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Abstract
AIM: To investigate the relationship between over-
expression of urokinase plasminogen activator (uPA) 
and hepatitis B virus (HBV) related liver diseases in a 
transgenic mouse model. 

METHODS: Albumin-tetracycline reverse transcriptional 
activator and tetO-uPA transgenic mice were generated 
respectively through pronuclear injection and crossed 
to produce the double transgenic in-alb-uPA mice, for 
which doxycycline (Dox)-inducible and liver-specific 
over-expression of uPA can be achieved. Hydrodynamic 
transfection of plasmid adeno-associated virus (AAV)-
1.3HBV was performed through the tail veins of the 
Dox-induced in-alb-uPA mice. Expression of uPA and 
HBV antigens were analyzed through double-staining 
immunohistochemical assay. Cytokine production was 
detected by enzyme linked immunosorbent assay and 
α-fetoprotein (AFP) mRNA level was evaluated through 
real-time quantitative polymerase chain reaction. 

RESULTS: Plasmid AAV-1.3HBV hydrodynamic trans-

fection in Dox-induced transgenic mice not only result-
ed in severe liver injury with hepatocarcinoma-like his-
tological changes and hepatic AFP production, but also 
showed an increased serum level of HBV antigens and 
cytokines like interleukin-6 and tumor necrosis factor-α, 
compared with the control group. 

CONCLUSION: Over-expression of uPA plays a syner-
gistic role in the development of liver injury, inflamma-
tion and regeneration during acute HBV infection.
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INTRODUCTION
Hepatitis B virus (HBV) infection causes a necroinflam-
matory liver disease of  variable duration and severity, 
with a high risk of  developing cirrhosis and hepatocel-
lular carcinoma. The immune response to HBV-encoded 
antigens is responsible both for viral clearance and for 
disease pathogenesis during HBV infection[1]. However, 
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the roles of  urokinase plasminogen activator (uPA)/uPA’s 
receptor (uPAR) systems as important inflammatory me-
diators have not yet been well investigated in acute and 
chronic hepatitis B, a common inflammatory disease in 
China[2]. Clinical studies almost focused on the correlation 
of  uPA levels with the liver disease severity in hepatitis B 
patients. And the role of  uPA in the HBV-induced liver 
injury, especially in the early stage, is less investigated. 

uPA is one kind of  plasminogen activator that cata-
lyzes the conversion of  plasminogen to plasmin. To-
gether with uPAR, uPA participate in fibrinolysis, innate 
and adaptive immunity, and pathology[3]. In cancer cells, 
the effects of  uPA and uPAR were thought to be related 
to cell migration[4], metastasis[5], and a more recent role of  
uPA in cancer growth has emerged[6]. The levels of  uPA 
and uPAR have been found to be increased in tissues, 
plasma and other body fluids of  cancer patients and to 
be markers of  cancer development and metastasis, such 
as in patients with colon adenocarcinoma[7], lymphomas 
and leukemia[8]. 

The tetracycline (Tet)-inducible expression system 
is one of  the most prominent and widely-used systems, 
which allows relatively stringent, reversible, and quantita-
tive regulation of  transgene expression in a wide range 
of  cells in culture as well as in transgenic animals[9,10]. It 
consists of  two parts: the ligand-dependent transactiva-
tor tetracycline reverse transcriptional activator (rtTA) 
as the effector and a tetO-cytomegalovirus (CMV) mini-
mal promoter cassette regulating the expression of  the 
transgene as the responder[11]. When doxycycline (Dox) 
is present, rtTA binds to the tetO-sequence and induces 
expression of  the target gene[12].Together with a tissue-
specific promoter, it can result in transgene expression in 
a temporally and spatially defined fashion.

In this study, an effective inducible and liver specific 
uPA expression mouse model was constructed in which 
the murine uPA expression was controlled by rtTA which 
is regulated by murine albumin enhancer/promoter.
Through administration of  Dox, the inducible expression 
of  uPA specifically in mouse liver can be achieved with 
lower mortality. Then hydrodynamic injection of  pAAV-
1.3HBV, which contained inverted terminal repeat ele-
ments of  adeno-associated virus (AAV) and 1.3 copies of  
HBV genome(ayw subtype), was performed to mimic the 
acute HBV infection. The mouse liver showed specific 
and inducible expression of  uPA. Plasmid AAV-1.3HBV 
transfection in Dox-induced transgenic mice resulted 
in severer liver injury, higher HBV antigen and cytokine 
expression compared to the control group. These data 
further indicated for the first time in mice that the over-
expression of  uPA may have accelerative role in the de-
velopment of  liver injury, inflammation and liver regen-
eration during acute HBV infection. 

