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Role of Hepatocyte-Derived Osteopontin

in Liver Carcinogenesis

Romain Desert,'* Xiaodong Ge,"** Zhuolun Song

,Y Hui Han,! Daniel Lantvit,! Wei Chen,! Sukanta Das,’ Dipti Athavale,!

TIoana Abraham-Enachescu,? Chuck Blajszczak,1 Yu Chen,! Orlando Musso,® Grace Guzman,! Yujin Hoshida,>* and
Natalia Nieto 125

Osteopontin (OPN) expression correlates with tumor progression in many cancers, including hepatocellular carcinoma
(HCC); however, its role in the onset of HCC remains unclear. We hypothesized that increased hepatocyte-derived OPN
is a driver of hepatocarcinogenesis. Analysis of a tissue microarray of 366 human samples revealed a continuous increase
in OPN expression during hepatocarcinogenesis. In patients with cirrhosis, a transcriptome-based OPN correlation net-
work was associated with HCC incidence along 10 years of follow-up, together with messenger RNA (mRNA) signatures
of carcinogenesis. After diethylnitrosamine (DEN) injection, mice with conditional overexpression of Opn in hepatocytes
(Opn™™®® transgenic [Tg]) showed increased tumor burden. Surprisingly, mice with conditional ablation of Opn in hepato-
cytes (OpnPP) expressed a similar phenotype. The acute response to DEN was reduced in Opn™" ", which also showed
more cancer stem/progenitor cells (CSCs, CD44°AFP") at 5 months. CSCs from Opn'™ Tg mice expressed several
mRNA signatures known to promote carcinogenesis, and mRNA signatures from Opn'' Tg mice were associated with
poor outcome in human HCC patients. Treatment with rOPN had little effect on CSCs, and their progression to HCC
was similar in Opn'/' compared with wild-type mice. Finally, ablation of Cd44, an OPN receptor, did not reduce tumor
burden in Cd44 /_OaneP Tg mice. Conclusions: Hepatocyte-derived OPN acts as a tumor suppressor at physiological lev-
els by controlling the acute response to DEN and the presence of CSCs, while induction of OPN is pro-tumorigenic.
This is primarily due to intracellular events rather that by the secretion of the protein and receptor activation. (Hepatology
Communications 2022;6:692-709).

of about 13% plus the additional advantage of elimi-

epatocellular carcinoma (HCC) accounts for
nating the underlying liver disease,"¥ yet donor avail-

approximately 80% of liver cancers and is the

fourth cause of cancer-related death world-
wide.!) In patients with advanced stage, immuno-
therapy shows superiority compared with Sorafenib®,
however, its curative potential still needs to be demon-
strated. When cancer is diagnosed early, patients ben-
efit from liver resection, which increases the 5-year
overall survival up to 75%.) Liver transplant is the
only efficient therapeutic option, with recurrence rates

ability is limited. Hence, better understanding of the
molecular mechanisms involved in the onset and pro-
gression of HCC is needed to develop novel therapies.

A major limitation for achieving progress in under-
standing hepatocellular carcinogenesis is the pheno-
typic and genetic heterogeneity of HCC, which shows
the combined effect of a disrupted liver microenviron-
ment and the unknown cellular origin.(s) An emerging

Abbreviations: Alb, Albumin; CCI4, carbon tetrachloride; Cd44™"", global Cd44 knockout mice; Cd447~ OpnHep Ty, transgenic mice overexpressing
Osteopontin in hepatocytes in Cd44 null background; CSC, cancer stem/progenitor cell; DE, differentially expressed; DEN, diethylnitrosamine;
DN, dysplastic nodule; ECM, extracellular matrix; FDR, false discovery rate; GO, Gene Ontology; GSEA, gene-set enrichment analysis; H O,
hematoxilin and eosin; IHC, immunobhistochemistry; IPA, Ingenuity Pathway Analysis; mRNA, messenger RNA; N'T, nontumor; Opn, Osteopontin
gene or mRNA; OPN, Osteopontin protein; Opn’/’, global Osteopontin knockout mice; Opn’/’HeP Ty, transgenic mice overexpressing Osteopontin in
hepatocytes in Osteopontin null background; OaneP Ty, transgenic mice overexpressing Osteopontin in hepatocytes; OpnAH"f , conditional Osteopontin
knockout mice in hepatocytes; PBS, phosphate buffered saline; PI3K, Phosphoinositide 3-kinase; RNA-seq, RNA sequencing; rOPN, recombinant
OPN; STAT, signal transducer and activator of transcription; TCA, tricarboxylic acid; Tg, transgenic; W1, wild-type.
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concept is that hepatocyte-derived cancer stem/
progenitor cells (CSCs) lead to HCC. This is sup-
ported by identification of these cells mostly in zone
3 from the liver of mice injected with diethylnitro-
samine (DEN).(6’7) These cells do not originate from
liver progenitor cells.”) In vitro, genetic alteration of
mature hepatocytes can retro-differentiate them into
CSCs.® However, how hepatocyte retro-differentiate
into CSCs to give raise to HCC is not well under-
stood, and the molecular mechanisms involved are
unknown.

