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TISSUE-SPECIFIC STEM CELLS

Downregulation of augmenter of liver regeneration impairs the
therapeutic efficacy of liver epithelial progenitor cells against
acute liver injury by enhancing mitochondrial fission
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Abstract
Cell-based therapeutic approaches have been proven to be effective strategies for
the treatment of acute liver injury (ALI). However, widespread application of these
procedures is limited by several key issues, including rapid loss of stemness in vitro,
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aberrant differentiation into undesirable cell types, and low engraftment in vivo. In
this study, liver epithelial progenitor cells (LEPCs) were characterized and transfected
with augmenter of liver regeneration (ALR). The results revealed that in ALI mice with
CCl4, the transplantation of ALR-bearing LEPCs into the liver markedly protected
mice against ALI by decreasing the levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), thus relieving hepatic tissue injury and attenuating
inflammatory infiltration. Mechanistically, the knockdown of ALR in LEPCs activated
the phosphorylation of dynamin-related protein 1 (Drp1) at the S616 site and
thereby enhanced mitochondrial fission. In contrast, the transfection of ALR into
LEPCs significantly inhibited Drp1 phosphorylation, thereby favoring the maintenance of mitochondrial integrity and the preservation of adenosine triphosphate
contents in LEPCs. Consequently, the ALR-bearing LEPCs transplanted into ALI mice
exhibited substantially greater homing ability to the injured liver via the SDF1/CXCR4 axis than that of LEPCs-lacking ALR. In conclusion, we demonstrated that
the transplantation of ALR-transfected LEPCs protected mice against CCl4-induced
ALI, thus offering immense curative potential in the clinic.
KEYWORDS

acute liver injury, augmenter of liver regeneration, cell transplantation, dynamin-related
protein 1, liver epithelial progenitor cells

Significance statement
Augmenter of liver regeneration (ALR) is known to regulate mitochondrial dynamics in
hepatocytes, thus offering protection against liver injury. However, whether ALR exerts a
similar function in adult liver stem cells, thereby supporting cell transplantation in damaged
liver with improved therapeutic efficacy, is not known. The results of the current study demonstrated that ALR was beneficial in liver epithelial progenitor cells, helping them combat
liver injury after cell transplantation and offering immense curative potential in the clinic.
The presented results aided in understanding the survival mechanism of liver stem cells
regulated by ALR.
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spermatogenesis and fertility in adult transgenic male mice,28 clearly

I N T RO DU CT I O N

implicating ALR in regulation of liver ESCs. However, limited studies have
The liver is the most important organ for maintenance of nutrient status,

focused on whether ALR regulates pluripotency in adult liver stem cells.

metabolic homeostasis, and detoxification. Acute liver injury (ALI) is a

The main aim of this study was to explore whether delivery of

life-threatening state associated with high mortality due to severe and

ALR into LEPCs assisted in maintaining stemness of progenitor cells

rapid loss of liver function.1–3 Currently, orthotopic liver transplantation

in vitro, enhancing their homing to the damaged liver and eventually

(OLT) is considered the most effective therapeutic strategy for end-stage

protecting mice against ALI.

liver diseases including ALI. However, application of OLT is significantly
limited by a shortage of available donor organs. Consequently, cell transplantation therapy for temporary replacement of damaged liver is pro4–9

posed as an attractive alternative clinical strategy.

2

M A T E R I A L S A N D M ET H O D S

|

In the context of

cellular therapy, rapid progress in stem cell implantation, rather than

2.1

|

Cell culture and transfection

mature hepatocytes, has been successfully achieved for treatment of
ALI.10–13 In view of the absence of clinically feasible protocols favoring

Mouse-derived LEPC lines were non-commercially obtained from Pro-

cell therapy as an effective bridge to organ transplantation, further

fessor Hu.14 LEPCs were cultured in DMEM high glucose (HyClone,

research is required to establish the utility of cell transplantation.

Logan, Utah) with 10% FBS (Gibco, Grand Island, New York) and 1%

Liver epithelial progenitor cells (LEPCs) possess typical features of liver

penicillin-streptomycin (Gibco, Grand Island, New York) at 37 C with 5%

progenitor cells, such as the ability to proliferate, self-renew, and differenti-

CO2. LEPCs were transfected with ALR siRNA (ON-TARGETplus

Recent stud-

SMARTpool GFER 30 -UTR/ORF; Dharmacon Co., Lafayette, Colorado)

ies have demonstrated that transplanted hepatic stem/progenitor cells can

or scramble control siRNA (ON-TARGETplus Non-targeting Pool; Dhar-

effectively engraft into injured liver, restore liver function, and prolong sur-

macon Co.) using the DharmaFECT Transfection Reagent (Dharmacon

vival.15–19 Beyond liver stem cells, candidate cell types including embryonic

Co.), in keeping with the manufacturer's protocol (dharmacon.

14

ate bi-potentially into both hepatocytes and cholangiocytes.

stem cells (ESCs), mesenchymal stem cells (MSCs), and induced pluripotent

horizondiscovery.com). ALR and control plasmids were maintained in our

stem cells (iPSCs) have been examined in animal studies. MSCs and iPSCs

laboratory (GenePharma, Shanghai, China). LEPCs were transfected with

have the benefits of exceptional proliferation and easy acquisition; how-

plasmids using Lipofectamine 3000 Transfection Reagent (Life Technolo-

ever, safety issues such as aberrant differentiation into undesirable cell

gies, Carlsbad, California) according to the manufacturer's instructions.

types, tumorigenicity risk, and questionable genomic stability after long-

Following transfection, LEPCs were cultured at 37 C with 5% CO2.

term culturing in vivo remain unresolved. Compared with these nonhepatic cells, LEPCs possess more plastic stemness and lower immunogenicity in the hepatic microenvironment. Additionally, because LEPCs are
obtained from the adult mouse liver, they are considered more resistant to

2.2 | CCl4-induced ALI in mice and transplantation
of LEPCs

cell death than ESCs.20 More importantly, the application of adult stem
cells such as LEPCs avoids the ethical controversies of sourcing ESCs.

