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A B S T R A C T   

Hepatocellular carcinoma (HCC) is one of the most prevalent and lethal cancers worldwide, but the precise 
intracellular mechanisms underlying the progression of this inflammation associated cancer are not well 
established. SOCS2 protein plays an important role in the carcinogenesis of different tumors by regulating 
cytokine signalling through the JAK/STAT axis. However, its role in HCC is unclear. Here, we investigate the role 
of SOCS2 in HCC progression and its potential as HCC biomarker. The effects of SOCS2 in HCC progression were 
evaluated in an experimental model of diethylnitrosamine (DEN)-induced HCC in C57BL/6 and SOCS2 deficient 
mice, in cultured hepatic cells, and in liver samples from HCC patients. Mice lacking SOCS2 showed higher liver 
tumor burden with increased malignancy grade, inflammation, fibrosis, and proliferation than their controls. 
Protein and gene expression analysis reported higher pSTAT5 and pSTAT3 activation, upregulation of different 
proteins involved in survival and proliferation, and increased levels of proinflammatory and pro-tumoral me
diators in the absence of SOCS2. Clinically relevant, downregulated expression of SOCS2 was found in neoplasia 
from HCC patients compared to healthy liver tissue, correlating with the malignancy grade. In summary, our data 
show that lack of SOCS2 increases susceptibility to chemical-induced HCC and suggest the tumor suppressor role 
of this protein by regulating the oncogenic and inflammatory responses mediated by STAT5 and STAT3 in the 
liver. Hence, SOCS2 emerges as an attractive target molecule and potential biomarker to deepen in the study of 
HCC treatment.   

1. Introduction 

Hepatocellular carcinoma (HCC) is a deadly human malignancy with 
high incidence worldwide, being the most common form of liver cancer 
responsible for 90 % of the primary malignant liver tumors in adults [1, 
2]. Advanced HCC has poor prognosis and small survival rates since 
surgery and chemotherapy are effective in a low percentage of patients 

[3]. However, recent studies have demonstrated that targeted molecular 
therapies result promising in the treatment for HCC in appropriated 
selected patients, although they still show limitations [3,4]. Therefore, 
new insights into the molecular mechanisms of HCC progression as well 
as the identification of new molecular targets and biomarkers to develop 
novel strategies for its prognosis and treatment are urgently required. 

Accumulating epidemiological and clinical studies have provided 
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evidence that HCC is closely linked to chronic inflammation, which fa
vours the initial genetic alterations that give rise to cancer cells, estab
lishes a tissue microenvironment that allows the tumor to progress and 
metastasize, and activates immunosuppressive mechanisms that prevent 
an effective immune response against the tumor [5,6]. Liver resident 
inflammatory cells actively contribute to hepatic damage during HCC, 
being mainly activated by apoptotic hepatocytes and producing a wide 
range of inflammatory cytokines (TNFα and IL-6, among others), reac
tive oxygen species, and growth controlling factors that participate in 
tumor progression [7]. The activation of the inflammatory response 
leads the recruitment of new immune cells, mainly monocytes and 
neutrophils, which infiltrate into the liver and perpetuate the inflam
matory burden, inducing the compensatory uncontrolled proliferation 
of surviving hepatocytes [8]. In addition, as result of an inaccurate 
regulation, key inflammatory signalling pathways are hyperactivated in 
HCC, contributing to angiogenesis, differentiation, proliferation, and 
survival of liver cancer cells [9–11]. Current targeted therapies that do 
not involve surgical treatment or transplant are addressed towards key 
phases in carcinogenic signalling pathways in order to restrain systemic 
toxicity. However, there is not a recognized predominant signalling 
cascade linked to hepatocarcinogenesis [9]. 

Suppressor of cytokine signalling (SOCS) proteins are leading nega
tive regulators of cytokine signalling mediated by the Janus kinase / 
Signal Transducer and Activator of Transcription (JAK/STAT) signalling 
pathway [12]. JAK/STAT modulates processes such as cell proliferation, 
differentiation, migration, and apoptosis, among others. Under physio
logical conditions, JAK/STAT activation is strictly regulated, making its 
activity rapid and transient [13]. However, aberrant STAT hyper
activation has been reported in several pathologies including cancer, 
leading to uncontrolled cell proliferation, oncogenic transformation, 
tumor cell invasion, and metastasis [13]. In many cases, STAT consti
tutive activation is the result of a dysfunction in the negative regulation 
of the pathway. In fact, abnormal expression of SOCS proteins has been 
discovered in several tumor types, not only in cancer cells but also in 
immune cells in the tumor microenvironment [14–16]. Among the eight 
members of the SOCS family, the involvement of SOCS1 and SOCS3 has 
been extensively investigated in the context of cancer, and both tumor 
suppressive and oncogenic roles have been reported [17,18]. Likewise, 
SOCS2 has been attributed key regulative roles in the carcinogenesis of 
different types of cancer [19,20]. Previous studies have demonstrated 
that low SOCS2 expression levels are linked to a poor prognosis and 
higher tumor progression in breast, ovarian, prostate, lung, and hema
tological malignancies [21–25]. Furthermore, SOCS2 has been validated 
as an effective biomarker in colorectal cancer, where it exhibits a key 
value in the early disease prognosis [26]. In experimental models, 
SOCS2 deletion has been shown to promote the spontaneous progression 
of intestinal tumors, whereas its overexpression inhibits the prolifera
tion of colon cancer cells [27]. 

In the liver, the axis JAK2/STAT5/SOCS2 controls Growth Hormone 
(GH) signalling, being its correct functioning vital for an adequate he
patocyte physiology [28]. To date, very few studies have investigated 
the role of SOCS2 in liver cancer. Available reports suggest an indirect 
link between SOCS2 expression and HCC prognosis [29–31]. However, 
there are not mechanistic or functional studies that effectively describe 
the direct biological role that SOCS2 could exert in the progression of the 
disease. Furthermore, the phenotype of SOCS2 knockout mice regarding 
the liver and its associated pathologies has only been investigated in the 
context of hepatic steatosis, insulin resistance, and acute liver injury, but 
not in cancer [32,33]. 

Herein, the present work investigates the potential key role of SOCS2 
in chemical-induced HCC with special attention in the underlying in
flammatory process, in order to open the window to new therapeutic 
targets and novel biomarkers to improve the treatment and prognosis of 
this deadly disease. To that end, the progression of HCC has thoroughly 
been evaluated in an experimental model of diethylnitrosamine (DEN)- 
induced HCC in SOCS2 deficient mice and in cultured hepatic cells. 