MATERIALS AND METHODS
Plasmid construction
For liver-specific expression of  rtTA, the transgenic con-
struct albumin-rtTA was generated, which has rtTA gene 

under the control of  the liver-specific albumin promoter 
and was based the plasmid pTet-on (Clontech Lab, Inc). 
To introduce appropriate restriction sites in pTet-on, link-
er sequences were designed as follows, Tet-on-linker-F: 
5’-CTAGGATATCACTAGTGGTACCGGGCCCGC-
GGCCGCG-3’and Tet-on-linker-R: 5’-AATTCGCG-
GCCGCGGGCCCGGTACCACTAGTGATATC-3’. 
The linkers were annealed at 95 ℃ for 10 min and then 
were digested with EcoR Ⅰ and Spe Ⅰ and ligated to pTet-
on digested with the same restriction enzymes, and the 
construct was named pTet-on-link. The albumin promot-
er fragment and enhancer fragment (Genbank accession 
no. AC140220.4) were separately amplified by polymerase 
chain reaction (PCR) using genomic DNA extracted 
from C57BL/6 mouse liver as the template. The prim-
ers for albumin enhancer were Alb-En-FP: 5’-GCC-
GAGCTCCTGCCGGCTAGCTTCCTTAGCATG-3’ 
and Alb-En-RP: 5’-GGGTTAAGGATCCCAAG CT-
GGAG-3’. The primers for albumin promoter were 
Alb-Pro-FP: 5’-CGGGATCCACAGCTCCAGAT-
GGCAAACATAC-3’and Alb-Pro-RP: 5’-TTTGC-
CAGAGGCTAGTGGG GTTG-3’. 

The albumin enhancer PCR product was digested 
with BamH Ⅰ and cloned into pGEM-7ZF, then the 
albumin promoter sequence was inserted behind the 
enhancer at the site of  BamH Ⅰ, and the plasmid was 
named p7ZF-Albumin, which was confirmed by re-
striction enzyme digestion analysis and DNA sequence 
analysis. Then p7ZF-Albumin was digested by Sac Ⅰ and 
Kpn Ⅰ, and the released 2233bp fragment was ligased to 
pTet-on-link digested by EcoR Ⅴ and Kpn Ⅰ, to yield the 
recombinant construct named pTet-on-Albumin. 

For rtTA responsive expression of  uPA, the trans-
genic construct pTRE2-uPA was generated which is 
based on the plasmid pTRE2 containing tetO. The uPA 
cDNA and uPA exon 11 was amplified by reverse tran-
scription polymerase chain reaction (RT-PCR) and PCR 
from the total RNA and genomic DNA extracted from 
the kidney of  C57BL/6 mouse, respectively. For uPA 
DNA, the primers were uPA-cDNA-F: 5’-CGGGATCC 
ATGAAAGTCTGGCTGGCGAGCCTG-3’  and 
uPA-cDNA-R: 5’-CGGTCGACCATCAGAAGGC-
CAGACCTTTCTCTTC-3’. The RT-PCR product was 
ligated to pMD18T and the construct pMD18T-uPA 
cDNA was confirmed by sequence analysis. The uPA 
exon 11 was amplified by PCR from the genomic DNA 
template, the primers were uPA-3’-F: 5’-CGGTCGAC-
GCCCTCAGGTAGCTGAGGGAAG-3’ and uPA-
3’-R: 5’-CGGTCGACGTGAAACCGACATTTAGT-
GCTAGTC-3’. The PCR product was ligated to the 
Sal Ⅰ site of  pMD18T-uPA cDNA to yield the construct 
pMD18T-uPA and sequence was confirmed. Then the 
uPA (cDNA + exon 11) fragment was subcloned into the 
Pvu Ⅱ and Xba Ⅰ sites of  pTRE2 to yield pTRE2-uPA. 

