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Abstract Autophagy is a catabolic process through

which organelles and cellular components are sequestered

into autophagosomes and degraded via fusion with lyso-

somes. Autophagy plays a role in many physiological

processes, including stress responses, energy homeostasis,

elimination of cellular organelles, and tissue remodeling. In

addition, autophagy capacity changes in various disease

states. A series of studies have shown that autophagy is

strictly controlled to maintain homeostatic balance of

energy metabolism and cellular organelle and protein

turnover. These studies have also shown that this process is

post-transcriptionally controlled by small noncoding mi-

croRNAs that regulate gene expression through comple-

mentary base pairing with mRNAs. Conversely, autophagy

regulates the expression of microRNAs. Therefore, dys-

regulation of the link between autophagy and microRNA

expression exacerbates the pathogenesis of various dis-

eases. In this review, we summarize the roles of autophagy

and microRNA dysregulation in the course of liver dis-

eases, with the aim of understanding how microRNAs

modify key autophagic effector molecules, and we discuss

how this dysregulation affects both physiological and

pathological conditions. This article may advance our

understanding of the cellular and molecular bases of liver

disease progression and promote the development of

strategies for pharmacological intervention.
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Autophagy is an evolutionarily conserved, dynamic cellu-

lar process that involves lysosomal degradation and recy-

cling of intracellular organelles and proteins to maintain

cellular homeostasis under various stresses such as star-

vation, protein aggregation, viral infection, oxidative

stress, and endoplasmic reticulum (ER) stress (Levine and

Klionsky 2004). Fundamental to this event is the formation

of the autophagosome, a double-membrane cytosolic ves-

icle, a step required for the sequestration of cytoplasmic

cargo and delivery to the lysosomes. As the liver is one of

the most dynamic metabolic organs in mammals, it is

vulnerable to stress related-autophagy activation. Autoph-

agy functions to remove damaged cellular components,

such as mitochondria and long-lived proteins, through

lysosome-dependent machinery. Indeed, autophagy is

involved in various aspects of liver pathophysiology (Ding

2010; Yin et al. 2008; Codogno and Meijer 2013). Genetic

ablation of autophagy in mice led to the accumulation of

damaged organelles and aggregated proteins, steatosis, and

liver injury. Growing evidence from an increasing number

of autophagy studies shows that autophagy is also involved

in many liver diseases, including viral hepatitis, alcoholic/

nonalcoholic fatty liver, fibrosis, and hepatocellular carci-

noma (HCC) (Table 1).

Autophagic pathways

Autophagy, which literally means ‘‘self-eating,’’ was

originally introduced in the 1950s and was later system-

atically studied by de Duve and Wattiaux in the liver of

animal models (Terlecky and Dice 1993). Although auto-

phagic degradation has been recognized since the discov-

ery of lysosomes, in-depth studies of autophagic pathways

are more recent. In particular, the liver was used as a model
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of the morphological aspects and hormonal regulation of

autophagy. The main drive for the discovery of autophagic

molecules originated from a yeast study that led to the

identification of autophagy-related genes (Atg) (Klionsky

et al. 2003). The novel physiological functions of autoph-

agy were identified by using genetic models of the Atg

genes, which connected dysfunction of this lysosomal

pathway to various human diseases, such as cancer, neu-

rodegeneration, myopathies, and metabolic disorders

(Mizushima et al. 2008; Cuervo 2004).

In eukaryotic cells, three distinct types of autophagy

have been identified, macroautophagy (herein described as

autophagy), microautophagy, and chaperone-mediated

autophagy (CMA) (Klionsky 2005). In autophagy, an

autophagosome is formed from a portion of engulfed

cytosol, and it fuses with a lysosome for enzymatic deg-

radation of sequestered cellular constituents (Mehrpour

et al. 2010). The autophagy process is very complicated,

and is regulated by the coordinated actions of the Atgs

(Mizushima and Levine 2010; Pyo et al. 2012). First, upon

induction, an isolated portion of membrane, called a

phagophore, makes a small vesicular sac that elongates and

subsequently encloses a portion of the cytoplasm, resulting

in the formation of an autophagosome. The source of the

double membrane might originate from the ER, mito-

chondria, or plasma membrane. (Hamasaki and Yoshimori

2010). Subsequently, the outer membrane of the auto-

phagosome fuses with a lysosome, also called as an auto-

lysosome, leading to degradation of the enclosed materials

along with the inner autophagosomal membrane. Less

attention has been paid to microautophagy, which includes

the direct engulfment of cytoplasmic cargo at a boundary

membrane by autophagic tubes. It is mediated by invagi-

nation and vesicle scission into the lumen. The third form

of autophagy, CMA, is the direct lysosomal import of

unfolded soluble proteins containing a specific pentapep-

tide sequence. Autophagy and microautophagy degrade

proteins and large structures in selective and non-selective

manners, whereas CMA selectively degrades a subset of

proteins with a KFERQ motif. HSP70 recognizes and binds

to this motif (Terlecky and Dice 1993; Agarraberes et al.

1997). In this review, we focused on macroautophagy, the

major catabolic mechanism that eukaryotic cells use to

degrade long-lived proteins and organelles.

Autophagic complexes

A number of multiprotein complexes mediate the formation

and elongation of the double membrane in autophagosomes.

This process involves three steps, initiation via the inhibitory

mammalian target of rapamycin (mTOR) pathway, nucle-

ation, which involves the beclin1-class III phosphatidylin-

ositol 3-kinase (PI3K) complex, and elongation, which

involves the microtubule-associated protein light chain 3

(LC3) (Klionsky et al. 2003; Levine and Kroemer 2008; He

and Levine 2010) (Fig. 1). In response to nutrients, partic-

ularly amino acids or nutrient-induced insulin, class I PI3K

activates Akt and mTOR. This signaling pathway blocks

autophagy by engaging mTOR as a protein that inhibits Atg1

from recruiting its partner proteins, such as Atg13 and Atg17

(Neufeld 2010). The Atg1-Atg13-Atg17 complex then

recruits other molecules for autophagosome formation

(Cheong et al. 2005; Suzuki et al. 2007). Rapamycin, an

mTOR inhibitor, is the most commonly used agent to induce

autophagy; however, findings from studies using this agent

cannot always account for its effect on autophagy because

inhibition of mTOR may affect other cellular pathways and

components (Sarbassov et al. 2005).

Another pathway that regulates autophagy relies on

beclin1, which forms a complex with the class III PI3K

Vps34. Activation of the Atg1-Atg13-Atg17 complex

induces beclin1-Vps34 complex formation on the lipid

membrane (Backer 2008; Liang et al. 1999). This PI3K is

distinct from the insulin-activated, class I PI3K that acti-

vates mTOR. Vps34 is the target of the autophagy inhibitor

3-methyladenine (Seglen and Gordon 1982). To inhibit

autophagy, beclin1 binds to bcl2 and bcl-XL, which is

regulated by c-Jun N-terminal kinase 1-mediated phos-

phorylation of bcl2 (Wei et al. 2008).

