major oncogene for HCC and is highly
overexpressed in patients with HCC of diverse etiologies by
multiple mechanisms including genomic amplification
(12–22). AEG-1 knockout mice (AEG-1�/�) exhibit complete
resistance to N-nitrosodiethylamine (DEN) and phenobarbital
(PB)-inducedHCC (20). Furthermore, AEG-1 ablation resulted in
markedly reduced inflammation in mice because AEG-1 is fun-
damentally required for activation of NFkB, a key regulator of
inflammatory process (20, 23–26). By directly interacting with
p65 subunit of NFkB and CBP, AEG-1 functions as a bridging
factor between NFkB and basal transcriptional machinery pro-
moting NFkB-induced transcription (23, 24). Anchored on endo-
plasmic reticulum membrane, AEG-1 associates with upstream
ubiquitinated activators of NFkB, such as RIP1 and TRAF2,
facilitating their accumulation and subsequent NFkB activation
(25). AEG-1 is directly phosphorylated by IKKb, which is essential
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for IkBa degradation and NFkB activation (26). Indeed both
AEG-1�/� hepatocytes and macrophages show inherent inability
to activate NFkB upon lipopolysaccharide (LPS) treatment (20).
Notably, AEG-1 itself is induced by inflammatory cytokines via
NFkB thereby establishing a positive feedback between AEG-1
and NFkB (22, 27, 28).

Conversely, hepatocyte-specific AEG-1 transgenic mice
(Alb/AEG-1) develop highly aggressive DEN-induced HCC com-
pared with wild-type littermates, indicating a key regulatory role
of AEG-1 inHCC cells (18, 19). AEG-1 expression inmacrophages
ismarkedly higher than that in hepatocytes (20). This observation
coupled with the observations that AEG-1 is required for
NFkB activation and inflammation suggest that AEG-1 might be
important for regulating both tumor cells and tumor-associated
macrophages. In this study, we interrogated the relative role of
AEG-1 in these cells using tissue-specific conditional knockout
mouse models. Our studies unravel a pivotal role of AEG-1
in regulating macrophage activation that profoundly affects
HCC development.

Materials and Methods

Mice

All animal studies were approved by the Institutional Animal
Care and Use Committee at Virginia Commonwealth University
(Richmond, VA), and were performed in accordance with the
Animal Welfare Act, the PHS Policy on Humane Care and Use
of Laboratory Animals, and the U.S. Government Principles
for the Utilization and Care of Vertebrate Animals Used in
Testing, Research, and Training. Floxed AEG-1 mice (AEG-1fl/fl)
inC57BL/6 background (20)were crossedwith Alb/Cre [B6.Cg-Tg
(Alb-cre)21Mgn/J; ref. 29] and LysM/Cre (B6.129P2-Lyz2tm1(cre)Ifo/J;
Jackson Laboratories) mice (30) to generate AEG-1DHEP (22)
and AEG-1DMAC mice, respectively. For induction of chemical
carcinogenesis, a single intraperitoneal injection of 10 mg/gm
body weight of DEN was given at 14 days of age to male mice
and then PB (0.05%) was given daily in drinking water (20).
The animals were sacrificed at 32 weeks of age. At the end of
the experiment, liver, internal organs, and blood were collected.
Serum liver enzymes were analyzed in the VCU Molecular
Diagnostic Laboratory, Department of Pathology using standard
procedures. For short-termDEN treatment, 2-week-oldmalemice
were injected intraperitoneally with DEN (10 mg/gm). Apoptosis
was determined by ApoAlert DNA Fragmentation Assay Kit
(Takara) according to the manufacturer's protocol. For prolifer-
ation,micewere injected intraperitoneallywithBrdU (100mg/gm;
Sigma) 2 hours before sacrifice and liver sections were stained
using BrdU In SituDetection Kit (BDBiosciences) according to the
manufacturer's protocol.

Primary cells' isolation and culture conditions

All primary cells were used immediately after isolation in house
and were Mycoplasma free as detected by Mycoplasma Detection
Kit (Thermo Fisher Scientific). Primary mouse hepatocytes were
isolated and cultured inWilliams EMediumcontainingNaHCO3,
L-glutamine, insulin (1.5 mmol/L), and dexamethasone
(0.1 mmol/L) as described previously (31). Kupffer cells were
isolated from liver homogenates by centrifuging at 500 rpm for
10 minutes (32). The supernatant containing immune cells
was sorted for CD11bþF4/80þ cells using BD FACSAria II (BD
Biosciences). Bone marrow–derived macrophages (BMDM) and

peritoneal macrophages were isolated according to standard
protocols (33). Bone marrow cells were isolated from femurs of
mice and were differentiated into macrophages using RPMI1640
medium supplemented with 10% heat-inactivated FBS and
100 U/mL recombinant mouse M-CSF for 7 days. At day 7, the
media were changed to complete RPMI1640 containing 10%
heat-inactivated FBS. For isolating primary peritoneal macro-
phages, mice were injected intraperitoneally with 4% thioglycol-
late and 4 days later macrophages were harvested in PBS via
intraperitoneal injection.Macrophages were cultured in complete
media for at least 12 hours prior to using for experiments. Liver
sinusoidal endothelial cells (LSEC) were purified as described
using short-term selective adherence and thepuritywas confirmed
by stainingwith anti–Stabilin-2 antibody (Supplementary Fig. S1;
ref. 34). All primary cells were isolated from male mice of 6–12
weeks of age, were cultured at 37�C and in 5% CO2 with 100%
humidity, and were used for experiments at 60%–80% conflu-
ence. BMDMswere treatedwith LPS (10 ng/mL) or IL4 (20U/mL)
for 7 hours.