Generation and PCR analysis of the albumin-rtTA and 
tetO-uPA transgenic mice
The albumin-rtTA and tetO-uPA transgenic mice were 
generated in C57BL/6 × CBA F1 zygotes using standard 
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pronuclear injection, which was performed by Shanghai 
Research Center for Biomodel Organisms. For microin-
jection, the 6034 bp fragment of  transgene albumin-rtTA 
and the 5739 bp fragment of  transgene tetO-uPA were 
excised from the vector backbone of  pTet-on-albumin 
by Xho Ⅰ digestion and pTRE2-uPA by Pvu Ⅰ digestion, 
respectively, isolated and purified using QIA quick gel 
extraction kit (Qiagen), and then microinjected into the 
pronuclei of  one cell-stage fertilized embryos. The DNA 
injected fertilized eggs were implanted into the oviducts 
of  12 pseudopregant recipient mice. All together 9 posi-
tive albumin-rtTA transgenic mice and 5 tetO-uPA posi-
tive ones were confirmed by PCR. One upstream pair and 
one downstream pair of  primers, which were designed 
to amplify the sequences between vector and inserted 
fragment were designed for albumin-rtTA as follows, 
1-up-F: 5’-GTGCAGCTTGGCTTGAACTCGTTC-3’; 
1-up-R: 5’-GAGTATGGTGCCTATCTAACATCTC-3’; 
1 - d ow n - F :  5 ’ - G AC G C G C TAG AC G AT T T C -
GATCTG-3’; 1-down-R: 5’-ACCTTGCACAGATAGC-
GTGGTC-3’. By the same way, one upstream pair and 
one downstream pair of  primers were designed for 
tetO-uPA as follows 2-up-F: 5’-GTTTAGTGAACCGT-
CAGATCGCCTG-3’; 2-up-R: 5’-CTAGGCTAATAG-
CATCAGGTCTG-3’; 2-down-F: 5’-GGTAGCTTG 
AGGAGTAGAGACACT-3’; 2-down-R: 5’-GACAATG-
GTTGTCAACAGAGTAG-3’. The PCR conditions were 
the same for each of  the primer pairs: 34 cycles of  94 ℃ 
for 30 s, 54 ℃ for 30 s, 72 ℃ for 30 s. Genomic DNA 
from wild-type mice was amplified as negative control. 
The PCR positive mice were the transgenic founders.

Mouse propagation and PCR analysis
At 6-8 wk of  age, founder mice were backcrossed with 
wild-type C57BL/6J mice to generate F1. Genomic 
DNA were isolated from tail biopsy samples of  F1 mice 
at 4 wk and analyzed by PCR, for which the protocols 
were mentioned above.

rtTA expression in different tissues of albumin-rtTA F1 
transgenic mice
The isolation of  total RNA from different tissues of  
6-8 wk old F1 PCR-positive and negative offsprings of  
the founders was performed using the RNeasy Mini Kit 
(Qiagen) following the instructions. Purified RNA was 
eluted in 40 μL DNA-free water. 400 ng of  total RNA 
reverse transcribed with the Takara RNA LA PCR Kit 
(AMV)Ver1.1 (TaKaRa), the reaction condition was 30 ℃ 
for 10 min, 42 ℃ for 30 min, 99 ℃ for 5 min, 5 ℃ for 5 
min. The oligonucleotide primers used for RT-PCR were 
rtTA-F: 5’-GACGCGCTAGACGATTTCGATCTG-3’; 
rtTA-R: 5’-ACCTTGCACAGATAGCGTGGTC-3’, the 
PCR reaction condition was 34 cycles of  94 ℃ for 30 s, 
54 ℃ for 30 s, 72 ℃ for 30 s. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) served as internal control, 
the primers were GAPDH-F: 5’-TTCACCACCATG-
GAGAAGGC-3’ and GAPDH-R: 5’-CCT CAGTG-
TAGCCCAAGATGC-3’, PCR reaction condition was 34 
cycles of  94 ℃ for 30 s, 48 ℃ for 30 s, 72 ℃ for 30 s.

The total protein was isolated from different tissues 
of  6-8 wk old F1 PCR-positive and negative offsprings 
of  the founders by using the Tissue Lysis Buffer (50 
mmol/L Tris-HCl, 150 mmol/L NaCl, 5 mmol/L EDTA, 
0.2 mmol/L sodium orthovanadate, 1% Triton X-100, 
1% sodium deoxycholate, 1% sodium dodecyl sulfate) 
supplemented with aprotinin (2 μg/mL), pepstatin A (0.7 
μg/mL), leupeptin (0.5 μg/mL), phenylmethanesulfonyl 
fluoride (PMSF) (1 mmol/L). Aprotinin, Pepstatin A, Le-
upeptin, PMSF were purchased from Amresco. For West-
ern blotting analysis, 25 μg of  the total protein was used 
for each loading; the primary antibody for rtTA was TetR 
monoclonal antibody (Clontech) (used in 1:1000 dilution), 
and the primary antibody for GAPDH was an anti-GAP-
DH polyclonal antibody (Sigma) (1:10000 dilution); and 
the second antibodies were HRP-labeled goat anti-mouse 
IgG and goat anti-rabbit IgG (both in 1:5000 dilution), re-
spectively. For imaging results, the SuperSignal WestDura 
Trial Kit (Pierce) was used following the instructions.

