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Abstract

Sequential progression from chronic liver disease to fibrosis and to cirrhosis culminates in 
neoplasia in hepatocellular carcinoma (HCC). The preneoplastic setting of the cirrhotic back-

ground provides a conducive environment for cellular transformation. The role of classical 

inflammation in cirrhosis is widely known, but the exact mechanism linking inflammation and 
cancer remains elusive. Recent studies have elucidated roles for NF-κB, STAT3 and JNK as 
possible missing links. In addition, the “inflammasome” (a multiprotein complex and sensor of 
cellular damage) is a recently identified player in this field. The hallmarks of cirrhosis include 
necroinflammation, deposition of extracellular matrix and shortening of telomeres, leading to 
senescence and regeneration. Additionally, the accumulation of genetic/epigenetic changes 
propels atypical cells toward a malignant phenotype. This review provides recent information 

on the classical inflammatory pathway, together with a spotlight on inflammasomes and the 
immunomodulatory role of cellular senescence during the progression from cirrhosis to HCC. 

Moreover, lacunae in the current knowledge were identified and key questions raised on 
whether the observed adaptive responses are beneficial or detrimental to tissue homeostasis 
in a complex organ like liver. Copyright © 2013 S. Karger AG, Basel
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Introduction

Hepatocellular carcinoma (HCC) is a complex disorderly state involving multiple events 

and etiologies, typically viral hepatitis and metabolic syndrome. Intriguingly, the incidence 

of HCC in men is four times that in women [1]. The majority of cases occur against a back-ground of chronic inflammation, and this has been confirmed by several clinical and epi-
demiological studies. The occurrence of HCC is often associated with multiple risk factors such as persistent infection with hepatitis virus, chronic alcohol consumption and aflatoxin 
B1 exposure. Additionally, metabolic disorders such as diabetes and obesity are also con-

sidered risk factors for liver cancer. Regardless of the etiology, the neoplastic lesion usually originates on a bed of chronic necroinflammation that sequentially progresses from fibrosis to cirrhosis and finally culminates in HCC (fig. 1, 2). However, a small fraction of cases occur 

in the absence of cirrhosis. Like any other neoplasia, the development of HCC is a multi-

event process involving series of genetic alterations, such as mutations and copy number 

variations, and epigenetic events such CpG island methylation and histone acetylation/

deacetylation that lead to deregulated expression of various genes. Since cirrhosis precedes 

neoplastic transformation, it is important to understand the key hallmarks of cirrhotic liver, which include necroinflammation and telomere shortening, which lead to senescence and 
the appearance of regenerating nodules. Each of these apparently adaptive features in liver 

pathology (which sometimes exhibit opposing functions) plays a role in the progression to 

neoplasia.
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Fig. 1. Diagrammatic representation of various pathological changes associated with liver disease pro-gression. Necroinflammation and telomere shortening are hallmarks of the early stages of chronic liver disease that finally lead to fibrosis and cirrhosis. Some regenerating nodules in the cirrhotic liver show 
atypical cells that progress toward dysplasia and culminate as a neoplastic lesion. Neoplasia is accom-panied with telomerase activation and accumulations of genetic/epigenetic alterations (see fig. 5).
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Inflammatory Bed, Inflammasomes and Regenerating Nodules during Cirrhosis 
as a Prelude to HCCA link between chronic inflammation and cancer was first proposed by Rudolf Virchow 

in 1863. This link was revisited in the recent seminal theory on hallmarks of cancer as pro-posed by Hanahan and Weinberg, wherein inflammation is now considered an important fac-tor leading toward cancer progression [2]. Local inflammation in hepatic tissue is driven by infiltrating immune cells (monocytes/macrophages, T lymphocytes and neutrophils) and also 
by resident liver nonparenchymal cells [Kupffer cells, dendritic cells, liver sinusoidal cells and 

hepatic stellate cells (HSCs)]. In a complex organ such as the liver, different cell types can se-

crete diverse cytokines/chemokines, and the resulting cocktail constitutes a “secretome” that leads to immunomodulation that manifests as an acute or chronic inflammatory response. Chronic inflammation acts as a favorable preneoplastic setting.

Normal

a b c

d1

e1

f1

f2

e2

d2

d3

Ductular 
Reactions

Dysplasia

HCC in Non-cirrhotic 
Background

HCC in Cirrhotic 
Background

CirrhosisInflammation

Fig. 2. Chronological representation of histopathological events during progression toward HCC. The 
majority of HCC lesions occur against a cirrhotic background (green asterisk), whereas in rare instances 

it can also occur against a noncirrhotic background (red asterisk). Typical histopathology sections during 

disease progression are shown: (a) normal liver (×200), (b) chronic hepatitis with marked portal/peri-portal chronic inflammation (×100), (c) cirrhosis with regenerating parenchymal nodules separated by active fibrous septa (×40), (d1) ductular reaction in cirrhosis (×100), (d2) ductular reaction with different stages of differentiation toward hepatocytes in a regenerating nodule (×200), (d3) large cell changes in regenerating nodule in cirrhosis (×100), (e1) large cell dysplasia (×200), (e2) small cell dysplasia (×200), 
(f1) HCC with thick trabeculae of malignant hepatocytes (×200) and (f2) HCC with trabeculae and pseu-doacinar transformation in a noncirrhotic background (×40).
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The Classical Inflammatory ResponseInflammation due to liver injury plays an important etiological role in hepatobiliary can-