Generation of Dihxy-sgAEG-1 cells

Dihxy cells, developed fromDEN-injected C57BL/6mice, were
generously provided by Dr. Michael Karin's laboratory and cul-
tured as describedpreviously (6). The cellswereMycoplasma free as
detected by Mycoplasma Detection Kit (Thermo Fisher Scientific)
and were not used for more than 10 passages. These cells were
transfected with a plasmid expressing either control, scrambled
sgRNA or AEG-1 sgRNA, Cas9, puromycin-resistant marker, and
mCherry (obtained from GeneCopoeia). Single clones from
FACS-sorted mCherry-positive cells were isolated, expanded, and
validated for AEG-1 knockout.

Cell proliferation assays

Hepatocytes (1 � 104) were plated in each well of a 96-well
plate for measuring proliferation by a standard MTT assay (35).
For hypoxia assays, hepatocytes were cultured in 1% O2 concen-
tration in a hypoxic chamber (Ruskinn InVivo2 400, The Baker
Company).

Efferocytosis assay

Efferocytosis was measured using Vybrant Phagocytosis Assay
Kit (Thermo Fisher Scientific) according to the manufacturer's
protocol.

Chemotaxis and migration assay

Migration ofmacrophages towardHCC cells was performed by
a modified Boyden chamber assay in which macrophages were
plated on the top chamber and HCC cells were plated on the
bottom chamber and the macrophages were allowed to migrate
for 24 hours. Migrated cells were fixed, stained with Giemsa, and
counted.

LSEC adhesion assay

LSECs (5� 105) were plated in each well of an 8-chamber slide
and next day macrophages (5 � 103) were plated on top of LSEC
monolayer for 30 minutes, following which, the nonadherent
cells were washed with PBS, fixed, and stained using F4/80
antibody. The slides were mounted using a mounting medium
containingDAPI (Vector Laboratories). The imageswere analyzed
using an Olympus microscope capturing fluorescent and bright-
field images.

AEG-1 in Macrophage Activation

www.aacrjournals.org Cancer Res; 78(22) November 15, 2018 6437

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/2

2
/6

4
3
6
/2

7
7
1
2
8
6
/6

4
3
6
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



Total RNA extraction, cDNA preparation, and real-time PCR

Total RNA was extracted from hepatocytes, macrophages, or
mouse tissues using the Qiagen miRNAeasy Mini Kit (Qiagen).
cDNA preparation was done using ABI cDNA Synthesis Kit
(Applied Biosystems). Real-time PCR (RT-PCR) was performed
using an ABI ViiA7 fast real-time PCR system and TaqMan gene
expression assays according to the manufacturer's protocol
(Applied Biosystems).

RNA sequencing

Total RNA, extracted using Qiagen miRNAeasy Mini Kit
(Qiagen) from BMDMs of 3 adult mice per group, was employed
for RNA sequencing. RNA-Seq library was prepared using
Illumina TruSeq RNA sample preparation Kit and sequenced on
Illumina HiSeq3000 platform. RNA-Seq libraries were pooled
together to aim about 25–40M read passed filtered reads per
sample. All sequencing reads were quality controlled using
FastQC v0.11.2. Illumina adapters were trimmed using
Cutadapt v1.9.dev2, replicates were merged and aligned with
their reference genome (UCSC mouse genome build mm10)
using subread-align v1.4.6-p4. The BAM files from alignment
were processed using featureCounts v1.4.6-p4 to obtain the
counts per gene in all samples. Mus_musculus.GRCm38.83.gtf
gene definition file was used. The differential expression
analysis was performed using edgeR v3.18.1. Genes having
counts per million less than two in all samples were excluded.
Differentially expressed genes were defined using P< 0.01 and
FDR-corrected P < 0.1 cutoffs. All bioinformatics analyses
were conducted in R/Bioconductor computing environment
v3.4.0. GEO Series accession number of this dataset is
GSE107691.

Western blotting analysis

Cell lysates and tissue extracts were prepared and Western
blotting was performed as described previously (20). The primary
antibodies used were anti-AEG-1 (chicken, inhouse, 1:5,000),
ATM (Santa Cruz Biotechnology, mouse monoclonal, 1:500),
phospho-ATM (Cell Signaling Technology, rabbit polyclonal,
1:1,000), ATR (Cell Signaling Technology, rabbit polyclonal,
1:1,000), phospho-ATR (Cell Signaling Technology, rabbit poly-
clonal, 1:1,000), CHK1 (Santa Cruz Biotechnology, mouse
monoclonal, 1:200), phospho-CHK1 (Cell Signaling Technology,
rabbit polyclonal, 1:1,000), CHK2 (Santa Cruz Biotechnology,
mouse monoclonal, 1:200), phospho-CHK2 (Cell Signaling
Technology, rabbit polyclonal, 1:1,000), p53 (Cell Signaling
Technology, mouse monoclonal, 1:1,000), phospho-p53
(Cell Signaling Technology, mouse monoclonal, 1:1,000), p21
(Cell Signaling Technology, rabbit polyclonal, 1:1,000), and anti-
GAPDH (Santa Cruz Biotechnology, mousemonoclonal, 1:1,000
and Cell Signaling Technology, rabbit polyclonal, 1:1,000). Den-
sitometric analysis was performed using ImageJ software (NIH,
Bethesda, MD).