To detect the settlement tendency of transplanted LEPCS by using

Hence, LEPCs are superior candidate cell sources. However, despite the

sex-cross assays, we used female C57BL/6J mice to generate the

therapeutic potential of liver stem cells, a number of limitations restrict

CCl4-induced ALI model. The animals were randomized into CCl4

their broad application for the treatment of ALI. For instance, Ullah et al.21

injury (n = 18) and control (n = 18) groups at the start of the experi-

reported that major problems of stem cell therapy included poor survival

ment and were fasted for 12 hours and administered a mixed solution

and repopulation as well as indeterminacy of homing ability in vivo. Thus,

of CCl4 (Aladdin, Shanghai, China; VCCl4:VOlive oil = 1:4, 1 mL/kg body

extensive preclinical investigations are required for adult stem cells before

weight, i.p.) or olive oil (Macklin, Shanghai, China; equivalent to the

clinical trials to treat ALI are commenced.

volume of CCl4 mixed solution, i.p.). Mice with ALI were subjected to

Augmenter of liver regeneration (ALR) was initially identified in

general anesthesia via isoflurane inhalation and randomly divided

crude extracts of liver homogenates in weanling rats and designated

again into three groups (n = 6 per group). The wild-type (WT) LEPCs,

22

The protein dis-

ALR-, or ALRsiRNA-carrying LEPCs (designated as LEPCWT, LEPCALR,

plays high homology to yeast essential for respiration and viability

and LEPCsi-ALR) were suspended in 2  106 cells in 200 μL DMEM for

hepatic regeneration stimulator substance (HSS).

1 (ERV1) protein and human growth factor erv1-like gene (GFER) and

each cell type and transplanted into spleen of mice 8 hours after CCl4

plays a role in protecting hepatocytes from damage caused by toxins

injury, respectively. All mice were monitored closely until recovery

such as CCl4, D-galactosamine and free fatty acid (FFA). ALR has been

from anesthesia. Animals from both groups were sacrificed at 1, 3, or

demonstrated to be effective against ischemia-reperfusion injury

5 days after injection, and serum and liver samples were harvested for

resulting from surgical operations.23–25 Conversely, knockdown of

morphological, histological and serological studies. This study protocol

ALR is reported to disrupt liver regeneration after partial hepatec-

was approved by the Ethics Committee of Capital Medical University

26

27

has shown that a lack of ALR

(approval No. AEEI-2016-094) on 16 June 2016. The procedures were

diminishes pluripotency of mouse ESCs and triggers apoptosis. Addition-

performed in compliance with Guide for the Care and Use of Labora-

ally, Yang and co-workers have demonstrated that ALR is essential for

tory Animals (National Research Council, 1996, USA) and all

tomy.

A recent study by Todd et al.

3
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participating animals followed good care. All animal procedures were

2.8

Cell survival analysis

|

conducted in accordance with above guidelines.
Cells were seeded into 96-well plates at a density of 3000 cells/well

2.3

|

Liver function tests

(three wells/group) and survival assessed using Cell Counting Kit-8
(CCK8; Dojindo, Kumamoto, Japan) according to the manufacturer's

Animals were sacrificed 3 days after cell transplantation. Blood sam-

instructions.

ples were measured with an automatic analyzer (Hitachi 7600, Tokyo,
Japan) for determination of alanine aminotransferase (ALT) and aspartate aminotransferase (AST).

2.9

Protein isolation and western blot analysis

|

Liver tissues were harvested and cellular proteins prepared as

2.4 | Histological and immunohistochemical
analysis

reported previously.29 Proteins for immunoblot analysis were quantified using a BCA Protein Assay Kit (23229; Thermo, Rockford, Illinois) and denatured at 99 C. Proteins were separated via 12%

Following the ethical sacrifice of mice, whole livers were immediately

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

collected for histological analysis. Liver tissues were embedded in par-

PAGE) and electrotransferred to a nitrocellulose membrane, which

affin wax and sectioned at a thickness of 5 μm. Tissue slides were sta-

was blocked using 5% bovine serum albumin (BSA; Sigma-Aldrich)

ined with hematoxylin and eosin (H/E) (Sigma-Aldrich, St. Louis,

and incubated with the appropriate primary antibodies at 4 C over-

Missouri) for pathological evaluation. Hepatic expression levels of

night. (The information on antibodies is shown in the Supplemental

SRY, Sox9, and F4/80 were detected via immunohistochemistry. All

information.) Membranes were stained with secondary antibodies

images were observed using an automated upright microscope system

and subsequently developed with enhanced chemiluminescence

(DM5000B; Leica Microsystems, Wetzlar, Germany).

reagent (Advansta, Menlo Park, California). Membranes hybridized
with antibodies against glyceraldehyde 3-phophate dehydrogenase
(Kangcheng Biology Engineering, Shanghai, China) were used as the

2.5

|

Genetic identification of transplanted cells

loading control. Dilution of antibodies is shown in the Supplemental
information.

Hepatic genomic DNA from mice with LEPC transplantation was
extracted, and the SRY gene was amplified with polymerase chain reaction
under UV light. The primers for SRY were designed as shown in Table S1.

2.10 | RNA extraction and reverse transcription
(RT-PCR) and quantitative polymerase chain reaction
(Q-PCR)

2.6

Total liver tissue RNA or cell RNA was extracted using TRIzol

(PCR). PCR products were separated with 2.0% agarose gel and visualized

|

Homing analysis of LEPCs

Reagent (Invitrogen, Carlsbad, California) and reverse-transcribed
To trace the transplanted LEPCs in vivo and compare their homing abil-

into cDNA using HiScript II Reverse Transcriptase (Vazyme, Nan-

ities among groups, we used the dye DiR (dialkylcarbocyanine and

jing, China). The mRNA expression of target genes was deter-

dialkylaminostyryl probes, Invitrogen, Eugene, Oregon) with excitation

mined via Q-PCR analysis using the commercially available

at 750 nm and emission at 782 nm to label LEPCs. At 0, 6, 12, and

TaqMan Gene Expression Assay (Life Technologies, previously

24 hours post-transplantation, the settlement of cells in the injured

known as Applied Biosystems, Carlsbad, California) on the Applied

liver was examined with an in vivo Imaging System (IVIS Spectrum,

Biosystems Prism 7300 Real-Time PCR Instrument, in keeping with

PerkinElmer, Massachusetts), and the homing efficiency of transplanted

the manufacturer's protocol. The sequences of siRNAs are shown

cells was assessed by visualization of fluorescence intensity. After ani-

in Table S1.

mals were sacrificed at predetermined time periods, the spleens and
livers were harvested and placed inside the IVIS to quantify the near
infrared fluorescence emitted from tissues in different groups.