cer regardless of the presence or absence of microbes (bacteria and hepatitis viruses) or en-dotoxins. Two classes of inflammation occur in the context of liver: persistent inflammation 
as a result of hepatitis virus or microbial attack resulting from breaches of the gut–liver axis; sterile inflammation associated with alcohol abuse, nonalcoholic steatohepatitis (NASH) and 
drug-induced liver injury.The acute inflammatory response occurs immediately or in minutes, hours or days fol-lowing injury. Normally, this is a physiologically beneficial response that helps in clearing 
injured hepatocytes and leads to wound healing. When this process fails, an overdrive of immune cells occurs that perpetuates as chronic inflammation [3]. As the name suggests, chronic inflammation is a prolonged progressive process lasting for months that tilts the homeostasis more toward damage than toward healing. In liver, chronic inflammation even-

tually sets the stage for progression toward cirrhosis and eventually to HCC.Hepatocyte injury resulting from microbial or sterile etiologies first activates the resi-
dent liver immune cells and later facilitates the recruitment of nonresident immune cells to liver, thereby mounting a strong inflammatory response. The strategic location and diverse functions carried out by liver mean that it also acts as a specialized lymphoid organ [4]. 
The circulatory network of the portal vein, hepatic artery, sinusoids and the gut  –liver axis imparts a unique immune environment to liver. Immunologically active resident liver cells 
include Kupffer cells, liver dendritic cells, T cells, natural killer T cells and natural killer (NK) 

cells. Additionally, parenchymal hepatocytes and nonparenchymal liver cells such as HSCs and liver sinusoidal endothelial cells (LSECs) can work as antigen presenting cells [5]. Thus, 
the active immune compartment in liver makes it a major organ associated with strong in-flammatory reactions. In general, whenever there is microbial infection, pattern recognition 
receptors, which include the membrane-bound Toll-like receptors (TLRs) and C-type lectins, are activated to switch on the signaling cascade that drives production of proinflammatory 
cytokines. Despite this wealth of background information available on the classical inflammatory response in liver, lacunae exist in our understanding of the molecular link between inflam-mation and HCC. The transgenic mouse model of inflammation has proven an extremely useful tool in understanding this link. Studies have confirmed the importance of the NF-κB–STAT3 inflammatory nexus as a missing link [6–8]. One important study used mdr2−/− mice, which develop cholangitis, chronic liver inflammation and finally HCC [6]. In this in-flammatory mouse model, the tumor necrosis factor (TNF)–NF-κB axis was found to have a procarcinogenic effect on liver. Inhibiting the NF-κB circuitry by either treatment with anti-TNF-α or with induction of its repressor IkB prevented inflammation, thereby inhibiting 
HCC tumor progression. In another transgenic mouse model, the expression of lymphotoxin (LT) heterodimers caused chronic inflammation with infiltration of T, B and dendritic cells in liver accompanied with elevated production of cytokines [interleukin 1β (IL-1β), interferon γ (IFN-γ) and IL-6], eventually culminating in HCC [7]. When these LT transgenic mice were crossed with IkkβΔhep mice, the resulting transgenic mice showed reduced liver inflamma-

tion and no occurrence of HCC. Additionally, in LT transgenic mice models, it has been shown that NF-κB activation leads to production of chemokines such as CXCL10 (which attracts T and NK cells), CXCL1 (which attracts T cells, B cells and neutrophils) and CCL7 (which at-

tracts monocytes). This process eventually leads to chemoattraction and immunomodula-tion favoring hepatitis. Thus, the inflammatory mdr2−/− and LT transgenic mouse models clearly point toward NF-κB as the link between inflammation and cancer. These findings were corroborated by studies of human HCC in which activation of NF-κB is a frequent and 
early event, regardless of the etiology [8, 9]. 
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In a fairly recent development, transcription target STAT3 was reported as another cru-cial link between inflammation and HCC progression [10]. Using mouse models of noninfec-tious processes such as obesity, it has been shown that proinflammatory cytokines such as IL6 and TNF lead to activation of downstream target STAT3, which then pushes the liver micro-environment toward an oncogenic setting, thereby promoting neoplastic transformation (fig. 
3) [10]. Recent findings show that male mice lacking IL6 (−/−) and TNFR (−/−) are protected 
from obesity-promoted liver tumorigenesis. Interestingly, STAT3 is preferentially activated in 

human HCC, but not in the surrounding normal hepatocytes, and STAT3 activation is corre-