IHC and immunofluorescence assays

IHC was performed on formalin-fixed paraffin-embedded
(FFPE) sections as described previously (20) using anti-AEG-1
(chicken, in-house) and anti-PCNA (Cell Signaling Technol-
ogy #13110) antibodies. Immunofluorescence was performed
on FFPE sections using anti-AEG-1 (chicken, in-house) and
F4/80 (AbD Serotec #MCA497RT) antibodies. Hepatocytes
were cultured in collagen-1–coated 4-chamber slides and

immunofluorescence was performed using antibody against
gH2AX (Cell Signaling Technology #5438). LSECs were cul-
tured in 8-chamber slides and immunofluorescence was per-
formed using anti–Stabilin-2 antibody (MBL International
#D317-3). For IHC, images were analyzed using an Olympus
microscope. For immunofluorescence, images were analyzed
using a Zeiss confocal laser scanning microscope.

Senescence-associated b-galactosidase assay

Hepatocyteswere cultured for 3days and senescence-associated
b-galactosidase (SA-b-Gal) activity was measured as described
previously (35).

Bayesian statistical analysis

Bayesian analysis (19) was performed to analyze the effect of
hepatocyte- andmacrophage-specific deletion of AEG-1 on hepa-
tocarcinogenesis in mice. All analysis was done using the statis-
tical computing software R v 3.3.2. The experiment measured
effects of different gene mutation on liver health through a
resulting tumor counts of various sizes. The notation for the
responses were:

NT ¼ number of tumors.
X1 ¼ number of tumors of size <1 mm.
X2 ¼ number of tumors of size 1–2 mm.
X3 ¼ number of tumors of size 3–5 mm.
X4 ¼ number of tumors of size 6-8 mm.
X5 ¼ number of tumors of size above 20 mm.
In certain cases, the whole liver was reported to be tumor. In

that case, the response for each type of tumor size was taken to
be the maximum value among all animals of that type of
tumor. The covariates or the independent variables of the
experiment were type of gene mutation. The statistical model
needed to accommodate a regression for counts as well as
multinomial response regression. We implemented this in a
Bayesian model with Poisson regression for tumor count and
Multinomial regression for the observed proportion of the
tumors in the five categories. In the notations used above, the
statistical model is:

NT � Poi(l)

log(l) � N(b0 þ bHEP(DHEP) þ bMAC(DMAC), s2
2)

(X1, X2, X3, X4, X5) | NT � Multinomial(p1, p2, p3, p4, p5)
The structure above was implemented using a Bayesian model.

All the unrestricted parameters were given flat noninformative
normal prior centered at zero and variance 106. Posterior distri-
butionwas computed usingMarkov chainMontecarlo simulation
with initial burn in 20,000 samples. Convergence of the model
was assured using Brooks–Gelman–Rubin diagnostics. We
observed multivariate PSRF ¼ 1.05 and the PSRF for individual
parameters was less than 1.1. A sample of 8,000, thinned by three
was used to estimate the parameters of the model.

We report, instead of the estimated parameter values, the
predicted values for number of tumors in each type of mice and
distribution of the tumors into size categories. All estimates were
obtained from the posterior distribution of the model after
convergence. The summary of the MCMC outputs are shown in
Supplementary Tables S1–S4.

Statistical analysis

Data were represented as the mean � SEM and analyzed
for statistical significance using one-way ANOVA followed by
Newman–Keuls test as a post hoc test.
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Results

Our previous studies demonstrated profound resistance to
DEN/PB-induced HCC in AEG-1�/� mice (20). Inflammation is
an integral component of DEN-induced HCC and we documen-
ted that activation of NFkB, a key regulator of inflammation, was
markedly abrogated in AEG-1�/� hepatocytes and macrophages
compared with AEG-1þ/þ (20). In DEN-treated AEG-1þ/þ livers,
colocalization studies using anti-AEG-1 and F4/80 antibodies
revealed increased AEG-1 in macrophages compared with hepa-
tocytes (Fig. 1A; Supplementary Fig. S2A). In DEN-treated AEG-
1�/� livers, which did not show induction ofHCC, F4/80-positive
macrophages were sparse, compared with DEN-treated AEG-1þ/þ

livers (Fig. 1A; Supplementary Fig. S2A). In na€�ve adult wild-type
liver, higher AEG-1 staining was observed in F4/80-positive
macrophages compared with hepatocytes (Supplementary
Fig. S2B) and AEG-1 mRNA levels in isolated Kupffer cells were
approximately 4 times higher comparedwith isolatedhepatocytes
(Supplementary Fig. S2C). These findings indicate that AEG-1
might play a regulatory role in macrophage activation during
DEN-induced HCC.

To interrogate the role of hepatocyte andmacrophage AEG-1 in
HCC, we created hepatocyte- and myeloid cell–specific condi-
tional AEG-1�/�mice (AEG-1DHEP and AEG-1DMAC, respectively),
by crossing AEG-1fl/fl mice with Alb/Cre (29) and LysM/Cre (30)
mice, respectively. We have described authenticity of AEG-1DHEP

mice previously (22). AEG-1DHEPmice were used to study the role

of AEG-1 in nonalcoholic steatohepatitis but the response of
AEG-1DHEP mice to HCC development has not been studied. We
now demonstrate Kupffer cell–specific AEG-1 knockout in
AEG-1DMAC mice by TaqMan-qRT-PCR, Western blot, and IHC
analyses (Fig. 1B–D). AEG-1 expression was lost from F4/80-
positive Kupffer cells in AEG-1DMAC mice (Fig. 1D).