Generation of double transgenic mice in-alb-uPA and 
Doxycycline administration
Double transgenic in-alb-uPA and wild type female off-
spring were generated from a cross between the albumin-
rtTA F1 transgenic positive mice and the tetO-uPA F1 
positive mice. 20 d after born, these mice were given two 
intramuscular injection of  2 mg Dox in 0.2 mL 0.9% 
NaCl-solution each week for a period of  3 wk. Another 
group of  each type of  mice was maintained off  doxycy-
cline administration.

Hydrodynamic transfection of AAV-HBV and histological 
analysis 
After 3 weeks’ induction, a 20 μg pAAV-HBV1.3 DNA 
was injected hydrodynamically into the tail veins of  the 
in-alb-uPA mice within 5 seconds. A control group of  in-
alb-uPA mice was injected with pAAV-internal ribosome 
entry site (IRES). At 20 d post transfection, mice were 
sacrificed and the livers were fixed with 4% (v/v) phos-
phate-buffered formalin, and paraffin-embedded liver 
sections were prepared and stained with hematoxylin and 
eosin. Semi-quantitative assessment of  liver injury in each 
group was evaluated by the area of  liver necrosis on the 
whole slide in each group. NP for no necrosis; P1 for < 
10% area of  necrosis; P2 for 10%-30% area of  necrosis; 
P3 for > 30% area of  necrosis. All the evaluation of  liver 
damage was conducted by two independent observers. 
The average score of  three mice in each group was taken 
as score for that group.

For uPA and HBV antigens detection, the expression 
of  uPA protein and hepatitis B core antigen (HBcAg) 
were identified by double-staining with a polyclonal 
rabbit anti-rodent urokinase (uPA) antibody (American 
diagnostica Inc) and monoclonal anti-HBcAg antibody 
(Thermo Scientific). Diamino-benzidine and alkaline 
phosphatase substance (ZhongShan Goldenbridge bio-
tech, Beijing, China) were used to visualize the uPA and 
HBV antigens. 

1894 April 28, 2012|Volume 18|Issue 16|WJG|www.wjgnet.com

Zhou XJ et al . uPA increases liver injury in mice



1895 April 28, 2012|Volume 18|Issue 16|WJG|www.wjgnet.com

quence into pTet-on in place of  the CMV promoter, a 
linker as designed and the following restriction sites were 
introduced: Spe Ⅰ, EcoR V, Spe Ⅰ, Kpn Ⅰ, Apa Ⅰ, Not Ⅰ, 
EcoR Ⅰ. pTet-on-link was identified by EcoR V/Sal Ⅰ and 
EcoR V/BamH Ⅰ double digestion respectively (Figure 
1A), and results showed that the linker was introduced 
into pTet-on. pTet-on-Albumin was identified by BamH
Ⅰdigestion (Figure 1B), the expected 5022 bp, 2689 bp 
and 1284 bp fragment can be observed. pTRE2-uPA 
was identified by pvu Ⅱ and Sal Ⅰ respectively (Figure 
1C). In addition, DNA sequence analysis of  the albumin 
enhance/promoter and uPA sequence shows complete 
accordance with those in the National Center for Bio-
technology Information database (data not shown).

Generation of the albumin-rtTA and tetO-uPA transgenic 
mice and PCR analysis
The albumin-rtTA expression unit contains the mouse 
albumin enhancer/promoter, rtTA coding sequence and 
SV40 polyA, and the tetO-uPA expression unit contains 
the TRE2-PminCMV, uPA cDNA and uPA exon11 (Figure 
2A). In the end, 9 albumin-rtTA transgenic founder mice 
and 5 tetO-uPA transgenic founder mice were confirmed 
positive by PCR for both the upstream and downstream 
primers (Figure 2B).

Specific expression of rtTA in the livers of albumin-rtTA 
and in-alb-uPA transgenic mice
To identify the liver-specific expression of  uPA in the 
livers of  transgenic mice, RT-PCR and Western blot-
ting analysis was performed. The data showed that rtTA 
mRNA expressed specifically in the livers of  F1 albumin-
rtTA transgenic positive mice (Figure 3A, right image), 
while there was no rtTA mRNA expression in all the 
tissues of  the albumin-rtTA transgenic negative mouse 
(Figure 3A, left image). GAPDH mRNA was expressed 
equally in different tissues of  these mice (Figure 3A). Re-
sults from Western blotting analysis (Figure 3B) were in 
accordance with those from RT-PCR analysis. By West-
ern blotting analysis, rtTA expression was also confirmed 
specifically in the livers of  in-alb-uPA transgenic mice 
and albumin-rtTA transgenic mice (Figure 3C). The cell 

