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Abstract

Aim Obesity and low-grade inflammation are associated with an increased risk of hepatocellular carcinoma (HCC), a lead-
ing cause of cancer-related death worldwide. The tissue inhibitor of metalloproteinase (TIMP) 3, an endogenous inhibitor of
protease activity that represents a key mediator of inflammation, is reduced in inflammatory metabolic disorders and cancer.
In contrast, Timp3-deficient mice (Timp3~'") are highly resistant to developing HCC in response to a diethylnitrosamine
(DEN); therefore, we aimed to elucidate the biological role of genetic loss of Timp3 in obesity-related hepatocarcinogenesis.
Methods Fourteen-day-old male wild-type (wt) and Timp3~~ mice were injected with 25 mg/kg DEN or an equal volume
of saline. After 4 weeks, mice were randomized into two dietary groups and fed either normal or high-fat diet and allowed
to grow until 32 weeks of age. Liver histological features were analyzed, and differentially expressed genes in the liver were
quantified.

Results In Timp3~~ mice fed with the obesogenic diet, despite the increase in liver steatosis and inflammation, both the
number of tumors and the total tumor size are significantly reduced 30 weeks post-DEN injection, compared to control mice.
Moreover, Timp3 deletion in hepatocarcinogenesis during obesity is associated with a reduction in FoxM1 transcriptional
activity through H19/miR-675/p53 pathway.

Conclusions This study suggests that Timp3 ablation leads to cell cycle perturbation, at least in part by repressing FoxM1
transcriptional activity through H19/miR-675/p53 pathway.
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Introduction

Obesity and type 2 diabetes pandemics are associated with
an increased prevalence of complications including cancer
[1]. Hepatocellular carcinoma (HCC) is a complication of
chronic liver disease, and it is the sixth cause of cancer-
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number of HCC cases are associated with obesity, type 2
diabetes (T2D) and related metabolic diseases, such as non-
alcoholic steatohepatitis (NASH) [2, 3]. TIMP3 is a 24-27-
kDa protein belonging to the family of TIMPs that binds to
the extracellular matrix and participates in the modulation of
inflammation, in cellular migration and in proliferation [4].
In addition to inhibiting MMPs, TIMP3 is also an efficient
inhibitor of multiple members of the a disintegrin and metal-
loproteinase (ADAM) domain family, including ADAMI17.
Previous reports have implicated the ADAM17/TIMP3 dyad
as a mediator in the development and progression of non-
alcoholic fatty liver disease (NAFLD) [5-7]. Recent studies
have identified Timp3 as a potential tumor suppressor gene
involved in the induction of tumor cell apoptosis, prevention
of tumor, extracellular matrix (ECM) remodeling and inhibi-
tion of tumor-derived angiogenic activity [8, 9].

Interestingly, Timp3 is down-regulated in liver and adi-
pose tissue in both genetic and nutritional models of obesity
in mice, as well as in patients with obesity-related T2D [7,
10, 11], and the combination of Timp3 ablation with envi-
ronmental stress (high-fat diet) impacts on inflammation,
liver steatosis and fibrosis, resulting in a phenotype similar
to NASH [5, 10]. Moreover, in a mouse model of diethylni-
trosamine (DEN)-induced liver tumorigenesis, which reca-
pitulates human HCC with poor prognosis [12], combined
with dietary-induced obesity, specific hepatocellular Timp3
overexpression dampened HCC progression [13].

On the other hand, recent evidence shows that genetic loss
of Timp3 in liver protects from carcinogen-induced HCC
through the immediate engagement of several tumor sup-
pressor pathways including apoptosis and senescence [14].

In this study, we investigated therefore which prevalent
liver phenotype results from the combination of diet-induced
obesity and carcinogen-induced HCC in Timp3 knockout
mice.

Materials and methods
Mice and treatments

Timp3‘/‘ mice on a C57BL/6 background, as well as
the metabolic testing procedures, have been previously
described [4, 5]. The handling of mice and experimental
procedures were conducted in accordance with experimen-
tal animal guidelines. Animal studies were approved by the
University of Tor Vergata Animal Care and Use Committee.