Table 1 Changes in autophagy and liver functions in different liver diseases

Liver diseases Autophagy Functions References

Fatty liver disease

(ALD, NAFLD)

: Protection from ethanol (Ni et al. 2013; Ding et al. 2011)

; Protein and Lipid

metabolism

(Donohue et al. 1989; Wu et al. 2010; Singh et al. 2009; Mei et al. 2011; Lin

et al. 2013; Sinha et al. 2014)

Viral hepatitis : Subverting machinery of

HCV, HBV

(Mizushima et al. 2008; Talloczy et al. 2006; Shepard et al. 2005; Tian et al.

2011; Sir et al. 2010)

Fibrosis : Stellate cell activation (Hernandez-Gea et al. 2012; Thoen et al. 2011)

Hepatocellular

carcinoma (HCC)

; Antitumor (Qu et al. 2003; Takamura et al. 2011)

: Tumor survival (Toshima et al. 2013; Lee et al. 2013; Peng et al. 2013)
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The third pathway that mediates autophagosome forma-

tion and elongation involves two ubiquitin-like conjugation

processes. In the first step, Atg7 and Atg10 mediate the

conjugation of Atg12 to Atg5 (Mizushima et al. 1998),

which interacts with Atg16 (Ohsumi and Mizushima 2004).

The Atg12-Atg5 complex then interacts with the membrane

structure, and then dissociates from the autophagosome.

The second conjugation reaction involves Atg8 or LC3.

Atg4 cleaves the C-terminus of LC3 to generate LC3I,

which has a glycine residue at the C-terminus. Then, Atg7

and Atg3 are involved in the conjugation of LC3I to phos-

phatidylethanolamine in the lipid membrane to generate

LC3II (Ichimura et al. 2000). LC3II connects the outer and

inner membranes of the autophagosome, where the lipidated

protein facilitates membrane elongation and closure. Then,

LC3II is shattered after the autophagosome fuses with a

lysosome. Finally, the resultant small molecules are trans-

ported back to the cytoplasm to maintain homeostasis.

Autophagy in liver biology

Autophagy was initially characterized in liver tissue. As the

liver is the most sensitive organ to changes in nutrient supply,

autophagy is an important step in hepatic adaptation, rapidly

responding to cellular stresses. For example, in rodent

models, autophagy caused by nutrient starvation elicits

degradation of one-third of the total liver proteins within

24 h (Cuervo et al. 1995). When autophagy was inhibited in

hepatocytes, liver mass increased due to inhibition of protein

degradation (Komatsu et al. 2005). Autophagy occurs at low

basal levels in virtually all cells to maintain homeostatic

functions. It is swiftly activated when cells require nutrients

and energy, such as during starvation, growth factor with-

drawal, and under high bioenergetic demands (Mizushima

et al. 2008; Mehrpour et al. 2010). The basic metabolites

(e.g., amino acids, sugars, and fatty acids) derived from

autophagic degradation are transported back to the cyto-

plasm for use in energy production or to be recycled. When

the period of starvation is extended, it attenuates autophagy

and generates proto-lysosomal tubules and vesicles, allow-

ing the cell to restore a full complement of lysosomes (Yu

et al. 2010).

Autophagy in liver diseases

There is increasing evidence that autophagy also plays a

role in the pathogenesis of diverse liver diseases, such as

Fig. 1 Molecular pathways of autophagy. This process involves three

steps including initiation, nucleation, and elongation. In response to

various stimuli, class I PI3K inactivates Akt and mTOR upon

initiation. This signaling pathway activates autophagy by engaging

mTOR as a protein that promotes Atg1 from recruiting its partner

proteins such as Atg13 and Atg17. The Atg1–Atg13–Atg17 complex

then recruits other molecules for autophagosome formation. It may

activate the beclin1/VPS34 complex, which proceeds to make Atg5-

Atg12 and LC3/Atg8 complex to the phagophore. Atg5-Atg12 targets

the autophagosomes first but then recycles to the cytosol when LC3/

Atg8-PE is translocated to the membranes with the isolation

membranes closed. Mature autophagosomes are finally fused with

the lysosomes called autophagolysosomes
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nonalcoholic and alcoholic steatohepatitis, fibrosis, meta-

bolic disorders, and HCC.

Autophagy and nonalcoholic fatty liver disease

(NAFLD)

NAFLD refers to the range of liver damage resulting from

steatosis to nonalcoholic steatohepatitis (NASH) and cir-

rhosis, and it is characterized by lipid accumulation within

hepatocytes (Marra et al. 2008). Recent studies have sug-

gested a role for autophagy during the development of

NAFLD. Autophagy has been shown to regulate intracel-

lular lipid storage through degradation of lipid droplets and

the release of fatty acids (FAs) into the cytoplasm in rapid

response to starvation (Rautou et al. 2010; Singh et al.

2009; Wang et al. 2010). Thus, disruption of autophagy

might be essential to the pathogenesis of NASH (Yang

et al. 2010a). Lipids are derived from circulating FAs

released by insulin resistance (IR)-induced dysregulation of

peripheral lipolysis. FAs are taken up into hepatocytes

mainly by membrane-bound transporters (Donnelly et al.

2005). De novo lipogenesis contributes to hepatic steatosis

(Postic and Girard 2008). Hepatocellular accumulation of

lipotoxic intermediates, such as diacylglycerol and cera-

mides, causes hepatic IR (Samuel et al. 2010). Autophagy

regulates intracellular lipid storage through a process called

lipophagy. In response to a moderate increase in lipid

availability or during nutrient deprivation, hepatic

autophagy degrades lipid droplets. Lipid droplets are

translocated by autolipophagosomal vesicles and trans-

ported to lysosomes to be degraded into FAs. In contrast,

sustained lipid availability induced by a long-lasting high

fat diet inhibits hepatic autophagic turnover (Singh et al.

2009). The autophagic marker LC3 reproducibly stains as

delineated puncta in normal livers, and LC3 immuno-

staining decreased with progressing steatosis (Kashima

et al. 2013). The expression of cathepsin B, D, and L,

which is activated at the low pH in lysosomes, is sup-

pressed in NAFLD patients (Fukuo et al. 2013). The

autophagy inhibitors, 3-MA and rapamycin, increase tri-

glyceride (TG) levels in hepatocytes (Singh et al. 2009).

Treatment with the lysosomal degradation inhibitor chlo-

roquine (CQ), which increases the lysosomal pH, increases

hepatic TG levels upon exposure to free FAs. Inhibition of

autophagy by Atg5 knockdown also increases TG content

in FA-treated hepatocytes (Mei et al. 2011). In addition,

liver-specific Atg7-knockout mice have elevated hepatic

TG levels (Singh et al. 2009). Moreover, autophagy is

related to the metabolism of lipid droplets in hepatic stel-

late cells, a cell-type responsible for liver fibrosis (Her-

nandez-Gea et al. 2012). In addition, other pharmacological

compounds, such as carbamazepine and caffeine, reduced

steatosis, improving insulin sensitivity in high fat diet-

induced non-alcoholic fatty liver conditions via an

autophagy-mediated pathway (Lin et al. 2013; Sinha et al.

