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Abstract
Background: Liver progenitor cells (LPCs) are bipotent stem cells existing in the adult liver, 
which could be activated upon massive liver injury and contribute to liver regeneration. 
However, mechanisms of maintenance of LPC functionality remain poorly understood. 
Previous studies found that autophagy was required for the self-renewal and differentiation 
of several tissue stem cells. Methods: The study compared the level of autophagic activity 
in LPCs and differentiated hepatocytes. Then, autophagic activity was inhibited in LPCs by 
lentivirus-mediated autophagy-related gene 5 or Beclin 1 knockdown. Clonogenic assay, cell 
viability assays, hepatic differentiation assay, and senescence analysis were conducted to 
assess the role of autophagy in regulating self-renewal, hepatic differentiation and senescence 
of LPCs. Results: We observed high autophagic activity in LPCs compared with differentiated 
hepatocytes. We found that inhibition of autophagy impaired the self-renewal, proliferation, 
and hepatic differentiation capability of LPCs under normal cultural condition, but had little 
impact on cell viability. Interestingly, while wild-type LPCs remained rarely affected by the toxin, 
etoposide, inhibition of autophagy induced the senescent phenotype of LPCs. Overexpression 
of Beclin 1 in Beclin 1-knockdown LPCs restored the functionality of stem cells. Conclusion: 
Our findings indicate that autophagy may function as a critical regulator of LPC functionality 
under both physiological and pathological condition.
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Introduction

Stem cells are characterized by their stemness: the capability of self-renewal and 
multipotential differentiation [1]. Liver progenitor cells (LPCs) are bipotent cells which 
can self-renew and differentiate into hepatocytes and biliary epithelial cells under specific 
condition [2]. In rodents, LPCs are also called oval cells because of the “oval like” shape 
and large nuclear-to-cytoplasmic ratio [3]. Upon massive liver damage, LPCs can be 
activated, proliferate and finally differentiate into functional mature cells to promote liver 
regeneration. In mice, LPCs are often observed in mice fed with a choline-deficient ethionine-
supplemented (CDE) diet [4] or a 3,5-diethoxycarbonyl-1,4-dihydrocollidine diet [2]. In 
humans, LPC proliferation is often observed in a variety of liver diseases, including fatty liver 
diseases [5], chronic viral hepatitis [6], and cirrhosis [7]. Due to their bipotential property, 
LPCs are considered as potential target for liver cell transplantation and therapeutic liver 
repopulation [8]. Thus, mechanisms of LPC regulation under physiological and pathological 
condition are needed to be explored. However, the regulation of LPC functionality is not fully 
understood.

Autophagy is the conserved catabolic mechanism involving cell degradation of 
unnecessary or dysfunctional cellular components by lysosomes [9]. There are three 
types of autophagy, including macroautophagy, microautophagy and chaperone-mediated 
autophagy [10]. Among them, macroautophagy is the most extensively studied pathway. 
Macroautophagy (simply referred to as autophagy hereafter) regulates a variety of 
physiological and pathological events, including tumor suppression, innate and adaptive 
immunity, lifespan extension and cell death [11]. Although autophagy in somatic cells 
has been widely explored, the role of autophagy in the maintenance and function of stem 
cells is only beginning to be revealed as a result of recent studies. Our previous study 
on mesenchymal stem cells (MSCs) has found that autophagy was induced in MSCs by 
inflammatory cytokines, and this inflammatory microenvironment-induced autophagy 
inhibits the immunosuppressive function of MSCs, indicating autophagy as a novel target 
to improve MSC-based immunotherapy [12]. Moreover, others have found that autophagy 
in MSCs was important for the protection of stemness from irradiation injury [13]. In 
addition, in adult hematopoietic stem cells, autophagy was also important for the stemness 
maintenance and differentiation [14]. However, the role of autophagy in LPC regulation is 
still unknown and needs to be explored. 