2.11

|

Immunofluorescence staining

Frozen tissue sections or cells were plated and incubated overnight

2.7

|

Survival analysis of mice

with primary antibodies in phosphate-buffered saline (PBS) containing
5% BSA. The next day, cells were incubated with secondary antibody

To analyze whether delivery of ALR into LEPCs augmented the thera-

(Alexa-Fluor-594-conjugated goat anti-rabbit or anti-mouse IgG,

peutic efficacy of cell transplantation in ALI mice, we increased the

diluted 1:200; Thermo Fisher Scientific Inc. Carlsbad, California) and

dose of CCl4 to 2.6 mL/kg body weight. The mouse survival rate was

40 ,6-diamidino-2-phenylindole

calculated at different time points.

Beyotime, Shanghai, China) and subsequently assessed via confocal

dihydrochloride

(DAPI,

1:1000;

4
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laser scanning microscopy (SP8, Leica, Wetzlar, Germany). Cells from

diacetate (DCFDA) method using a microplate spectrometer (Thermo

each group were plated on coverslips in six-well plates at a density of

Fisher Scientific) at 488/530 nm.

1  10 cells/well until confluence followed by removal of medium.
4

Next, cells were fixed with 4% paraformaldehyde for 30 minutes and
permeabilized in 0.01% Triton X-100 (Sigma-Aldrich) for 20 minutes

2.15

|

Measurement of the ratio of NAD+/NADH

at room temperature. After incubation with 5.0% BSA for 1 hour, cells
were incubated with primary antibodies at 4 C overnight, followed by

NAD levels were analyzed with colorimetric total NAD/NADH assays

Alexa-Fluor-594-conjugated goat anti-rabbit or anti-mouse IgG sec-

(186032; Abcam, Cambridge, UK) according to the manufacturer's

ondary antibody (1:500 dilution) for 45 minutes at room temperature.

protocol. The assay reagent consisted of a mixture of NAD+-reducing

Nuclei were stained with DAPI (diluted 1:100; Beyotime, Shanghai,

and NADH-oxidizing enzymes, thus causing amplification of the NAD

China) and cells examined under a confocal laser scanning microscope

signal.

(Leica).
For examination of mitochondria, 1  104 cells were plated
on 15 mm glass-bottomed dishes and incubated under 5% CO2-

2.16

|

Apoptosis assays



95% air at 37 C, followed by incubation in 1 mL DMEM containing MitoTracker Red FM (1:4000; Invitrogen, Thermo Fisher

After transfection with siRNAs, cells were collected and stained with

Scientific, Waltham, Massachusetts) for 45 minutes and confocal

an Annexin V-EGFP Apoptosis Detection Kit (Beyotime). The apopto-

microscopy analysis. Images of mitochondria were processed with

sis induced by downregulation of ALR was measured with a NovoCyte

the confocal microscopy-specific software, Leica Application Suite

Flow Cytometer (ACEA).

X (LAS X).

2.17
2.12

|

|

Statistical analysis

Electron microscopy
Data are presented as means ± SD of at least three independent

Cells were fixed with 2.5% glutaraldehyde at 4 C overnight and post-

experiments. Statistical significance was determined using Stu-

fixed in 1.0% osmium tetroxide for 1.5 hours at room temperature.

dent's t test or one-way ANOVA according to the type of data.

After dehydration in ethanol and acetone, the samples were incubated

Survival rates were analyzed using the Kaplan-Meier method and

in acetone and Spurr resin, baked at 65 C for 24 hours to polymerize,

compared with the log-rank test. Statistical analysis was performed

sectioned into 50 nm-thick slices, and observed with a HT7800

using GraphPad Prism 7 software, with P values < .05 considered

120 kV transmission electron microscope (Hitachi).

significant.

2.13 | Isolation of mitochondria and membrane
potential assays

3
3.1

RE SU LT S

|
|

Characterizations of LEPCs

Mitochondria were isolated from LEPCs with a Minute Mitochondria
Isolation Kit for Mammalian Cells and Tissues (MP-007, Invent Bio-

LEPCs are mouse-derived liver progenitor cells, as reported by Li

technologies, Plymouth, Minnesota). Mitochondrial membrane poten-

et al.14 We initially detected the characterizations of LEPCs provided

tial was detected by JC-1 (HY-15534, MedChemExpress, Monmouth,

by Professor Hu's laboratory.14 As shown in Figure S1, LEPCs

New Jersey). Collected cells were incubated with JC-1 staining buffer

exhibited oval cell-like clusters with a high nucleus-to-cytoplasm ratio,

for 30 minutes at 37 C and in a humid environment with 5% CO2.

and the morphology of LEPCs remained unchanged, even after several

Fluorescence of samples was measured with a NovoCyte Flow

passages (Figure S1A). By counting cell numbers and calculating the

Cytometer (ACEA, San Diego, California).

population doubling time, we observed that LEPCs at passages of 0, 5,
10, and 15 showed no decrease in proliferation (Figure S1B, C).
According to FACS analysis, the cell distributions at G2/M, G0/G1,

2.14 | Measurement of adenosine triphosphate
(ATP) production and ROS generation

and S phases in the cell cycle were approximately 3.0%, 87%, and
10% (Figure S1D). Western blot analysis, real-time PCR analysis,
and immunofluorescence staining indicated that LEPCs abundantly

Cells were cultured in six-well plates and, after various treatments, were

expressed the progenitor cell markers Sox9 and EpCAM, as well as

lysed and subjected to measurement of cellular ATP with the CellTiter-Glo

the cholangiocyte marker CK19, but scarcely expressed Alb, a typical

Luminescent Cell Viability Assay according to the manufacturer's instruc-

marker of mature hepatocytes (Figure S1E-H). When cultured in Mat-

tions (Promega Corporation, Madison). Cellular ROS generation was

rigel, LEPCs differentiated into cholangiocytes after treatment with

assayed with the 5- (and 6-) carboxy-20 ,70 -dichlorodihydrofluorescein

20 ng/mL of hepatocyte growth factor (HGF) or 2.0% dimethyl

5
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sulfoxide. When cultured with 5 mM of sodium butyrate, LEPCs also

group, the ALT and AST levels of ALI mice significantly increased and ret-

differentiated into hepatocytes (Figure S1I).

urned to control levels at 5 days (Figure S2D, E). Hepatic histology and
inflammation were assessed via H/E and F4/80 staining of tissue sections (Figure S2F, G). The results indicated liver injury in the ALI group,

3.2 | Generation of a CCl4-induced ALI model
in mice

with congestion, severe necrosis and inflammatory cell infiltration, but
these effects were reduced in the control group, thus supporting that
the mouse ALI model induced by CCl4 was successfully generated.