2014).

During the progression of NAFLD, the ‘‘first hit’’,

excess intracellular lipid levels induced by FA exposure,

initiates a ‘‘second hit’’, induction of ROS and proinflam-

matory cytokines (Day and James 1998; Day 2006).

Pathologic stimuli, such as FAs, ROS, and cytokines, also

influence autophagy flux. Unsaturated FAs (e.g., oleic acid;

OA) promote the formation of TG-enriched lipid droplets

and induce autophagy with minimal effects on apoptosis. In

contrast, saturated FAs (e.g., palmitic acid; PA) weakly

promote lipid droplet formation, suppress autophagy, and

significantly induce apoptosis. OA-induced autophagy is

independent of mTOR but dependent on ROS and PI3K.

PA-induced apoptosis inhibits autophagy by inducing

caspase-dependent beclin1 cleavage, which suggests a

cross-talk between apoptosis and autophagy. Induction of

autophagy through the formation of triglyceride-enriched

lipid droplets may protect cells from FA-induced lipotox-

icity. Moreover, oxidative stress potentiates the initiation

of autophagy via activation of AMPK/ULK1-related

mechanisms, but decreases autophagic flux by inhibiting

the fusion of autophagosomes to lysosomes (Mei et al.

2011). Disruption of normal autophagic pathways is also

linked to increased production of proinflammatory cyto-

kines (Crisan et al. 2011; Harris et al. 2011; Nakahira et al.

2011; Saitoh et al. 2008; Zhou et al. 2011).

Several reports suggest that mitochondrial function is

impaired in NASH, and ultrastructural mitochondrial

abnormalities have been found in NASH patients (Caldwell

et al. 1999). The mitochondrial quality control process

involves an autophagic removal of mitochondria. The

removal of aged and damaged mitochondria by autophagy

protects cells from dysfunction or injurious processes such

as the release of pro-apoptotic proteins from mitochondria,

ROS generation, and ATP depletion (Lemasters 2005;

Mizushima et al. 2008). The half-life of mitochondria was

shown to be 10–25 days in non-proliferating tissues such as

the liver (Menzies and Gold 1971). However, in a recent

study, the half-life was estimated to be *2 days (Miwa

et al. 2008). In this physiological turnover, mitochondria

are removed by mitophagy in balance with new mito-

chondrial biogenesis. Mitophagy also plays a role in

cytoplasmic remodeling. Several signal transduction

mechanisms regulate the autophagic processes involved in

mitochondrial quality control. Since AMPK activation

induces autophagy in response to various stresses, its

activation seems to be important for the regulation of

autophagy. Moreover, AMPK activation leads to inhibition

of the mTOR-dependent pathway, which is a central

inhibitory pathway of autophagy (He and Klionsky 2009).

AMPK-induced autophagy exerts a cytoprotective effect
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(Herrero-Martin et al. 2009). Previously, we reported the

effects of agents that can activate AMPK, including dith-

iolethiones and phytochemicals (e.g., resveratrol, isoli-

quiritigenin, and liquiritigenin). Treatment with these

agents showed liver-protective effects against external

stimuli as well as therapeutic effects against NAFLD

(Yang et al. 2010b). We expect that activation of AMPK by

these agents plays a role in autophagy-associated mito-

chondrial biogenesis.

Autophagy and alcoholic liver disease (ALD)

ALD is a major health problem worldwide. Several studies

demonstrate acute ethanol consumption elevates autoph-

agy, perhaps as a protective mechanism against ethanol

toxicity. Ni et al. 2013 showed elevation of autophagy-

related gene expression and autophagic flux in human

hepatocytes by ethanol. Consistently, fluorescent micros-

copy analyses showed higher green fluorescent auto-

phagosomes in the hepatocytes of ethanol-fed mice than in

those of control animals (Ding et al. 2010; Thomes et al.

2012). Inhibition of autophagy augmented ethanol-induced

toxicity and steatosis (Ding et al. 2011). In a model using

VL-17A, a cell line that metabolizes ethanol via alcohol

dehydrogenase (ADH) and CYP2E1, ethanol treatment

elevated autophagosome formation as compared to

untreated control (Donohue et al. 2006). In the study,

inhibition of ethanol metabolism by 4-methyl-pyrazole

reduced autophagosome formation, suggesting a link

between ethanol metabolism and autophagosomal dys-

function. On the other hand, there are several other proofs

that acute ethanol treatment repressed autophagy. Ethanol

treatment increased LC3 reduction and beclin1 expression,

resulting in autophagy inhibition (Nepal and Park 2013;

Noh et al. 2011). In another study using mice, LC3 and

Atg7 were both decreased by ethanol, whereas mTOR

signaling was activated (Yang et al. 2012a). This discrep-

ancy might be related to the use of different models and

varied experimental conditions (e.g., different in vitro

models, species, dosage of ethanol, and fasting-time in an

in vivo model). Further studies are necessary to clarify the

effect of acute ethanol on autophagy.

Autophagy is inhibited by chronic alcohol consumption,

which may contribute to the development of alcoholic

hepatitis or fibrosis (Rautou et al. 2010). In addition, liver

enlargement is frequently observed in alcohol-fed animal

models. In a GFP-LC3 transgenic mouse model, chronic

ethanol administration resulted in hepatomegaly, steatosis,

and elevated liver proteins, suggesting slower catabolism

(Lieber and DeCarli 1986). Therefore, chronic ethanol

consumption may also inhibit autophagosome degradation

(Thomes et al. 2013). It has been suggested that the

increased hepatic mass is due to the accumulation of

proteins and lipids (Baraona et al. 1975). The increased

protein levels may promote pathogenesis because some of

the proteins accumulated in the cell are non-functional

molecules damaged by reactive free radicals (Bardag-

Gorce et al. 2005). In chronic ethanol-fed rats, protein

synthetic activity in the liver returns to a normal state

(Donohue et al. 1987). However, the degradation rate of

hepatic proteins in the ethanol-fed animals was 36–40 %

lower than that of the control (Donohue et al. 1989),

implying that the autophagic process may also be deregu-

lated by chronic ethanol consumption.

CYP2E1 activity and content were elevated in ethanol-

fed mice, which is an indicative of enhanced ethanol

metabolism, presumably in association with augmented

autophagosomal content. In addition, ethanol feeding sup-

presses proteasome activity in the liver, which should

increase the net liver proteins. In HepG2 cells over-

expressing CYP2E1, ethanol treatment increased TG

accumulation (Wu et al. 2010), which may have resulted

from lipophagy inhibition. In addition, ethanol treatment

decreased autophagy in CYP2E1-expressing cells to a

greater degree than in control cells, suggesting that the

induction of CYP2E1 may impair autophagy, and this

process may increase lipid accumulation in response to

ethanol (Wu et al. 2012a).