In this study, we investigated the role of autophagy in regulating LPC functionality, 
including self-renewal, proliferation, differentiation and cellular senescence. Interestingly, 
we found that inhibition of autophagy in LPCs by knockdown of the essential autophagy 
genes autophagy-related gene 5 (Atg5) or Beclin 1 (Becn1) impaired the stemness of LPCs, 
and promoted the senescence of LPCs induced by etoposide. 

Materials and Methods

Animals
C57BL/6 mice of 8-12 weeks old were used for isolation of murine LPCs. Mice were fed with a CDE 

(TROPHIC, Nantong, Jiangsu, China) diet to induce LPC activation as previously reported [4] and subject 
to LPC isolation. All these experiments with animals were performed in accordance with the relevant 
guidelines and regulations of Shanghai Jiao Tong University School of Medicine. All the experiments with 
animals were approved by the Animal Welfare & Ethics Committee of Shanghai Jiao Tong University School 
of Medicine.

Isolation of hepatocytes
Hepatocytes were isolated from naïve mice using the two-step perfusion protocol as previously 

described [15]. After the mice were anesthetized, mouse livers were first perfused with perfusion buffer, 
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and then with buffer containing collagenase D (Roche, Basel, Switzerland). Then, by shaking the liver in 
the collagenase buffer, cells were released from the liver. Liver nonparenchymal cells were removed from 
the hepatocytes by several episodes of low-speed centrifugation (40×g for 3 min). Those freshly isolated 
hepatocytes can be harvested for further analysis.

Isolation, Culture, and Clone of LPC Line
Primary murine LPCs were isolated from mice with CDE diet as previously described [16]. Briefly, 

after 3 weeks on the CDE diet, liver cells were then harvested by a modification of a multi-step digestion 
protocol. Liver nonparenchymal cells were separated from the hepatocytes by several episodes of low-
speed centrifugation (40×g for 3 min) and were then collected by centrifugation (1500 rpm for 5 min). 
LPCs were enriched by centrifugation of nonparenchymal cells through a discontinuous gradient of 20% 
and 50% PercollTM (Amersham Biosciences, Pittsburgh, PA, USA). Enriched LPCs were then incubated with 
APC-conjugated anti-EpCAM and FITC-conjugated anti-CD45 (eBioscience, San Diego, CA, USA). Then, 
EpCAM+CD45- cells were isolated by fluorescence-activated cell sorting (FACS) and plated in type I collagen-
coated dishes (BD Biosciences, San Jose, CA, USA). The cells were maintained in culture medium: DMEM/
F12 (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS, Invitrogen), 10-7 M dexamethasone, 
1×ITS-X (insulin, transferrin, selenium X, Invitrogen), 10 ng/ml hepatocyte growth factor (HGF), 20 ng/ml 
epidermal growth factor (EGF) and 20 ng/ml fibroblast growth factor (FGF) (cytokines all from PeproTech, 
Rocky Hill, NJ, USA). The culture medium was half changed every 2 days. The purified epithelial populations 
were named LPCs and passaged every 3 days.

Induction of hepatic differentiation
To induce hepatic differentiation, LPCs were grown to confluence, washed with PBS twice, and cultured 

in medium supplemented with 20% Matrigel, 40 ng/mL oncostatin M (R&D Systems, Minneapolis, MN, 
USA), 25 ng/mL HGF, 25 ng/mL EGF, and 10-7 M dexamethasone for 7 days [17]. Then, cells were harvested 
for western blot analysis or subjected to PAS staining. Cells grown on chamber slides were fixed with 4% 
paraformaldehyde (PFA) for 30 min and washed with PBS twice. Next, slides were incubated in periodic 
acid solution for 5 min and rinsed with several changes of distilled water. Slides were incubated in Schiff ’s 
reagent (Sigma, St. Louis, MO, USA) for 15 min, washed in running tap water for 5 min, dehydrated, and 
mounted with xylene-based mounting medium.