lated with tumor aggressiveness [11].Work led by Roger Davies and colleagues has elegantly dissected the complex dual role of c-Jun N-terminal kinase (JNK) in liver inflammation and carcinogenesis. Briefly, their work showed that JNK activation in the nonparenchymal compartment leads to inflammation, while in the parenchymal compartment JNK activation prevents the development of HCC [12, 
13]. Their work used a mouse model to reveal that JNK activation in hematopoietic cells, but not in hepatocytes, plays an active role in production of inflammatory cytokine TNF-α in he-patic tissue [12], thereby leading to hepatitis. More recently, the same team indicated that the pro-inflammatory role of JNK results from macrophage polarization toward the M1 subtype, which induces an inflammatory Th1 immune response [14]. In contrast, they also reported 
that JNK activation in the parenchymal compartment promotes hepatocyte survival and, by 

preventing regenerative events, promotes tumor suppression [13].
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Fig. 3. Inflammation is a hallmark of injured liver. The inflammatory response, caused by viral (microbial attack) or nonviral etiologies (sterile attacks), leads to production of proinflammatory cytokines such as IL6, TNF-α, IL1 and IL18 through inflammasome-independent or -dependent pathways. The inflamma-

some component provides a platform for activation of caspase, which in turn cleaves Pro-IL1/IL18 to their active forms. Proinflammatory cytokines, through activation of transcription factors or by yet unknown 
mechanisms, make the hepatic milieu a fertile zone for cellular transformation. The accompanying patho-logical stages are shown in the right panel. DAMPS= damage-associated molecular patterns.
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The gender disparity in the incidence of HCC has also proven a fascinating link between proinflammatory cytokine IL6 and the higher cancer incidence in males [15, 16]. Using the carcinogen diethylnitrosamine (DEN)-treated rodent model, it has been shown that male 
mice with HCC exhibited higher levels of IL6 in serum compared to female mice, which are resistant to DEN-induced tumors [15]. This report concluded that “IL-6 ablation abolishes the male bias in DEN-induced HCC development, while ovariectomy enhances IL-6 produc-

tion and augments HCC induction in female mice.” The fact that IL6 is mainly produced by Kupffer cells raises a question regarding gender bias in Kupffer cell activation that has not 
currently been addressed. The liver is a sexually dimorphic organ, and gene expression pat-terns are distinct in male and female liver [17, 18]. Is there, one wonders, a gender bias in the immune response itself? It was recently hypothesized that X-linked microRNAs may provide an immunological advantage to females [19]. Dissection of the gender bias in the proinflam-

matory response with respect to preferential microRNA or transcription factor activation 

and its role in the progression from cirrhosis to HCC remains a challenge to be addressed.In recent years, the role of infiltrating monocyte-derived macrophages in inflammation and fibrosis has received much attention, in addition to the already well-studied aspects of the resident innate Kupffer cells, dendritic cells and NK and NKT cells [5]. Human monocytes are classified as classical (CD16+CD16–), intermediate (CD14+CD16+) and nonclassical (CD-14dimCD16+) types [20]. The different scenarios of acute and chronic inflammation may differ depending on the trafficking of monocytes and the subset ratio of monocytes at the site of inflammation [21]. Nonclassical monocytes are recruited and drive liver fibrogenesis during chronic inflammation of liver [22]. Further, higher expression levels of CCR2, CCR1 and CCR5 have been observed in fibrotic and cirrhotic livers. It has been also noted that per-petuation of chronic inflammation occurs due to a preferential differentiation of monocytes into nitric oxide synthase-producing macrophages, which in turn exert profibrogenic actions by activating HSCs [23]. It remains to be seen whether the peripheral monocyte subset can 
be used as a diagnostic/screening marker for liver disease progression and whether thera-

peutic modulation of chemokines will affect the monocyte subset ratio to prevent chronic in-flammation. A role for LSECs in liver inflammation has been proposed. In normal liver, LSECs actively prevent fibrosis by maintaining HSCs in a quiescent state [24]; however, in hepatic fibrosis, they promote inflammation by inducing a strong cytotoxic T cell response. LSECs themselves do not produce inflammatory cytokines; however, they induce T cells to produce proinflammatory mediators such as IL-6, IFN-γ, TNF-α and MCP-1 [25].Accumulating data suggest the involvement of naturally occurring CD4+CD25high regula-tory T cells (Tregs) in cirrhosis. Reports of chronic inflammation in autoimmune disorders such as rheumatoid arthritis suggest that increased infiltration of Foxp3+Tregs in damaged organs and at the sites of inflammation has a suppressive role in combating injurious inflam-mation [26]. In nonautoimmune diseases such as chronic viral hepatitis and primary bili-
ary cirrhosis, studies have suggested that Tregs are involved in the maintenance of chronic inflammation [27, 28]. In support of the latter finding, recent work from our group has in-dicated a role for Tregs coupled to activation of Notch and TGF-β in perpetuation of the in-flammatory response during liver disease progression in cirrhosis and HCC in chronically hepatitis B virus (HBV)-infected patients [27] (fig. 4). Based on the above background information, it is evident that inflammation, through 
activation of classical pathways, is a distinct feature of most states of liver disease, regard-less of its etiology. Acute inflammation is protective, whereas chronic inflammation initiates necroinflammation, tissue remodeling and an oxidative microenvironment. Oxidative bursts trigger DNA damage and genomic aberrations that finally culminate in neoplasia. The chal-
lenge remains of identifying the nature of immune/nonimmune cells and the cocktail of che-