For long-term experiment, male mice were injected intra-
peritoneally with 25 mg/kg body weight of DEN (Sigma-
Aldrich, St. Louis, MO, USA) at the age of 2 weeks, whereas
littermate controls were injected with an equal volume of
saline. After 4 weeks, mice were separated into two die-
tary groups and fed either normal (10% calories from fat;
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Mucedola s.r.l., Settimo Milanese, Italy) or high-fat diet
(60% of calories from fat; Research Diets, New Brunswick,
NJ, USA) and allowed to grow until 32 weeks of age.

Analysis of liver tumor

Mice were killed for examination of liver tumors after over-
night starvation. Unbroken livers were removed, weighed
and photographed with a measuring scale. Tumors on the
liver surface of each mouse were counted and measured by
vernier caliper.

Liver histological lesions were classified according to
standardized and internationally accepted nomenclature for
classification of rodent tumors by two different experienced
pathologists in a blind fashion [15].

ADAM17 activity

ADAMI17 activity was determined using the SensoLyte 520
TACE Activity Assay Kit (AnaSpec, San Jose, CA, USA),
in accordance with the manufacturer’s protocol [13].

RNA microarray and gene expression analysis

A whole-genome microarray analysis (SurePrint G3 Unre-
stricted Gene Expression 8 X 60 K Microarray, Agilent plat-
form) was performed on RNA extracted from liver tissue of
wt and Timp3~~ DEN/HFD mice (n=3 per group), accord-
ing to the manufacturer’s instructions. Agilent Microarray
scanner G2564C was used for slide acquisition, and spot
analysis was performed with Feature Extraction software
(Agilent).

Data filtering and analysis were performed using R/Bio-
conductor and Microsoft Excel. Differentially expressed
genes (DEGs) were selected by a combination of fold
change and moderated # test thresholds (R Limma test p
value < 0.05; [Log2 foldchangel > 2.0). DEGs lists were
used for biological pathways and network analysis. Gene
ontology (GO)-biological process hierarchy and Reactome
pathway enrichment analysis were performed by using the
PANTHER database (Protein ANalysis THrough Evolution-
ary Relationships, http://pantherdb.org) [16].

The protein—protein interaction (PPI) networks of DEGs
were constructed using the Search Tool for the Retrieval of
Interacting Genes (STRING, http://string-db.org) database
and were visualized using Cytoscape 3.6 software (http://
www.cytoscape.org/index.html). The DEGs were mapped
into PPIs, and a combined score of > (0.4 was set as a thresh-
old value in this study. Moreover, the nodes with higher
degrees of interaction were considered as hub nodes. Hub
gene sets obtained from the PPI network were used as input
gene sets for sub-network construction.
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RNA, microRNA isolation and gene expression
analysis

Total RNA was isolated from liver tissue using TRIzol rea-
gent (Life Technologies Corporation, CA, USA). A quantita-
tive real-time PCR (RT-PCR) was performed as previously
reported [13].

Enriched miRNA was isolated from liver tissue with the
mirVana miRNA Isolation Kit (Ambion Inc., Austin, Tex);
real-time quantification to measure miRNAs was performed
as previously reported [17].

Immunoblotting

Western blots were performed on total tissue homogenates
prepared as previously described [5]. The following antibod-
ies were used: anti-phospho-Tyr705 STAT?3, total STAT3,
actin and p53 (Cell Signaling Technology, Danvers, MA).

Statistical analysis

Results of the experimental studies are expressed as
mean + standard error of the mean (SEM). Statistical analy-
ses were performed using GraphPad Prism (v.5.02). Groups
were compared using a two-tailed unpaired Student’s t test or
one-way ANOVA with Bonferroni’ multiple comparison test
or with Dunnett’s multiple comparison test as indicated. Val-
ues of p<0.05 were considered to be statistically significant.
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Fig. 1 Metabolic effect in 32-week-old lean and obese mice treated
with DEN at 2 weeks of age. a Total body weight, liver weight,
blood glucose levels and liver weight as a percentage of total body
weight (ND n=7 HFD n=12 per group; data are meanz+SEM,
one-way ANOVA with Bonferroni multiple comparison test). b