2. Methods 

2.1. Mice 

Animal experiments were conducted in accordance with OECD 
guidelines for the care and use of animals and with an approved animal 
protocol from the Animal Care and Use Committee of the University of 
Las Palmas de Gran Canaria (ULPGC, OEBA-ULPGC 11/2018). 

C57BL/6 and SOCS2 knockout (referred to as SOCS2-KO or SOCS2-/-, 
backcrossed to C57BL/6 background, kindly provided by P.K. Lund 
laboratory [34] and further breaded at ULPGC) were housed four or five 
to a cage, maintained under standard laboratory conditions (12-hour 
light/dark cycle) with food and water provided ad libitum, at ULPGC 
Animal Unit. Genotyping was performed on mice genomic DNA from a 
small piece of tissue by conventional PCR using Taq DNA polymerase, 
and PCR reactions were carried out with primers for socs2 and β-galac
tosidase purchased from StabVida. PCR amplification products were 
loaded on a 2 % agarose gel containing ethidium bromide and visualized 
under UV light in the ChemiDoc XRS system (Bio-Rad). 

2.2. Human samples 

Experiments with human samples were conducted with approved 
protocol from the Ethics Committee CEIm Las Palmas:2021–406–1. 
Briefly, paraffin-embedded biopsies from livers from twelve HCC pa
tients were obtained from the Biopsy archive of the Anatomical Pa
thology Service of the Complejo Hospitalario Insular Materno-Infantil of 
Las Palmas, Canary Islands Health Service. 

2.3. HCC animal model 

Fifteen-day-old C57BL/6 and SOCS2-KO male mice were injected 
intraperitoneally (i.p.) with a single dose (25 mg/kg) of DEN (Sigma- 
Aldrich) or Vehicle (VEH, 0.9 % NaCl). All animals were injected within 
a period of 2 months with the same DEN lot, ensuring best comparability 
between treated groups. Animal welfare, body weight, and food con
sumption were assessed every other day to detect any clinical sign. At 
12- and 24-weeks post DEN treatment, a representative number of mice 
from each group were subjected to ultrasound assessment to potentially 
detect the initial tumor formation without euthanasia, using a LOGIQ P5 
Ultrasound System (GE Healthcare) with a linear transducer (3–11 
MHz). Body composition (lean, fat and fluid) was investigated at the 
initial and final points of the experiment, using a Time Domain Nuclear 
Magnetic Resonance Scan (Bruker Minispec LF90, Bruker Optics). The 
last day of the study, mice were placed in metabolic cages for 24 h to 
monitor their metabolic activity (urine and feces volume, water, and 
food consumption). After 24-(early lesions) and 48- (advanced lesions) 
weeks post DEN administration, animals were euthanized by isoflurane 
overdose, blood samples were collected, and tissues were saline- 
perfused for subsequent harvesting and analysis. For macroscopic 
evaluation, livers were removed, weighed, photographed, and exter
nally visible tumors (≥ 0.5 mm) were counted and measured. Part of the 
liver tissue was used for histology and immunohistochemistry, and the 
remaining liver samples were stored at − 80ºC for RNA and protein 
isolation. 

Blood samples were collected into EDTA containing tubes. Part of the 
blood sample was used for hematological analysis using the MS4–5 
Melet Schloesing Software, whereas the rest of the sample was centri
fuged to separate the serum that was analysed for biochemical param
eters with the Pointcare v2 Mano Medical Software. 

2.4. Histology and immunohistochemistry 

For histopathology, mouse liver tissues were fixed in 4 % para
formaldehyde overnight and paraffin embedded. Human livers were 
already in paraffin. Paraffin-embedded livers were then cut into 4 µm 
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slides and stored for corresponding histology and/or immunohisto
chemistry. For histopathological analysis, sections were hematoxylin 
and eosin (H&E) stained and evaluated in a blinded manner by two 
independent pathologists. Signs of malignancy were determined and 
graded according to cell atypia, cell polymorphism, distortion of lobular 
architecture, broadening of trabecular structures, lobular inflammation 
(number of inflammatory foci/field), portal inflammation, and micro
granulomas. A four-point score (0, absent; 1, low; 2, moderate; 4, 
marked) was added to each parameter of analysis, according with the 
Edmondson and Steiner Liver Hepatocellular Carcinoma Classification 
[35]. Results were then plotted as the mean value of each parameter for 
each group of mice. Liver sections were also picrosirius-red stained for 
fibrosis detection and quantification. Immunohistochemical staining 
was performed using standard protocols. Briefly, slides were depar
affined at 60 ºC, 30 min, followed by xylol immersion 10 min, and hy
dration with decreasing ethanol concentrations up to a final distilled 
water bath. Sections were then treated for hot induced antigen retrieval 
with pH 6 citrate buffer at 95 ºC for 30 min. After washing, samples were 
incubated with 3 % H2O2-methanol 30 min for inhibition of endogenous 
peroxidase activity and were then blocked with 5 % Bovine Serum Al
bumin (BSA) in PBS containing 6 % of total serum for 1 h. Primary 
antibodies (anti- alpha-fetoprotein (AFP, Sigma Aldrich), anti- prolifer
ating cell nuclear antigen (pCNA, Santa Cruz Biotechnology), anti- 
F4/80 (Cell Signalling), and anti-SOCS2 (Santa Cruz Biotechnology)) 
were then added and incubated overnight at 4 ºC. After washing, sec
tions were incubated with HRP-conjugated anti-mouse or anti-rabbit 
secondary antibodies (Dako) for 30 min, followed by 5 min treatment 
with the diamonobenzidine (DAB) peroxidase substrate chromogen 
(Dako). Finally, sections were H&E counterstained, dehydrated with 
rising ethanol concentrations, and mounted with DPX mounting media 
(Sigma Aldrich). Mounted slides were observed under a microscope and 
photographed for quantification and imaging. The positive staining was 
quantified using the ImageJ software (Media Cybernetics, Inc.), and 
expressed by the percentage of positive cells versus the total number of 
cells per field, or the percentage of positive stained area versus total area, 
of ten high-power fields per section. 