Enzyme linked immunosorbent assay for HBV antigens 
and cytokine production
At 10 d and 20 d post transfection, mouse serum samples 
from different groups were harvested. The HBeAg and 
HBsAg enzyme linked immunosorbent assay (ELISA) 
kit (Wantai Biotech, Beijing) were used for the detection 
of  the serum HBV antigens respectively. And interleukin 
(IL)-6 and tumor necrosis factor (TNF)-α ELISA kit 
(Dakewei Biotech, Beijing) were used for the quantitation 
of  the serum cytokines. Serum ALT were measured with 
an Olympus Model 640 automated analyzer.

qRT-PCR analysis of α-fetoprotein mRNA expression in 
the livers of AAV-HBV transfected in-alb-uPA mice
The isolation of  total RNA from livers of  the AAV-HBV 
transfected in-alb-uPA mice was performed using the 
RNeasy Mini Kit (Qiagen) following the instructions. Puri-
fied RNA was eluted in 40 μL DNA-free water and 400 ng 
of  total RNA in a 10 μL reaction mixture was reverse tran-
scribed with the Takara RNA LA PCR Kit (AMV) Ver1.1 
(TaKaRa). Relative quantization of  the α-fetoprotein (AFP) 
mRNA level was performed using RNA Master SYBR 
Green1 (Roche Diagnostics) by Eppendorf  Replex. The 
primers used for amplification were AFP-real-F: 5’-TCT-
GCTGGCACGCAAGAAG-3’ and AFP-real-R: 5’-TCG-
GCAGGTTCTGGAAACTG-3’. GAPDH serves as a 
control and the primers were GAPDH-real-F: 5’-TCAC-
CACCATGGAGAAGGC-3’ and GAPDH-real-R: 5’-GC-
TAAGCAGTTGGTGGTGCA-3’. The amplification 
conditions included initial denaturation at 95 ℃ for 2 min, 
followed by 40 cycles of  denaturation at 95 ℃ for 15 s, an-
nealing at 55 ℃ for 15 s, extension at 68 ℃ for 30 s. 

Statistical analysis
Results are expressed as mean ± SE. Statistical analysis 
was performed using Student’s t test.

RESULTS
Construction and identification of pTet-on-albumin and 
pTRE2-uPA
For inserting the albumin enhancer and promoter se-
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Figure 1  Identification of pTet-on-link, pTet-on-Albumin and pTRE2-urokinase plasminogen activator by restriction endonucleases. A1 and B1: 2K plus DNA 
Marker; A2: pTet-on-link/EcoR Ⅴ + Sal Ⅰ; A3: pTet-on-link/EcoR Ⅴ + BamH Ⅰ; B2: pTet-on-Albumin/BamH Ⅰ; B3:15K DNA marker; C1: 2K DNA marker; C2: pTRE2-
urokinase plasminogen activator (uPA)/pvu Ⅱ; C3: pTRE2-uPA/Sal Ⅰ.
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Mouse albumin en/pro                                     rtTA                                       SV40 polyA

1-up-F/R                                          1-down-F/R

2-up-F/R                                          2-down-F/R

TRE2-PminCMV                                                uPA                                       uPA exon11

1          2           3          4          5          6          7         8          9          M         NC        PC
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2-up-F/R                                                                                                         2-down-F/R

465 bp 498 bp

 1        2         3         4         5        M        NC      PC                            1         2        3          4        5          M       NC      PC 

B

A

Figure 2  Establishment of albumin-tetracycline reverse transcriptional activator and tetO-urokinase plasminogen activator transgenic mice. A: The 
albumin-tetracycline reverse transcriptional activator (rtTA) unit contains the mouse albumin enhancer/promoter, rtTA coding sequence, and SV40 polyA. The tetO-
urokinase plasminogen activator (uPA) unit contains the TRE2-PminCMV, uPA cDNA, uPA exon11. Arrowheads depict the positions and directions of the polymerase 
chain reaction (PCR) primers; B: PCR identification of the transgenic founders. 1-9, PCR identification for the nine albumin-rtTA transgenic founder mice; 1-5, PCR 
identification for the five tetO-uPA transgenic founder mice. CMV: Cytomegalovirus; M: Marker; NC: Negative control; PC: Positive control. 
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Figure 3  The specific expression of tetracycline reverse transcriptional activator in the livers of albumin-tetracycline reverse transcriptional activatortran-
genic mice and in-alb-urokinase plasminogen activator transgenic mice. A, B: Reverse transcription polymerase chain reaction (A) and Western blotting (B) analy-
sis of tetracycline reverse transcriptional activator (rtTA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression in different tissues of the 6-8 wk old F1 
albumin-rtTA PCR-negative (left for A, B) or positive (right for A, B) transgenic mice. 1: Liver; 2: Brain; 3: Thymus; 4: Heart; 5: Lung; 6: Kidney; 7: Spleen; C: Western 
blotting analysis of rtTA and GADPH expression in the liver extracts of mice with different genotypes.1: In-alb-urokinase plasminogen activator (uPA) mice group; 2: Liver 
extracts of wild type mice group; 3: tetO-uPA mice group; 4: Albumin-rtTA mice group. pTet-on transfected Huh7 cell extracts were used as positive control (+). 
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extract from Huh7 transfected with pTet-on was used as 
positive control while tetO-uPA and WT mice served as 
negative control.