Results

Timp3 genetic deletion protects from DEN-induced
HCC during obesity

To determine the role of Timp3 deletion in hepatocarcino-
genesis during obesity, 14-day-old male wild-type (wt)
and Timp3~~ mice were injected with 25 mg/kg DEN [15]
and 4 weeks later they were placed on either high-fat diet
(HFD), in which 60% of calories are fat derived, or a normal
diet (ND) containing 10% calories from fat, as a control.
At 7 months of age, mice maintained on HFD gained more
weight than mice on ND and their relative liver weight was
increased (Fig. 1a). However, Timp3~~ on HFD displayed
a lower liver/body weight ratio and higher blood glucose
levels (Fig. 1a). Moreover, as expected, a disintegrin and a
metalloproteinase (ADAM) 17 activity in liver tissue was
increased in all Timp3~'~ mice, compared to the wt control
group (Fig. 1b). By contrast, serum levels of IL-6 and TNF-a
were similar between wt and Timp3 null mice (Fig. 1c).

All mice given DEN developed typical HCC (Fig. 2).
The multiplicity and total size of tumors were significantly
higher in mice kept on HFD than in ND mice in both wt and
Timp3~'~ groups, confirming that obesity may contribute
to the HCC development in mice [18] (Fig. 2). However,
independent of diet conditions, the number of detectable
tumors and total tumor size were significantly higher in wt
mice than in Timp3~'~ mice.
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ADAMI17 activity (a.u.c.=area under the curve) measured in ND
and HFD mice liver tissue (ND n=3 HFD n=6 per group; data are
mean + SEM, one-way ANOVA with Bonferroni multiple comparison
test). ¢ Serum levels of IL-6 and TNF-a (n= 12 per group; values are
represented as mean+ SEM, Student’s t test). *p <0.05; **p <0.01
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Fig.2 DEN-induced HCC development in lean and obese mice.
Livers of male wt and Timp3‘/_ mice kept on normal diet (ND) or
high-fat diet (HFD) from week 6 to week 32 after the administra-
tion of DEN (25 mg/kg) at 2 weeks of age. Scale bars, 1 cm. Quan-
tification of macroscopic tumor multiplicity and size determined by

HCC displays different histological characteristics
in DEN-treated wt and Timp3~~ mice

Necroscopy observation clearly showed a reduced presence
of tumors in Timp3‘/ ~ mice. Therefore, we performed a his-
tological assessment in both peritumoral and intratumoral
areas and quantified several featured associated with steato-
sis, inflammation, necrosis and intracellular abnormalities
such as Mallory bodies (Fig. 3). In parenchymal area, wt and
Timp3~'~ mice treated with DEN showed similar character-
istics, whereas Timp3‘/ ~ mice under the combined DEN/
HFD regimen showed increased steatosis compared with wt.
An analysis of tumoral tissue revealed no difference in stea-
tosis but higher inflammation and Mallory bodies presence
in Timp3™~ compared with wt mice.

Identification of differentially expressed genes
(DEGSs) in HCC during obesity

To evaluate the impact of Timp3 deletion on gene expression
profile, microarray analysis was conducted on liver RNA
from DEN-treated wt and Timp3~~ mice on HFD (n=3
for each group). Differential expression analysis revealed
that 190 genes were significantly up-regulated and 456
down-regulated (fold change>2 and p value <0.05) in
Timp3~'~ liver mice in comparison with wt. Gene ontol-
ogy-biological process (GO-BP) functional analysis and
Reactome pathway enrichment analysis were performed for
DEGs (Fig. 4a).

The top three enriched GO terms in the BP category
included mitotic cell cycle process (p=3.30 x 107>), involv-
ing DEGs, such as Sgoll, Cdkn3, Birc5, Cdkn2B, alpha
amino acid (p=3.3x107°) and fatty acid biosynthetic
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visual inspection in livers of DEN-injected wt and Timp3~~ male
mice kept on ND or HFD. ND n=7 HFD n=12 per group; data are
mean+SEM, one-way ANOVA with Bonferroni multiple compari-
sons test; *p <0.05; **p <0.01; ***p <0.0005

process (p=1.6 X% 10_6) associated with DEGs, such as
Psatl, Asns, Phgdh, Elovl7, Cyp39al and Scd2 (Fig. 4a,
upper panel).