Osteopontin  (OPN) is an extracellular matrix
(ECM) protein that signals through integrins and
CD44 to induce matrix remodeling and angiogen-

(9,10) Upon liver injury, OPN is secreted mostly
an 1,

esis.
by hepatocytes, macrophages, and stellate cells.
several cancers, elevated OPN expression is associ-
ated with tumor invasion, proliferation, and metasta-
sis.”) In HCC, the increased concentration of OPN
in plasma indicates that it could be a diagnostic and
prognostic biomarker."® The role of OPN in the
progression of HCC has been investigated and sug-
gests extracellular activation of CD44 and Integrin
signaling.m’w'lé) Increasing evidence points at a role
tor OPN signaling in the onset of HCC; however, its
specific contribution is not well understood. Indeed,
previous publications show discrepancy on the effect

of global ablation of Opn in the DEN model of

DESERT ET AL.

HCC,"" which could be explained by the cellular
source of OPN or by different effects of intracellular
compared with secreted OPN.

In this study, we hypothesized that hepatocyte-
derived OPN is a driver of hepatocarcinogenesis. To
demonstrate this, we analyzed human data and used a
mouse model of HCC with genetic manipulation of
Opn expression in hepatocytes.

Materials and Methods
HUMAN SAMPLES

Subjects consisted of 153 patients who underwent
liver transplantation at the University of Illinois at
Chicago Hospital and Health Sciences System, from
2004 to 2012, and 8 healthy controls. All patients had
available clinical data and archived liver tissue, which
were obtained through the Tissue Biorepository.
Microscopic evaluation of histological sections of
liver tissues was performed by a liver pathologist for
the diagnosis of cirrhosis, dysplastic nodules (DNs)
and HCC, as detailed in the Supporting Material and
Methods. Corresponding tissue blocks of cirrhotic
liver explants were sampled in areas representing
cirrhosis, DNs and HCC, such that the total num-

ber of specimens exceeded the number of explants.
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Forty-five specimens had cirrhosis with HCC, 108
had cirrhosis without HCC, and 143 of the cases
had DNs including 98 cases without HCC and 45
with HCC. Eight normal liver control samples were
obtained from uninvolved, nondiseased liver tissues
of benign resection specimens for hemangioma and
focal nodular hyperplasia. The demographic and
clinical features of all 153 subjects in the study pop-
ulation were obtained from the review of electronic
medical records.

MICE

Wild-type (WT) (Stock 000664), Albumin (Alb)-Cre
(Alb.Cre") (Stock 003574,B6.Cg-Tg[ Alb-cre]21Mgn/]),
Opn™'" (Stock 004936, B6.129S6[Cgl-Spp1"*#*/]), and
Cd44”~ (Stock 005878, NOD.129[Cg]-Cda4™1"/])
mice were purchased from the Jackson Laboratories
(Bar Harbor, ME). Opnﬂ/ 7 mice were generated in
our laboratory, creating the Opn™" allele by inserting
loxP sites to remove exons 4-7. Opr/” mice were bred
with A/b.Cre" to generate hepatocyte-specific knock-
out (OpnAHep ) mice. A/b.Cre" mice were used as con-
trols. Oanep transgenic (Tg) mice were donated by
Dr. Satoshi Mochida (Saitama Medical University,
]apan)(zo) and were crossbred with Opn_/_ mice for ten
generations to generate Opn”~ P Tg mice and with
Cd447" to generate Cd44”~Oprn''® Tg. All mice were
in C57BL/6] background and lacked a liver phenotype

in the absence of treatment.

MODEL OF HCC

We used male mice in our study, as DEN induces
less HCC in females.?” Mice were injected with
20 mg/kg of body weight of DEN (Sigma, St. Louis,
MO) at 14 days of age and were sacrificed at 48 hours
or after 5, 8 or 12 months.

CSC ISOLATION AND
TRANSPLANTATION

CSCs were obtained as described.?? Primary
hepatocytes were isolated 5 months after DEN injec-
tion by perfusing the livers with Liberase (Roche,
Indianapolis, IN). Hepatocytes were sequentially
strained through 100, 70, and 40 pm nylon sieves. The
aggregate fraction, enriched in CSCs, was retained on
top of the 70 and 40 pm sieves. The remainder cells
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were considered the nonaggregate fraction. To trans-
plant CSCs, 4-week-old recipient mice were injected
intraperitoneally (i.p.) twice with 50 mg/kg of ret-
rorsine (Sigma) 2 weeks apart, to inhibit hepatocyte
proliferation and facilitate the engraftment of trans-
planted hepatocytes.) Four weeks later, mice were
injected intrasplenically with 2 x 10° hepatocytes from
the aggregate fraction of 5-month-old DEN-injected
WT mice, mixed with 8 x 10° hepatocytes from the
nonaggregate fraction from the same mice, in a final
volume of 100 pL of phosphate buffered saline (PBS).
One week later, mice were injected i.p. with 0.5 mL/kg

of CCl, weekly for 3 weeks to induce fibrosis.