2.5. Cell isolation and culture 

Mouse primary hepatocytes and liver macrophages were isolated 
from 12 to 15-week-old C57BL/6 and SOCS2-KO male mice as described 
[36]. Briefly, mouse livers were perfused by canulation of the inferior 
cava vein with warm (42 ºC) Hank’s Balanced Salt Solution supple
mented with 25 mM HEPES and 0.5 mM EDTA, at 2 mL/min. Immedi
ately, livers were digested with 25 µg/mL Liberase (Sigma Aldrich) 
resuspended in warm (42 ºC) DMEM high glucose media supplemented 
with 1 % penicillin/streptomycin (P/S), 25 mM HEPES, and 10 % fetal 
bovine serum (FBS), at 2 mL/min. After digestion, liver was carefully 
transferred into a Petri dish and hepatic cells were gently released by 
tissue mincing. Cells were filtered through a 100 µm cell strainer and 
centrifuged for cell population separation. Hepatocytes in the pellet 
were then washed and resuspended in Williams E media containing 1 % 
P/S ready for plating; liver macrophages in the supernatant were 
transferred into a Percoll (Sigma-Aldrich) gradient (25 %− 50 %), iso
lated by centrifugation, and cultured in RPMI media containing 10 % 
BSA and 1 % P/S. Viability of isolated cells was checked by trypan blue 
test. Cells were then treated with 100 µg/mL DEN for 24 h and protein 
and gene expression experiments were performed. 

2.6. Protein analysis 

Western Blot. Tissues were lysed by adding RIPA buffer (Thermo 
Fisher Scientific) supplemented with protease and phosphatase in
hibitors (Thermo Fisher Scientific) followed by manual disruption. 
Protein concentration was determined by using a bicinchoninic acid 
(BCA) protein assay kit (ThermoFisher Scientific). Total protein (40–60 

mg) was added to 4x Laemmli buffer (250 mM Tris-HCl, pH 6.8, 8 % 
SDS, 40 % glycerol, 0.004 % bromophenol blue, 20 % b-mercaptoe
thanol) and heated at 95 ◦C for 5 min. Samples were then resolved on 
SDS-PAGE gels (Bio-Rad) and transferred into nitrocellulose membranes 
(Thermo Fisher Scientific) that were blocked with 5 % milk or BSA 
diluted in Tris buffered saline with 0.05 % Tween 20 (TBS-T) for 1 h at 
room temperature, and then incubated with primary antibodies over
night at 4 ◦C. Next, membranes were incubated with HRP-conjugated 
anti-rabbit or anti-mouse secondary antibodies (Bio-Rad) for 1 h at 
room temperature. Protein bands were visualized by using the enhanced 
chemiluminescence Clarity™ Western ECL Substrate (Bio-Rad) in the 
ChemiDoc XRS system. Images were analyzed with the program Quan
tity one (Bio-Rad). β-actin was used as loading control. For successive 
antibody incubations using the same membrane, bound antibodies were 
removed with stripping buffer (ThermoFisher Scientific). 

2.6.1. Immunofluorescence 
Protein expression and location was also detected by immunofluo

rescence. Briefly, cells placed in a 4-well chamber-slide were fixed (4 % 
paraformaldehyde) for 10 min at RT, permeabilized (0.5 % Triton X-100 
in PBS) for 10 min at 4 ◦C, blocked with 4 % BSA/PBS containing 6 % 
serum, and incubated with primary antibodies diluted in 4 % BSA/PBS, 
overnight at 4 ◦C. Cells were then incubated with the Alexa Fluor 488 
(Cell Signalling) secondary antibody diluted in 4 % BSA/PBS for 1 h at 
RT. The fluorescent marker 4’,6-diamidino-2-phenylindole (DAPI) was 
used for nuclear counterstaining. The slide was mounted with Fluo
rmount-G® and cells were visualized using a confocal microscope. 

2.7. Gene expression analysis 

Mouse tissues were extracted with PureZOL RNA Isolation Reagent 
(Bio-Rad), and total RNA concentration and quality was determined 
with a ND-1000 spectrophotometer (Nano Drop Technologies). Com
plementary DNA was synthesized from 700 to 1000 ng RNA using the 
iScriptTM Reverse Transcription kit (BioRad) according to the manu
facturer’s instructions. Real-time quantitative PCR was performed using 
SYBR Green PCR Master mix (Applied Biosystems) and primers (tnfα, il- 
6, il-1β, ccl2, inos, f4/80, pim1, cmyc, cd34, p53, gstp1, igf1, from Stab
Vida) in the Mx3005P Real-Time PCR System (Agilent). Cycle threshold 
values were obtained, and target gene expression was normalized to 
housekeeping gene (36b4). Relative expression results were plotted as 
mRNA expression divided by 36b4 expression, and normalized to VEH 
samples when convenient [37]. 

2.8. Statistical analysis 

All quantitative data are expressed as mean ± SEM of n independent 
biological replicates. Statistical significance was performed using a 
Student’s unpaired t-test, or one-way analysis of variance (ANOVA) 
followed by Dunnett’s multiple comparison post hoc test (Prism 8 
GraphPad Software, San Diego, CA, USA). Correlation analysis was 
performed using a Pearsońs correlation test. Survival was analysed using 
the Kaplan–Meier method. A P value of < 0.05 was taken to be statis
tically significant. 

3. Results 

In this study, the role of SOCS2 was evaluated in a well stablished 
HCC mouse model that uses the chemical carcinogen DEN to induce 
hepatocellular carcinogenesis [38]. To that end, SOCS2-KO and 
C57BL6/J mice (as wild-type (WT) controls) were used. Before the 
beginning of the experimental model, mice were genotyped to ensure 
their genetic condition (Fig. 1a). 
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Fig. 1. Deletion of SOCS2 increases DEN-induced liver tumorigenesis. (a) Genotypic analysis of socs2 expression in WT and SOCS2-KO mouse tissue. Small pieces of 
mice tissue were digested and DNA was isolated for PCR amplification with socs2 and β-galactosidase (β-gal) primers. Amplification products were loaded and run on a 
2 % agarose gel. (b) Experimental design of DEN-induced HCC model. (c-g) WT and SOCS2-KO male mice were given a dose of DEN (25 mg/kg) or VEH at 15 days of 
age and liver tissues were isolated after 24 and 48 weeks. (c) Representative images of gross liver anatomy at 24 (left) and 48 (right) weeks after VEH or DEN 
injection. Arrowheads indicate tumor nodules at 24 weeks. (d) Total tumor number, (e) number of largest tumors (≥ 0.5 mm), (f) volume of largest tumors, and (G) 
total liver volume were quantified in WT (n = 9–10) and SOCS2-KO (n = 15–20) mice 48 weeks after VEH or DEN injection. Plots represent individual values and 
lines represent mean values. Bars represent mean values ± SEM. Statistical significance is indicated (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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3.1. Deletion of SOCS2 aggravates the development of HCC tumors in 
response to the chemical carcinogen DEN 