Moreover, the Reactome pathway enrichment analy-
sis showed a list of metabolic pathways enriched in
Timp3~/~ liver mice, including “Extracellular matrix organi-
zation” and “TP53 Regulates Transcription of Cell Cycle
Genes” (Fig. 4a, lower panel).

A list of the top 15 most significantly up- or down-reg-
ulated DEGs indicated that ablation of Timp3 expression
affects a characteristic HCC expression profile including
oncofetal genes, such as H19 (the most down-regulated
among the whole analyzed genes), Afp, Lys6d and Gpc3
(Fig. 4b).

Additionally, a protein—protein interaction (PPI) infor-
mation of DEGs was acquired from Search Tool for the
Retrieval of Interacting Genes (STRING) database, and a
PPI network was constructed using Cytoscape software.
The obtained core sub-network from the PPI network
included 43 DEGs (Fig. 4c). It is noteworthy that a number
of DEGs exhibited degrees > 10, including Forkhead box M1
(FoxM1), and DEGs involved in FoxM1-related senescence
such as cyclin-dependent kinase 1 (Cdk1l), Kif20A, Aurora
A kinase (Aurka), polo-like kinase 1 (Plk1), Cdkn2b, CenPA
and Nek2.

Timp3 genetic deletion inhibits H19 expression
during hepatocarcinogenesis

The 2.3-kb-long noncoding RNA H19 represents the most
differentially expressed gene in microarray analysis; there-
fore, the expression levels of H19 were validated by quan-
titative RT-PCR in a larger sample size (n=12 for each
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Fig.3 Histopathological evaluations of livers in DEN-treated with DEN-induced HCC in both peritumoral and intratumoral areas.

32-week-old wt and Timp3~~ mice kept on ND or HFD. Repre-
sentative images of liver sections stained with hematoxylin and eosin
(H&E). Scale bars are indicated. Quantification of featured associated

group). RT-PCR analysis confirmed that after DEN treat-
ment, hepatic H19 levels were significantly down-regulated
in liver of Timp3~~ mice fed a HFD, compared to wt HFD
mice (Fig. 5a). In different cells, several cancer-promoting
effects of H19 were delivered via microRNA-675 (miR-675),
a short noncoding RNA transcribed from the first exon of
H19 [19]. Consistent with H19 results, miR-675 expression
was significantly lower in Timp3~~ HFD mice, compared
to wt HFD mice (Fig. 5b).

p53 expression is induced in DEN-treated Timp3~/~
mice fed a HFD

MiR-675 has a major role in inhibiting protein expression of
p53, a crucial tumor suppressor gene in cancer [20, 21]. Pro-
tein levels of p53 were significantly suppressed in wt HFD
mice treated with DEN, compared to Timp3~/~ (Fig. 5¢).

Numerical grading was performed using Ishak’s scoring system. ND
n=7, HFD n=12 per group

Moreover, phosphorylation of STAT3, which was reported
to be down-regulated by p53 [22], was suppressed in
Timp3~~ mice, whereas the expression level of STAT3 was
unaltered in comparison with the control (Fig. 5d), suggest-
ing that STAT3 signal transduction, activated by phospho-
rylation, was reduced in the Timp3~~ model.

It is to be noted that the PPI network analysis identified
FoxM1 as a node with a high degree of interaction (Fig. 5e).
FoxM1, an essential transcription factor which has been
reported to play important roles in the pathogenesis and pro-
gression of many human cancers, including HCC, is down-
regulated by p53 [23].

To confirm the effect of Timp3 genetic deletion on FoxM1
pathway expression, the relative mRNA levels of FoxM1 and
its downstream genes were examined using RT-PCR. The
mRNA expression of FoxM1, Aurka and Plk1 was mark-
edly reduced compared with control mice (Fig. 5f). Several
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Reactome pathways AFOld raw Pvalue  FDR
Enrichment
G2/M DNA replication checkpoint 24.15

Regulation of IGF transport and
uptake by IGFBPs

Amino acid synthesis and
interconversion (transamination)

Cyclin A/B1 associated events during
G2/M transition

Regulation of cholesterol
biosynthesis by SREBP (SREBF)