Mice were administered an aliquot of CCl4 (1.0 mL/kg body weight) to
generate ALI as described previously.11 Olive oil-treated mice were used
as the control group. Mice were sacrificed on 1, 3, or 5 days after CCl4
intoxication (experimental flowchart in Figure S2A), and their body

3.3 | Transplantation of LEPCs relieves hepatic
injury in ALI mice

weights were recorded daily (Figure S2B). Compared with that in mice in
the control group, the liver morphology in ALI mice showed obvious

Next, we aimed to assess the transplantation efficacy of LEPCs via intra-

injury (Figure S2C). Liver functions were evaluated via measurement of

splenic cell injection. Because intrasplenic cell injection additionally can

serum ALT and AST levels. Compared with those in mice in control

minimize the risk of causing an increase in portal pressure, as spleen can

F I G U R E 1 Transplantation of LEPCs relieves hepatic injury in ALI mice. A, Schematic experimental protocol for cell transplantation therapy in
the ALI model. B, Representative images of livers of mice from the two groups. C, H/E staining showing necrosis in liver tissue sections. Scale
bars = 200 μm, 100 μm. D, F4/80 staining showing infiltration of inflammatory cells. Scale bars = 200 μm, 100 μm. E, Quantification of, C, H/E
and, D, F4/80 staining. n = 3 independent experiments. F, and G, Quantification of, F, ALT and, G, AST levels. n = 3 independent experiments. Error
bar represents mean ± SD. P values were determined using Student's t test. Asterisks indicate the level of statistical significance (*P < .05, **P < .01)

6
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F I G U R E 2 Overexpression of ALR in LEPCs promotes their hepatic homing. A, SRY sequences were analyzed via PCR using genomic
DNA extracted from liver samples. B, Immunohistochemical staining of SRY in LEPCs transplanted into the liver tissues. Male mice were
used as control. Scale bar = 200 μm. C, In Vivo Imaging System to detect the homing ability of transplanted cells with different
expression of ALR in vivo. D, In Vivo Imaging System to detect the homing ability of transplanted cells in different groups ex vivo. E,
Quantification of SRY in (B). n = 3 independent experiments. F, Quantification of total radiant efficiency of mice in (C). n = 3
independent experiments. G, Quantification of total radiant efficiency of livers and spleens in (D). n = 3 independent experiments. Error
bar represents mean ± SD. P values were determined using Student's t test. Asterisks indicate the level of statistical significance
(*P < .05, **P < .01; see also Figure 3)
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FIGURE 3

Legend on next page.
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serve as a pressure buffer zone, this protocol is considered the “gold

shown in Figure 2A, after transplantation of cells into recipient livers,

standard” procedure for cell transplantation in rodent models. The exper-

SRY sequences of LEPCs were successfully detected by PCR analysis,

imental protocol is illustrated in Figure 1A. The time window for

thus confirming their engraftment in the liver. To ensure the engraftment

assessing therapeutic efficacy was 1, 3, or 5 days after LEPC transplanta-

ability of transplanted cells in different groups, we also used a mouse-

tion (Figure S2H-K). On the basis of the preliminary experimental data

specific SRY antibody disclosed clusters of transplanted LEPCs in immu-

(Figure S2), we chose 3 days post-cell transplantation to detect

nohistochemical staining (Figure 2B) and immunofluorescence staining

transplanted LEPCs in vivo (described below).

(Figure S4A, B) of liver sections of hosts. As shown in Figure 2B, the

Histologically, livers in mice without (w/o) LEPCs displayed pro-

number of SRY-positive LEPCs in the livers of female mice that under-

found hepatocyte necrosis and ballooning degeneration of lobular

went LEPCALR transplantation was approximately twofold higher than

zones with inflammatory cell infiltration. In contrast, livers from mice

those in mice with LEPCsi-ALR transplantation (Figure 2E). Similarly, LEPCs

with (w/i) LEPCs showed attenuated liver damage and reduced infil-

displaying red fluorescence in nuclei were regarded as positive

tration of inflammatory cells (Figure 1B-E). As shown in Figure 1F, G,

(Figure S4A), and the fluorescence intensity of positive cells was deter-

data from the liver function test showed that compared with mice

mined by the mean gray value of SRY+ cells. As shown in Figure S4B, the

w/o LEPCs, levels of ALT and AST at 3 days in mice subjected to

intensity for the LEPCALR transplantation group was approximately

LEPC transplantation (w/i LEPCs) were markedly lower, supporting

40 AU, and that of the group with LEPCsi-ALR transplantation was 20 AU.

the theory that LEPC transplantation effectively protected livers from
severe injury due to CCl4-induced toxicity.

In addition to SRY, Sox9, a pluripotency marker of LEPCs, was
also detected to demonstrate the existence of transplanted cells. As

To validate the LEPC therapy, we treated ALI mice with intraperi-

indicated in Figure S4C, after LEPC transplantation, the percentage of

toneal injection of a mixed solution of D-Gal/LPS, as a simulation

Sox9+ cells in the LEPCALR group was 35.5 ± 3.5 vs 10.8 ± 3.3 in the

model of drug-induced liver injury (DILI).