IF staining
LPCs with differential treatment were fixed with 4% PFA, washed with PBS and incubated with 0.2% 

Triton X-100. Then, the cells were incubated with anti-LC3 antibody (Cell Signaling Technology, Danvers, 
MA, USA) in 1% bovine serum albumin. Secondary antibody was Cy3-conjugated antibody (Invitrogen). For 
counterstaining of the nucleus, cells were incubated with DAPI. Finally, cells were mounted and observed 
under a confocal microscope, LSM510 (Carl Zeiss, Oberkochen, Germany).

Lentiviral vector construction
Lentiviral shRNA vectors (GenePharma, Shanghai, China) targeting the essential autophagy genes 

Atg5/Becn1 were utilized for stable knockdown in LPCs. Procedures were conducted according to the 
manufacturer’s protocol. shRNA sequences were as follows: shAtg5, 5’-gat ccG CGG TTG AGG CTC ACT TTA 
TGT TCA AGA GAC ATA AAG TGA GCC TCA ACC GCT TTT TTg-3’; shBecn1, 5’-gat ccG GAG AAA GGC AAG ATT 
GAA GAT TCA AGA GAT CTT CAA TCT TGC CTT TCT CCT TTT TTg-3’; shNC, 5’-gat ccA CTA CCG TTG TTA TAG 
GTG TTC AAG AGA CAC CTA TAA CAA CGG TAG TTT TTT Tg-3’ [12]. 

High titer lentiviral stocks were produced and used at a multiplicity of infection of 50 to infect LPCs, 
and the efficiency of infection exceeded 95%. LPCs were infected with lentivirus expressing shNC or shRNA 
inhibiting Atg5 or Becn1.

Cell proliferation assay
LPCs with differential treatment were seeded in 96-well plate at 5000 cells per well. CCK8 assay 

(Dojindo Laboratories, Kumamoto, Japan) was used to measure the viable proliferating cells at 0, 24, 48, 72 
and 96 hours after plating. The absorbance at 450 nm was measured using a thermo Spectrophotometer.
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Cell viability assays
Cultured LPCs were harvested and subjected to trypan blue exclusion assay or PI staining to assess 

cell viability. For trypan blue exclusion assay, cells were mixed with an equal volume of trypan blue solution 
(Beyotime, Nantong, Jiangsu, China) and counted under microscope. The number and percentage of dead 
cells were quantified. For PI staining, cells were stained with PI staining solution (eBioscience, San Diego, 
CA, USA) according to the manufacturer’s instruction. Stained cells were analyzed using FACSCaliber (BD 
Biosciences, San Jose, CA, USA).

PCR
Total RNA was extracted from LPCs with differential treatment at indicated times and was subsequently 

reverse-transcribed using AMV Reverse Transcription System (Takara, Shiga, Japan). Real-time PCR was 
performed using SYBR Green PCR mix (Roche, Basel, Switzerland) on an ABI Prism 7900HT (Applied 
Biosystems, Foster city, CA, USA). Thermocycler conditions included 2-minute incubation at 50°C, then 95°C 
for 10 minutes; this was followed by a 2-step PCR program, as follows: 95°C for 15 seconds and 60°C for 60 
seconds for 40 cycles, as previously described [18]. β-actin was used as an internal control to normalize for 
differences in the amount of total RNA in each sample. The primer sequences were as follows (in the 5’ to 
3’ orientation): β-actin forward, TGT CCA CCT TCC AGC AGA TGT;  β-actin reverse, AGC TCA GTA ACA GTC 
CGC CTA GA; p53 forward, GCC GAC CTA TCC TTA CCA TCA; p53 reverse, GGC AGG CAC  AAA CAC GAA C; p21 
forward, CCT GGT TCC TTG CCA CTT CTT; p21 reverse, CTG TTC TAG GCT GTG ACT GCT TC; p16 forward, 
CGT TCA CGT AGC AGC TCT TC; p16 reverse, GCA CGA TGT CTT GAT GTC CC; albumin forward, TGG GTA ACC 
TTT CTC CTC CTC C; albumin reverse, CAC TCT TGT GTG CTT CTC GGC; G-6-Pase forward, CAT CAA TCT CCT 
CTG GGT GGC; G-6-Pase reverse, CGT TGC TGT AGT AGT CGG TGT CC; CK-19 forward, ACC CTC CCG AGA TTA 
CAA CCA C; CK-19 reverse, CAA GGC GTG TTC TGT CTC AAA C; CK-7 forward, AGG AGA TCA ACC GAC GCA C; 
CK-7 reverse, GTC TCG TGA AGG GTC TTG AGG.  