FoxO3a regulates the expression of genes involved in

multiple cellular functions, including oxidative stress,

apoptosis, DNA repair, and cell-cycle transition (Huang

and Tindall 2007; Tzivion et al. 2011). FoxO3a also reg-

ulates the expression of Atgs in mouse skeletal muscle

(Zhao et al. 2007; Masiero et al. 2009) and cardiomyo-

cytes, promoting cardiomyocyte survival following oxida-

tive stress (Sengupta et al. 2011). Ethanol treatment

increased nuclear retention of FoxO3a, a member of the

forkhead box O (FoxO) family of transcription factors,

which could be mediated by decreased Akt activity. In a

genetic animal model, expression of the Atg genes was

downregulated, whereas ethanol-induced liver injury was

exacerbated (Ni et al. 2013), indicating that FoxO3a may

play a role in autophagy in an ethanol-treated model.

Autophagy and viral hepatitis:

Autophagy has an antimicrobial function by which intra-

cellular microbial replication is restricted and/or the via-

bility of infected cells is maintained. As autophagy is often

triggered by infection, it is a central component of immune

responses. In viral infections, virus survival is linked to its

ability to undermine cellular defenses and regulate the

processes required for their replication (Ait-Goughoulte

et al. 2008).

Hepatitis C viruses subvert the autophagic machinery

for use in their own replication (Sir et al. 2008). In
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contrast, many other viruses have evolved to counteract

the antiviral activity of autophagy (Mizushima et al.

2008). HCV infection may advance to liver cirrhosis and

in some cases, HCC. The HCV genome encodes poly-

proteins that are processed into structural and nonstruc-

tural (NS) proteins (Reed and Rice 2000). HCV replicates

in association with intracellular membrane structures

called the membranous web (Egger et al. 2002). Cells

infected with HCV accumulate lipid droplets, which play

a role in the assembly of HCV particles (Miyanari et al.

2007). HCV core protein recruits NS proteins and repli-

cation complexes to the membranes associated with lipid

droplets. This step is critical for virus production. In

several studies, autophagy was described as a process that

is required for productive HCV infection. A recent study

showed that HCV RNA replication takes place primarily

on autophagosomal membranes in HCV subgenomic RNA

replicon cells (Talloczy et al. 2006). HCV-infected cells

displayed autophagic vacuole formation (Shepard et al.

2005) and accumulation of autophagic marker proteins,

such as LC3B, on vacuole membranes (Shepard et al.

2005; Ogawa et al. 2005; Lee et al. 2008). In addition,

both the transcription and protein expression of beclin1,

which in complex with Vps34 (the class III PI3K) pro-

motes autophagic vesicle formation, were upregulated.

HCV NS5A was sufficient to induce autophagy (Shepard

et al. 2005; Moradpour et al. 2007). Moreover, when the

expression of autophagy regulatory proteins was blunted,

HCV production was reduced. Translation and/or delivery

of the incoming viral RNA to the translation apparatus

were also blunted in Huh-7 cells transfected with beclin1

and Atg4B shRNAs (Dreux et al. 2009). In another study,

human Atg7 and beclin1 RNA inhibition decreased the

release of HCV particles into the medium without

decreasing the intracellular production of HCV-related

proteins and mRNA (Tanida et al. 2009). Guévin et al.

showed that Atg5, a protein required for the formation of

double membrane vesicles (Mizushima et al. 2001), spe-

cifically interacts with HCV NS5B. The interaction

between NS5B and Atg5 may be required for the initial

onset of HCV replication (Guevin et al. 2010). Moreover,

HCV-induced autophagy impairs the innate immune

response, whereas HCV infection in autophagy-knock-

down cells activates the IFN pathway and apoptosis

(Shrivastava et al. 2011). In addition, HCV-induced

autophagy affects host lipid metabolism. HCV virion

assembly, which necessitates the biogenesis of lipid

droplets, could be defective when the autophagy-mediated

flux of cholesterol from lysosomes to the endoplasmic

reticulum is impaired (Westin et al. 2002). Hence,

defective autophagy may contribute to the onset of

microvesicular steatosis by accumulating damaged

organelles (Vescovo et al. 2012).

HBV is a small DNA virus. After infecting hepatocytes,

the ends of the HBV DNA molecule are joined to form a

covalently closed circular DNA molecule, which directs

the transcription of viral mRNAs. The genome contains S,

C, P, and X genes. The S gene encodes the surface anti-

gens, the C gene encodes the core protein and a related

protein called the precore protein, the P gene encodes the

viral DNA polymerase, and the X gene is a multifunctional

regulatory protein. The core protein mRNA (pregenomic

RNA; pgRNA) is packaged by the core protein to form a

viral particle. It is converted to the partially double-stran-

ded viral genome by viral RNA polymerase, which is also

packaged in the core particle. The core particle then

interacts with the viral envelope proteins to form a mature

virion, which is then released from infected cells (Beck and

Nassal 2007). HBV infection enhanced the autophagic

process, leading to enhanced virus envelopment (Tian et al.

2011). In addition, HBV small surface proteins were par-

tially colocalized and coimmunoprecipitated with LC3 (Li

et al. 2011a). Tian et al. generated HBV transgenic mice

with a liver-specific Atg5 knockout. In this model,

decreased HBV expression and altered nuclear localization

of the core protein were observed. In addition, HBV DNA

levels in sera were also reduced by [90 %, and the HBV

DNA replicative intermediate was undetectable (Tian et al.

2011). In another study, HBV enhanced the autophagic

response without increasing autophagic degradation. This

induction of the autophagic response stimulates viral DNA

replication, although it has only a slight effect on viral

RNA transcription and requires HBx, a protein that binds to

PI3KC3 to enhance its activity (Sir et al. 2010). Further-

more, HBX increases autophagy, activating death-associ-

ated protein kinase (DAPK), which can induce autophagy

by phosphorylating beclin1 (Tang et al. 2009; Zhang et al.

2013a). In contrast, when HBV genomic DNA and HBx

were overexpressed in hepatic and hepatoma cells, HBV-

or HBx-induced autophagosome formation accompanied

by unchanged mTOR activity and decreased degradation of

LC3 and SQSTM1/p62, the typical autophagic cargo pro-

teins were observed. In addition, HBx impairs lysosomal

acidification leading to a drop in lysosomal degradative

capacity and accumulation of immature lysosomes (Tang

et al. 2012).