Results

OPN EXPRESSION INCREASES
DURING THE PROGRESSION OF
CHRONIC LIVER DISEASE AND
IS ASSOCIATED WITH POOR
OUTCOME IN HUMAN HCC

First, using tissue microarrays, we analyzed the
OPN protein expression in 366 samples from patients
with normal liver, cirrhosis, dysplastic nodules, or HCC
(Fig. 1A,B). In normal tissue, OPN protein expression
in hepatocytes was modest. The intensity of the stain-
ing increased in cirrhosis (P < 107), was higher in dys-
plasia than in cirrhosis (P = 0.02), and was the highest
in well-established HCCs (P < 107) (Fig. 1A). This
increase in OPN expression along with the progression
of chronic liver disease was consistent regardless of eti-
ology, as it was alike in hepatitis B virus and hepatitis C
virus (HCV') (despite insignificant difference between
cirrhosis and dysplasia in HCV; P = 0.15) (Supporting
Fig. S1). Next, using publicly available data sets, we
determined the clinical relevance of OPN messenger
RNA (mRNA) levels in tumor tissues from patients
with HCC after curative resection.”**¥ Elevated
OPN mRNA expression was significantly associated
with lower overall survival and disease-free survival
as well as with tumor stage, tumor size, serum alanine
aminotransferase, or vascular invasion in two inde-
pendent data sets (n = 221 and n = 210, respectively)
(Fig. 1C,D). In addition, OPN mRNA expression was
significantly increased in the STEM subclass of HCCs,
associated with the worst outcome in the 1,133-HCC
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FIG. 1. OPN expression increases with progression of chronic liver disease and is associated with poor differentiation and outcome in
human HCC. Samples from 120 patients (n = 246 samples) in tissue microarrays were analyzed for OPN protein expression. (A) IHC
for OPN (green arrows). (B) Quantification of OPN immunostaining by computer-assisted morphometry analysis. (C,D) Kaplan-Meier
curves of overall survival and/or disease-free survival and clinical data analysis of patients with HCC from two publicly available data sets
based on the OPN mRNA expression, using the median as a threshold. (E) OPN mRNA expression in 1,133 patients with HCC according
to the HCC subclasses indicating HCC progression and poor outcome (P =5 x 107% 3 x 107 and 1 x 10~%).%*) Data are expressed as
fold change versus the PP subclass. *P < 0.05 and ***P < 0.001. Abbreviations: ALT, alanine aminotransferase; BCLC, Barcelona Clinic
Liver Cancer; TGA-LIHC, The Cancer Genome Atlas—Liver HCC; and TNM, tumor-node-metastasis.
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FIG. 2. OPN mRNA expression in early and advanced cirrhosis correlates with HCC incidence and signatures of carcinogenesis. (A)
Kaplan-Meier curves of HCC late recurrence and clinical data analysis based on the OPN mRNA expression in NT tissue, using the
median as a threshold. (B) In 216 patients with early-stage liver cirrhosis,®® hierarchical clustering was performed based on the mRNA
expression of genes positively (orange) or negatively (blue) correlated with OPN (abs[Pearson] > 0.3) and identified two groups of patients
(OPN-high [red] and OPN-low [black]). (C) Kaplan-Meier curves of HCC incidence of OPN-high and OPN-low patients. (D) GO-
term enrichment analysis of the OPN-high and OPN-low genes. (E) GSEA of the OPN-high and OPN-low patients. Abbreviation: NES,

normalized enrichment score.

metadata set'> (Fig. 1E) and correlated with genes
involved in inflammation, ECM remodeling, and cell

proliferation (Supporting Fig. S2).