Western Blot
Cells were harvested and lysed with RIPA containing protease and phosphatase inhibitors (Roche) and 

proteins were separated by 12% - 14% SDS-PAGE after denaturation. Immunoblot analysis was performed 
by initial transfer of proteins onto polyvinylidenefluoride membranes and followed by a blocking step with 
5% nonfat dried milk plus 0.1% Tween 20 and exposed to primary antibodies against LC3-I/II, Atg5, Becn1, 
p62, PARP and GAPDH (all from Cell Signaling Technology). The blots were then incubated with a secondary 
antibody conjugated with Horse Radish Peroxidase (Cell Signaling Technology) and the immunoreactivity 
was detected by chemiluminescence (Merck Millipore, Billerica, MA, USA). Immunoblot bands were 
quantified by densitometry using the software ImageJ. Densities were normalized to control treatment and 
relative folds were normalized to GAPDH. 

Senescence analysis
Senescence of LPCs was compared by histochemical staining for expression of SA-β-Gal activity, as 

previously described [19]. LPCs with differential treatment were gently rinsed with PBS, and fixed with 0.2% 
gluteraldehyde and 2% formaldehyde. The stain solution [β-Gal Staining kit (Cell Signaling Technology)], 
adjusted to pH 6.0, was added to each culture plate and incubated for 16 hours at 37 °C. The plates were then 
removed from the incubator and rinsed with PBS after the staining substrate was removed. Plates were then 
coverslipped for viewing and photography.

Clonogenic assay
LPCs were plated at 250 cells per 100-mm dish and cultured in the DMEM/F12 containing 10% FBS, 

10-7 M dexamethasone, 1×ITS-X, 10 ng/ml HGF, 20 ng/ml EGF, 20 ng/ml FGF, and 20 µM Y27632 (Sigma). 
The cells were cultured for 9 days and then the numbers of colonies were counted. To visualize clonogenic 
expansion, cell cultures were fixed in 10% formalin, stained with crystal violet/methanol (Beyotime, 
Nantong, Jiangsu, China), and imaged using conventional scanning and imaging tools.

Transfection
The myc-tagged full-length Beclin 1 plasmid or control vector were kindly gifted from Dr Congfeng Xu 

at Shanghai Jiao Tong University School of Medicine, Shanghai, China [20]. LPCs were transfected by using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
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Statistical analysis
Differences were evaluated using SPSS (Version 16.0, Chicago, IL, USA). Significant differences were 

evaluated using an independent-samples t test, except that multiple treatment groups were compared 
within individual experiments by ANOVA. All values were presented as mean±S.E.M. Values of P less than 
0.05 were considered significant. 

Results

Autophagy in wild-type LPCs and inhibition of autophagy
Microtubule-associated protein light chain 3 (LC3) expression is the most commonly 

used indicator for autophagosome formation [10]. To investigate the level of autophagic 
activity in LPCs, we have analyzed the expression of autophagic markers, LC3-I/ II and p62, 
in freshly isolated LPCs and hepatocytes. LPCs and hepatocytes were isolated as described 
in Materials and Methods, and then were cultured in DMEM/F12 medium with/without the 
lysosomal inhibitor chloroquine (3µM) for 3 hours. After the treatment, cells were harvested 
and proteins were collected for western blot analysis. As shown in Fig. 1A, expression of LC3-
II in freshly isolated LPCs was higher than that in freshly isolated hepatocytes, both in the 
presence and absence of chloroquine. Meanwhile, expression of p62 in freshly isolated LPCs 
was lower than that in freshly isolated hepatocytes, both in the presence and absence of 