HCC was induced by DEN/PB treatment in AEG-1fl/fl,
AEG-1DHEP, and AEG-1DMAC littermates. Control AEG-1fl/fl litter-
mates, obtained bymating with either Alb/Cre or LysM/Cre mice,
showed similar phenotypes and therefore the findings from all
AEG-1fl/fl mice were clustered together. Upon treatment with
DEN/PB, at 32 weeks, AEG-1fl/fl mice developed robust multi-
nodular HCC, AEG-1DHEP developed HCC of significantly less
magnitude than AEG-1fl/fl mice, while AEG-1DMAC mice were
profoundly resistant (Fig. 2A and B; Table 1). Liver weight of
AEG-1fl/fl mice was significantly higher than that of AEG-1DHEP

and AEG-1DMAC mice and liver weight of AEG-1DHEP mice was
significantly higher than that of AEG-1DMACmice as a reflection of
total tumor load (Fig. 2C). To obtain additional significance, we
performed Bayesian statistical analysis to check the probability of
tumorigenesis using number and size of the nodules as the
response variables (Fig. 2D). The probability of no tumor forma-
tion was profoundly low in AEG-1fl/fl mice compared with the
other two groups (Fig. 2D).

Hemotoxylin and eosin staining of liver sections showed
HCC with loss of hepatic architecture in AEG-1fl/fl mice, while
in AEG-1DHEP and AEG-1DMAC mice liver architecture was

Figure 1.

Macrophages express AEG-1. A,

Representative images of FFPE liver

sections from DEN-treated AEG-1þ/þ

and AEG-1�/� mice stained with

anti-AEG-1 (red) and F4/80 (green)

antibodies. Yellow in merged panels

indicates localization of AEG-1 in

macrophages (arrows). Magnification,

�400. Scale bar, 20 mm.B–D,Analysis

of AEG-1 expression in AEG-1fl/fl and

AEG-1DMAC mice by TaqMan qRT-PCR

(B), Western blot analysis (C), and IHC

with anti-AEG-1 (red) and F4/80

(green) antibodies (D). For B, data

were normalized by GAPDH levels.

Data representmean�SEM. � ,P<0.01

versus AEG-1fl/fl. Liv, liver; Spl, spleen;

Kid, kidney; SI, small intestine;

Br, brain; Hep, hepatocytes; KC,

Kupffer cells.

AEG-1 in Macrophage Activation
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relatively well preserved (Fig. 2E, top; Supplementary Fig. S3).
IHC staining for AEG-1 in liver sections revealed intense staining
in AEG-1fl/fl mice, especially in the tumor, no staining in
AEG-1DHEP mice, and homogenous staining in hepatocytes in
AEG-1DMAC mice (Fig. 2E, middle; Supplementary Fig. S3). IHC

staining for PCNA, a marker for cell proliferation, showed a
marked increase in PCNA-positive cells in AEG-1fl/fl livers com-
pared with AEG-1DHEP and AEG-1DMAC livers (Fig. 2E, bottom).
Levels of serum liver enzymes, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and alkaline phosphatase (AP),
were significantly higher in AEG-1fl/fl mice versus AEG-1DHEP and
AEG-1DMACmice indicative of liver damage (Fig. 2F). The levels of
mRNA fora-fetoprotein, a specificmarker for HCC, were robustly
higher in the livers of AEG-1fl/flmice comparedwith the other two
groups (Fig. 2G). In DEN-induced tumorigenesis, damaged hepa-
tocytes release cytokines, such as IL1b, which stimulate Kupffer
cells to release IL6 (3–10). Both IL1b and IL6 mRNA levels were
significantly higher in AEG-1fl/fl livers versus AEG-1DHEP and
AEG-1DMAC livers (Fig. 2G). IL1b mRNA levels were higher in
AEG-1DMAC liver compared with AEG-1DHEP liver, indicating that
damaged hepatocytes in AEG-1DMAC liver can still produce IL1b.
IL6 mRNA levels were lower in AEG-1DMAC liver compared with
AEG-1DHEP liver, indicating inhibition of macrophage activation
in AEG-1DMAC liver.

Similar to chronic liver disease, DEN treatment results in DNA
damage and apoptosis in the hepatocytes (5, 36). This damage
triggers compensatory proliferation and repair. Upon activation
of survival pathways, the damaged (and mutated) hepatocytes
escape apoptosis and proliferate, resulting in expansion ofmutat-
ed, transformed cells. Induction of senescence in premalignant
cells and clearing of these senescent cells by the immune system is
a mechanism of HCC inhibition (37). When AEG-1�/� hepato-
cytes, isolated from AEG-1DHEP mice, were deprived of growth

Figure 2.

AEG-1DHEP and AEG-1DMACmice are resistant to experimental HCC. AEG-1fl/fl, AEG-1DHEP, and AEG-1
DMACmice (7 per group) received an initial DEN injection, followed

by PB treatment in drinking water. The mice were sacrificed at 32 weeks when all data points were analyzed. A, Representative photographs of the livers.