mokines/cytokines constituting the secretome that can differentiate acute versus chronic 
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inflammatory responses in different settings of liver disease, e.g., fibrosis, cirrhosis, dysplastic nodules and neoplasia. Future goals should include therapeutic strategies to prevent chronic inflammation and to divert tissue homeostasis toward normalcy. A pertinent step would be to exploit NF-κB, JNK, STAT3 and monocyte polarization as therapeutic targets to prevent chron-ic inflammation and prevent disease progression.
Inflammasomes
Recent studies found that the immune compartment includes a specialized intracellular multiprotein complex called the inflammasome, which fosters the maturation of proinflam-

matory cytokines such as IL-1b and IL18 needed for the innate immune response and tissue homeostasis [29]. Inflammasomes essentially function as sensors, monitoring the signals in-

stigated by tissue injury or dying cells, thereby recognizing the intracellular danger signals via NOD-like receptors (NLRs) [30]. NLRs have three defined domains: the leucine-rich-repeat 
(LRR) domain that binds the ligands, an oligomerization domain called NACHT with dNTPase activity, and a caspase recruitment domain (CARD). The LRR domain senses ligands that in-

clude pathogen-associated molecular patterns and molecules released during tissue injury, such as extracellular ATP, hyaluronan, saturated fatty acids amyloid-β fibrils and uric acid [31]. Once a danger signal is sensed by NLRs, it oligomerizes via the NACHT domains, thereby recruiting pro-caspase-1, which in turn activates caspase-1. Thus, inflammasomes act as spe-cialized platforms for active caspase-1 to cleave its substrates IL-1β and IL-18 (fig. 3). In-flammasome activation, in turn, is responsible for local and systemic inflammatory reactions, recruitment of neutrophils and platelets and activation of the innate immune system [32,33].Inflammasomes are not restricted to immune cells but constitute an important sensing 
mechanism in the nonimmune compartment also. In the context of hepatic tissue, multimeric inflammasome components are present in both parenchymal and nonparenchymal cells [34]. Briefly, the different inflammasomes are categorized as NLRP1, NLRP3, NLRC4 and AIM2. Of these different types, NLRP3 occurs prominently in hepatocytes [35], stellate cells [36] and 
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sinusoidal endothelial cells [37]. Kupffer cells are a major source of IL-1β [38], thereby indi-cating the importance of inflammasomes in initiating the pro-inflammatory response. High expression of inflammasome components in fibrotic lesions was found using animal models 
involving CCl4 treatment or bile duct ligation [33].The role of the inflammasome has been now demonstrated in acetaminophen- [37] and LPS-induced liver injury [39], viral hepatitis [40] and more elaborately in alcoholic and non-alcoholic fatty liver disease [35, 41, 42]. The proof of concept for involvement of inflamma-

somes in liver disease progression comes from studies on knockout mice in which different components of the inflammasome were deleted. Some contradictions exist in the findings 
of these model studies. Studies using the acetaminophen liver injury model show liver pro-tection in NLRP3 inflammasome (ASC, NLRP3, caspase-1) knockout mice [37]. In contrast, the absence of inflammasome components (Asc−/−, and caspase-1−/− and NLRP3−/− mice) 
enhances the progression of nonalcoholic fatty liver disease and NASH in mice fed with a methionine-choline-deficient diet [42]. Additionally, it was shown that the absence of in-flammasomes affects the gut–liver axis as it resulted in microbial dysbiosis and inflamma-tion in liver through the influx of Toll-like receptor (TLR)4 and TLR9 agonists into the portal circulation [42].These contrasting findings on inflammasomes and liver disease progression can be ex-plained by the complexity of the pro-inflammatory multimeric components, the cell type in 
which it gets activated and the different etiologies of liver injury. Nonetheless, it is clear that inflammasome-dependent processing of the proinflammatory response is intricately associ-
ated with a pro/anti response in the context of liver damage either dependent or indepen-dent of the gut-axis connection. Future studies with knockout mice will throw more light on inflammasome-mediated protective versus promotive effects in liver neoplastic progression.

Ductular Reaction, Regenerating Nodules and the Genomic and Epigenomic Landscape for 
HCC DevelopmentHCC almost always occurs in a histologically abnormal liver. Overtly active immune cells in chronic settings produce a proinflammatory cytokine storm that results in tissue injury as a result of hepatocyte cell death.  Commonly referred to as necroinflammation, this phe-

nomenon is characterized by increased ductules around the portal tract with accompanying inflammatory cells and stromal changes [43]. This ductular reaction has gained prominence 
because it indicates a regenerative response by intrinsic liver cells. In fact, the proximal 

branches of the biliary tree, including the bile ductules and the canals of Hering, constitute a special niche for the stem/progenitor cell compartment [44]. The immediate response to necroinflammation and cellular death is deposition of extra-cellular matrix (ECM) by activation of HSCs and activation of mature hepatocytes to prolifer-