Fig. 1. Level of autophagy in wild-type and Atg5/Becn1-knockdown LPCs. (A) LPCs and hepatocytes were 
isolated as described in Materials and Methods, and then were cultured in DMEM/F12 medium with/wi-
thout the lysosomal inhibitor chloroquine (3µM) for 3 hours. After the treatment, cells were harvested and 
proteins were collected for western blot analysis. Western blot analysis of LC3-I/II and p62 expression in 
LPCs and hepatocytes. Representative data from 3 separate experiments are shown. (B) Densities of LC3-
II or p62 were normalized to control group and relative fold changes of LC3-II or p62 were normalized to 
GAPDH. (C) The EGFP-positivity of cells transduced with indicated viruses. (D) Western blot analysis of 
Atg5, Becn1, LC3-I/II and p62 expression in cultured shNC/shAtg5/shBecn1-LPCs. (E) shNC/shAtg5/sh-
Becn1-LPCs treated with/without the lysosomal inhibitor chloroquine were labeled with anti-LC3 primary 
antibody and Cy3-conjugated secondary antibody. IF staining was analyzed by confocal microscopy. Scale 
bar = 10 µm. Results are representative of three independent experiments with similar results.



Cell Physiol Biochem 2015;36:1163-1174
DOI: 10.1159/000430287
Published online: June 25, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1168

Cheng et al.: Autophagy Regulates Liver Progenitor Cells

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

chloroquine. Quantification of LC3-II and p62 also confirmed the results (Fig. 1B), indicating 
the high autophagic activity in LPCs compared to hepatocytes.

To investigate the function of autophagy in LPCs, we used lentivirus-mediated Atg5/
Becn1-knockdown. As Atg5 and Becn1 are essential autophagy genes, knockdown of Atg5/
Becn1 in LPCs would inhibit autophagic activity. LPCs were then infected with shNC/
shAtg5/shBecn1 viruses (shNC/shAtg5/shBecn1-LPCs) and allowed to propagate for 3 days. 
Flow cytometric analysis revealed that the majority (more than 90%) of infected LPCs were 
positive for enhanced green fluorescent protein (EGFP), a marker of lentiviral integration 
(Fig. 1C). Western blot confirmed the successful knockdown of Atg5/Becn1 and inhibition 
of autophagy in shAtg5/shBecn1-LPCs compared with shNC-LPCs, as evidenced by the 
decreased expression of LC3-II and increased expression of p62 (Fig. 1D). In addition, we 
have examined the LC3 puncta in shNC/shAtg5/shBecn1-LPCs treated with or without the 
lysosomal inhibitor, chloroquine. As shown by immunofluorescence staining, the number 
of LC3 puncta in shNC-LPCs was higher than those in shAtg5/shBecn1-LPCs, both in the 
presence and absence of lysosomal inhibitor chloroquine (Fig. 1E).

Impaired self-renewal and proliferative capability of LPCs following inhibition of 
autophagy
Stem cells and/or progenitor cells are characterized by their ability to self-renew. To 

investigate the effect of autophagy on the self-renewal of LPCs, shNC/shAtg5/shBecn1-LPCs 
were used in the following experiments. Efficiency of LPC self-renewal was assessed by the 

Fig. 2. Inhibition of autophagy limited the clonogenic and proliferative capability of LPCs. (A) Clonogenic 
colony-forming assay of cultured shNC/shAtg5/shBecn1-LPCs. (B) Colony number of data depicted in A was 
quantified. (C) Proliferation of shNC/shAtg5/shBecn1-LPCs in vitro was analyzed by CCK-8 assay. *P < 0.05. 
(D) Cell viability was analyzed by trypan blue exclusion assay. The percentage of dead cells was quantified. 
(E) Cell viability was analyzed by PI staining using flow cytometry. (F) The percentage of PI+ cells depicted 
in E was quantified. (G) Expression of full-length and cleaved PARP in shNC/shAtg5/shBecn1-LPCs was 
analyzed by western blot. Results are representative of three independent experiments with similar results.
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rate of colony formation in colony-forming unit (CFU) assay. As indicated in Fig. 2A & B, CFU 
numbers in shAtg5/shBecn1-LPCs were significantly decreased compared with that in shNC-
LPCs. In addition, in vitro proliferation assay demonstrated that the level of proliferation in 
shAtg5/shBecn1-LPCs was significantly lower than that in shNC-LPCs at 24, 48 and 72 hours 
after plating (Fig. 2C). 