Histological change of liver in in-alb-uPA transgenic 
mice after Dox induced uPA expression
To confirm the expression of  uPA in liver and its role 
on the hepatocytes, uPA expression and the histological 
changes of  liver was analyzed with immunohistochemis-
try and HE staining respectively. The results showed light 
degeneration of  hepatocytes and mild inflammation in 
the livers with in-alb-uPA double transgenic mice after 3 
wk of  Dox induction when compared to that of  double 
transgenic mice without Dox or the control group mice 
(Figure 4A-C), which was coincident with that of  uPA 
expression with immunohistochemistry in the livers of  
in-alb-uPA double transgenic mice after Dox induction 
while almost no expression of  uPA detected in double 
transgenic mice without Dox. The data showed that the 
specific expression of  uPA after Dox induction induced 
slight histological changes in the liver of  this in-alb-uPA 
double transgenic mice.

Synergistic liver injury in in-alb-uPA transgenic mice 
after AAV-1.3HBV transfection 
Although uPA plays critical role in hepatic repair via 
proteolysis of  matrix elements and clearance of  cellu-
lar debris from the field of  injury, clinical data showed 
that the levels of  uPA and uPAR in patients with acute 
and chronic hepatitis B significantly higher than that 
in healthy controls, which indicated that uPA level was 
closely related to the degree and period of  inflammation 
and liver injury[13]. To confirm if  the coexisting uPA ex-

pression and HBV replication induced serious acute liver 
injury, the in-alb-uPA transgenic mice were transfected 
with pAAV-1.3HBV, a plasmid which could mediated 
the production of  replicative HBV virus[14] in vivo. Large 
area necrosis was observed 20 d later in the liver of  Dox-
induced in-alb-uPA double transgenic mice that were 
transfected with pAAV-1.3HBV (Figure 5C), compared 
with that of  non-induced in-alb-uPA mice transfected 
with pAAV-1.3HBV (Figure 5B) or with the control plas-
mid pAAV-IRES (Figure 5A). Double-staining immuno-
histochemical analysis confirmed both uPA expression (in 
brown) and HBcAg expression (in red) in the AAV-HBV 
transfected Dox-induced in-alb-uPA mice (Figure 5F).
Interestingly, the coexpression of  uPA and HBcAg ex-
ist in the most of  the necrosis areas and the hepatocytes 
with HBcAg expression alone were morphological intact. 
The severe liver damage in the mice after HBV transfec-
tion indicated that the expression of  uPA accelerated 
the liver injury. The result was confirmed by a statistics 
analysis that about 86.7% of  the AAV-HBV transfected 
Dox-induced in-alb-uPA mice experienced severe liver 
pathogenic changes compared with the 20% AAV-HBV 
transfected non-induced in-alb-uPA mice, which could be 
explained by the leaky expression of  uPA due to the tet-
on inducible system. And about 40% of  the AAV-HBV 
transfected Dox-induced in-alb-uPA mice experienced 
severe liver injury (Table 1).

Comparison of the serum HBV antigens and cytokines 
produced in mice from different groups
Previous reports have shown that HBV infection is as-
sociated with the production of  a broad range of  pro-
inflammatory cytokines and chemokines such as IL-1β, 
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Figure 4  The expression of urokinase plasminogen activator in the livers of in-alb-urokinase plasminogen activator transgenic mice. A: Histology of livers 
from wild type (WT) mice; B: Histology of livers from in-alb-urokinase plasminogen activator (uPA) mice without doxycycline (Dox) induction; C: Histology of livers from 
in-alb-uPA mice with Dox induction; D: uPA expression in hepatocytes from from WT mice; E: uPA expression in hepatocytes from in-alb-uPA mice without Dox induc-
tion; F: uPA expression in hepatocytes from in-alb-uPA mice with Dox induction. Magnification, × 20. 
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IL-6, IL-8, IL-12, TNF-α and IFN-γ[15-17], among which 
IL-6 and TNF-α are important components of  the early 
signaling pathway that lead to liver regeneration[18]. In 
this study, results also confirmed the elevation of  serum 
IL-6 and TNF-α levels in the AAV-HBV transfected in-
alb-uPA mice (Figure 6). 10 d and 20 d after AAV-HBV 
transfection, the serum IL-6 level for the Dox-induced 
in-alb-uPA mice was 47.28 ± 0.57 and 96.97 ± 2.91 (pg/
mL), while the level for the non-induced in-alb-uPA mice 
was 18.32 ± 2.38 (pg/mL) and 45.83 ± 1.50 (pg/mL) 
(P < 0.01) (Figure 6D). The serum TNF-α level for the 
Dox-induced in-alb-uPA mice was 50.55 ± 2.01 (pg/mL) 