To investigate the role of SOCS2 in the initiation and progression of 
DEN-induced carcinogenesis, SOCS2-KO mice and their WT littermates 
were injected 25 mg/kg DEN on day 15 after birth, and tumor formation 
was assessed 24 and 48 weeks later (Fig. 1b). At 24 weeks after HCC 
induction, only 17 % WT mice had developed nodules in the liver 
compared to 43 % SOCS2-KO mice, but no significant differences were 
found between groups regarding the total number of neoplastic forma
tions in those tumor bearing mice. Remarkably, ultrasound assessment 
performed at 12 and 24 weeks led to identify a hypoechoic nodular 
pattern in the livers of both WT and SOCS2-KO mice and confirmed the 
absence of relevant differences in the number nor size of nodules be
tween both genotypes at those early time points (Online Resource 1). 
However, most DEN-treated mice from both genotypes had developed 
macroscopically detectable neoplasia at the endpoint (48 weeks) 
(Fig. 1c). Interestingly, gross anatomy analysis revealed that the number 
and size of HCC lesions was significantly higher in DEN-treated SOCS2-/- 

mice, being the volume of largest tumors in this group more than twice 
compared to their WT littermates (Fig. 1d-f). Consistent with their ge
notype, SOCS2-KO liver volumes were significantly higher compared to 
those in WT mice at the study endpoint, but DEN-treated KO showed 
even bigger livers due to the presence of massive tumor masses (Fig. 1g). 

The analysis of body weight along the study revealed that mice 
treated with the carcinogen start to lose weight from the last four weeks, 
being more pronounced in SOCS2-KO animals (Online Resource 2). 
However, no significant differences between DEN-treated and non- 
treated groups were observed in terms of body length, food intake and 
body composition, besides size variations associated to SOCS2-/- geno
type [28,39] (Online Resource 2). Data gathering from metabolic cages 
at the end of the study showed an increased food intake by DEN-treated 
SOCS2-KO compared to their WT controls, and a larger volume of urine 
released by DEN-treated knockouts compared to their VEH-treated 
counterparts (Online Resource 2). 

3.2. SOCS2 deficiency increases HCC liver damage, inflammation, and 
fibrosis during early and advanced tumor promotion 

To further evaluate the impact of SOCS2 absence on tumor anatomy, 
a histopathological analysis was performed. H&E staining revealed that 
SOCS2 deficiency drastically increased malignancy of liver tumors. 
Histological differences between groups at 24 weeks were remarkably 
emphasized at 48 weeks after DEN treatment, as evidenced by all the 
parameters evaluated (Fig. 2a-b). As expected, control livers from VEH- 
treated mice contained no dysplastic lesions in both genotypes. Cell 
atypia, cell polymorphism, distortion of lobular architecture, and 
broadening of trabecular structures were analysed as features of liver 
malignancy, resulting in significantly higher values in DEN treated- 
SOCS2-/- mice (Fig. 2a-b). Indeed, tumor cells found in SOCS2-KO livers 
after 48 weeks of DEN treatment exhibited large and pleomorphic nuclei 
with high nuclei/cytoplasm ratios, and altered morphology compared to 
WT-treated mice. Furthermore, extensive architecture changes were 
observed in DEN-treated knockout mice and in lesser extent in their WT 
controls, including atypical ducts, tumoral lesions with basophilic 
trabeculae, infiltrates of neoplastic foci in the lumen of hepatic vein 
branches, and wide hemorrhagic and necrotic areas. Accordingly, DEN- 
treated SOCS2-KO mice were found to bear more inflammatory burden 
tumors than their WT controls, with increased lymphocyte and mono
cyte infiltration both in the lobular and portal areas (Fig. 2a-b). Notably, 
no relevant differences were observed in both animal groups treated 
with VEH. After an accurate evaluation, and according to the World 
Health Organization (WHO)́s description for HCC histologic patterns, 
the pathologist reported a predominant trabecular carcinoma histologic 
pattern in most of the mouse tumors within the study, followed by a 
solid pattern, and with only some exceptional cases of acinar cell 

carcinoma. As another parameter of liver damage, fibrosis was evalu
ated in the hepatic tissue after 48 weeks of DEN treatment. As shown in 
Fig. 2c-d, the morphometric analysis of Sirius Red staining brought out 
that SOCS2-/- mice exhibited more collagen bundles and therefore more 
fibrotic hepatic extracellular matrix than their controls. Remarkably, the 
analysis of the hepatic transaminases aspartate aminotransferase (AST) 
and alanine aminotransferase (ALT) present in mice serum revealed that 
DEN-treated mice showed significantly higher levels of both enzymes 
compared to their VEH-treated counterparts, being slightly higher in the 
knockout group (Fig. 2e). Furthermore, other biochemical parameters 
including total cholesterol and triglycerides were evaluated with no 
relevant differences between groups apart from the notable enhance
ment of total cholesterol levels observed in both WT and SOCS2-KO mice 
after 48 weeks of DEN treatment (Online Resource 3). Additionally, the 
study of mouse blood cell populations showed that the total number of 
white blood cells in DEN-treated WT and SOCS2-/- mice was significantly 
higher than in their counterparts, with no significant differences found 
in the remaining hemogram. Moreover, a reduction in the number of 
circulating monocytes was observed in animals treated with the 
carcinogen when compared to VEH-treated ones, that was more sub
stantial in knockout mice (Online Resource 3). 

3.3. SOCS2 knockout mice exhibit increased levels of HCC diagnostic 
markers with higher compensatory hepatocyte proliferation and leukocyte 
infiltration in the liver 

To better characterize some key tumor features and composition, a 
series of immunohistochemical stains were performed in mouse liver 
sections from SOCS2-KO and WT mice after 48 weeks of treatment. 
Interestingly, the analysis and quantification of AFP staining showed 
that the single injection of DEN to fifteen-day-old mice resulted in the 
induction of AFP-expressing HCC, with significantly higher levels in the 
SOCS2-KO group when compared to WT controls (Fig. 3a). Furthermore, 
liver sections were verified by pCNA staining for the analysis of cell 
proliferation. As shown in Fig. 3b, SOCS2-KO mice given DEN exhibited 
the highest proliferative rates in comparison to their VEH-treated 
counterparts. Likewise, the immunostaining with the macrophage 
marker F4/80 revealed that DEN-induced HCC was associated with a 
relevant increase in intrahepatic macrophages, with significant changes 
between both genotypes. However, positive staining area in VEH-treated 
mice from both treatment groups remained at low levels (Fig. 3c). 