ate and regenerate. However, in severe liver damage, proliferating hepatocytes are unable to regenerate the liver because of cellular senescence or growth arrest [45]. In such scenarios, ductal reactions (DRs) are evoked as a second-line defense by which the reserve progenitor cell population is activated to recoup the damaged hepatocytes. The final manifestation of histologically diverse DRs and parenchymal regeneration occurs in the form of regenerating nodules (RNs) or hepatocyte buds, which are hallmarks of cirrhotic liver [44, 46]. The mo-lecular mechanisms, the cytokine/chemokine cocktail of the inflammatory secretome and the subset of immune cells that promote initiation of DRs and RNs remain to be elucidated. An important question in the context of RNs is the origin of the cells. The cells within 
RNs express markers of hepatic (HepPar1) and biliary lineages (cytokeratin 19), depend-ing upon the degree of proliferation and differentiation of hepatic progenitor cells [47]. The regenerating nodules can be either polyclonal or monoclonal in origin [48]. The monoclonal 
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origin of RN cells was reported by Lin et al [49], who stated that the cells of origin are more 
likely to be a facultative stem cell from the biliary tree.

It is now well accepted that cirrhosis is often a prelude to HCC, irrespective of the under-lying etiology, and this leads to the question whether RNs are premalignant lesions. In general 
the RN is benign in nature. However, with the passage of time, they are increasingly likely to develop into dysplastic nodules, which represent a premalignant state [50]. Intriguingly, not 
all dysplastic nodules progress to neoplasia, and it was recently reported in a case–control study that low- or high-grade dysplastic nodules either regressed or remained static [51].

Then what gives the growth advantage to hepatocytes in the RN that leads toward neo-

plasia? The exact molecular mechanism initiating the RN is still unclear, but generally it is believed that deposition of ECM triggers activation of progenitor cells. The role of various hepatocyte mitogens (e.g., EGF, HGF, TGF-α and amphiregulin) in hepatocyte proliferation is 
known, yet there is no one single mechanism attributed to HCC development because of the complexity of the disease. The rapid rate of cellular proliferation in a milieu of inflammatory background predisposes the hepatocytes or liver stem cells to accumulate DNA damage and, when left uncorrected, this leads to accumulation of genetic/epigenetic alterations [52, 53]. 
The genomic aberrations in RNs will thereby transform the preneoplastic lesion to dysplastic nodules, and finally the malignant transformation to early HCC will take place.

With the advent of new technologies in the postgenomic era, rapid progress has been 

made in identifying genomic aberrations that lead to progression toward neoplastic growth (fig. 5). In the context of liver, polymorphisms in genes such as IFN-γ, TNF-α, IL-10, MCP2 and factor V Leiden have been associated with progression from fibrosis to cirrhosis [54–56]. Us-

ing a genomic scan approach, a seven gene variant signature was found to be associated with progression toward cirrhosis in HCV-infected patients [57]. The cirrhosis risk score (CRS) is 
based on the occurrence of single nucleotide polymorphisms (SNPs). The seven signature SNPs include following genomic locations: Toll-like receptor 4 (TLR 4), syntaxin binding pro-tein 5-like (STXBP5L), antizyme inhibitor (AZIN), transient receptor TRPM5, potential cation 

channel AQP2 subfamily member, the intergenic region between degenerative spermatocyte 

homolog 1(DEGS1) and nuclear valosin-containing protein-like (NVL). The seven-gene signa-ture was found to be a useful prognostic marker for progression of HCV-associated liver dis-ease [58]. It is not yet clear whether predictions based on CRS using the same SNP signature will hold true for other chronic liver disease with etiologies such as HBV or steatosis.
Previously, p53 mutations were noted in RNs of cirrhotic liver with an incidence of 7.7– 58.8%, depending on the nodule. More recently, two studies have shown mutations in telom-

erase genes TERT and TERC in cirrhosis, albeit at a lower frequency [59–61]. Importantly, 
epigenetic silencing resulting from CpG methylation, particularly in the tumor suppressor genes, has also been noted in liver disease. In this regard, the most frequently altered gene is 
RASSF1A, for which promoter methylation is noted at high frequency during progression from cirrhosis to dysplastic nodules to HCC [62, 63]. An increased frequency in CpG island methyla-

tion has also been noted for genes such as p16 and COX2 in HBV-infected dysplastic nodules 
and HCC [63].