OPN MRNA EXPRESSION IN EARLY
AND ADVANCED CIRRHOSIS

IS ASSOCIATED WITH HCC
INCIDENCE AND SIGNATURES OF
CARCINOGENESIS

In nontumor (NT) tissue from patients with HCC
after surgical resection,*” high OPN expression was
associated with late recurrence (Fig. 2A), generally
interpreted as de novo carcinogenesis.”” In patients
with early cirrhosis,® hierarchical clustering, based on
the expression of genes correlating with OPN mRNA,
classified individuals as OPN-high and OPN-low
(Fig. 2B). OPN-high genes were significantly enriched
in Gene Ontology (GO) terms associated with cell
cycle and ECM remodeling, whereas OPN-low genes
were enriched in GO terms associated with meta-
bolic processes of healthy liver (Fig. 2D). Importantly,
OPN-high patients showed increased HCC incidence
after 10 years of follow-up (Fig. 2C). Gene-set enrich-
ment analysis (GSEA) revealed that these patients
showed significant enrichment in signatures associ-
ated with ECM remodeling, integrin signaling, loss
of P53 function, and the tumor field effect?’ (Fig.
2E). Overall, these results identify OPN as a potential
marker of early carcinogenesis and a robust marker of
HCC progression and poor outcome.

OVEREXPRESSION AS WELL
AS ABLATION OF OPN IN
HEPATOCYTES PROMOTE
CARCINOGENESIS

To determine the effects of hepatocyte-derived OPN
in the development of HCC, we injected WT, Opn™",
Opn*? Tg, Opn™™ M Tg, Alb.Cre', and Opn®He?
mice with DEN and sacrificed them 12 months later.

Overexpression of Opn in Oanep Tg and OP”_/_ Hep

Tg and ablation in Opz™~ and Opn™"'P mice were val-
idated by immunohistochemistry (IHC) (Fig. 3A and
Supporting Fig. S3A). Opn' P Tg showed an increase
and Opn™"P a decrease in the concentration of OPN
in serum (P = 0.0009 and P = 0.008), confirming the
major contribution of hepatocytes to OPN secretion
during HCC (Fig. 3B). There were more tumors in
0pn*? Tg (P = 0.01) and in Opn" 1 Tg (P = 0.04)
compared with WT and Opn”~ mice, respectively
(Fig. 3C,D and Supporting Fig. S3B,C). In Opn™"",
there was no difference in tumor burden compared with
WT mice (Supporting Fig. S3C), confirming incon-
clusive results from earlier studies."”'” Surprisingly, in
0pn™™'P mice the tumor burden increased compared
with A/b.Cre", as shown by increased number of tumors
>3 mm (P = 0.01) and the liver-to-body weight ratio
(P = 0.02), despite no significant difference in the total
number of tumors (Fig. 3C,EF). A separate group of
mice was sacrificed 8 months after DEN injection;
yet, Opn'*? Tg mice only showed a modest increase
in the number of tumors (Supporting Fig. S4), and
very few Opn™™P mice showed tumors (1 in 5 mice,
not shown). After pathological diagnosis of the hema-
toxylin and eosin (H&E) staining, HCC tumors were
annotated for growth pattern matching human HCC
(Supporting Fig. S5). HCCs from WT mice showed
mostly trabecular and pseudoglandular patterns, known
to be associated with well-differentiated HCCs.®) All
other groups of mice also showed a predominant tra-
becular pattern (with the exception of Opn_/_) together
with a decrease in pseudoglandular and an increase in
clear cell patterns (predominant in Opn'/' mice). The
solid growth pattern, associated with poorly differ-
entiated HCCs,(ZS’zg) was found in at least one case
in Opnf/f, OpnAHep , and Oanep Tg, but not in WT
or Alb.Cre" mice. However, this remained very infre-
quent, especially in Opr' P Tg mice, where only one
case presented that pattern. In summary, conditional
ablation and overexpression of Opz in hepatocytes but
not global ablation promotes liver carcinogenesis. This
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suggests that hepatocyte-derived OPN at physiological
levels acts as a tumor suppressor, while elevated OPN
expression is pro-tumorigenic.

CONDITIONAL ABLATION OF
OPN IN HEPATOCYTES REPRESSES
THE EARLY RESPONSE TO DEN
AND DRIVES THE EMERGENCE OF
CSCS

Previous studies suggest that the acute response
to DEN (24 or 48 hours) could play a role protecting
hepatocytes from HCC.®%Y We then performed RNA
sequencing (RNA-seq) in Opn“"'P and Alb.Cre" as well
as in Opn''? Tg mice 48 hours after DEN or PBS
injection. In A/5.Cre’, DEN induced a strong cellular
response, with 1,347 differentially expressed (DE) genes
(Fig. 4A), further characterized using the Ingenuity
Pathway Analysis (IPA) platform (Fig. 4B,E). There was
significant metabolic reprograming (activation of oxida-
tive phosphorylation, tricarboxylic acid [TCA] cycle and
lipid synthesis, reduced cholesterol, and unfolded protein
response), activation of mammalian target of rapamycin,
c-JUN and p53 signaling, and decreased cell cycle. In
Opn“MP mice, this response was considerably reduced
(1,281 of 1,347 DE genes not affected by DEN)
(Fig. 4A). The affected genes in common were linked
to nuclear erythroid 2 p45-related factor 2 (NRF2) sig-
naling and xenobiotic metabolism (Fig. 4C), and gluta-
thione metabolism was activated only in Opz*"'P mice
(Fig. 4D). In Opn''P Tg mice, there was partial protec-
tion from the response to DEN (822 of 1,347 DE genes
were not affected by DEN) (Fig. 4E and Supporting
Fig. S6).