30

Tissue staining with H/E

and F4/80 was conducted to assess liver histology (Figure S3A, B) and

LEPCsi-ALR group, validating the positive effect of ALR transfection in
augmenting engraftment of transplanted LEPCs in injured liver.

inflammatory infiltration (Figure S3C), respectively. The levels of ALT

Cell labeling offers great advantages of in vivo tracking and

and AST were lower in mice receiving LEPC transplantation than in

investigating the homing ability of transplanted cells by using non-

mice not receiving LEPC injection (Figure S3D, E). Data from H/E and

invasive imaging techniques.33–36 Transplanted LEPCs were labeled

F4/80 staining suggested that LEPC transplantation ameliorated

with the fluorescent lipophilic tracer DiR and imaged by IVIS. At

hepatic necrosis and inflammatory infiltration in the liver. Together,

0 hour post-treatment, the cells were confined inside the spleen

our results indicated that transplantation of LEPCs improved liver

and then gradually moved into the liver. By 24 hours, the cells

architecture and function in ALI mice.

spread out over the entire liver, and the migration of transplanted
LEPCs labeled with DiR was predominant in the liver in the
w/i LEPCALR group (Figure 2C, F). In ex vivo imaging, signals were

3.4 | Overexpression of ALR in LEPCs promotes
hepatic homing

detected in both the livers and spleens (Figure 2D), and the total
fluorescence of the liver in the w/i LEPCALR group was significantly
more intense than that in the other two groups (Figure 2G). These

Efficient cell engraftment to target organs is considered a prerequisite

results implied that ALR-overexpression in LEPCs significantly ele-

for a stem cell treatment protocol. To validate the efficiency of intra-

vated their engraftment ability in vivo.

splenic cell injection, LEPCs obtained from male mice were administered

To elucidate the possible mechanism involved in recruitment of

to female mice,31,32 and a sex-cross assay was used to detect the prog-

LEPCALR cells to mouse livers, we investigated whether the stromal

eny of LEPCs based on expression of SRY (sex-determining region Y). As

cell-derived factor-1 (SDF-1)/CXCR4 axis, an essential pathway for

F I G U R E 3 Overexpression of ALR in LEPCs augments therapeutic effect after transplantation. A, Western blot analysis of SDF-1 in liver
tissues of 1, 3, or 5 days after administration with CCl4 or olive oil normalized to GAPDH. O1, O3, O5, represents 1, 3, or 5 days after treatment
with olive oil; D1, D3, D5, represents 1, 3, or 5 days after treatment with CCl4. B, Quantification of western blots of SDF-1 in (A) normalized to
GAPDH. n = 3 independent experiments. C, Expression of SDF-1 measured via qRT-PCR using total RNA isolated from O1, O3, O5, D1, D3, or
D5 groups. All results were normalized to 18S. n = 3 independent experiments. D, Western blot analysis of ALR and CXCR4 in LEPCWT, LEPCALR,
and LEPCsi-ALR normalized to GAPDH. n = 3 independent experiments. E, Quantification of western blots of ALR and CXCR4 in, C, normalized to
GAPDH. n = 3 independent experiments. F, Expression of ALR and CXCR4 measured via qRT-PCR using total RNA isolated from LEPCWT,
LEPCALR, and LEPCsi-ALR groups. All results were normalized to 18S. n = 3 independent experiments. G, and H, Quantification of (G) ALT and (H)
AST levels. n = 3 independent experiments. K, H/E staining showing evidence of necrosis in liver sections. Scale bar = 100 μm. I, Quantification
of (K) H/E staining. n = 3 independent experiments. L, F4/80 staining showing inflammatory cell infiltration. Scale bar = 100 μm. J, Quantification
of (L) F4/80 staining. n = 3 independent experiments. M, Survival curves of mice from two groups transplanted with different cells. n = 10 in
each group. N, Quantification of relative cell viability of HepG2 cells after cultured with different cultural medium detected with the CCK-8 assay.
n = 3 independent experiments. Error bar represents mean ± SD. P values were determined using Student's t test or one way-ANOVA according
to the type of data. Survival rates were analyzed using the Kaplan–Meier method and compared with the log-rank test. Asterisks indicate the
level of statistical significance (*P < .05, **P < .01, ***P < .001, ****P < .0001)
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FIGURE 4

Legend on next page.
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inducing stem cells mobilization into the circulation and migration to

Nevertheless, the implantation of 2  106 LEPCs per mouse

injured sites,37–41 might be involved. As shown in Figure 3, the

might not be the sole mechanism responsible for rescuing all the

expression of SDF-1 increased approximately fivefold in injured livers

necrotic hepatocytes. For example, one study has hypothesized

(Figure 3A-C). In parallel, the overexpression of ALR in LEPCs resulted

that ALR might be a paracrine factor affected by the cell environ-

in a twofold increase in the expression of CXCR4 (Figure 3D-F).

ment.42 To explore this possibility, we next assessed whether

Accordingly, we postulated that ALR-overexpression enhanced the

transplanted LEPCs might have therapeutic benefits through para-

homing ability of LEPCs with adequate ATP supply at least partially

crine effects. HepG2 cells were cultured with culture medium

through increasing the expression of CXCR4, and further improved

obtained from LEPCALR, LEPCWT, or LEPCsi-ALR cells and subjected

the efficacy of cell transplantation in ALI.

to CCK-8 assays to evaluate cell proliferation. HepG2 cells cultured with medium from LEPCALR cells exhibited clearly greater
cell viability than did LEPCsi-ALR cells at the fourth day of culture,

3.5 | Overexpression of ALR in LEPCs augments
therapeutic effects after transplantation

with relative OD values of 1.44 vs 0.78, respectively (Figure 3N).
However, whether the protective effect of LEPCALR transplantation might be associated with a paracrine pathway requires

Next, LEPCs' therapeutic effects against ALI were assessed, and the

further investigation.

results are shown in Figure 3. The levels of ALT and AST in LEPCALRtreated mice were significantly lower than those in the LEPCsi-ALR group
(Figure 3G, H). H/E staining showed that the hepatic necrosis area in
ALR

the LEPC

si-ALR

group was clearly smaller than that in the LEPC

group

3.6 | ALR aids in maintaining LEPC stemness
in vitro

(0.4% and 31.7%, respectively; Figure 3I, K). Inflammatory infiltration,
as detected by F4/80 staining, was alleviated in the LEPCALR group