The following key points have emerged from recent landmark studies that evaluated the genetic landscape of the HCC exome using next-generation sequencing: (a) the most frequent mutations (48% of HCC cases) occurred in the Wnt/β-catenin pathway with either activating mutations in β-catenin (32%) or inactive mutations in AXIN1 or APC (16%); (b) alterations in p53/cell cycle check point control were the next most frequent in HCC, with inactivations in 
the TP53 gene and encoding interferon regulatory factor 2 (IRF2) which interacts with mdm2, an inhibitor of p53; (c) the third most frequent alterations occurred in the chromatin remod-

elers ARID1A and ARID2; and (d) the least altered genes appeared in the PI3 K/Ras signaling pathway and those involved in oxidative stress [64, 65]. In support of these findings, work 
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published from our own group has suggested infrequent RAS mutations in HCC; however, we 

found unusually low levels of Ras protein in HCC, suggesting the involvement of wild-type 

RAS as a possible tumor suppressor [66].To summarize the first section of this article, it is apparent that parenchymal/nonparen-chymal compartments, either through direct TLR activation or through inflammasomes, pro-mote the generation of local inflammatory bursts in response to tissue injury for wound healing and resolving. However, a persistent inflammatory response caused by overtly active immune cells results in oxidative DNA damage leading to genomic/epigenomic alterations, 
thereby affecting cellular metabolism and making conditions favorable for progression to-ward neoplasia. The challenging issues ahead involve identification of dysregulated  immune cell subset together with their gene expression signatures and the inflammatory secretome involved in the stepwise progression from inflammation to cirrhosis  leading to neoplasia in 
liver. 

Cellular Senescence: The Yin and Yang in HCC ProgressionCellular senescence reflects a condition of permanent growth arrest from which the cell cannot reenter the cell cycle [67, 68]. There are two basic mechanisms for inducing senes-cence. First, telomere attrition with each round of cell division makes a cell lose its prolif-
erative potential, thereby exiting the cell cycle; this is commonly referred to as replicative 

senescence. Replicative senescence is usually a slow process, and in in vitro primary cell culture conditions it is also referred to as the Hayflick limit. Second, oxidative damage or 

Genetic�
Landscape

Underlying
Hallmarks

Majority (approx 50%)� Minority (<50%)�� ���

Telom-
erase

TERT/
TERC

Wnt/Beta�
Catenin

CTNNB1
AXIN1
APC

p53/Cell�
Cycle

IRF2
p53

CDKN2A

Chromatin
Remodeling

ARID1A
ARID2

SMARCA/B

Oxidative/
ER Stress

NFE2L2
PDIA2

PI3K/Ras

RPS6KA3
K ras

PIK3CA

Hepatocellular Carcinoma�Cirrhosis

Shortened
Telomeres

Replicative
Senescence

Inflammat-
ion

Regenerati-
on

Stabilized telomeres and activation of telomerase, immortality� � � � � �

Self-sustained growth signals (HGF, EGF, PDGF)� � � � �

Resisting cell death� � �

Aversion to growth suppressing signals� � � �

Angiogenesis

Invasion and metastasis (EMT)� � �

Tumor promoting inflammation� �

Evading immune clearance� �

Altered metabolism and energetic� � �

Epigenetic�
Landscape

RASSF1A

S 3

TLR4

AZIN

TRPM5

AQP2

STX-

BP5L

intergenic

DEGS1

NVL;

p53

RASSF1A, COX2, p16� �

Fig. 5. Genetic/epigenetic landscape together with associated hallmarks of cirrhotic liver and HCC. S3 refers to the seven signature single nucleotide polymorphisms that are usually seen in HCV-related cir-

rhosis, in addition to mutation in P53. EMT = epithelial-to-mesenchymal transition.  The classification of genetic changes in HCC is as has been described by Guichard et al [64].

C
o

lo
r 

v
e

rs
io

n
 a

v
a
il
a
b

le
 o

n
li
n

e

http://dx.doi.org/10.1159%2F000343852


Ramakrishna et al.: Liver Cirrhosis to Cancer

Liver Cancer 2013;2:367–383

DOI: 10.1159/000343852
Published online: August 26, 2013

© 2013 S. Karger AG, Basel
www.karger.com/lic

377

oncogenes induce permanent growth arrest in an accelerated fashion, and this is commonly 

referred to as stress/oncogene-induced premature senescence [69]. In liver, both replicative 

and oncogene-induced senescence has been noted in both the parenchymal (hepatocytes) and nonparenchymal compartments (HSCs) [70–72]. Recent developments have identified a link between cellular senescence and cancer [73]; in fact, senescence seems to act as a double-
edged sword. Senescence of nonparenchymal cells such as HSCs plays a part in maintaining tissue homeostasis by helping resolve fibrosis. The accumulation of senescent parenchymal 
cells is a necessary event in progression toward cirrhosis and HCC; in contrast, however, se-

nescence in transformed hepatocytes causes growth arrest and hence is considered an anti-tumorigenic mechanism [70, 73, 74]( fig.6). Therefore, it is a conundrum in liver biology as to whether senescence is detrimental or beneficial to liver. We review below human and rodent 
studies elucidating the role of senescence in liver depending on the pathology.