3.4. The absence of SOCS2 triggers the hyperactivation of key 
inflammatory, oncogenic, and proliferative intracellular signalling 
pathways in DEN-induced HCC 

Considering that HCC is an inflammatory-linked cancer and that 
SOCS2 is an important regulator of cytokine and growth factor signal
ling, we outlined to investigate the expression of different target pro
teins and genes involved in the inflammatory, oncogenic, and 
proliferative responses during HCC. Thus, total proteins and mRNA were 
isolated from livers from 48-week DEN-treated mice, and expression 
levels were assessed by immunoblot and quantitative real time PCR, 
respectively. Remarkably, immunoblot analyses revealed that pSTAT5 
and pSTAT3 were significantly highly induced in DEN-treated SOCS2- 
KO livers compared to their controls (VEH-treated SOCS2-KO and WT 
mice) (Fig. 4a). Surprisingly, low levels of pSTAT3 were found in DEN- 
treated WT mice, whereas no significant changes in the expression levels 
of the total proteins (STAT5 and STAT3) were observed (Fig. 4a). 
Likewise, the expression of CMYC and PIM1, two key target proto- 
oncogenes of STAT5 that are involved in cell cycle progression, 
apoptosis, and transcriptional activation, was also upregulated in SOCS2 
deficient mice treated with DEN (Fig. 4b). Interestingly, the evaluation 
of some key proteins involved in cell proliferation, survival, and 
migration such as ERK, AKT, and JNK, also showed augmented phos
phorylated levels in DEN-treated SOCS2-KO mice compared to the other 
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groups, without significant changes in the total protein expression levels 
(Fig. 4c). Full, uncropped blots can be found in Online Resource 4. 

Regarding mRNA expression analysis, different mediators of 
inflammation and tumorigenicity were assessed in the HCC model. 
Consistently, SOCS2-KO mice given the carcinogen exhibited increased 
gene expression levels of the proinflammatory cytokines tnfα, il-6 and il- 
1β, the macrophage chemoattractant ccl2, the inducible nitric oxide 
synthase enzyme inos, and the macrophage marker f4/80, when 
compared to their VEH-treated and WT counterparts (Fig. 5a). Further, 
the expression of the proto-oncogenes cmyc and pim1, as well as other 
key tumor markers in HCC such as the endothelial cell marker cd34, the 
Glutathione S-Transferase P1 (gstp1), and the Insulin-like growth factor- 
1 (igf1) were upregulated in the group of tumor bearing knockout mice 
(Fig. 5b). In contrast, mRNA levels of the tumor suppressor p53 
appeared slightly downregulated in this group, although without 
reaching statistical significance when compared to controls (Fig. 5b). All 
these findings support the idea that SOCS2 deficiency favours HCC 
development in mice, thus suggesting that the protein may be acting as a 
tumor modulator in the progression of the disease. 

3.5. Liver macrophages and hepatocytes lacking SOCS2 show 
upregulation of STAT5 and STAT3 phosphorylation levels after DEN 
treatment in vitro 

DEN administration to mice causes several biochemical changes in 
the liver including the induction of hepatocyte damage and the creation 
of an inflammatory environment, that eventually result in the devel
opment of HCC [40]. Considering the results obtained in the liver of 
DEN-treated SOCS2 lacking mice, including the increased tissue dam
age, augmented proliferation and inflammatory cell recruitment, and 
enhanced expression of inflammatory markers, we wanted to elucidate 
whether hepatocytes, liver macrophages, or both, were responsible of 
these pathological changes in the absence of SOCS2 protein. Thus, liver 
macrophages and hepatocytes were isolated from mice and immuno
fluorescence assays were performed to assess the activation of pSTAT5 
and pSTAT3. Of relevance, twenty-four hours post DEN treatment a 
noticeable increase in the activation of both transcription factors was 
detected in SOCS2-lacking liver macrophages, as evidenced by their 
almost generalized nuclear location observed in Fig. 6a. Although this 
activation was also patent in WT macrophages given DEN compared to 
their non-treated controls, there were visible differences between cells 
from both genotypes. Similar results were observed in liver hepatocytes, 
where both pSTAT5 and pSTAT3 were mainly located in the nucleus of 
SOCS2 knockout cells treated with the carcinogen, whereas there were 
some nucleus-stained cells and some cytoplasm-stained ones in 
DEN-treated hepatocytes from WT mice (Fig. 6b). These data suggest the 
important role that SOCS2 plays in the regulation of STAT signalling in 
both cell types, and therefore in the modulation of the inflammatory and 
protumoral responses in HCC. 

3.6. SOCS2 as potential biomarker in human HCC 

To understand the impact of SOCS2 protein and its potential prog
nostic relevance in human HCC, sections from liver biopsies from HCC 

patients were H&E stained and SOCS2 immunoassayed, and SOCS2 
quantification was correlated with histopathological values within the 
Edmondson-Steiner scale. Likewise, sections from liver autopsies from 
healthy individuals were immunostained for SOCS2 and quantified. 
Very interestingly, liver samples from HCC patients displayed a differ
ential pattern of SOCS2 expression depending on the tissue area, being 
neoplastic regions less SOCS2 -marked than non-tumoral ones (Fig. 7a- 
b). Furthermore, within tumoral areas of each patient, those with poorer 
pathological features (Edmondson-Steiner grade 3), typically showed a 
downregulation in SOCS2 expression. Both healthy livers and non- 
tumoral tissue areas surrounding neoplasia showed higher SOCS2 
expression that was especially uniform and regular in the cytoplasm of 
hepatocytes. In contrast, neoplastic cells displayed irregular expression 
of SOCS2, alternating low immunostaining areas with more marked 
regions. Clinically relevant, these results allowed to establish a negative 
correlation between SOCS2 expression and HCC malignancy and suggest 
that SOCS2 may own a potential value as a biomarker for prognosis and/ 
or diagnosis of human HCC (Fig. 7c). However, more samples from HCC 
patients would be necessary to confirm this hypothesis with stronger 
correlation values. Finally, Kaplan–Meier survival analysis of the HCC 
patient’s small cohort revealed that higher levels of SOCS2 were asso
ciated with more favourable outcomes (Fig. 7d). Together, all these 
findings indicate that lower levels of SOCS2 expression are associated 
with the malignant progression of HCC. 