Five months after DEN injection, CSCs were
detected in the aggregate fraction of primary hepato-
cytes by co-expression of the progenitor markers
CD44 and AFP.“ In our mice, we observed increased
CD44"AFP" cells in the aggregate fraction (Fig. 5A,B)
compared with the non-aggregate fraction (Supporting
Fig. S7A). Aggregates of AFP" cells also expressed
hepatocyte nuclear factor 4, confirming that these
were hepatocytes (Supporting Fig. S7B). There was
no difference in the number of CSCs between WT
and Opn'® Tg mice, but it was significantly higher
(P = 0.03) in OpnAHep versus Alb.Cre’ (Fig. 5A-C),
suggesting that Opn ablation drives the emergence of
CSCs after DEN injection.
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OVEREXPRESSION OF OPN
INDUCES MRNA SIGNATURES OF
CARCINOGENESIS IN CSCS AND
HCC ASSOCIATED WITH POOR
OUTCOME IN PATIENTS

Next, we performed RNA-seq in the aggregate
and non-aggregate fractions of primary hepatocytes
from 5-month-old DEN-injected WT and Opn''®
Tg mice, as well as in the NT and HCC tissue
from 12-month-old DEN-injected W, Opn_/_, and
Oanep Tg mice. At 5 months, there was a signifi-
cant difference in gene expression between the CSCs
(enriched in the aggregates) and normal hepatocytes
(non-aggregates) in WT as well as in OaneP Tg
mice, with little overlap between groups (4 of 448
genes) (Fig. 6A). The difference was analyzed using
the IPA platform. In CSCs, overexpression of Opn
induced ECM remodeling, inflammation, and acti-
vated signaling pathways associated with liver car-
cinogenesis, such as signal transducer and activator of
transcription 3 (STAT3), HIPPO or phosphoinosit-
ide 3-kinase (PI3K)/Akt, together with decreased p53
signaling (Fig. 6B). There was also a decrease in the
complement system and coagulation (found in CSCs
from human HCC(32)). Furthermore, overexpression
of Opn induced a very different phenotype in normal
hepatocytes (Supporting Fig. S8A). Inflammation
was greatly reduced as well as signaling pathways
associated with cancer (e.g., endothelial growth fac-
tor, NRF2, hepatocyte growth factor [HGF], Janus
kinase 2/STAT), stem signatures, and signatures
of other cancers. The similarities among CSCs and
normal hepatocytes regarding Opn overexpression
were a global decrease in normal liver metabolism,
suggesting cell dedifferentiation, activation of PI3K/
Akt, and HIPPO signaling together with decreased
p53 signaling. At 12 months, NT tissue from Opn' P
Tg mice expressed signatures of cell cycle, inflam-
mation, and activation of signaling pathways associ-
ated with carcinogenesis (STAT3, MYC, and Wnt),
together with decreased healthy liver metabolic path-
ways and p53 signaling, based on GSEA (Supporting
Fig. S8B). HCC tissue from the same mice showed
signatures of ECM remodeling, inflammation, and
poor outcome for patients with HCC. These mice
also presented decreased signatures of healthy hepato-
cyte metabolism, likely reflecting de-differentiation
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FIG. 3. Overexpression and ablation of Opn in hepatocytes drives carcinogenesis in DEN-injected mice. WT (n = 15), Oanep Tg
(n = 21), Alb.Cre" (n = 12), and OpnAHep (n = 17) mice were injected DEN and sacrificed 12 months later. (A) IHC for OPN (green
arrows). (B) Serum OPN in WT (n = 4), OaneP Tg (n=28),4/b.Cre" (n=5),and O_pnAHeP (n =5) mice (mean + SEM). (C) Representative
gross appearance of the livers. (D) Number of macroscopic tumors per group (mean + SEM), number of macroscopic tumors >3 mm per
mouse liver (mean = SEM) (E), and liver-to—body weight ratio (mean + SEM) (F). *P < 0.05,™P < 0.01, and ***P < 0.001. Abbreviation:
b. wt., body weight.
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FIG. 4. Ablation of Opn in hepatocytes decreases the early response to DEN. (A) Venn diagrams show the number of DE genes based on
the RNA-seq analysis of liver tissue from A/5. Cre" and O]mAHeP mice injected with PBS (n = 3) or DEN (n = 4) and sacrificed at 48 hours.
(B-D) IPA analysis shows the signaling pathways changed by DEN in A/.Cre’, Opn™"P mice or both. Red, blue, and gray represent
positive, negative, or nonavailable Z scores, respectively, indicating positive or negative regulation of the pathway; “Up/total” refers to the
number of up-regulated genes among the DE genes within each signature (the rest of the genes are downregulated). (E) Heatmap shows
the expression of genes of interest in all groups. Abbreviations: ATP, adenosine triphosphate; mTOR, mammalian target of rapamycin;
and NaN, not a number (i.e., not available).
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and negative association with HCC signatures of
well-differentiated HCC (Hoshida S3 and Chiang
CTNNB1 subclasses(33 34 (Fig. 6C). Similarly,
HCCs from Opn " mice expressed mRNA signa-
tures of highly proliferative and poorly differentiated