Beneficial Effects of Cellular Senescence by Immunomodulation: Resolution of Fibrosis and 
Senescence Surveillance for Limiting Neoplasia

The process of cellular senescence in HSCs is intimately involved in liver tissue homeo-stasis. HSCs reside in the space of Disse and are usually quiescent cells that become activated during liver injury. Activated HSCs are involved in the fibrotic response during wound heal-
ing. This response involves the following steps: (a) activation and transdifferentiation of HSCs to myofibroblasts that are α-SMA positive, (b) ECM deposition by activated cells, including secretion of collagen and TIMP to fill the wound and (c) finally, when the wound is filled, the 
activated HSCs are cleared either by apoptosis or by undergoing cellular senescence to be 

later eliminated by immune cells. The clearing of HSCs forms an important part of resolving fibrosis [74, 75].
In general, the process of cellular senescence involves activation of tumor suppressors p53 and p16. Lowe and co-workers, using a CCl4 model of cirrhosis with compromised p53 or 

p16, reported that in the absence of senescence, overtly activated HSCs continue to deposit ECM, leading to severe hepatic fibrosis [70]. Additionally, the same team showed that senes-cent HSCs are beneficial because they exert a strong immunomodulatory effect that helps in 
the recruitment of other immune cells such as macrophages at the site of tissue injury. The 

recruited immune cells, in turn, clear up the senescent cells and also help in dissolution of the fibrotic lesion. Thus, these senescent cells have an antifibrotic role that is beneficial for wound healing and resolution [69–71].Another beneficial attribute of senescing hepatocytes is their antitumorigenic role in 
liver. This is supported by recent work using a mouse model in which adenoviral delivery of 

oncogenic Ras induced hepatocyte senescence that in turn led to immunomodulation by at-tracting various immune cells such as macrophages, CD4 T cells, neutrophils and NK cells to the site of hepatocyte damage and clearing the premalignant lesion [72]. A characteristic fea-

ture of senescent cells is the secretion of various chemokines/cytokines such as interleukins, RANTES and CXCL10, i.e., the secretome of senescent cell makes them good immunomodula-tors [72]. The protective nature of the senescence-associated secretory phenotype phenome-

non has now been termed “senescence surveillance” because it helps in selective clearance of 

neoplastic cells in the liver. Thus, senescent cells are now considered antitumorigenic because 

they restrict the growth of neoplastic cells by permanent cell cycle arrest, and the senescent 

secretome attracts immune cells to clear the neoplastic cells. Interestingly, under in vitro con-ditions, tumorigenic HCC cell lines such as Huh7 can undergo premature senescence when treated with DNA damage drugs such as adriamycin/doxorubicin (fig. 7a). Since senescent 

cells are permanently growth arrested, this property could be exploited in the future to stop the growth of neoplastic cells by treating tumor cells with DNA damage chemicals that can 
induce premature senescence.
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Detrimental Effects of Hepatocyte Replicative Senescence in Progression of Chronic Liver 
Disease to Cirrhosis and Its Possible Procarcinogenic Effects

The occurrence of senescent cells in ageing and the development of cirrhosis points to their role in underlying pathology [73, 77]. Hepatocyte senescence is intricately linked to 
telomerase and telomere biology. Telomeres are specialized structures at the ends of chro-

mosomes, and with each round of cell division the telomeres shorten. This shortening of 

telomeres represents an internal biological clock that determines the process of cellular or 

organismal ageing.

Cellular ageing, which is generally referred to as replicative senescence, has been noted 

in the cirrhotic liver. The key points that have emerged are (a) progressive shortening of 

telomeres occurs during the chronology of events leading to cirrhosis in the following order: chronic hepatitis > fibrosis > cirrhosis, with the shortest telomeres in cirrhotic liver and (b) mutations in the telomerase genes TERT (7% incidence) and to a lesser extent TERC are as-sociated with cirrhosis [60, 61]. Following tissue injury leading to loss of parenchymal cells, the first line of defense is activation of quiescent hepatocytes to restore the lost cells. There 
is considerable shortening of telomeres because adult differentiated hepatocytes are low 

in telomerase activity. Eventually, the dividing hepatocytes undergo growth arrest due to 

senescence. Telomere shortening has emerged as a hallmark of cirrhotic liver, regardless of 

mutations in telomerase genes.

This link of shortening of telomeres with replicative senescence in hepatocytes of cir-

rhotic liver is further substantiated by the presence of growth arrest senescence markers 
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of hepatocyte senescence is a hallmark of cirrhosis. The senescent hepatocyte, through its secretome 

activity, can help in clearing neoplastic cells and thus have an anticarcinogenic effect; however, in later stages of disease progression, the secretome can act as a procarcinogen influencing the proliferation of neighboring parenchymal cells or stem cells. ROS = reactive oxygen species.
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such as p21, p27 and SA-β-galactosidase. This was confirmed in our laboratories on directly subjecting explanted cirrhotic liver tissue to SA-β-galactosidase staining. The cells in cirrhotic tissue took an intense blue stain indicative of cellular senescence (fig. 7b). Besides cirrhosis, 
the phenomenon of senescence is also detected in liver tissue with progressive ageing. Rodent liver from older animals (2 years and above) showed accumulation of hepatocytes with typi-
cal features of senescence such as enlarged nuclei, increased polyploidy and accumulation of oil droplets [76].

Is the accumulation of senescent cells detrimental in settings of ageing and cirrhosis? 