4. Discussion 

It is well-established that chronic inflammation plays a key role in 
the development and progression of HCC contributing to cell prolifera
tion, angiogenesis, and metastases [9]. SOCS proteins have been 
implicated in the regulation of cytokines and growth factors in liver 
diseases, and, in particular, SOCS2 is known to play a crucial role in 
hepatic physiopathology [33,41,42]. Existing studies so far indirectly 
link SOCS2 expression with different cancer prognosis, however, its 
functional and mechanistic involvement in the carcinogenesis and 
tumor progression of HCC has been scarcely studied [16,43]. It has been 
shown that SOCS2 inhibits HCC metastases by regulating GH/JAK/STAT 
signalling pathway in hepatic cells, but little else is known [19]. In this 
study we delved into the impact of SOCS2 deficiency in a mouse model 
of DEN-induced HCC and evaluated the mechanisms by which this 
protein participates in HCC progression. It has been found by compar
ative genomic analyses that gene expression patterns seen in tumors 
from DEN treated mice are similar to human HCC tissue of patients with 
poor prognosis [44,45]. Although it is not strictly considered an in
flammatory liver cancer model, DEN-induced HCC has been reported to 
be highly influenced by inflammatory signals [40]. Furthermore, it has 
been demonstrated that administration of DEN to new-born mice leads 
to DNA alterations by ethylation and consequently to neoplastic foci, 
thereby adult mice eventually develop HCC without sustained alter
ations of the remaining liver tissue [46]. Our data revealed that 
administration of 25 mg/kg DEN to fifteen-day-old mice triggered tumor 
formation in the mouse liver and that SOCS2 deletion increased the 
susceptibility to HCC after 48 weeks, evidenced by more numerous and 
bigger tumors. This concurs with numerous studies that have reported 

Fig. 2. SOCS2 deficiency aggravates liver damage, inflammation and fibrosis in DEN-induced HCC. WT and SOCS2-KO male mice were given a dose of DEN (25 mg/ 
kg) or VEH at 15 days of age and liver tissues were isolated from mice after 24 and 48 weeks, paraffin-embedded and sectioned for staining and quantification. At 
least 10 fields from different mice were counted. (a) H&E staining of liver sections of WT (n = 9–10) and SOCS2-KO (n = 15–20) mice 24 and 48 weeks after VEH or 
DEN injection. High power (x20 magnification) representative microscopic pictures are shown. (b) Histological analysis of malignancy and inflammatory features in 
H&E sections at 48 weeks after DEN injection. ATYP, cell atypia; POLYMOR, cell polymorphism; DIST LOB ARCH, distortion lobular architecture; BROAD TRAB 
STRUC, broadening trabecular structure; LOB INFLAM, lobular inflammation; MICROGRANUL, microgranulomas; PORT INFLAM, portal inflammation. (c) Sirius red 
staining of liver sections of WT (n = 9–10) and SOCS2-KO (n = 15–20) mice 48 weeks after VEH or DEN injection. High power (x20 magnification) representative 
microscopic pictures are shown. (d) Positive staining (red) quantification expressed as % vs total area in Sirius red stained sections at 48 weeks after DEN injection. 
COLAG STAIN, collagen staining. (e) Quantification of hepatic enzyme levels in the serum of WT (n = 9–10) and SOCS2-KO (n = 15–20) mice 48 weeks after VEH or 
DEN injection. AST, aspartate aminotransferase; ALT, alanine aminotransferase. Plots and bars represent mean values ± SEM within each group. Statistical signif
icance is indicated (* p < 0.05 vs WT-VEH, # p < 0.05 vs WT-DEN, $ p < 0.05 vs SOCS2-KO-VEH). 
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HCC onset and progression after more than 40 weeks post DEN admin
istration both in WT and other mice genotypes [10,40,47]. Interestingly, 
although 12 and 24 weeks after HCC induction were not long enough to 
see significant differences between genotypes in the number of animals 
studied, sonographies allowed to evaluate the progression of tumor 
formation without euthanasia. Henceforth, we suggest the use of this 
method as a minimum-invasive alternative to monitor HCC progression 
in mice at early time points. 

When evaluating differences between genotypes in the physiological 
and metabolic parameters along the study, it was essential to regard that 
homozygous socs2-/- mice display gigantism characterized by an in
crease in body weight and length associated with longer bones and 
enlargement of most organs, as well as alterations in major urinary 
protein levels, and thickening of dermal layers [28,39]. 

As mentioned above, DEN is a potent inducer of liver injury, and its 
hallmarks are necrosis, inflammation, and hepatocellular damage [40, 
48]. In addition, HCC livers are known to display profound architectural 
and functional alterations that give rise to severely perturbed tissue 
[49]. Consistently, our model revealed substantial modifications in 
cellular, lobular, and trabecular structures, as well as enhanced numbers 
of infiltrated leukocytes in response to DEN. Remarkably, all these al
terations were significantly worsened in SOCS2-KO mice. This fact can 
be explained by the regulation that SOCS2 protein exerts on GH/STAT 
signalling in the liver [28]. DEN induces carcinogenesis after being 
bioactivated by P4502E1 cytochrome (CYP2E1), among other hepatic 
enzymes, resulting in the appearance of DNA adducts that trigger 
oncogenic mutations that contribute to liver cancer progression under 
proliferative stimulus [50]. GH regulates the expression of CYP2E1 in 
the liver, therefore DEN bioactivation may be potentiated in the absence 
of SOCS2. In addition, lack of this protein leads to the uncontrolled 
activation of the inflammatory signalling mediated by STATs, thus 
increasing inflammatory cell infiltration in the liver of these mice. 
Consistently, it has been described that tumor associated macrophages 
are linked to HCC invasiveness and poor prognosis, which would explain 
the higher malignancy grade found in DEN-treated SOCS2-KO mice 
[10]. Furthermore, high levels of serum ALT and AST were observed in 
tumor bearing mice compared to controls, reflecting that murine liver 
damage is comparable to the human HCC patients, where an increase of 
these enzymes is associated with enhanced HCC risk [51]. 