After validating the therapeutic effect of LEPCALR cell transplanta-

(Figure 3J, L). Together, these data suggested that the liver damage in

tion against ALI, we further investigated the underlying mecha-

ALR

ALI mice was attenuated after LEPC

transplantation. To analyze

nisms. To determine whether maintenance of LEPC stemness was

whether the LEPCALR transplantation improved survival in ALI mice, we

correlated with ALR, LEPCs were transfected with ALR plasmids or

increased the dose of CCl4 to 2.6 mL/kg body weight. As shown in

siRNAs and cultured in vitro, followed by analysis of their charac-

Figure 3M, the majority of animals in the LEPCsi-ALR group died (1/10

teristics. The results showed a threefold and fivefold increase in

mice survived) within 24 hours of exposure to CCl4 while 60% (6/10)

ALR protein and mRNA expression in LEPCALR, respectively

ALR

group. The collective results clearly indi-

(Figure 4A-C). Importantly, the ability to self-renew and promote

cated that ALR-overexpression in LEPCs significantly protected the

mice survived in the LEPC

bi-potent differentiation was maintained and proliferation ten-

livers of mice against ALI. Additionally, these findings were consistent

dency was not affected in LEPCALR cells. However, under condi-

with results obtained from 2D-PanoSlice scanning, and the difference

tions of downregulation of ALR via siRNA-ALR oligoduplexes

in hepatic repair in mice between the LEPCALR and LEPCsi-ALR groups

(designated LEPCsi-ALR) led to a two-fold reduction in ALR mRNA

was significantly variable (P < .001) (Figure S4D, E). Furthermore, we

and ~70% to 80% decrease in ALR protein, respectively (Figure 4A-

used male mice in this experiment to exclude the gender discrepancy

C). The expression of Ki67, an index of cell proliferation, was

in ALR-induced LEPC transplantation therapy. The results showed no

decreased by ~80% in cells (Figure 4D, E). Additionally, the popula-

gender discrepancy in ALI mice subjected to LEPCsi-ALR transplanta-

tion doubling time in LEPCsi-ALR cells was remarkably extended in

tion in Figure S5 (Figure S5A-E). Together, our data demonstrated that

comparison to LEPCsi-NC cells (Figure 4F). As shown in Figure 4G,

ALR-transfected LEPCs enhanced therapeutic efficiency against CCl4-

H, inhibition of ALR expression in LEPCsi-ALR cells led to a several

induced ALI in mice.

fold decrease in pluripotent marker expression, compared with

F I G U R E 4 ALR aids in maintaining LEPC stemness in vitro. A, Western blot analysis of ALR in LEPCvector, LEPCALR, LEPCsi-NC and LEPCsi-ALR
normalized to GAPDH. B, Quantification of western blots of (A) ALR normalized to GAPDH in LEPCvector, LEPCALR, LEPCsi-NC, and LEPCsi-ALR.
n = 3 independent experiments. C, Expression of ALR measured via qRT-PCR using total RNA isolated from LEPCvector, LEPCALR, LEPCsi-NC, and
LEPCsi-ALR groups. All results were normalized to 18S. n = 3 independent experiments. D, Immunofluorescence staining of Ki67 (red). Nuclei were
counterstained with DAPI (blue). Scale bar = 25 μm. E, Quantification of immunofluorescence staining of (D) Ki67-positive cells. n = 3
independent experiments. F, Cell population doubling times detected in LEPCvector, LEPCALR, LEPCsi-NC, and LEPCsi-ALR. n = 4 independent
experiments. G, Western blot analysis of ALR, Sox9, EpCAM, Alb, and CK19 in LEPCvector, LEPCALR, LEPCsi-NC, and LEPCsi-ALR normalized to
GAPDH. H, Quantification of western blots of (G) ALR, Sox9, EpCAM, Alb, and CK19 normalized to GAPDH in LEPCvector, LEPCALR, LEPCsi-NC,
and LEPCsi-ALR. n = 5 independent experiments. I, Gene expression of progenitor cell markers measured via qRT-PCR using total RNA isolated
from LEPCvector, LEPCALR, LEPCsi-NC, and LEPCsi-ALR. All results are normalized to 18S. n = 3 independent experiments. J, Immunofluorescence
staining of marker proteins (red). Nuclei are counterstained with DAPI (blue). Scale bar = 5 μm. Error bar represents mean ± SD. P values were
determined using Student's t test or one way-ANOVA according to the type of data. Asterisks indicate level of statistical significance (*P < .05,
**
P < .01, ***P < .001, ****P < .0001)

11

DONG ET AL.

F I G U R E 5 Knockdown of ALR expression in LEPCs disrupts mitochondrial function. A, Quantification of relative cell viability after
transfection detected with the CCK-8 assay. n = 3 independent experiments. B, Ratio quantification of mitochondrial NAD+/NADH. n = 4
independent experiments. C, Quantification of ATP content in LEPCsi-NC and LEPCsi-ALR. n = 3 independent experiments. D, Confocal
images of ROS production (red) in living LEPCsi-NC and LEPCsi-ALR. Nuclei are counterstained with DAPI (blue). Scale bar = 10 μm. E,
Quantification of relative fluorescence intensity of (D). n = 3 independent experiments. F, Confocal imaging of mitochondrial membrane
potential (MMP) in living LEPCsi-NC and LEPCsi-ALR. J-aggregates (red) and monomers (green) are labeled. Scale bar = 25 μm. G,
Quantification of ratio of J-aggregate/monomer (F). n = 3 independent experiments. H, Annexin V-FITC and PI staining in LEPCsi-NC or
LEPCsi-ALR and percentage of apoptotic cells measured via flow cytometry (I). n = 4 independent experiments. J, Western blot analysis of
Bcl-2 and Bax in LEPCsi-NC and LEPCsi-ALR normalized to GAPDH. K, Quantification of relative Bcl-2/Bax ratio. n = 3 independent
experiments. Error bar represents mean ± SD. P values were determined using Student's t test. Asterisks indicate the level of statistical
significance (*P < .05, **P < .01, ***P < .001, ****P < .0001)

control (LEPCsi-NC). This finding was further confirmed via quantitative PCR (Figure 4I) and immunofluorescence analyses (Figure 4J).

3.7 | Knockdown of ALR expression in LEPCs
disrupts mitochondrial function

Our results strongly suggested that delivery of ALR into LEPCs
effectively assisted in maintaining their features as progenitor cells.