Autophagy and liver fibrosis

Sustained chronic liver injury facilitates fibrosis, cirrhosis,

and organ failure. During chronic liver injury, quiescent

hepatic stellate cells (HSCs) transdifferentiate into myofi-

broblast-like cells, which have an increased proliferation

rate, decreased number of lipid droplets, and high pro-

duction of extracellular matrix. Therefore, HSCs have been

implicated in intra-hepatic angiogenesis (Friedman 2008).
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When HSCs were activated, autophagy was increased with a

release of lipid droplets, as shown in fibrosis animal models

and human liver tissue. Loss of autophagic function in cul-

tured mouse stellate cells, induced by treatment with 3-MA

or siAtg7, and in Atg7F/F-GFAP-Cre mice following injury

exhibited reduced fibrogenesis and matrix accumulation,

indicating that autophagy might provide a critical source of

energy substrate in the form of TGs stored within cyto-

plasmic droplets. OA treatment can partially overcome this

effect (Hernandez-Gea et al. 2012). In another study, auto-

phagic flux was significantly increased during HSC activa-

tion. When a lysosomal inhibitor bafilomycin A1 was

introduced into HSCs, significantly decreased cell prolifer-

ation and activation marker expression were observed. In

addition, PDGF-BB treatment of quiescent HSCs induced an

increase in lipid droplets and LC3B colocalization. Bafilo-

mycin A1 inhibited this phenomenon (Thoen et al. 2011). In

addition, various fibrosis mediators are autophagy activa-

tors. Transforming growth factor-b1 (TGFb1), a key regu-

lator of the epithelial-mesenchymal transition, cell

proliferation, and extracellular matrix formation (Friedman

1993; Qi et al. 1999; Bataller and Brenner 2005; Zhao et al.

2008), promotes autophagy (Suzuki et al. 2010; Kiyono et al.

2009). Ga12 and Ga13 control cell transformation, cell

growth, migration, metastasis, the formation of actin-stress

fibers, gene induction, and cell death (Kawanabe et al. 2002;

Kang et al. 2003; Fujii et al. 2005; Kelly et al. 2007). Pre-

viously, we showed that Ga12 and Ga13 play a role in the

induction of TGFb1 expression through Rho/Rac-dependent

AP-1 activation (Lee et al. 2009). Moreover, ligands of the

G-protein-coupled receptors that interact with Ga12 mem-

bers, such as angiotensin-II, thrombin, and sphingosine-1-

phosphate, contribute to autophagy activation (Wang et al.

2013; Yadav et al. 2010; Hu et al. 2011; Chang et al. 2009).

Autophagy and HCC

HCC is the third leading cause of cancer death worldwide

(Ahn and Flamm 2004). However, the overall survival of

patients with HCC has not improved significantly over the

past decades, and the mechanisms underlying HCC

development and progression should be clarified further

(Bruix et al. 2004). Interestingly, the autophagic pathway

has been implicated in different, and sometimes contra-

dictory, processes capable of inducing both cancer cell

survival and death. As mentioned above, autophagy can be

divided into two categories. Constitutive autophagy, which

is necessary for intracellular recycling and metabolic reg-

ulation, and stress-related autophagy, which is a requisite

for the elimination of damaged components. Constitutive

autophagy is suppressed in HCC, and in prostate, breast,

and ovarian cancers (Bao et al. 2013). In several other

studies, autophagy suppression aggravated HCC

progression. Liver-specific Atg7-deficient mice and beclin1

knockout mice (beclin1 ±) develop HCC (Qu et al. 2003;

Takamura et al. 2011). Based on these observations,

autophagy activation has been suggested as an anti-cancer

therapy target. Apogossypolone induces both beclin1- and

ROS-mediated autophagy and results in HCC cell death

(Cheng et al. 2013). Tetrandrine induces autophagy, but not

apoptosis, in HCC cells in vitro and in vivo. This autoph-

agy-inducing activity is partially dependent on ROS

accumulation and the repression of Atg7 (Gong et al.

2012). 5-FU induced the conversion/turnover of LC3 in

SK-HEP-1 cells, whereas depletion of Bmi-1 enhanced

5-FU-induced autophagy. Bmi-1 depletion enhanced the

chemosensitivity of HCC cells by inducing apoptosis and

autophagy, which may be associated with the PI3K/AKT

and bcl-2/beclin1 pathways (Wu et al. 2012b). D9-tetra-

hydrocannabinol and JWH-015 (a CB2-selective agonist)

reduced the viability of HepG2 and Huh-7 cells, an effect

that was dependent on the stimulation of autophagy

through tribbles homolog 3 (TRB3) upregulation and

subsequent inhibition of the Akt/mTOR axis and AMPK

stimulation. In vivo studies showed that D9-THC and

JWH-015 had an inhibitory effect on HCC xenograft

growth (Vara et al. 2011). Interferon-gamma (IFN-c) is an

antiviral and antiproliferative cytokine that modulates

immune responses. IFN-c induced autophagy through

autophagosome formation and conversion/turnover of LC3

protein, mediated by beclin1 or Atg5 (Li et al. 2012). So-

rafenib (Nexavar), a multiple kinase inhibitor that is

approved for the treatment of advanced HCC, activated

autophagy in HCC cell lines in a dose- and time-dependent

manner. Inhibition of Mcl-1 by sorafenib disrupted the

beclin1-Mcl-1 complex and resulted in beclin1 activation

(Tai et al. 2013). In contrast, when autophagy is upregu-

lated, it contributes to HCC aggressiveness. Autophagy

was shown to be an important mediator of cancer cell

invasion through EMT induction regulated by the activa-

tion of TGF-b/Smad3-dependent signaling (Li et al. 2013).

In humans, LC3 was sharply increased in HCC tissues

compared with its levels in noncancerous tissues. More-

over, autophagy contributes to cancer cell survival. Cancer

cell lines, which are resistant to TRAIL-mediated apopto-

sis, display enhanced autophagy upon stimulation through

either TRAIL or Fas (Han et al. 2008). Consistently, be-

clin1 overexpression reduces TRAIL-mediated cell death

(Cho et al. 2009). Autophagy inhibited TRAIL-mediated

tumor cell death due to proteolytic degradation of caspase 8

(Hou et al. 2010).

Autophagy appears to be activated during metastasis and

exploited by metastatic cancer cells for adaptation and

survival under unfavorable stresses conditions. For exam-

ple, autophagy is an adaptive metabolic response to hyp-

oxic conditions (Toshima et al. 2013). When Huh7 cells
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were treated with an autophagy inhibitor under hypoxia,

lower cell viability was observed along with low levels of

intracellular ATP due to impaired mitochondrial b-oxida-

tion. Moreover, autophagy may be activated as an alter-

native energy source to overcome metabolic stress, which

is often encountered by metastatic tumor cells, especially

those metastasized to organs that provide tumor cells with a

poor supply of nutrients (Mathew et al. 2007). LC3

expression was correlated with tumor size, and may serve

as a strong prognostic factor of HCC (Lee et al. 2013). LC3

staining of metastasized and primary tumors from HCC

patients showed that LC3 expression was significantly

higher in metastasized HCC than in primary HCC. Further

experiments using immunohistochemical and TEM meth-

ods also support that autophagy is enhanced in metastatic

colonies compared to that in primary tumors. However,

autophagy did not significantly alter the invasion, migra-

tion, and detachment of HCC cells in this model (Peng

et al. 2013).

The biology of microRNAs

Post-transcriptional and translational regulation play roles

in diverse biological functions, including organogenesis

and development. MicroRNAs target and regulate essen-

tially all biological processes in all cell types, and influence

the complex programs of gene expression for virtually all

cellular processes (Kiss 2002). Small RNA molecules can

regulate the expression of genes through RNA interference.