tumors, including inflammation, ECM remodeling,
and poorly differentiated HCC subclasses (Hoshida
S1 and Chiang proliferation class) (Supporting
Fig. S8C). Opn™”"

mice also displayed decreased
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FIG. 5. Ablation of Opn in hepatocytes drives the emergence of CSCs. (A,B) Immunofluorescence of CD44 (red) and AFP (green)
(markers of CSCs) in the aggregate fraction of primary hepatocytes from W, O]’)nHeP Tg, Alb.Cre’, and OpnMICP 5 months after DEN
injection. Red arrow, CD44"AFP" cells; green arrow, CD44 AFP" cells; and yellow arrow, CD44"AFP* cells (CSCs). (C) Number of
CSCs by group based on computer-assisted morphometry analysis of the immunostaining of the aggregate fraction (n = 3/group, mean *
SEM). *P < 0.05. Abbreviation: NS, not significant.
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FIG. 6. Overexpression of Opn induces mRNA signatures of carcinogenesis in CSCs and of HCC progression in HCC, associated with poor
outcome in patients. (A) Venn diagrams show the number of DE genes between the aggregate (CSCs) and non-aggregate (normal hepatocytes)
fraction of primary hepatocytes from WT and Op#'®” Tg mice 5 months after DEN injection, based on RNA-seq analysis (n = 4/group).
(B) Enrichment analysis using the IPA platform. Black, white, and gray represent positive, negative, or non-available Z scores, respectively,
indicating positive or negative regulation of the pathway; “Up/total” refers to the number of up—r'e_gulated genes among the DE genes within

each signature (the rest of the genes are down-regulated). (C) mRINA signatures enriched in Opn

P Tg (top) or in WT (bottom) mice based

on GSEA after RNA-seq of HCC tissues from DEN-injected mice (n = 4/group). GSEA of the association between DE genes in Opr''?
Tg versus WT mice and HCCs subclasses in 1,133-HCC metadata set.® (D) STEM and PP subclasses represent the ones with worth and

best outcome respectively. (E) Survival analysis after patients clustering based on the gene expression of those gene sets in Roessler et

al??
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FIG. 6. Continued

signatures of healthy liver metabolism and Hoshida’s metadata set by GSEA (Fig. 6D). The genes up-
S3 subclass.®® regulated in Opn' P Tg in CSCs as well as in HCCs

Next, we analyzed the association of the mRNA  were positively enriched in the STEM subclass, char-
signatures from mouse with clinical outcomes in acterized by the lowest survival rate among patients.
human HCC patients. First, we extracted the DE  Similarly, genes down-regulated in Oanep Tg were
genes in Oanep Tg versus WT at 5 months in CSCs  negatively enriched in STEM. Finally, we used those
and at 12 months in HCCs. Then, we analyzed the gene sets to cluster patients with HCC from Roessler
association of these gene sets with the STEM subclass et al.®¥ Oanep Tg signatures from CSCs and HCCs
of poorly differentiated HCCs in the 1,133 HCCs were associated with decreased overall and disease-free
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survival in these patients (Fig. 6E). Altogether, our
RNA-seq data suggest that Opn overexpression in
CSCs promote carcinogenesis, whereas both Opn
ablation and overexpression in HCCs enhance HCC
progression.