B,Total number of tumors.C,Liverweight of themice.Data representmean�SEM. � ,P<0.01 versusfl/fl;^,P<0.01 versusDHEP.D,Bayesiananalysis demonstrating

probability of no tumor. E, Top, hematoxylin and eosin staining of liver sections; middle and bottom, AEG-1 and PCNA staining of the liver sections,

respectively. Magnification, �400. Scale bar, 20 mm. T, tumor. F, Serum levels of the indicated liver enzymes. AST, aspartate aminotransferase; ALT, alanine

aminotransferase; and AP, alkaline phosphatase. G, Relative mRNA levels of the indicated genes. GAPDH levels were used for normalization. For F and G, data

represent mean � SEM. � , P < 0.01 versus fl/fl; #, P < 0.01 versus DHEP.

Table 1. Number and sizes of nodules in DEN/PB-treated mice at 32 weeks.

No. of nodules (in mm)

ID <1 1–2 3–5 6–8 >8

fl/fl1 Entire liver

fl/fl2 Entire liver

fl/fl3 Entire liver

fl/fl4 0 7 10 5 2

fl/fl5 0 18 1 4 2

fl/fl6 7 30 12 2 2

fl/fl7 0 25 17 1 0

DHEP1 10 5 3 0 0

DHEP2 6 2 0 0 0

DHEP3 4 29 10 4 0

DHEP4 15 9 2 0 0

DHEP5 0 17 0 0 0

DHEP6 8 0 4 0 0

DHEP7 11 22 6 1 0

DMAC1 5 0 0 0 0

DMAC2 2 0 0 0 0

DMAC3 8 4 0 0 0

DMAC4 3 11 1 0 0

DMAC5 10 0 4 0 0

DMAC6 16 5 2 0 0

DMAC7 5 6 0 0 0

Robertson et al.
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factor, such as insulin, or subjected to stressors including H2O2,
hypoxia, and chemotherapeutic drugs, such as 5-fluorouracil
(5-FU) and doxorubicin, they showed significantly increased
susceptibility compared with AEG-1þ/þ hepatocytes, isolated
from AEG-1fl/fl mice (Fig. 3A–E). In in vitro culture, mouse
hepatocytes do not proliferate and enter senescence after 4 days
of culture. At 3 days of culture AEG-1�/� hepatocytes, isolated
from AEG-1DHEP mice, showed marked induction of senescence,
measured by SA-b-gal assay and senescent-associated heterochro-
matic foci assay, compared with AEG-1þ/þ hepatocytes, isolated
from AEG-1fl/fl mice (Fig. 4A–C). In vitro treatment with DEN
unraveled increased sensitivity of AEG-1�/� hepatocytes com-
pared with AEG-1þ/þ (Fig. 4D). DEN treatment induced DNA
damage response, indicated by activation of ATM and ATR, their
downstream kinases CHK1 and CHK2 leading to p53 phosphor-
ylation and increase in p53-target p21 levels in AEG-1þ/þ hepa-
tocytes (Fig. 4E; Supplementary Fig. S4A). However, this response
was markedly pronounced in AEG-1�/� hepatocytes (Fig. 4E;
Supplementary Fig. S4A). DNA damage response following DEN
treatment was similar in hepatocytes isolated from AEG-1fl/fl and
AEG-1DMAC mice (Supplementary Fig. S4B), indicating that it is
the lack of AEG-1 in hepatocytes isolated from AEG-1DHEP mice
that confers increased susceptibility to DEN. These notions were
confirmed further by in vivo assays, in which short-term DEN
treatment resulted in increased apoptosis and decreased compen-
satory proliferation in AEG-1DHEP livers when compared with
AEG-1fl/fl and AEG-1DMAC livers (Fig. 4F). Collectively, these
findings indicate that AEG-1�/� hepatocytes are more susceptible
to stress and are prosenescent so that these hepatocytes may not
sustain survival and proliferation to promote the tumorigenic
process thereby explaining dampened hepatocarcinogenic
response in AEG-1DHEP mice.

To understand how AEG-1 regulates macrophages so that
AEG-1DMAC mice become resistant to DEN/PB-induced HCC, we
analyzed differential gene expression profiles in na€�ve BMDMs
isolated from AEG-1fl/fl and AEG-1DMACmice, by RNA-Seq. Using
a FDR < 0.01 and P < 0.01, 1,104 genes showed upregulation and

1,011 genes showed downregulation in AEG-1�/� BMDMs com-
pared with AEG-1þ/þ (Fig. 5A). Differentially changed genes were
analyzed using Ingenuity pathway analysis software to identify
the upstream regulators the activation or inhibition of which
might lead to alterations in downstream genes. A z-score > 2
indicates activation and a score of �2 indicates inhibition. A
highly significant (P < 10�7) and robust inhibition of upstream
regulators of inflammation, immune response, and cytokine
signaling, such as LPS, IFNg , TNFa, IL5, IL2, IL4, IL15, and IL3,
toll-like receptor 4 (TLR4), lymphotoxin a (TNFSF1), myeloid
differentiation primary response 88 (MYD88), inhibitor of nucle-
ar factor kappa B kinase subunit beta (IKBKB), TGFb1, and CpG
oligonucleotides, was observed in AEG-1�/� BMDMs compared
with AEG-1þ/þ (Fig. 5B). In addition, growth-regulatory mole-
cules such as c-Myc and VEGF (VEGFA) were also inhibited in
AEG-1�/� BMDMs, suggesting that knocking out AEG-1 results in
profound inhibition in macrophage function.