While our experiments demonstrated that LEPCALR cells sustain-

Conversely, knockdown of ALR expression impaired LEPC stemness

ably possess features of liver stem cells, we were interested in

and expansion ability in vitro.

further ascertaining whether ALR regulated LEPC survival.

12
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F I G U R E 6 ALR deletion enhances Drp1 activity and mitochondrial fission in LEPCs. A, Images from transmission electron microscopy and
confocal microscopy of mitochondria from LEPCsi-NC and LEPCsi-ALR. Scale bars = 2 μm and 8 μm. B, Quantification of mitochondrial
morphologies observed in LEPCsi-NC and LEPCsi-ALR. n = 3 independent experiments. C, Representative western blot analysis of ALR, Drp1, pDrp1S616, and GAPDH in LEPCsi-NC and LEPCsi-ALR. D, Quantification of western blots of (C) Drp1 and p-Drp1S616. n = 3 independent
experiments. E, Quantification of ratio of (C) p-Drp1S616/total Drp1 protein levels in LEPCsi-NC and LEPCsi-ALR. n = 5 independent experiments. F,
Representative western blot analysis of p-Drp1S616 protein in cytosolic fractions and mitochondrial compartments from LEPCsi-NC and LEPCsi-ALR.
Phospho-Drp1S616 in the cytosolic fraction normalized to GAPDH and p-Drp1S616 in the mitochondrial compartment normalized to COX IV. G, H,
Quantification of ratio of p-Drp1S616/total Drp1 protein levels from LEPCsi-NC and LEPCsi-ALR in the, G, cytosolic fraction and, H, mitochondrial
compartment via western blot. n = 3 independent experiments. Error bars represent mean ± SD. P values were determined using Student's t test.
Asterisks indicate the level of statistical significance (*P < .05, ***P < .001)

Notably, viability of LEPCsi-ALR cells declined at 48 hours and was

predicted that deletion of ALR could result in mitochondrial dys-

significantly lower at 72 hours compared with the LEPCsi-NC

function and impair cell survival. To examine this hypothesis, we

(scramble siRNA) group (Figure 5A). The mechanisms contributing

investigated ATP production of LEPCsi-NC and LEPCsi-ALR groups.

to improvement of LEPC survival and functionality were subse-

As shown in Figure 5, knockdown of ALR expression impaired

quently examined. In view of the finding that the 23 kDa isoform

NAD+/NADH oxidation of the respiratory complex I (Figure 5B)

of ALR resides mainly in the intermembrane space of mitochon-

and interfered with ATP production (Figure 5C). Concomitantly,

dria and functions as a survival factor of hepatocytes,23 we

ALR deletion accelerated ROS generation (Figure 5D, E), leading

13
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F I G U R E 7 Mutation of Ser616 rescues mitochondrial dysfunction in LEPCsi-ALR cells A, Western blot analysis of p-Drp1, Drp1, ALR, and
GAPDH in LEPCsi-NC and LEPCsi-ALR. B, C, Quantification of relative, B, Drp1 and, C, p-Drp1 levels in LEPCsi-NC and LEPCsi-ALR after transfection
with Drp1-WT or Drp1-S616A mutant. n = 4 independent experiments. D, Flow cytometry assay for JC-1 aggregates (red) and monomers
(green). E, Quantification of JC-1 ratio for aggregates/monomers. n = 4 independent experiments. F, Confocal imaging for MMP. J-aggregates
and monomers are labeled in red and in green, respectively. Scale bar = 25 μm. G, Quantification of ATP contents in LEPCsi-NC and LEPCsi-ALR
after transfection with Drp1-WT or Drp1-S616A mutant. n = 5 independent experiments. Error bars represents mean ± SD. P values were
determined using Student's t test. Asterisks indicate the level of statistical significance (*P < .05, ****P < .0001)

to disruption of the mitochondrial membrane potential (MMP)
(Figure 5F, G) along with activation of apoptosis-related proteins
(BCL-2/Bax), and consequently, apoptosis (Figure 5H-K).

3.8 | ALR deletion enhances dynamin-related
protein1 (Drp1) activity and mitochondrial fission in
LEPCs

Our data collectively indicated that knockdown of ALR disrupted
the mitochondrial function of LEPCs, leading to enhancement of

Mitochondria constantly undergo fusion and fission, and dynamic bal-

mitochondria-associated apoptosis.

ance of these processes is vital for their function.42 In a recent

14
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study,43 our group demonstrated that knockdown of ALR in hepato-

ALR-knockdown in LEPCs caused excessive mitochondrial fission

cytes leads to increased mitochondrial fission. Here, we observed that

induced by p-Drp1S616, leading to abundant apoptosis.

lack of ALR in LEPCs enhanced mitochondrial fragmentation, thereby

Currently, shortages in suitable donor liver supply ascribed to

resulting in mitochondrial dysfunction. As shown in Figure 6A, B,

unavoidable issues are the major obstacles to surgical treatment for

LEPCsi-NC presented short rod-like and punctate mitochondria charac-

end-stage liver disease. Alternatively, considerable animal model-

teristic of pluripotent cells. In contrast, mitochondria in the LEPCsi-ALR

based investigations focused on cell therapy have led to progression

group appeared considerably swollen with broken cristae under trans-

of this treatment strategy to early-phase clinical trials. In terms of

mission electron microscopy and as cluster spots under confocal

application for ALI therapy, candidate cells available for liver delivery

microscopy, indicative of a remarkable status of mitochondrial fission.

are either mature45 or immature.46,47 While a degree of success has

Mitochondrial translocation and phosphorylation of Drp1 at

been obtained with mature cells, such as parenchymal hepatocytes,4–8

Ser616 is reported to trigger mitochondrial fragmentation and subse-

a number of challenges exist in terms of their clinical application.

quent injury of hepatocytes.43,44 To establish whether morphological

Hepatocytes transplanted into patients are barely liver-engrafted and

alterations in mitochondria resulting from ALR knockdown are associ-

expended, resulting in significant cellular necrosis and apoptosis.48

ated with LEPC pluripotency defects during cell therapy, we examined

Moreover, cell transplantation requires a bulk of fresh and viable cells.