Hepatic fibrosis is a ubiquitous response to chronic injury of the liver 
and hepatic cells undergo activation from a quiescent to a proliferative 
phenotype that synthesises high collagen levels when there is a liver 
insult [52]. In our model, Sirius red staining was increased in both 
DEN-treated genotypes compared to non-treated controls, but 
SOCS2-lacking animals exhibited a stronger fibrosis in liver lesions 
probably as a response of the enhanced tissue injury already observed in 
H&E sections. Curiously, as SOCS2 is a key regulator of STAT5 signalling 
in the liver, one might expect that STAT5 would be the major respon
sible of driving aggravated fibrosis in SOCS2-KO mice. However, other 
studies with transgenic mice have reported a protective role of STAT5 in 
liver fibrosis [53,54]. In our model, where there is a total deficiency of 
SOCS2, the hyperactivation of STAT5 has been demonstrated in liver 
tissues. But it is not the unique STAT that is upregulated; also, STAT3 has 
shown significantly higher phosphorylated levels in DEN-treated 

SOCS2-KO mice compared to their controls. Therefore, this could 
explain that not only STAT5 but also STAT3 would be orchestrating the 
enhanced fibrosis in these animals through the regulation of its target 
pro-fibrotic genes including tgfβ and collagen1, among others [53–55]. 

AFP has long been accepted as a biomarker for clinical liver cancer 
diagnostic and prognostic analyses [56,57]. This protein is normally 
found at extremely low levels in the liver of healthy adult animals, as its 
synthesis is rapidly repressed at birth in the liver and gut [58]. However, 
it is known to be reactivated in HCC. In our model, the positive AFP 
staining in both groups of treated mice compared to controls indicate the 
efficient HCC induction in response to DEN administration. However, 
and consistently with all our previous data, there was a more marked 
AFP expression in SOCS2-KO animals corresponding to more advanced 
liver lesions with a poorer prognosis. 

Upon death-induced stimulus, hepatocytes release factors that acti
vate liver resident macrophages and promote the infiltration of circu
lating monocytes into the liver which activates the inflammatory 
response [59]. In this regard, an increased accumulation of the cell 
membrane macrophage marker F4/80 was observed in tumor bearing 
animals with more marked expression observed in SOCS2 lacking mice. 
These data synchronise with the observations in H&E mouse liver sec
tions, where significantly more inflammation evidenced by the 
increased number of inflammatory foci and microgranulomas was 
observed in knockout mice. 

This inflammatory state generated in the liver drives in turn the 
compensatory proliferation of hepatocytes leading to the initiation and/ 
or progression of HCC development [60]. In addition, exposure to DEN 
induces hepatocyte death which results in a more intense compensatory 
proliferative response by the surviving fraction of these cells. Therefore, 
it was not surprising to find elevated staining levels of pCNA in 
DEN-treated animals, with even more higher numbers in SOCS2-lacking 
ones, due to the more aggressive tissue damage and more intense in
flammatory response. 

This loop of inflammation and uncontrolled proliferation in the liver 
of DEN-induced HCC is further accompanied by the expression of co- 
stimulatory molecules including proinflammatory cytokines and che
mokines by resident and infiltrated leukocytes that aggravate the disease 
progression. So, as expected, in our model, DEN treatment significantly 
up-regulated sets of genes modulating the inflammatory response. Sig
nificant differences observed between WT and SOCS2-KO mice can be 
reasonably explained by the fact that SOCS2 is a key regulator of cyto
kine signalling and its loss has a deep effect in the dysregulation of these 
molecules. This has special relevance in the case of IL-6, which elevated 
levels in the liver are associated with acute and chronic diseases [61]. 
This cytokine binds directly to the receptor in the membrane of hepa
tocytes, activating proinflammatory and oncogenic signals via the 
JAK-STAT3 pathway [62]. Because IL-6 is more abundant in the absence 
of SOCS2, it may own crucial responsibility in the exacerbated inflam
matory and oncogenic responses observed in SOCS2-KO tumor bearing 
mice. In fact, most of the oncogenic mediators found upregulated in this 
group of mice are key target genes of JAK/STAT signalling [63]. 

Remarkably, although STAT5 is the main STAT member subjected 
under SOCS2 regulation, is not the unique; also, STAT3 is under SOCS2 
control, and both proteins establish a crosstalk that regulates their level 