Meanwhile, we have also performed cell viability assays to test whether inhibition 
of autophagy would affect cell viability. shNC/shAtg5/shBecn1-LPCs were harvested and 
subjected to trypan blue exclusion assay or Propidium Iodide (PI) staining, and cell viability 
was observed under microscope or detected by flow cytometry analysis. The reason we didn’t 
stain the cells with both PI and Annexin V-FITC to test apoptosis was that shNC/shAtg5/
shBecn1-LPCs were GFP positive due to the lentiviral system. As indicated by trypan blue 
exclusion assay (Fig. 2D) and flow cytometry analysis (Fig. 2E,F), shNC/shAtg5/shBecn1-
LPCs displayed similar viabilities. In addition, western blot analysis demonstrated that 
shNC/shAtg5/shBecn1-LPCs expressed similar levels of full-length and cleaved poly (ADP-
ribose) polymerase (PARP), which is a marker for apoptosis (Fig. 2G).

Together, these results suggested that inhibition of autophagy impaired the self-renewal 
and proliferative capability of LPCs, but had little impact on cell viability. 

Inhibition of autophagy decreased the hepatic differentiation of LPCs
LPCs could differentiate into hepatocytes under specific condition. To evaluate the 

involvement of autophagy in the hepatic differentiation of LPCs, shNC/shAtg5/shBecn1-
LPCs were subjected to hepatic differentiation media. Periodic acid-Schiff (PAS) staining 
demonstrated that glycogen deposition was detected in shNC-LPCs, indicating that shNC-

Fig. 3. Inhibition of autophagy decreased the hepatic differentiation of LPCs. (A) shNC/shAtg5/shBecn1-LP-
Cs were cultured in hepatic differentiation media for 7 days and subjected to PAS staining. Scale bar = 100 
µm. (B) shNC/shAtg5/shBecn1-LPCs were cultured in hepatic differentiation media for 12 days and subjec-
ted to PAS staining. Scale bar = 100 µm. (C) Expression of G-6-Pase, ALB, CK-19 and CK-7 was analyzed by re-
al-time PCR. RNA was prepared from untreated shNC-LPCs and differentiated shNC/shAtg5/shBecn1-LPCs. 
Expression of G-6-Pase, ALB, CK-19 and CK-7 mRNA was normalized to β-actin. Results are representative 
of three independent experiments with similar results. *P < 0.05, **P < 0.01.
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LPCs could differentiate into hepatocytes upon induction (Fig. 3A). However, shAtg5/
shBecn1-LPCs exhibited decreased potential of differentiating into hepatocytes (Fig. 3A). 
Interestingly, when the hepatic differentiation period was extended to 12 days, shAtg5/
shBecn1-LPCs still could not fully differentiate into hepatocytes (Fig. 3B). 

In addition to PAS staining, we have also analyzed the expression of hepatocyte 
markers glucose 6-phosphatase (G-6-Pase) and albumin (ALB), and cholangiocyte markers 
cytokeratin-19 (CK-19) and CK-7, by real-time PCR. Real-time PCR analysis demonstrated 
that shNC-LPCs upon hepatic differentiation induction expressed higher levels of G-6-Pase 
and ALB, compared with shAtg5/shBecn1-LPCs upon hepatic differentiation (Fig. 3C). 
Meanwhile, the expression of CK-19 and CK-7 was decreased in shNC-LPCs upon hepatic 
differentiation (Fig. 3C). However, the expression of these two cholangiocyte markers was 
not significantly changed in shAtg5/shBecn1-LPCs upon hepatic differentiation (Fig. 3C). 
These results further confirmed our conclusion that inhibition of autophagy inhibited the 
hepatic differentiation of LPCs.