There are three classes of small noncoding RNA in mam-

malian cells, namely microRNAs, siRNAs, and PIWI-

interacting RNAs (piRNAs) (Grosshans and Filipowicz

2008; Brennecke et al. 2007; Aravin et al. 2007; Chapman

and Carrington 2007; Bartel 2004). MicroRNAs, which are

18–25 nucleotides in length, are the most abundant class of

small non-coding RNA molecules. They regulate the

expression of target genes by inducing translational arrest

or mRNA cleavage via interaction with the 30-UTRs of

target mRNAs (Lee et al. 1993; Wightman et al. 1993; He

and Hannon 2004). It is well known that mature microR-

NAs are excised from pri-miRNA transcripts consisting of

hairpin-like microRNA precursors. These primary forms of

microRNAs are processed by the Drosha/DGCR8 complex,

and the resultant 60–70-nucleotide precursor microRNA

hairpins (pre-miRNAs) are then exported into the cyto-

plasm (Kim et al. 2009; Jones-Rhoades et al. 2006).

MicroRNAs in liver biology

Many different microRNAs are expressed in a cell-type

specific manner (e.g., hepatocytes, sinusoidal endothelial

cells, kupffer cells, and HSCs), and several are involved in

different aspects of liver physiology (Wang et al. 2012).

Each microRNA targets and affects complex gene

expression patterns for virtually all cellular processes.

Moreover, dysregulation of microRNAs is closely associ-

ated with a variety of diseases. The contribution of mi-

croRNAs to the pathogenesis of liver diseases has been

studied extensively. One such study showed the effect of

Dicer knockdown on the neonatal functions of the liver,

and dysregulation of cellular differentiation was observed

in this model. The proliferation of liver stem cells is also

affected by microRNAs. There was a significant increase in

the proliferation of CK19-positive bile ductular cells

adjacent to a-fetoprotein and portal tracts (Hand et al.

2009). Insulin-like growth factor 2 was dramatically ele-

vated, promoting hepatocarcinogenesis in livers with oval

cell proliferation (Fu et al. 1988). In addition, notable

pathological changes were also detected in the liver of

Dicer-knockdown mice as the mice grew. Inflammation

also occurred in the livers. Therefore, the liver/body weight

ratio was higher due to increased hepatocyte proliferation,

which exceeded hepatocyte apoptosis. Despite the knock-

down of microRNAs, most metabolic liver functions were

unchanged, and serum albumin, bilirubin, and cholesterol

levels were normal in the animals. Therefore, the remain-

ing microRNAs appear to be sufficient for the basic liver

functions to continue. Overall, microRNAs play a key role

in maintaining normal liver function, serving as a fine tuner

of gene expression.

Hepatic microRNA expression profiling

Many microRNAs are members of families with closely

related sequences that may have some common targets.

The binding target of a microRNA is determined by its

complementarity to the seed (nucleotides 2–8), and an

additional 13–16 nucleotides (Pasquinelli et al. 2000;

English et al. 1996). Some microRNAs are only detectable

in certain tissues, including miR-122 in the liver, miR-1 in

muscle, and miR-21 in the heart (Sun et al. 2010). The ten

most frequently detected microRNAs in the human liver

are listed in Table 2 (Landgraf et al. 2007).

miR-122 is highly enriched in the liver, and is regulated

during embryonic development (Reinhart et al. 2000;

English et al. 1996). MicroRNAs that are found in a major

portion of the liver, such as miR-122, miR-126, miR-16,

miR-22, or the let-7 family, do not target human albumin or

the a-fetoprotein genes. miR-122 expression seems to

occur at an early stage of liver development (Chang et al.

2004), implying that it may control the differentiation of

hepatoblasts into hepatocytes. An earlier study showed that

miR-122 is conserved in 12 different species (English et al.
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1996). Treatment of a mouse model with antagomir-122

upregulated 363 genes and downregulated 305 genes.

Cholesterol biogenesis was the most significantly repressed

gene functional category. These changes resulted in

reduced plasma cholesterol levels in mice and chimpanzees

(Esau et al. 2006; Lanford et al. 2010; Krutzfeldt et al.

2005). miR-122 also affects various genes involved in lipid

metabolism. miR-122 expression was decreased in the

livers of human and mouse NASH models (Cheung et al.

2008; Wang et al. 2009) and in mice with ALD (Bala et al.

2012). Intriguingly, lower levels of serum TGs, serum

cholesterol, LDL and HDL were seen in miR-122-knock-

out mice than in wild-type mice. miR-122-knockout mice

showed steatohepatitis and HCC (Tsai et al. 2012; Hsu

et al. 2012), supporting the notion that miR-122 plays a

central role in maintaining lipid homeostasis in the liver.

miR-126 is the second most abundant microRNA in the

liver. miR-126 plays a role in cancer biology and is

involved in angiogenenic signaling, cell proliferation, and

invasiveness. VCAM-1, p85b, CRKL, IRS-1, VEGF, and

TOM-1 are its validated targets (Harris et al. 2008; Guo

et al. 2008; Crawford et al. 2008; Zhang et al. 2008; Liu

et al. 2009; Oglesby et al. 2010).

The Let-7 family (Let-7a, b, c, d, f, and g) are the

third highestly expressed microRNAs in the liver, and

have been linked to development and cell differentiation.

The Let-7 family also functions as suppressors of tumor

and collagen accumulation in HSCs. Its known targets

include Ras, HMGA2, Dicer, caspase 3, integrin b3, and

TRIM71(Johnson et al. 2005; Meng et al. 2007b; Lin

et al. 2007; Shell et al. 2007; Tsang and Kwok 2008;

Tokumaru et al. 2008; Nie et al. 2008; Muller and

Bosserhoff 2008; Oh et al. 2010; Noh et al. 2009; Ta-

kane et al. 2010).

miR-16 is also abundant in the liver and other organs. It

has pro-apoptotic activity, inducing hepatocyte and HSC

apoptosis and TNF production. Other functions include cell

invasion and proliferation. In addition, miR-16 may act as a

Table 2 Putative functions and targets of microRNAs in the liver

MicroRNAs Functions Validated targets (gene symbols) References

miR-122 Cell signaling,

regulation of

metabolism, and

proliferation

Gys1, ALDOA, CCNG1, AKT3, EPO6, G6PC3,

PTP1B, DUSP2

(Fabani and Gait 2008; Gramantieri et al. 2007;

Tsai et al. 2009; Xu et al. 2010; Yang et al.

2012b)MAPK11, MAP3K3, VAV3

miR-126 Angiogenic signaling,

invasiveness, and cell

proliferation

inhibition

VCAM1, PIK3R2, CRKL, IRS1, VEGFA,

TOM1

(Harris et al. 2008; Guo et al. 2008; Crawford et al.