TP53 Regulates Transcription of Cell
Cycle Genes

Activation of Matrix
Metalloproteinases

/255 8.64E-06 2.18E-03

Fatty Acyl-CoA Biosynthesis 7

Fig.4 Bioinformatic analysis of differentially expressed genes
between DEN-treated wt and Timp3_/ ~ mice fed HFD (DEN/HFD).
a PANTHER was used to perform gene ontology-biological process
(GO) and Reactome pathway enrichment analysis. b The top 15 dif-
ferentially down-regulated genes in Timp3~~ DEN/HFD mice com-

genes that were modulated in tumor tissues (H19, FoxM1,
Aurka, Plk1, Cdk1, Cdkn2b, Scd2) and protein expression of
p53 were then analyzed in tumor—adjacent non-tumor tissues
(Supplementary Fig. 1). The obtained results indicate that
the modulation is restricted to tumor tissue.

Discussion

Obesity was recognized as a major risk factor for several
common types of cancer, with the highest increased risk
in liver cancer (HCC) [24]. The connection between obe-
sity and cancer is explained partially by a state of chronic
low-grade inflammation caused by elevated production of
inflammatory cytokines [25]. TIMP3 is considered a tumor
suppressor, as its expression is silenced through different
mechanisms, in several malignant tumors [26]. Moreover,
the decrease in Timp3 induced during obesity modifies the
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pared to wt DEN/HFD mice. ¢ A protein—protein interaction network
was established using STRING and Cytoscape. In the graphical rep-
resentation of the molecular connectivity between proteins, the core
network displays 43 gene products. wt and Timp3 ™~ DEN/HFD n=3
per group

inflammatory scenario within the liver, promoting both
hepatic steatosis and stromal cells activation, a step that
could promote a pro-tumor microenvironment [5]. Since
genetic loss of metalloproteinase inhibitor Timp3 delays
hepatic tumorigenesis [14], here we evaluated the impact
of Timp3 deletion, which exacerbates the detrimental
response to HFD, during obesity-related HCC. Surpris-
ingly, despite the increased steatosis in parenchymal liver
tissue, Timp3 deletion reduced also susceptibility to HCC
during obesity. However, both inflammatory response and
Mallory bodies presence increased in intratumoral areas
of Timp3 null mice. This suggests that the immune net-
work induced by DEN and HFD, including infiltration
of macrophages and release of immune factors, could be
more efficient in fighting cellular stresses in tumors. This
effect is consistent with the evidence that Timp3 null mac-
rophages exhibited an increased proinflammatory (M1)
phenotype in vitro [27].
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Intriguingly, mice with hepatocyte-specific Timp3 over-
expression (AIbT3) were also largely resistant to DEN-
induced hepatocarcinogenesis during obesity [13]. This is
in line with the reduction in TIMP3 expression observed
in the majority of human solid cancers [28, 29]. It can be
speculated that in AIbT3 mice, in which Timp3 is overex-
pressed in hepatocyte cells, the tumor prevention may be
associated with a direct effect of Timp3 on specific signal-
ing pathways related to tumor development in hepatocyte
cells. On the other hand, in Timp3~'~ mice the protective
effects may be ascribed to a reduction in cell growth and in
regeneration due to the absence of Timp3 in both stromal
and parenchymal cells.

We found that several critical genes involved in cell
cycle control were down-regulated in Timp3 knockout
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FoxM1 mRNA expression (a.u.)
Aurka mRNA expression (a.u.)
Plk1 mRNA expression (a.u.)

o
F

cal representation (Cytoscape software) of the molecular connectivity
between FoxM1 and its major interacting proteins (n=3 per group).
f RT-PCR analysis (normalized to f-actin) of FoxM1 and its target
genes Aurka and PIkl in wt and Timp3~~ mice (n=12 per group).
Values are represented as mean=+SEM, Student’s t test, *p <0.05;
**p <0.008