Fig. 3. Lack of SOCS2 increases the marker levels of HCC diagnosis, proliferation, and macrophage detection in DEN-treated mice. WT and SOCS2-KO male mice 
were given a dose of DEN (25 mg/kg) or VEH at 15 days of age and liver tissues were isolated from mice after 48 weeks, paraffin-embedded and sectioned for staining 
and quantification. At least 10 fields from different mice were counted. (a) Alpha-Fetoprotein (AFP) expression determined by immunohistochemistry in liver 
sections of WT (n = 9–10) and SOCS2-KO (n = 15–20) mice 48 weeks after VEH or DEN injection. High power (x20 magnification) representative microscopic 
pictures (left) and quantification of AFP positive staining expressed as % vs total area (right) are shown. (b) Proliferating cell nuclear antigen (pCNA) expression 
determined by immunohistochemistry in liver sections of WT (n = 9–10) and SOCS2-KO (n = 15–20) mice 48 weeks after VEH or DEN injection. High power (x20 
magnification) representative microscopic pictures (left) and quantification of pCNA positive-stained cells expressed as % vs total cells (right) are shown. (c) F4/80 
macrophage marker expression detected by immunohistochemistry in liver sections of WT (n = 9–10) and SOCS2-KO (n = 15–20) mice 48 weeks after VEH or DEN 
injection. High power (x20 magnification) representative microscopic pictures (left) and quantification of F4/80 positive staining expressed as % vs total area (right) 
are shown. Bars represent mean values ± SEM within each group. Statistical significance is indicated (* p < 0.05 vs WT-VEH, # p < 0.05 vs WT-DEN, $ p < 0.05 vs 
SOCS2-KO-VEH). 
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Fig. 4. SOCS2 knockout mice show hyperactivation of inflammatory, oncogenic, and proliferative signalling pathways during HCC. WT and SOCS2-KO male mice 
were given a dose of DEN (25 mg/kg) or VEH at 15 days of age and liver tissues were isolated from mice after 48 weeks. Total protein from livers was extracted and 
cell lysates were prepared for Western blotting for phosphorylated antibodies, followed by stripping and re-staining with total antibodies and β-actin as a loading 
control. Representative images (left) from n = 2–3 independent experiments and protein band quantification (arbitrary units, a.u.) normalized by β-actin (right) are 
shown for (a) pSTAT5, STAT5, pSTAT3, STAT3; (b) CMYC, PIM1; (c) pERK1/2, ERK1/2, pAKT, AKT, pJNK, and JNK antibodies. Bars represent mean values ± SEM 
within each group. Statistical significance is indicated (* p < 0.05 vs WT-VEH, # p < 0.05 vs WT-DEN, $ p < 0.05 vs SOCS2-KO-VEH). 
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Fig. 5. SOCS2 deficiency enhances the expression of genes involved in inflammatory responses and oncogenic signalling during HCC. WT and SOCS2-KO male mice 
were given a dose of DEN (25 mg/kg) or VEH at 15 days of age and liver tissues were isolated from mice after 48 weeks. mRNA from livers was extracted and gene 
expression was analysed by Real-time quantitative PCR. Quantification of mRNA levels (normalized by 36b4 housekeeping gene and expressed as fold changes vs WT- 
VEH) of (a) the inflammatory mediators tnfα, il-6, il-1β, ccl2, inos, and f4/80, and (b) the oncogenic factors pim1, cmyc, cd34, p53, gstp1, and igf1, are shown. Bars 
represent mean values ± SEM within each group. Statistical significance is indicated (* p < 0.05 vs WT-VEH, # p < 0.05 vs WT-DEN, $ p < 0.05 vs SOCS2-KO-VEH). 
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Fig. 6. SOCS2 deletion alters the activation of pSTAT5 and pSTAT3 in liver macrophages and hepatocytes in response to DEN. Cells from total livers from 12 to 15- 
week-old WT and SOCS2-KO male mice were isolated and separated by gradient into hepatocyte and macrophage populations. Cells were seeded and treated for 24 h 
with DEN (100 µg/mL) or VEH and subjected to immunofluorescence staining protocol with pSTAT5 and pSTAT3 antibodies. (a, b) Confocal microscopy repre
sentative images of (a) pSTAT5 and (b) pSTAT3 in macrophages from WT (left) and SOCS2-KO (right) mice. (c, d) Confocal microscopy representative images of (c) 
pSTAT5 and (d) pSTAT3 in liver hepatocytes from WT (left) and SOCS2-KO (right) mice. Images are illustrative of two independent experiments. White arrows 
indicate detailed augmented images of each condition. 
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Fig. 7. SOCS2 is a good biomarker of human HCC. Paraffin-embedded livers from human biopsies and autopsies were sectioned, stained, and quantified. At least 10 
fields from each sample (case) were evaluated (Edmondson-Stainer Grade in H&E) or counted (SOCS2). (a) Representative images (x20 magnification) of SOCS2 
immunohistochemistry of the healthy tissue (left, first column) from healthy individuals (n = 7), the non-tumoral area (middle, second column) and the neoplastic 
area (middle, third column) from HCC patients (n = 12), and H&E staining of the neoplastic area (right, fourth column) of livers from HCC patients (b) Quantification 
of SOCS2 positive staining expressed as % vs total area. Bars represent mean values ± SEM of each patient/individual. Statistical significance is indicated (* p < 0.05 
vs Healthy tissue, # p < 0.05 vs Non-tumoral area). Abreviations used: HT, healthy tissue; NT, Non-tumoral area; T, Tumoral (neoplastic) area. (c) Correlation study 
between SOCS2 positive staining and Edmondson-Stainer Grade. Plots represent each individual case. (d) Kaplan–Meier analysis of the correlation between SOCS2 
positive staining ( %) and overall survival in HCC patients. High SOCS2 expression refers to neoplastic areas with 25–50 % positive SOCS2 staining, and low SOCS2 
expression to those between 0 % and 25 %. Statistical significance is indicated (* p < 0.05 vs low SOCS2 expression). 
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of expression [64]. Indeed, it has been reported that hepatic STAT5 
deficiency is linked to compensatory activation of STAT3, which accel
erated tumorigenesis in mice [65]. Therefore, it was not surprising to 
find an up-regulation of both transcription factors when evaluated total 
protein extracts from DEN-treated SOCS2-KO mouse liver samples. 
Interestingly, these results were further validated in vitro both in hepa
tocytes and liver macrophages, where DEN exposure triggered an 
hyperactivation and nuclear translocation of STAT5 and STAT3 that was 
notably more marked in SOCS2 deficient cells. Furthermore, and 
considering the close crosstalk between different intracellular signalling 
pathways, other key molecules involved in cell proliferation and sur
vival, were also affected by SOCS2 deficiency in our model. It is widely 
known that STAT family members are closely interconnected with ERK, 
AKT, and other protein kinases, and their expression can depend one to 
another [66]. Interestingly, activation of ERK and PI3K/AKT has been 
reported to be concomitant to JAK/STAT activation in HCC cells, and 
previous studies have demonstrated that JNK activation can induce 
hepatocyte damage in response to TNFα [67,68]. Hence, our protein 
expression results only corroborate that SOCS2 deficiency is effectively 
potentiating the STAT-mediated inflammatory response thereby acti
vating other oncogenic, proliferative, and inflammatory cascades that 
perpetuate liver tissue damage in HCC mice. 

Considering the noiseless and asymptomatic features of HCC during 
first stages, the prognostic tools existing to assess HCC patient risk 
remain scarce. Therefore, new strategies are needed based on the 
identification of new molecules with potential prognostic value [69]. In 
this sense, we detected the expression levels of SOCS2 protein in tumor, 
para-tumor, and normal liver tissues in samples from HCC patients and 
healthy individuals. Very interestingly and clinically relevant, quanti
fications resulted in a significantly lower expression of this protein in 
those areas that corresponded to neoplastic regions compared to healthy 
tissue. Additionally, and concurring with previous studies in gene 
expression profiles from multiple databases, the correlation analysis 
showed that SOCS2 protein reduction was significantly correlated with 
more severe lesions according to Edmondson-Steiner grade [19,70,71]. 
Furthermore, we found that higher levels of SOCS2 expression are 
associated to longer HCC patient survival time, as it has also been re
ported by others [71]. Therefore, our results suggest that SOCS2 is being 
downregulated in liver neoplasia, which is triggering a more aggressive 
development of HCC, and that SOCS2 expression is preventing sur
rounding liver tissue to undergo damage not only in mice but also in 
human HCC. However, the relatively low number of patient samples that 
we had access to, limited the performance of a deeper and more 
extended analysis of the prognostic/diagnostic value of SOCS2 in human 
HCC. 

Collectively, our data suggest that SOCS2 is closely associated with 
murine and human HCC and its expression prevents liver carcinogenesis 
through the regulation of STAT5 and STAT3 signalling. These findings 
may provide useful insight for developing new therapeutic strategies for 
the treatment and/or prognosis of HCC. 
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