2008; Zhang et al. 2008; Liu et al. 2009; Oglesby

et al. 2010)

miR-16 Control of cell survival,

invasion,

proliferation, tumor

suppression

TPPP3, BCL2, VEGFA, CCND1, PDCD4, WT1,

ACTR1A, MCL1, CARD8, JUN, UGP2,

CDK6, CCNE1, CCND3, VEGFR2, FGFR1

(Kiriakidou et al. 2004; Cimmino et al. 2005; Ye

et al. 2008; Chen et al. 2008; Calin et al. 2008;

Liu et al. 2008; Chamorro-Jorganes et al. 2011)

miR-22 Inflammation BMP-7, PPARa, ESR1, PTEN, MAX (Iliopoulos et al. 2008; Bar and Dikstein, 2010;

Ting et al. 2010; Xiong et al. 2010a)

miR-143 Adipogenesis, cell

proliferation

inhibition, and tumor

suppression

MAPK7, KRAS, ERK5, Bcl-2, DNMT3A,

FNDC3b

(Takanabe et al. 2008; Akao et al. 2007; Esau et al.

2004; Chen et al. 2009; Clape et al. 2009; Ng

et al. 2009; Zhang et al. 2009; Zhang et al. 2010)

Let-7a Tumor suppression NF2, KRAS, NRAS, TRIM71, HMGA2,

CASP3, DICER1, PRDM1, HRAS, ITGB3,

EIF2C, DAD1

(Johnson et al. 2005; Meng et al. 2007b; Lin et al.

2007; Shell et al. 2007; Tsang and Kwok 2008;

Tokumaru et al. 2008; Nie et al. 2008; Muller and

Bosserhoff 2008; Oh et al. 2010; Noh et al. 2009;

Takane et al. 2010)

miR-125b Control of cell

differentiation,

proliferation, and

oncogene

ERBB2/ERBB3, LIN28, BAK1, IGFBP3, SMO,

CDKN2A, DICER1, KRT, CDK6, CDC25A,

HuR, E2F3, PUMA, 4E-BP1, Tp53

(Scott et al. 2007; Wu and Belasco 2005; Shi et al.

2007; Ferretti et al. 2008; Pogue et al. 2010;

Klusmann et al. 2010; Pan et al. 2010; Shi et al.

2010; Guo et al. 2009c; Le et al. 2011; Huang

et al. 2011; Zhang et al. 2012)

miR-99a Tumor suppression

Let-7b Tumor suppression LIN28, CCND1, CDC25A, BCL7A, HMGA2,

CDK6, KRT

(Kiriakidou et al. 2004; Schultz et al. 2008;

Johnson et al. 2007; Huang et al. 2007; Lee and

Dutta, 2007; Pan et al. 2010)

Let-7c Tumor suppression Myc, TRIM71, HMGA2, TGFBR1, EIF3S1

MED28, RTCD1

(Koscianska et al. 2007; Lin et al. 2007; Peng et al.

2008; Tzur et al. 2009; Noh et al. 2009)
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tumor suppressor, targeting TPPP3, Bcl-2, VEGF, Cyclin

D1, D3 and E1, PDCD4, VEGFR2, FGFR1, Cdk6, WT1,

Actr1a, Mcl1, UDP-glucose pyrophosphorylase2, Card8,

and c-jun (Kiriakidou et al. 2004; Cimmino et al. 2005; Ye

et al. 2008; Chen et al. 2008; Calin et al. 2008; Liu et al.

2008; Chamorro-Jorganes et al. 2011).

When miR-22 is highly expressed in the liver, it regu-

lates inflammation and hypoxic signaling in cancer cells,

and its validated targets are BMP-7, PPARa, ESR1, PTEN,

and MAX (Iliopoulos et al. 2008; Bar and Dikstein 2010;

Ting et al. 2010; Xiong et al. 2010a).

Dysregulation of microRNAs in liver diseases

In a number of studies, alterations in microRNAs have

been shown to correlate with various liver diseases, and the

expression profiles and signatures of these microRNAs

are distinct among liver diseases with different etiolo-

gies (Fig. 2).

MicroRNAs and viral hepatitis

HCV requires miR-122 for its replication. The HCV

genomic RNA consists of a 50-UTR, a single long poly-

protein open reading frame (ORF), and a 30-UTR. The

sequence of the 50-UTR is highly conserved and contains

an internal ribosome entry site (IRES) that allows cap-

independent translation of the viral ORF (Tsukiyama-Ko-

hara et al. 1992; Reigadas et al. 2001) and regulatory ele-

ments that control positive-strand replication (Reigadas

et al. 2001). A perfect match to the seed sequence of miR-

122 was predicted in close proximity to the 50 end of the

viral genome (Jopling et al. 2005). Direct binding of miR-

122 to the HCV RNA induced RNA stabilization

and translational enhancement (Conrad et al. 2013). Hence,

miR-122 increases HCV replication (Roberts et al. 2011),

as supported by the results that treatment of animals with

antagomirs and locked nucleic acids (LNAs) reduced HCV

replication (Krutzfeldt et al. 2005; Lanford et al. 2010).

Therefore, miR-122 may be an antiviral therapy target for

HCV patients.

microRNAs and ALD/NAFLD

Alcohol intake stimulates ROS generation in hepatocytes,

causing dysregulation of miR-34a, miR-217, and miR-122.

Treatment of kupffer cells with lipopolysaccharide influ-

enced miR-125b, miR-146a, and miR-155 through TNF-a
production (Baltimore et al. 2008). In addition, dysregu-

lation of miR-1224, miR-182, miR-183, miR-199a, miR-

214, miR-320, miR-486, and miR-705 was observed in the

livers of chronic alcohol-fed mice (Dolganiuc et al. 2009;

McDaniel et al. 2014). Elevated miR-34a levels and

decreased miR-122 levels were detected in patients and

diet-induced obese mice with NAFLD (Cermelli et al.

2011). These microRNAs could be used as markers for the

diagnosis of or as therapeutic targets for ALD and NAFLD.

microRNAs and fibrosis

Dysregulation of a broad variety of microRNAs has been

shown in fibrosis models. miR-199a, miR-200, and miR-

34a were shown to be profibrotic microRNAs (Murakami

Fig. 2 The expression of

aberrant microRNAs during the

progression of liver disease.

Factors such as HBV and HCV

infection, metabolic disorder,

and alcohol consumption

promote the development of

chronic liver disease that may

often advance to fibrosis/

cirrhosis and HCC. The figure

shows microRNAs that are

dysregulated and involved in

different stages of liver diseases.

The list includes upregulated

microRNAs shown in red, and

downregulated microRNAs in

blue. Autophagy-related

microRNAs were indicated as

stars
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et al. 2011; Li et al. 2011b), whereas miR-15b/16, miR-

150, miR-19b, miR-194, and miR-29 were the antifibrotic

ones (Guo et al. 2009a, b; Venugopal et al. 2010; Roder-

burg et al. 2011; Kwiecinski et al. 2012; Mannaerts et al.

2013). Dysregulation of miR-15b/16, miR-146a, miR-221,

and miR-27 promotes the proliferation of HSCs (Guo et al.