and 46.72 ± 2.01 (pg/mL), while the level for the non-
induced in-alb-uPA mice was 14.58 ± 3.05  (pg/mL) and 
18.17 ± 3.63 (pg/mL) (P < 0.01) (Figure 6E). Compared 
with the non-induced in-alb-uPA mice, the average serum 
HBeAg level of  the Dox-induced in-alb-uPA mice was 
significantly higher both at 10 d and 20 d after AAV-HBV 
transfection (P < 0.01)) (Figure 6A), while there was no 
significant difference between the average serum HBsAg 
level of  the Dox-induced and non-induced mice (Figure 
6B). Compared with the non-induced in-alb-uPA mice, 
the average serum ALT level of  the Dox-induced in-alb-
uPA mice was slightly higher at 20 d after AAV-HBV 
transfection (P < 0.01)) (Figure 6C).

Relative quantitative analysis of AFP mRNA expression 
in the livers of AAV-HBV transfected in-alb-uPA mice
It has been reported that AFP level in vivo decreases 
abruptly soon after bith and remains at a low level 
throughout life. And reactivation of  AFP production oc-
curs during liver regeneration[19]. In this study, we found 
that, compared with the non-induced in-alb-uPA mice that 
were transfected by AAV-HBV, the AFP mRNA level for 
the Dox-induced in-alb-uPA mice that were transfected by 
AAV-HBV was greatly higher. 10 d after AAV-HBV trans-
fection, the average level of  the AFP mRNA for those 
induced in-alb-uPA mice increased about 21.8 times,while 
the fold change further increased to 142.1 times at 20 d 
after AAV-HBV transfection (Figure 6F). The data further 
confirmed our hypothesis that uPA expression and HBV 
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Figure 5  Synergistic injury of liver in in-alb-urokinase plasminogen activator transgenic mice after adeno-associated virus-1.3hepatitis B virus transfec-
tion. Histological and immunohistochemical staining for hepatitis B core antigen in the livers of different groups of mice 20 d later after adeno-associated virus (AAV)-
1.3hepatitis B virus (HBV) transfection. A: Histology of the AAV-internal ribosome entry site (IRES) transfected doxycycline (Dox)-induced in-alb-urokinase plasmino-
gen activator (uPA) mice; B: Histology of the AAV-HBV transfected non-induced in-alb-uPA mice; C: Histology of the AAV-HBV transfected Dox-induced in-alb-uPA 
mice; D: Double-staining immunohistochemical analysis of the AAV-IRES transfected Dox-induced in-alb-uPA mice; E: Double-staining immunohistochemical analysis 
of the AAV-HBV transfected non-induced in-alb-uPA mice; F: Double-staining immunohistochemical analysis of the AAV-HBV transfected Dox-induced in-alb-uPA mice. 
Magnification, × 20. 

Table 1  Statistical analysis of the liver pathogenic rates for 
mice in different groups (%)

Group 1 2 3

NP 8 (100) 8 (80)    2 (13.3)
P1 0 2 (20)    2 (13.3)
P2 0   0    5 (33.3)
P3 0   0 6 (40)
Total 8 10 15

Group 1: Adeno-associated virus (AAV)-internal ribosome entry site 
transfected doxycycline (Dox)-induced in-alb-urokinase plasminogen acti-
vator (uPA) mice; Group 2: AAV-hepatitis B virus (HBV) transfected non-
induced in-alb-uPA mice; Group 3: AAV-HBV transfected Dox-induced 
in-alb-uPA mice. NP stands for number of the non-pathogenic mice; P1 
stands for number of mice in which the liver pathogenic area is below 
10%; P2 stands for number of mice in which the liver pathogenic area 
ranges between 10% and 30%; P3 stands for number of mice in which the 
liver pathogenic area is above 30%. 
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infection have close relations and HBV infection further 
accelerated liver injury and regeneration when uPA was 
overexpressed.