SECRETED OPN HAS
LIMITED IMPACT ON CSCS
PROLIFERATION AND
PROGRESSION TO HCC

Because Opn' P Tg mice showed increased OPN
secretion and the OPN/CD44 signaling axis par-
ticipates in the progression of HCC, we examined
whether this pathway could be involved in the pro-
gression of CSCs to HCC. To this end, first, we iso-
lated the aggregate and non-aggregate fractions from
5-month-old DEN-injected WT mice and treated
them with recombinant OPN (rOPN) for 24 hours
(Fig. 7A). RNA-seq revealed that rOPN had little
effect on both cell populations, as there were no dif-
ferentially DE genes after treatment (no genes with
significant false discovery rate [FDR]). Second, we
isolated CSCs from 5-month-old DEN-injected WT
mice and transplanted them into WT and Opnf/f mice
pretreated with retrorsine (Fig. 7B). One week later,
mice were treated with CCl, for 3 weeks to induce
fibrosis, which is required for CSCs to become pro-
carcinogenic.((’) This also stimulated OPN secretion,
with a strong reduction in Opn_/_ mice, because in
those mice only the transplanted hepatocytes carried
the Opn gene. Magnetic resonance imaging at 5 and
8 months showed small (<2 mm) and large (>10 mm)
tumors, respectively, in both groups (Supporting
Fig. S9A). After 8 months, analysis of tumor burden
revealed that most mice developed at least one tumor,
but there was no difference between groups (Fig. 7C,D).
The tumor tissue from Opn”~ mice expressed OPN,
confirming that HCC arose from transplanted
CSCs that originated from W'T mice (Supporting
Fig. S9B). Third, we investigated the role of OPN
signaling through CD44 by injecting Cd44”~ and
Cd44”~0pn"*? Tg mice with DEN and sacrificing
them after 12 months. Cd44 ablation was confirmed
by THC (Supporting Fig. S9C). Cd44"~Opn''* Tg
showed more tumors than Cd44”~ mice (P = 0.007),
and there was no difference compared with Opn''®
Tg mice (Fig. 7E,F). Altogether, these results sug-
gest that secreted OPN plays a limited role in driving

DESERT ET AL.

CSCs progression to HCC and that CD44 signaling

is not involved.

Discussion

The complexity of liver carcinogenesis can be
explained by the involvement of multiple cell types
and by the molecular diversity among patients. The
mean number of mutations in HCC is quite elevated
compared with other cancers (~40 per tumor)®; thus,
induction of multiple oncogenes and reduction of sev-
eral tumor suppressors are needed to trigger this can-
cer. Over the last 20 years, many oncogenes and tumor
suppressors were identified. Among them, a signifi-
cant number act both as oncogenes and tumor sup-
pressors, depending on their level of expression. For
example, ablation of c—Met,(%) inhibitor of nuclear
factor kappa B kinase subunit beta (IKKB),<37) JNK,(38)
B-catenin,®” or Shp2(40) in hepatocytes induces more
tumors, while overexpression also promotes carcino-
genesis in mice. Based on our results, OPN appears
to behave similarly. In addition, hepatocyte-derived
OPN has different effects during initiation and pro-
gression of liver cancer. At physiological levels, OPN
is a tumor suppressor and is involved during the first
stages of carcinogenesis by lessening the response
to DEN and increasing CSCs in OpnAHep; however,
it does not stimulate the progression of CSCs to
HCC, as shown by the presence of more tumors at
12 months in Opn"™ P but not earlier. When OPN is
overexpressed, it is pro-tumorigenic mostly by affect-
ing the last stages of carcinogenesis, as shown by the
number of CSCs not increasing in Oanep Tg mice
but expressing signatures of carcinogenesis.

In this study, we first showed that the expression
in hepatocytes increases along with progression of
chronic liver disease to HCC. Although the increase
in OPN in HCC has been reported,(12’41’42) our data
show intermediate expression in dysplastic nodules,
suggesting a role for hepatocyte-derived OPN in the
onset of HCC. This was confirmed by showing sig-
nificant association between OPN mRNA and inci-
dence of HCC in patients with cirrhosis. Hence, we
hypothesized that increased hepatocyte-derived OPN
is a driver of hepatocarcinogenesis, which was con-
firmed in mouse models of HCC. Because the pro-
tumorigenic effect of Opn overexpression occurred in

three mouse genotypes (W'T, Opnf/f, and Cd4477), it
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FIG. 7. Secreted OPN has limited effect on CSC proliferation and progression to HCC. (A) Experimental approach to study the
effect of rOPN on primary hepatocytes and CSCs (n = 3/group). (B-D) Experimental approach to study the role of extracellular OPN
on CSC progression to cancer, representative gross appearance of the livers, and number of tumors in both groups (mean + SEM). (E)
Representative gross appearance of livers from Cd44” (n = 14) and Cd44”~0pn™ Tg (n = 14) mice injected with DEN and sacrificed
12 months later. (F) Number of macroscopic tumors per mouse liver (mean + SEM).
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indicates a solid effect of elevated hepatocyte-derived
OPN in carcinogenesis.