mice upon DEN and HFD treatment, mostly related to
G2/M transition. The strongest differential expression
in our study was observed for H19, a long noncoding
RNAs highly expressed in embryonic organs and absent
or greatly reduced in most adult tissues [30]. Most studies
have indicated that H19 is associated with cancer develop-
ment. However, its reported functional mechanisms vary
among cancer types [31]. Interestingly, H19 expression
was significantly down-regulated in the myocardium of
diabetic rats and in cultured neonatal rat cardiomyocytes
grown in high-glucose conditions [32]. Moreover, in
cultured human chondrocytes, inflammatory mediators
such as IL-1p and TNF-« induced stimulus resulting in a
decrease in H19 levels [33]. Modulation of Timp3 expres-
sion was identified as a common bond between glucose
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intolerance and inflammation [34]. It can be speculated
that environmental and genetic factors might cooperate in
a context of HCC during obesity, resulting in the reduction
in H19 expression also in liver. In the present study, H19
and miR-675 levels were co-regulated, suggesting that the
microRNA might represent the effector for the H19 action
in liver during tumorigenesis. miR-675 has been found to
be a negative regulator of p53 [20]. Consistently, we have
found, in liver 30 weeks post-DEN treatment, an increase
in p53 protein expression in the absence of Timp3 in both
lean and obese mice. In the context of DNA damage, p53
represented a crucial tumor suppressor, acting through dif-
ferent mechanisms including senescence or apoptosis [35].
Induction of p53 affects many aspects of cell cycle regula-
tion through the transcriptional repression of several key
genes, including CcnA2, Plk1, CcnB2, Cdkl, CDC20 and
antiapoptotic survivin (BIRCS) [21]. Interestingly, expres-
sion of all these genes was reduced in Timp3~'~ mice.
However, p53 expression was induced during obesity in
different tissues, and its inhibition increased insulin sen-
sitivity and prevented hepatosteatosis and fat accumula-
tion [36-38]. The evidence that DEN-treated Timp3 null
mice showed high levels of pS3 protein in both normal and
HFD conditions, led us to hypothesize a potential contri-
bution of Timp3 knockout in p53 regulation. However,
how p53 is activated in response to HFD treatment is not
fully understood and an additional mechanism involving
Timp3, independent of H19/miR-675 pathway, should be
further explored. In this study, we show that p53 increase
is associated, under diet-induced obesity, with the down-
regulation of FoxM1 and several FoxM1 targets. FoxM1
is a member of the Forkhead superfamily of transcrip-
tion factors which regulates many G2/M-specific genes
and which is overexpressed in a multitude of solid tumors
[39-41]. In recent years, numerous studies have reported
that FoxM1 is playing a crucial role in the negative regula-
tion of the senescence program [42] and in HFD conditions
H19 up-regulation has been found to up-regulate FoxM1:
expression [43]. Therefore, in our HCC model, inhibition
of Timp3 during obesity might induce cell cycle arrest at
G2/M phase via repressing FoxM1 transcriptional activ-
ity through H19/miR-675/p53 pathway. The key mecha-
nism of p53-mediated cell cycle arrest is represented by a
transcriptional down-regulation of many cell cycle genes.
The Cdc2—cyclin B1 complex is pivotal in regulating the
G,/M-phase transition and mitosis [39]. We observed a
significant decrease in the expression level of cyclin B1
and CDC2 in tumors derived from Timp3~/~ mice, sug-
gesting, at least in part, an involvement in G,/M-phase
arrest. Moreover, FoxM1: represents a master regulator of
cell cycle progression. Deregulated FOXM1 perturbs the
timely and coordinated transition through the cell cycle,
leading to a loss of checkpoint control in G1/S and G2/M

@ Springer

[44]. Moreover, several key mitotic regulators signifi-
cantly reduced in Timp3~'~ mice, such as PLK1, Aurora
B kinase, cyclin B and CENPF, are under transcriptional
control of FoxM1:

Repression of FoxM1 oncogenic targets such as Aurka
might lead to inhibition of p53 protein stability and tran-
scriptional activity [45]. Our study has some limitations
including that given the complexity of the protocol we could
not assess the effect of DEN/HFD interaction at time points
earlier than 32 weeks.

In conclusion, we observed a bimodal effect of the loss
of Timp3 in a model of obesity-related hepatocellular car-
cinoma which, though reduced in number and size, showed
features associated with non-alcoholic steatohepatitis.
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