Inhibition of autophagy promotes senescence of LPCs
Etoposide is a DNA damaging drug which could cause senescent morphology in various 

cells [21]. We treated shNC/shAtg5/shBecn1-LPCs with 25 µM etoposide. After 24 hours, 
etoposide caused senescent morphology in shNC/shAtg5/shBecn1-LPCs as evidenced 
by senescence associated β-galactosidase (SA-β-Gal) staining (Fig. 4A). However, shAtg5/
shBecn1-LPCs were rather sensitive to etoposide-induced damage compared with shNC-
LPCs, as evidenced by the large number of SA-β-Gal+ cells in shAtg5/shBecn1-LPCs than that 
in shNC-LPCs (Fig. 4A,B), suggesting inhibition of autophagy rendered LPCs susceptible to 
stress-induced senescence.

Fig. 4. Inhibition of autophagy promoted the senescence of LPCs in response to etoposide stimulation. Cul-
tured shNC/shAtg5/shBecn1-LPCs were treated with 25 µM etoposide for 24 hours. (A) SA-β-gal staining of 
shNC/shAtg5/shBecn1-LPCs treated with etoposide. Scale bar = 100 µm. (B) Number of SA-β-gal+ LPCs de-
picted in A was quantified. (C) Expression of p16 in LPCs was analyzed by real-time PCR. The amplification 
plot of p16 was demonstrated using the software SDS 2.3 (Applied Biosystems, Grand Island, NY, USA). (D) 
p53 and p21 mRNA expression was measured by real-time PCR. *P < 0.05,  **P < 0.01. Results are represen-
tative of three independent experiments with similar results.
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Then, we investigated the mechanism by which autophagy regulated the senescence 
of LPCs induced by etoposide. It is known that p16/pRB and p53/p21 are two major 
senescence-triggering pathways in response to stresses [22]. Therefore, we detected the 
expressions of p53, p21 and p16 in shNC/shAtg5/shBecn1-LPCs treated with or without 
etoposide using real-time PCR analysis. While mRNA expression of p16 was not detected 
in LPCs (Fig. 4C), mRNA expression of p53 and p21 were significantly increased in shAtg5/
shBecn1-LPCs treated with etoposide compared to shNC-LPCs (Fig. 4D). These results 
indicated that inhibition of autophagy in LPCs promotes etoposide-induced senescence 
possibly through p53/p21 signaling.

Overexpression of Beclin 1 in shBecn1-LPCs restored the functionality of stem cells
To fully verify that autophagy regulated the functionality of LPCs, we used myc-tagged 

full-length Beclin 1 plasmid to overexpress Beclin 1 in shBecn1-LPCs, as described in 
Materials and Methods. As shown in Fig. 5A, overexpression of Beclin 1 in shBecn1-LPCs 
increased the expression of LC3-II. Functional analysis demonstrated that overexpression 
of Beclin 1 in shBecn1-LPCs restored the hepatic differentiation capability, as indicated by 
PAS staining (Fig. 5B). In addition, overexpression of Beclin 1 rendered shBecn1-LPCs to 
be resistant to etoposide treatment, as indicated by decreased numbers of SA-β-gal+ cells 
(Fig. 5C,D). Based on these results, we concluded that autophagy played a critical role in 
regulating the functionality of LPCs.

Discussion

In this study, we demonstrated that autophagy had a critical role in regulating LPC 
stemness and senescence. We found that inhibition of autophagy by knockdown of Atg5 or 
Becn1 impaired the clonogenic, proliferative and differentiation capability of LPCs, but had 
little impact on cell viability. In addition, inhibition of autophagy promoted the etoposide-
induced senescence. 