Tumor development is associated with a switch inmacrophage
phenotype from M1 (classically activated state), which is associ-
ated with a proinflammatory response, to M2 (alternatively
activated), which promotes angiogenesis and tissue remodeling
as well as immunosuppression (38–40). In HCC, M1 macro-
phages are required for the initiation of HCC while M2 macro-
phages are required for the sustenance of the disease. As a chronic
inflammatory disease, HCC livers show a flux of M1 and M2
macrophages. We treated AEG-1þ/þ and AEG-1�/� BMDMs, iso-
lated from AEG-1fl/fl and AEG-1DMAC mice, respectively, with LPS
that induces M1 differentiation. A robust increase in the mRNA
levels of Il12, Il6, and iNos, markers of M1 activation, was
observed in LPS-treated AEG-1þ/þ BMDMs but not AEG-1�/�

BMDMs (Fig. 5C). Similarly, IL4 treatment to induce M2 differ-
entiation failed to augment Il10 and Arg1, markers of M2 acti-
vation, in AEG-1�/� BMDMs (Fig. 5D).

To dissect the interplay of AEG-1 in HCC cells and macro-
phages, we knocked out AEG-1 by CRISPR/Cas9 in mouse HCC
cells Dihxy (Fig. 6A; ref. 6). AEG-1–null Dihxy cells (Dihxy-
sgAEG-1) exhibited marked decreases in proliferation compared

Figure 3.

AEG-1�/� hepatocytes are

susceptible to stress. Proliferation of

hepatocytes, isolated from AEG-1fl/fl

and AEG-1DHEP mice, was analyzed

by MTT assay 48 hours after

treatment that included insulin (INS)

deprivation (A), H2O2 treatment at

the indicated doses (B), hypoxia (C),

5-fluorouracil (5-FU) treatment at the

indicated doses (D), and doxorubicin

treatment at the indicated doses (E).

Data represent mean � SEM of

triplicate experiments, each

containing eight data points per

group. � , P < 0.01 versus hepatocytes

isolated from AEG-1fl/fl mice.
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with parental Dihxy cells and Dihxy cells expressing control,
scrambled sgRNA (Dihxy-sgCon; Fig. 6B). We treated AEG-1þ/þ

and AEG-1�/� BMDM, isolated from AEG-1fl/fl and AEG-1DMAC

mice, respectively, with conditioned medium (CM) from Dihxy-
sgCon andDihxy-sgAEG-1 cells andmeasuredmRNA levels ofM1
markers Il12, Il6, and iNos, and M2 markers Il10 and Arg1
(Fig. 6C). Upon treatment with CM from Dihxy-sgCon cells,

AEG-1þ/þ BMDMs showed more robust induction of M2
markers Il10 and Arg1 than M1 markers, indicating that HCC
cells direct wild-typemacrophages towardM2differentiation. The
induction of M1 and M2 markers were significantly decreased
when AEG-1þ/þ BMDM were treated with CM from Dihxy-
sgAEG-1 cells. AEG-1�/� BMDMs showed little to no induction
of the M1 and M2 markers upon treatment with CM from either

Figure 4.

AEG-1�/� hepatocytes are prosenescent and susceptible to DEN-inducedDNA damage. AEG-1þ/þ andAEG-1�/� hepatocytes, isolated fromAEG-1fl/fl andAEG-1DHEP

mice, respectively, were cultured for 3 days and senescence was determined by senescence-associated SA-b-Gal assay (A) and immunofluorescence

staining for gH2AX (B and C). For B, magnification, �630. D, Proliferation of AEG-1þ/þ and AEG-1�/� hepatocytes, isolated from AEG-1fl/fl and AEG-1DHEP mice,

respectively, was analyzed by MTT assay 48 hours after DEN (25 ng/mL) treatment. E,Western blot analysis for the indicated proteins in AEG-1þ/þ and AEG-1�/�

hepatocytes, isolated from AEG-1fl/fl and AEG-1DHEP mice, respectively, treated or not with DEN (25 ng/mL) for 8 hours. GAPDH was used as loading control

and one representative image for GAPDH levels is shown. F, AEG-1fl/fl, AEG-1DHEP, and AEG-1DMAC mice were treated with DEN (10 mg/g) and apoptosis

was determined by TUNEL assay (left) and proliferation was determined by BrdU incorporation assay (right). For A and C, data represent mean � SEM.
� , P < 0.01 versus hepatocytes isolated from AEG-1fl/fl mice. For D, data represent mean � SEM. � , P < 0.01 versus corresponding No Rx; #, P < 0.01 versus

hepatocytes isolated from AEG-1fl/fl mice. For F, data represent mean � SEM. � , P < 0.01 versus AEG-1fl/fl and AEG-1DMAC.
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Dihxy-sgCon or Dihxy-sgAEG-1 cells. Collectively, these findings
indicate that lack of AEG-1 renders the macrophages anergic so
that they are unable to respond to any stimuli.