2009a, b; Mannaerts et al. 2013; He et al. 2012; Ogawa

et al. 2012). miR-122 dysregulation also activates HSCs

(Tsai et al. 2012).

microRNAs and HCC

MicroRNAs can function as either oncogenes or tumor

suppressors. MicroRNA dysregulation has been observed

in association with sustained proliferation, resistance to cell

death, immortality, angiogenesis, invasion, and metastasis

in cancer (Hanahan and Weinberg 2011). miR-26a, miR-

195, miR-34a, and miR-221 regulate the cell cycle (Xu

et al. 2009; Kota et al. 2009; Cheng et al. 2010; Graman-

tieri et al. 2009; Sharma et al. 2011). miR-125b, miR-224,

miR-29, miR-101, and miR-122 were reported as apoptosis

regulators in HCC (Zhao et al. 2012; Gong et al. 2013;

Zhang et al. 2013b; Xiong et al. 2010b; Su et al. 2009; Lin

et al. 2008). Moreover, miR-122 can inhibit angiogenesis

and intrahepatic metastasis (Tsai et al. 2009). The PI3K/

AKT/mTOR pathway, a major survival pathway, is also

controlled by miR-216a, miR-21, miR-148a, miR-221/222,

miR-519d, and miR-29a (Wu et al. 2012c; Meng et al.

2007a; Yuan et al. 2012; Fornari et al. 2012; Kong et al.

2011). In addition, dysregulation of miR-29b and miR-

125b increased angiogenesis and metastasis (Fang et al.

2011; Alpini et al. 2011).

MicroRNAs and autophagy

The contributions of microRNA-mediated post-transcrip-

tional and translational control of autophagy that have

recently emerged suggest the need for further studies about

the link between microRNAs and autophagy. Many of the

previous studies have been done in the field of cancer.

Here, we summarized the current knowledge on the regu-

lation of autophagy by noncoding RNAs, focusing on the

pathophysiological roles of microRNAs, particularly, how

microRNAs modify key autophagic effector proteins in

liver diseases (Table 3).

In tumor cells, several microRNAs have been shown to

control autophagy by targeting Atgs (Fig. 3). miR-375 plays

an inhibitory role in autophagy and is down-regulated in

HCC under hypoxic stress. Therefore, transfection with

miR-375 mimic impairs HCC viability by attenuating the

protective role of autophagy, which depends on the inhibi-

tion of Atg7, an essential autophagy-related gene (Chang

et al. 2012). In HCC patients treated with cisplatin, miR-

199a-5p was found to be significantly decreased, which may

explain the drug resistance as mediated with Atg7-depen-

dent autophagy (Xu et al. 2012). In a study done by Xu et al.,

miR-101 expression was downregulated in most HCC tis-

sues and cell lines, confirming EZH2 as its direct target gene.

In the study, the authors showed that miR-101 inhibited

autophagy and with either doxorubicin or fluorouracil, it

induced tumor cell death, although they did not suggest

autophagy-related genes as targets of miR-101 (Xu et al.

2014). In another study using breast cancer cells, miR-101

potently inhibited autophagy by regulating STMN1,

RAB5A, and Atg4D (Frankel et al. 2011). STMN1 encodes

Stathmin/Oncoprotein18, a cytosolic phosphoprotein that

regulates microtubule dynamics (Marklund et al. 1996; Rana

et al. 2008), and is identified as an autophagy regulator.

RAB5A, a small GTPase that regulates early endocytosis,

was previously suggested to act at an early stage of auto-

phagosome formation (Ravikumar et al. 2008). Finally,

Atg4D is a member of the Atg4 family of cysteine proteases

that regulate autophagosome biogenesis through LC3 pro-

cessing, allowing its conjugation to phosphatidylethanol-

amine on autophagosomal membranes (Marino et al. 2003;

Scherz-Shouval et al. 2007).

In turn, autophagy may regulate microRNA biol-

ogy (Fig. 3). miR-224 was preferentially recruited and

degraded during autophagic progression. Autophagy was

inversely correlated with miR-224 expression in specimens

from patients with HBV-associated HCC. In the study,

autophagy was shown to mediate miR-224 degradation and

liver tumor suppression (Lan et al. 2014). Nevertheless, the

roles of autophagy in the regulation of microRNAs, par-

ticularly cell-type specific regulation, in the liver remain

largely unknown.

Table 3 Known autophagy-related miRNAs and their functions

microRNAs Target(s) Relationship with autophagy Functions References

miR-375 Atg7 Downregulation of autophagy Tumor suppression (Chang et al. 2012)

miR-199-5p Atg7 Downregulation of autophagy Tumor suppression (Xu et al. 2012)

miR-101 STMN, RAB5A, Atg4D Downregulation of autophagy Tumor suppression (Frankel et al. 2011)

miR-224 Autophagy-mediated miR-224 degradation Tumor suppression (Lan et al. 2014)
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Conclusion and implications

Based on our current understanding of autophagy, we know

that autophagy plays a role in liver pathophysiology, and

that both basal and stress-induced autophagy are important.

Autophagy is involved in the removal of misfolded proteins,

organelle turnover, energy homeostasis, lipid homeostasis,

and immunity against intracellular and extracellular

aggressors. Autophagy might be increased in liver diseases

such as liver fibrosis and viral hepatitis. Increased levels of

intracellular proteins and damaged organelles due to

decreased autophagy may lead to alcoholic/nonalcoholic

steatosis and cancer. However, we still do not completely

understand how autophagy acts against numerous adaptive

physiological conditions in most diseases. Therefore, fur-

ther research is needed to determine the effects of autophagy

on liver pathobiology and the underlying regulatory mech-

anisms in more disease-specific contexts.

Post-transcriptional regulation plays roles during stress.

Numerous studies have provided important information on

the roles of microRNAs both under normal cellular func-

tions and in diseases. The study of microRNAs as post-

transcriptional regulators in liver disease is a rapidly

growing field. The major microRNA expressed in liver,

miR-122, controls lipid and glucose metabolism, and its

dysregulation is involved in most liver diseases, including

viral hepatitis, steatosis, fibrosis, and HCC. Some mi-

croRNAs are globally expressed, whereas others are

expressed in an organ- or cell-specific manner. It is

expected that globally expressed microRNAs may have a

variety of functions that act to modulate many target genes.

Certain microRNAs such as miR-375, miR-199-5p, and

miR-101 regulate autophagy-related genes and decrease

autophagy levels in HCC models, which demonstrates the

effects of microRNAs on autophagy. In addition, autoph-

agy affects microRNAs, as shown by the example of miR-

224, a microRNA that is selectively recruited and degraded

through the autophagosome-lysosome pathway. We have

clearly learned that autophagy and microRNAs have reci-

procal interactions in the regulation of liver pathophysiol-

ogy. Nonetheless, we need to understand the control of

autophagy by microRNAs and the biology of microRNA

regulation by autophagy in greater depth. Identification of

autophagy and microRNA dysregulation profiles that are

specific for a particular cell type during liver disease, in

conjunction with the identification of the associated cel-

lular functions, will benefit our understanding of the

pathologic processes of liver diseases. It is also be realistic

to expect that autophagy- and microRNA-based therapies

will become useful tools for liver diseases.
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