In Oanep Tg mice, the number of CSCs at
5 months did not increase, suggesting that high
expression of OPN rather drives CSC progression to
HCC. RNA-seq revealed a profound change in their
phenotype, shown by activation of signaling path-
ways involved in carcinogenesis such as STAT3,“¥
HIPPO/YAP/NOTCH"" and PI3K/Akt,*” as well
as in HCC progression (hypoxia inducible factor 1
alpha subunit [HIFla], HGEF, vascular endothelial
growth factor, and platelet-derived growth factors)
and decreased p53 signaling. In patients with cirrhosis
expressing the OPN-high gene network, p53 signal-
ing also decreased, as well as in the NT liver from
Opn"'®® Tg mice at 12 months. P53 is a well-known
tumor suppressor, mutated in about 20% of human
HCC.“ Mutations of 7P53 and activation of MYC
in hepatocytes induce poorly differentiated HCCs in
a few months.?”) However, how OPN overexpression
represses P53 is unknown. Our initial hypothesis was
the well-described CD44/PI3K/Akt/MDM?2 axis,*”
but we ruled out this possibility experimentally by
showing no involvement of CD44 in Opn"™? Tg
mice. On the other hand, Opn overexpression induces
a decrease in cancer-associated signatures in normal
hepatocytes. The distinct roles of OPN overexpression
in CSCs and hepatocytes could partially explain some
of the inconclusive results in this field. We then inves-
tigated the possibility that secreted OPN could drive
CSCs progression to HCC; however, it was ruled out
using three approaches (treatment with rOPN, CSC
transplantation, and ablation of an OPN receptor).
Thus, if secreted OPN is involved in liver carcino-
genesis, its role is minimal and most of the effects
observed in Opn'*P Tg mice occur intracellularly.

The only study showing more tumors in Opn_/_
mice injected with DEN, proposed that intracellular
OPN is a negative regulator of Carcinogenesis.(m In
mice fed alcohol, Opn ablation increases steatosis*
@7 while Opn overexpression
in hepatocytes decreases steatosis.* Likewise, in
NASH-induced HCC, Opn ablation worsens steatosis
and increases turnorigenesis.(48) Altogether, these data
point to a physiological role of OPN in hepatocytes
not previously known. Our study shows that at phys-
iological levels, OPN acts as a tumor suppressor. Of
note, OpnAHep also show ablation of Opn in cholan-
giocytes, but DEN only targets hepatocytes, because

and iron deposition,

DESERT ET AL.

high levels of P450 are necessary to metabolize this
pro-carcinogenic chemical to induce DNA muta-
tions.?V Moreover, there was no alteration in cholan-
giocytes or ductular reaction in Opz*"'®P mice.

Regarding the mechanisms involved, we hypothe-
sized that it could be through regulation of the acute
response to DEN, as suggested in recent studies. 33
The acute response identified by RNA-seq included
metabolic reprograming and activation of previously
reported p53 and cJun siénalilrlg,(?’o’31
strongly repressed in Opn™"'P mice. To date, the role
of this cellular response is not fully understood but
it could involve DNA repair.® Although this could
be a mechanism by which OPN drives liver carcino-
genesis, we did not find a difference in genetic muta-
tions in publicly available data from human HCC
based on OPN expression (data not shown). A sec-
ond possibility is that this response changes DNA
methylation to protect cells from cancer™®; however,
we did not observe a change in global DNA meth-
ylation after DEN treatment in OpnAHep or Alb.Cre
(data not shown). Thus, the molecular mechanisms
involved in the response to DEN remain elusive, but
our findings suggest a central role for OPN in its
regulation. This response likely protects from car-
cinogenesis, as we observed more CSCs at 5 months
in Opn™P mice.

The finding that global ablation of Opn does not
induce more tumors points at a cell-specific role
of OPN in carcinogenesis with a potential pro-
tumorigenic effect in other cells that compensate
when Opn is ablated in hepatocytes. Especially, the
role of OPN in immune cells during carcinogenesis is
worthy of future investigation.

The data confirm the role of OPN in driving the
HCC phenotype, as already suggested iz vitro and in
orthotopic models. 1113710 Here, we show in vive that
HCCs overexpressing OPN display a transcriptomic
profile of proliferative HCC, associated with worst
outcome.®? We confirm, in large cohorts of patients,
that HCCs expressing high levels of OPN are associ-
ated with HCC subclasses of highly proliferative and
poorly differentiated tumors with worst patient out-
come. In addition, mRNA signatures from mice with
Opn overexpression matched these patient subclasses.
The mechanisms remain to be determined, but iz
vitro work suggests that OPN could cooperate with
nuclear factor kappa B, HIF1a,"® matrix metal-
loproteinase 2,<14) or vimentin.'® On the other hand,

) which was
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Opn ablation in HCC also triggers highly proliferative
and poorly differentiated tumors in mice, consistent
with the tumor suppressor role attributed to OPN at
physiological levels.

In conclusion, this study identifies that OPN acts
both as pro-tumorigenic and as a tumor suppressor
during liver carcinogenesis, mostly through intracellular
mechanisms. Future studies are needed to better under-
stand the physiological and pathological role of OPN

in different cell types during chronic liver disease.
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