We next analyzed migration of AEG-1þ/þ and AEG-1�/�

BMDMs, isolated from AEG-1fl/fl and AEG-1DMAC mice, respec-
tively, employing a Boyden chamber assay wherein BMDMs were
plated on the top chamber and Dihxy-sgCon or Dihxy-sgAEG-1
cells were plated on the bottom chamber. Migration of AEG-1þ/þ

BMDMs toward Dihxy-sgCon cells were significantly higher than
that of AEG-1�/� BMDMs (Fig. 6D). In addition, migration of
AEG-1þ/þ BMDMs toward Dihxy-sgAEG-1 cells was significantly
lower than that toward Dihxy-sgCon cells, an effect further
decreased in AEG-1�/� BMDMs (Fig. 6D). These observations
were confirmed in an in vivo system in which AEG-1þ/þ and total
AEG-1�/� mice were injected with DEN at 2 weeks and trans-
formed hepatocytes and BMDMs were isolated at 12 weeks.
AEG-1þ/þ and AEG-1�/� BMDMs were treated with CM from
AEG-1þ/þ and AEG-1�/� hepatocytes and subjected to assays for
M1 and M2 markers and migration (Fig. 6E and F). Activation of
M1 and M2 markers and migration of AEG-1�/� BMDMs were
significantly less compared with AEG-1þ/þ BMDMs treated with
CM from AEG-1þ/þ and AEG-1�/� hepatocytes. NFkB-regulated
cytokines and chemokines, released from Dihxy-sgCon cells and
AEG-1þ/þ hepatocytes, stimulate migration of macrophages.
AEG-1 is fundamentally required for NFkB activation and in
Dihxy-sgAEG-1 cells and AEG-1�/� hepatocytes deficiency of
NFkB-regulated cytokines and chemokinesmight decreasemigra-
tion of AEG-1�/� macrophages. Efferocytosis is a functional
activity of macrophages, which was markedly inhibited in

AEG-1�/� macrophages compared with AEG-1þ/þ further docu-
menting functional anergy (Fig. 6G).

Kupffer cells reside on LSECs (2). Macrophages interact with
endothelial cells by means of selectin P-ligand, integrins, and
other cell adhesion molecules (41). Many of these genes are
downstream of NFkB and our previous study documented upre-
gulation of these genes by AEG-1 (23). We thus hypothesize that
knocking down AEG-1 might interfere with adhesion of macro-
phages to endothelial cells. AEG-1þ/þ andAEG-1�/�Kupffer cells,
isolated from AEG-1fl/fl and AEG-1DMAC mice, respectively, were
plated on a monolayer of LSECs, stained by F4/80 antibody and
the number of F4/80-positive cells was counted (Fig. 6H and I).
AEG-1�/� Kupffer cells showed significant reduction in adhesion
ability compared with AEG-1þ/þKupffer cells further establishing
functional inactivation of AEG-1�/� macrophages.

Discussion

Exploiting a conditional knockout mouse system we docu-
ment, for the first time, the inherent necessity for AEG-1 in
macrophage activation. The functional anergy of the Kupffer cells
and BMDMs is similar to what is observed in normal small
intestinal macrophages. The human small intestinal mucosa is
characterized by resistance to inflammation, even though there is
constant exposure to bacterial products, because of an inherent
anergy of intestinal macrophages, which fail to respond to TLR
ligands and have marked inability to activate MyD88-dependent
and -independentNFkB signaling pathway (42). In the absence of
AEG-1, Kupffer cells and BMDMs are unable to activate NFkB

Figure 5.

AEG-1�/� macrophages resist M1 or M2

differentiation. A, Heatmap of differentially

expressed genes in AEG-1þ/þ and AEG-1�/�

BMDMs, isolated from AEG-1fl/fl and

AEG-1DMAC mice, respectively. B, Upstream

regulators inhibited in AEG-1�/� BMDM.

P < 10�7 thus approaching 0 in the graph.

C and D, BMDMs, isolated from AEG-1fl/fl and

AEG-1DMACmice, were treatedwith 10 ng/mL

LPS (C) or 20 U/mL IL4 (D) for 7 hours

and the levels of the indicated mRNAs were

measured by TaqMan qRT-PCR. Data

represent mRNA fold change over untreated

samples and were normalized by GAPDH

levels. Data represent mean � SEM of

triplicate experiments. � , P < 0.01 versus

BMDMs isolated from AEG-1fl/fl mice.
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signaling and show severe anergy so that they do not respond to
any external stimuli and become functionally inactive. The basal
expression of AEG-1 in human small intestine is markedly lower
than that in the liver (43), suggesting that itmight be thedecreased
level of AEG-1 that renders small intestinal macrophages anergic.

Induction of senescence in premalignant cells is a mechanism
of HCC inhibition (37). We previously documented that Alb/
AEG-1 hepatocytes show robust resistance to induction of senes-
cence, which is accompanied by dampening of induction of a
DNAdamage response comparedwithwild-type hepatocytes over

a period of 7 days of in vitro culture (18). DEN strongly activates
DNA damage signaling in hepatocytes, resulting in the activation
of p53 (44). We now document that in vitro culture–induced
senescence and DEN-induced DNA damage response are aug-
mented in AEG-1�/� hepatocytes. AEG-1�/� hepatocytes are also
more sensitive to DEN-induced cell death compared with wild-
type. In addition, AEG-1�/� hepatocytes display a profound
sensitivity to a wide variety of stressors. These findings indicate
that in the absence of AEG-1, hepatocytes may not overcome
apoptosis, such as those induced by DEN, so that all DEN-

Figure 6.