S616

expression of Drp1 and phosphorylated Drp1

S616

) in

In this case, direct infusion of functional mature hepatocytes into liver

LEPCsi-ALR. As shown in Figure 6C, knockdown of ALR in LEPCs

will not be the priority for cell therapy against liver insufficiency.

enhanced expression of Drp1 by approximately 1.5-fold compared

However, immature cell transplantation to treat ALI has considerable

with LEPCsi-NC (Figure 6D). Expression of p-Drp1S616 was additionally

advantages, especially in patients who do not qualify for OLT or sur-

si-ALR

si-ALR

vive the long waiting times for organ transplantation.49–52 Despite

si-ALR

numerous positive results obtained with this protocol, several limita-

cells, Drp1 was abundantly recruited into mitochondrial compart-

tions exist for progenitor or stem cells due to insufficient proliferation

ments and significantly phosphorylated at Ser616 (Figure 6F-H).

and poor engraftment and expansion.53 Regulated expression of hALR

Based on the collective results, we proposed that ALR knockdown

is required for normal testicular development and spermatogene-

triggered mitochondrial translocation and activation of Drp1, in turn,

sis.28,54 Moreover, the effect of deletion of ALR in diminishing

promoting mitochondrial fission.

pluripotency is consequential to a more general loss of mitochondrial

elevated in LEPC

S616

(p-Drp1

. The p-Drp1
si-NC

was higher than that in LEPC

/total Drp1 ratio in LEPC

(Figure 6E). Moreover, in LEPC

function, resulting in overall loss of cell viability.27 We propose that
transfection of ALR to LEPCs benefits long-term cell survival and

3.9 | Mutation of Ser616 rescues mitochondrial
dysfunction in LEPCsi-ALR cells

engraftment efficiency.
Sufficient transplanted cells that migrate and engraft into injured
host tissue are crucial for successful cell-based treatment. The

As shown above, knockdown of ALR elevated Drp1-induced mito-

transplanted cells' migration and homing are clearly energy-depen-

chondrial fission and deterioration via apoptosis of LEPCs. Accord-

dent. Because ALR plays an essential role in preserving the structural

ingly, we further attempted to ascertain whether mutation of

and functional integrity of mitochondria in stem cells,55 we hypothe-

Drp1S616 could prevent mitochondrial fission and restore mitochon-

sized that ALR-transfection into LEPCs would provide energy to the

si-ALR

cells. Transfection of Drp1 mutant (Drp1-

cells and consequently enable them to migrate to injured liver and set-

S616A) into LEPCsi-ALR effectively abolished Drp1 phosphorylation at

tle there during cell treatment. The SDF-1/CXCR4 axis is critical for

Ser616 but had no significant effect on mitochondrial expression of

inducing stem cell mobilization into the circulation and homing to sites

Drp1 (Figure 7A-C). More importantly, mutation of Drp1-S616A led

of injury. According to previous publications, in myocardial infraction,

to restoration of MMP in mitochondria (Figure 7D-F) and retention of

an increase in SDF-1α at the site of injury induces the migration of

normal levels of ATP (Figure 7G).

chemokine receptor CXCR4-positive MSCs to the infraction area,

drial stability in LEPC

Our findings clearly indicated that blockade of Drp1 phosphoryla-

where they exert their functions.56 In acute liver failure (ALF) caused

tion at Ser616 was essential for regulation of mitochondrial dynamics

by D-galactosamine, increasing CXCR4 expression in rUMSCs may

and function of LEPCs and may play a key role in regulation of

enhance their homing ability to injured liver tissue and may eventually

pluripotency features.

be used for treating liver diseases.38 In our study, ALR-transfection
into LEPCs also elevated the expression of CXCR4, thus resulting in
recruitment of LEPCs to injured regions with the assistance of SDF-1.

4

|

DISCUSSION

The mechanisms underlying how the transplanted cells effectively salvage the damaged liver remain unclear; hence, virtual therapeutic

Our experiments showed that ALR-overexpression in LEPCs facilitated

effects to substitute the necrotic hepatocytes due to a million LEPCs

stemness maintenance in vitro and enhanced hepatic therapeutic

used in the current work should be further clarified. Intriguingly, the

effects upon LEPC transplantation into mice with CCl4-induced ALI.

results of culturing of HepG2 cells with medium from LEPCALR cells

The increased homing ability of transplanted cells by ALR transfection

suggested that ALR might act through a paracrine effect, a possibility

was partially regulated through the SDF-1/CXCR4 axis. Conversely,

requiring further investigation in in vivo experiments.
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Mitochondria play a pivotal role in cell fate and metabolism. Con-

promoting their curative potential. ALR-lacking LEPCs appeared to be

siderable emerging research has mainly focused on the relationship

associated with enhanced mitochondrial fission and deterioration via

between mitochondria and metabolic disease. In this study, we inves-

enhanced mitochondria-related apoptosis.

tigated the dynamics of mitochondria with special focus on Drp1, the
core protein related to mitochondrial fission. While encouraging find-
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Drp1 levels and activities are regulated by a combination of posttranslational modifications, such as phosphorylation, ubiquitination,
62

and small ubiquitin-like modification (SUMOylation).

Investigations

aimed at elucidating the relationship between Drp1 and ESCs are lacking, and it is unclear how ALR modulates Drp1 levels and the underlying mechanisms. Moreover, it remains to be established whether
ALR exerts regulatory effects on the features and functions of mature liver
stem cell (such as LEPCs). In this study, we have confirmed for the first
time that ALR contributed to LEPC cell therapy for suppression of ALF in
mice by regulating key cellular features. Additionally, ALR-regulated
Drp1-induced mitochondrial fragmentation may be essential for achieving
therapeutic effects against ALF. Our results suggested that posttranslational modifications, such as phosphorylation, governed Drp1 activity in both primitive and mature cells.
Further research will be essential to strengthen our current findings; that is, the ability of transplanted cells to repopulate themselves
and thereby replace the function of the injured liver should be
assessed. In addition, whether delivery of LEPCs in combination with
inhibitors of mitochondrial fission such as midivi-1 in the absence of
ALR might improve curative effects for ALI must be investigated. In
parallel, animal model-based investigations using this type of cell therapy are warranted to interpret the precise mechanisms underlying the
effects of ALR on LEPC cell therapy.
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C O N CL U S I O N

In conclusion, data from the current study clearly demonstrated the
requirement for ALR in maintaining the stemness of LEPCs and
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