In this study, we inhibited autophagic activity in LPCs through knockdown of Atg5 
or Becn1, which are essential elements required for autophagosome and autolysosome 

Fig. 5. Overexpression of Beclin 1 
in shBecn1-LPCs restored the fun-
ctionality of stem cells. Cultured 
shBecn1-LPCs were transiently 
transfected with control vector or 
expression vector for Beclin 1. (A) 
Expression of Beclin 1, LC3-I/II 
was analyzed by western blot. (B) 
shBecn1-LPCs transiently trans-
fected with control vector or ex-
pression vector for Beclin 1 were 
cultured in hepatic differentiation 
media for 7 days and subjected 
to PAS staining. Scale bar = 100 
µm. (C) shBecn1-LPCs transient-
ly transfected with control vector 
or expression vector for Beclin 1 
were treated with 25 µM etoposi-
de for 24 hours. SA-β-gal staining 
of shBecn1-LPCs with etoposide 
was displayed. Scale bar = 100 µm. 
(D) Number of SA-β-gal+ senescent 
cells depicted in C was quantified.
**P < 0.01
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formation [11]. Either knockdown of Atg5 or Becn1 successfully downregulated the 
autophagic activity within LPCs, and negatively regulated the stemness of LPCs, suggesting 
that the effect of Atg5/Becn1-knockdown on LPC functionality was mediated through 
autophagy pathway, but not Atg5/Becn1-associated gene function. 

In contrast to differentiated cells, where autophagy is usually induced as a consequence 
of stress, high autophagic activity is observed in adult skin and blood stem cells under 
physiological conditions [23]. And it is presumed that this constitutive autophagy is crucial 
for the maintenance of cellular homeostasis in various stem cells, including embryonic stem 
cells, hematopoietic stem cells, neural stem cells, cardiac stem cells, mesenchymal stem 
cells and cancer stem cells [23, 24]. Inhibition of autophagy in those stem cells significantly 
impaired the self-renewal and differentiation capability [23]. In this study, we have also 
observed high level of autophagic activity in LPCs compared with that in hepatocytes. 
Inhibition of autophagic activity impaired the self-renewal and differentiation function, and 
promoted etoposide-induced senescence in LPCs. It is possible that the high autophagic 
activity prevents LPCs from damages during massive liver injury, when large amounts of 
hepatocytes are susceptible to such damages. Then, under such conditions, LPCs could 
activate and proliferate to support liver regeneration. Further studies including in vivo 
experiments and experiments using hepatic progenitor cells derived from mouse embryonic 
liver [25] are needed to fully prove the physiological role of autophagy in LPCs.

Cellular senescence is a state of cell cycle arrest induced by stress. Meanwhile, autophagy 
could also be induced by stress. Recent studies have demonstrated the interaction between 
autophagy and cellular senescence in somatic cells. It was reported that depletion of Atg7, 
Atg12, or lysosomal-associated membrane protein 2 by siRNA or shRNA resulted in premature 
senescence in primary human fibroblasts [26]. In addition, simultaneous inhibition of Cyclin-
dependent kinase 4/6 and autophagy in human mammary epithelial cells enhanced the 
senescence response [27]. Here, we showed that impairment of autophagy led to senescence 
associated SA-β-gal activity in LPCs. In addition, the senescent phenotype induced by 
etoposide in shAtg5/shBecn1-LPCs was accompanied by the up-regulation of p53 and p21 
mRNA expression, which was consistent with previous studies that reported etoposide 
induced cellular senescence in tumor cells through inducing p53 and p21 pathway [28, 29]. 
Only those tumor cells with wild-type p53 exhibited senescent phenotype upon etoposide 
treatment or DNA damage [28, 29]. Our results indicated the close interaction between 
autophagy and stress-induced cellular senescence within stem cells. However, during aging, 
whether autophagy plays a role in the regulation of stem cells remains unknown. Although 
it is known that autophagy activation extends lifespan in Drosophila melanogaster and mice 
[30-32], the exact function of autophagy within somatic cells and stem cells during aging still 
needs to be explored. 

In conclusion, our findings indicate that autophagy plays a critical role in regulating LPC 
stemness. Further studies are needed to fully decipher the mechanisms by which autophagy 
regulates LPC functionality under physiological and pathological conditions. 
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