Because senescent parenchymal cells have compromised liver function, the accumulation of 

senescent cells may damage normal tissue homeostasis. ?Additionally, the immunomodula-tory effects of senescent cells, as well as being beneficial, can also have a procarcinogenic effect, and this is supported by the following facts: (a) the proinflammatory cytokines and 
chemokines secreted by senescent cells can favor uncontrolled proliferation of a nearby pre-malignant hepatocyte or stem cell, (b) senescent cells can influence the epithelial-to-mes-

enchymal transition in parenchymal cells, thereby promoting metastasis and (c) senescent 

cells can modulate macrophage activity in a way that may promote abnormal blood vessel 

development leading to angiogenesis and disease progression. It remains to be seen if any of 

the above-mentioned processes modulated by senescent cells occur in the liver microenviron-

ment either during ageing or cirrhosis, thereby promoting HCC development.

In conclusion, it is apparent that the earlier paradigm that senescent cells are simply 

permanently retired and resting is no longer true. It is now evident that senescent cells are 

specialized cells with a strong immunomodulatory phenotype that controls diverse functions 

depending on the pathological state of the tissue. A senescent parenchymal or nonparenchy-mal cell in a premalignant or benign setting can have beneficial effects in terms of resolution of fibrosis or the clearing of prospective malignant cells, thereby working as an “anticancer bullet.” On the other hand, if parenchymal cells, which constitute the bulk of the liver, undergo 
senescence en masse, it will lead to compromised liver function and will be deleterious. Con-sequently, senescence appears to be a double-edged sword with opposing functions in the complex organ that is the liver [77].

a1 a2 b

Fig. 7. Hepatic senescence. (a) HCC cell line Huh7 without (a1) or with doxorubicin treatment (a2). Note 

that the senescent cells (a2) showed an enlarged morphology, a typical feature of stress-induced prema-

ture senescence, as a result of the action of doxorubicin. Cells were stained with hematoxylin and eosin. Scale bar =10 µM. (b) Cirrhotic liver tissue stained positive for senescent associated β-galactosidase activ-

ity. The dotted lines and arrow indicate the cirrhotic nodules. Note the blue staining in the cirrhotic liver.
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Future Directions and Key Questions

The challenges of handling primary HCC, a condition associated with high levels of mor-bidity and mortality, are: the identification of biomarkers for screening, determining new 
therapeutic management and prevention strategies. Here, we have outlined some insights on the role of inflammation in the context of inflammasomes and senescent cells in understand-

ing the complex progressive nature of HCC against the backdrop of cirrhosis. Some key areas 

that need further investigation are:(a) Identification of the individual cell types and the cocktail of secretory cytokines/che-mokines (secretome) involved in pro- and anti-inflammatory responses will not only aid in understanding the beneficial effects of acute inflammation but also help in targeted thera-peutics directed toward chronic inflammation.(b) Do the inflammasome components in various cellular compartments of liver have similar 
or dissimilar functions?(c) If there is a correlation between inflammasomes and liver disease progression in viral or 
nonviral etiologies?(d) Can the components of inflammasomes be used as markers for either diagnosis or for 
therapeutic targeting?(e) What is the role of inflammasomes in RNs?
(f) What are the genetic/epigenetic factors that decide the fate of RNs toward the normal 

regenerative process vis-a-vis dysplastic transformation?

(g) Can better markers be developed for identifying senescent cells in archived specimens in place of the currently used SA-β-galactosidase, which requires fresh-frozen samples?
(h) Can the secretory phenotype of senescent cells be exploited to help in liver regeneration? This would require identification of the liver-specific “senescence-associated secretome” of 
cytokines and chemokines that can promote liver regeneration without leading to neoplastic 

transformation.

(i) In the neoplastic setting, can a “pro-senescent therapy” be exploited to permanently ar-

rest the proliferation of tumorigenic cells and restrict the growth of HCC? Will future chemo-

therapeutic regimes adopt a provocative paradigm shift in tumor treatment from killing the 

tumors to making them static?

Conclusions

The majority of HCCs occur on a background of cirrhosis, which is characterized by a strong inflammatory response and the presence of senescent cells. The beneficial effects of pro-inflammatory cytokines in acute settings turn harmful when immune cells remain overt-

ly active for long durations, as is seen in the chronic setting of cirrhosis. Immune modulation 

in the liver can also be triggered by nonimmune cells such as senescent HSCs and senescent 

hepatocytes. The secretome of immune cells and senescent cells is a decisive factor in the 

prevention or progression of liver disease. The duality of functions in either protecting from or promoting neoplasia has emerged as a key feature of inflammatory processes and cellular 
senescence. Thus, we need to view each of these biological processes in a holistic way, both 

from a reductionist and integrative perspective, because the outcomes of these processes can be either deleterious or beneficial depending on the stage of biological development.
Albert Einstein famously stated that “Explanations should be as simple as possible, but 

no simpler.” In biological organization, a process may appear simple at the cellular level, and 

yet the seemingly opposing effects of the same phenomenon make processes utterly com-plex at a tissue and an organismal level. Consequently, the dual roles of inflammation and 
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senescence as outlined above have to be considered carefully in the context of their future 

potential use as therapeutic targets for the treatment of liver disease.
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