AEG-1�/�macrophages show functional anergy.A,Western blot analysis for AEG-1 in Dihxy-sgCon (sgCon) and Dihxy-sgAEG-1 (sgAEG-1) cells. B, Cell proliferation

by MTT assay in the indicated clones. Data represent mean � SEM of triplicate experiments, each containing eight data points per group. �, P < 0.01 versus

Dihxy and Dihxy-sgCon. C, AEG-1þ/þ and AEG-1�/� BMDMs, isolated from AEG-1fl/fl and AEG-1DMAC mice, respectively, were treated with CM from Dihxy-sgCon

and Dihxy-sgAEG-1 cells and the levels of the indicated mRNAs were measured by TaqMan qRT-PCR. Data represent mRNA fold change over untreated

samples and were normalized by GAPDH levels. Data represent mean � SEM of triplicate experiments. � , P < 0.01 versus BMDMs isolated from AEG-1fl/fl mice

treated with CM-sgCon; #, P < 0.01 versus BMDMs isolated from AEG-1fl/fl mice treated with CM-sgAEG-1. D, Migration of AEG-1þ/þ and AEG-1�/� BMDMs,

isolated from AEG-1fl/fl and AEG-1DMAC mice, respectively, toward Dihxy-sgCon and Dihxy-sgAEG-1 cells. Data represent mean � SEM of triplicate

experiments. � , P < 0.01 versus corresponding AEG-1þ/þ; #, P < 0.01 versus corresponding Dihxy-sgCon. E and F, AEG-1þ/þ and total AEG-1�/� mice were

injected with DEN (10 mg/g) at 2 weeks and transformed hepatocytes and BMDMs were isolated at 12 weeks. AEG-1þ/þ and AEG-1�/� BMDMs were treated

with CM from AEG-1þ/þ and AEG-1�/� hepatocytes and the levels of the indicated mRNAs were measured by TaqMan qRT-PCR (E). Data represent mRNA

fold change over untreated samples and were normalized by GAPDH levels. Data represent mean � SEM of triplicate experiments. � , P < 0.01 versus BMDMsþ/þ

treated with CM-Hepþ/þ; #, P < 0.01 versus BMDMþ/þ treated with CM-Hep�/�. F, Migration of AEG-1þ/þ and AEG-1�/� BMDMs toward AEG-1þ/þ and AEG-1�/�

hepatocytes. Data represent mean� SEM of triplicate experiments. � , P < 0.01 versus corresponding AEG-1þ/þ BMDMs; #, P < 0.01 versus corresponding AEG-1þ/þ

hepatocytes. G, Efferocytosis of AEG-1þ/þ and AEG-1�/� peritoneal macrophages. Data represent mean � SEM of triplicate experiments. � , P < 0.01. H,

Representative images of adherent AEG-1þ/þ and AEG-1�/� Kupffer cells, isolated from AEG-1fl/fl and AEG-1DMAC mice, to LSECs. Magnification, �400.

Scale bar, 20 mm. I, Quantification of adherent AEG-1þ/þ and AEG-1�/� Kupffer cells to LSECs per high power field (HPF). Data represent mean � SEM

of triplicate experiments. � , P < 0.01 versus AEG-1þ/þ.
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damaged hepatocytes die off precluding escape and survival of
mutated, transformed hepatocytes. The presence of AEG-1 allows
wild-type hepatocytes to overcome DEN-induced stress, and
overexpression of AEG-1 facilitates the transformed cells ability
to overcome a variety of stresses, such as hypoxia and nutrient
deprivation, brought forth by the tumorigenic process. The
response of AEG-1DHEP mice to DEN is similar to that of ATM-
deficient mice in which robust activation of DEN-induced ATR-
Chk1-p53 renders them resistant to DEN-induced HCC (44).

Studies in mouse models have established a pivotal role of
NFkB in regulatingHCCdevelopment andprogression.However,
the regulatory role of NFkB is context dependent. Mdr2�/� mice
develop spontaneous cholestatic hepatitis and HCC (10, 45).
Overexpression of a nondegradable mutant IkBa that blocks
NFkB activation significantly inhibited HCC progression in this
model (10). Hepatocyte-specific knockout of IKKb abrogated
HCC development in a transgenic mouse overexpressing
lymphotoxina and/or b (46). On the contrary, hepatocyte-
specific knockout of IKKb promoted HCC development in
DEN-initiation model and hepatocyte-specific knockout of IKKg
resulted in spontaneous development of HCC (5, 47). ROS-
induced JNK and STAT3 activation has been suggested to promote
HCC in IKKb knockout model and IKKb has been suggested to
inhibit both hepatic injury and proliferation (7). However,
deletion of IKKb in macrophages significantly abrogated DEN-
induced HCC (5). In addition, genetic deletion of IL6 or inhibi-
tion of inflammatory cytokines, such as TNFa, provided a signif-
icant reduction in tumor load (8). In addition to activating NFkB,
AEG-1 activates a plethora of oncogenic signaling pathways and
modulates gene expression at transcriptional, posttranscriptional,
and translational levels in tumor cells (48). As such, the pheno-
types observed in AEG-1DHEPmice are not corollary to hepatocyte-
specific IKKb–knockout mice. On the contrary, phenotypes of
AEG-1DMAC mice are similar to macrophage-specific IKKb knock-
outmice, further confirming a fundamental requirement of NFkB
in macrophage activation.

The current studies indicate that targeting AEG-1 in both
hepatocytes and macrophages might be an effective way
in combating HCC. We recently demonstrated that hepatocyte-

targeted nanoparticles delivering AEG-1 siRNA profoundly inhib-
ited growth of orthotopic xenografts of humanHCC cells in nude
mice (49). In the scenario of endogenous HCC, both hepatocyte-
and macrophage-targeted nanoparticles delivering AEG-1 siRNA
might exert a more robust and sustained anti-HCC effect. Studies
are in progress to evaluate this hypothesis.
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