DISCUSSION
Tet-inducible expression system is one of  the most suit-
able inducible systems which could be used to investigate 
the function of  a given gene in vivo, which including the 

tTA (Tet-off) system[20] and rtTA (Tet-on) system[21], and 
facilitates not only the understanding of  gene function 
in development and pathogenesis, but also in transgenic 
mouse modeling[22-24]. On the other hand, tissue-specific 
expression of  a target gene relies on tissue-specific pro-
moters. Tissue-specific expression is vital for gene func-
tion research in organism development and can reduce 
immunological response and side effects in gene therapy 
applications. Many liver-specific promoters have been 

1.25

1.00

0.75

0.50

0.25

0.00

Se
ru

m
 H

Be
Ag

 (A
45

0 
nm

)

Group 1

Group 2

Group 3

10 d                                     20 d
Days post AAV-HBV transfection

2.5

2.0

1.5

1.0

0.5

0.0

Se
ru

m
 H

Bs
Ag

 (A
45

0 
nm

)

Group 1

Group 2

Group 3

10 d                                     20 d
Days post AAV-HBV transfection

P  < 0.01

P  < 0.01

60

50

40

30

20

10

0

Se
ru

m
 A

LT
 le

ve
l (

IU
/L

)

Group 1

Group 2

Group 3

10 d                                     20 d
Days post AAV-HBV transfection

P  < 0.01

P  < 0.01

100

75

50

25

0

Se
ru

m
 I

L-
6 

le
ve

l (
pg

/m
L)

Group 1

Group 2

Group 3

10 d                                     20 d
Days post AAV-HBV transfection

P  < 0.01

60

50

40

30

20

10

0

Se
ru

m
 T

N
F-
a

 le
ve

l (
pg

/m
L)

Group 1

Group 2

Group 3

10 d                                     20 d
Days post AAV-HBV transfection

P  < 0.01
P  < 0.01

180

160

140

120

100

80

60

40

20

0

Fo
ld

 c
ha

ng
e 

in
 A

FP
 e

xp
re

ss
io

n

Group 1

Group 2

Group 3

10 d                                     20 d
Days post AAV-HBV transfection

P  < 0.01

P  < 0.01

Figure 6  Comparison of the serum hepatitis B e antigen, hepatitis B surface antigen, interleukin-6, tumor necrosis factor-α, alanine aminotransferase lev-
els and hepatic α-fetoprotein mRNA levels between mice from different groups. Group 1: Adeno-associated virus (AAV)-internal ribosome entry site transfected 
doxycycline (Dox)-induced in-alb-urokinase plasminogen activator (uPA) mice (n = 6); Group 2: AAV-hepatitis B virus (HBV) transfected non-induced in-alb-uPA mice (n 
= 6); Group 3: AAV-HBV transfected Dox-induced in-alb-uPA mice (n = 6). HBeAg: Hepatitis B e antigen; HBsAg: Hepatitis B surface antigen; ALT: Alanine aminotrans-
ferase; IL: Interleukin; TNF: Tumor necrosis factor; AFP: α-fetoprotein.
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identified so far, such as the AFP promoter[25], the albu-
min promoter, mouse major urinary protein promoter[26], 
hSAP promoter (human serum amyloid P component 
promoter)[27], and apoE promoter (human apolipoprotein 
E promoter)[28], which have been applied in liver-specific 
expression of  target genes. In addition, elements like en-
hancers influence the transcriptional activity of  the these 
tissue-specific promoters[29].

The urokinase plasminogen activator (uPA) is a serine 
protease that can activate the plasminogen into plasmin, 
and perform multiple functions in fibrinolysis, immunity 
and pathology[3]. Previous studies showed uPA diverse 
functions in tissue remodeling, angiogenesis,wound heal-
ing and protective effects in liver diseases[30]. The levels of  
uPA have been found to be increased in tissues, plasma 
and other body fluids of  cancer patients and to be mark-
ers of  cancer development and metastasis. And in human 
immunodeficiency virus (HIV)-infected patients, the 
serum levels of  uPA have been found to be increased[2]. 
Also, the abnormal levels of  plasma uPA in the patients 
with acute or chronic hepatitis B were observed, and it 
seems that the plasma levels of  uPA are closely related 
to the degree and period of  inflammation for these pa-
tients[13]. Although the clinical significance of  uPA in viral 
chronic hepatitis B, hepatitis induced liver cirrhosis and 
HCC has been evaluated, the role of  uPA in the process 
is less well understood, especially in the early stage.

In 1990, an Alb-uPA transgenic mouse which carried 
the mouse uPA gene under the control of  the mouse 
albumin enhancer/promoter, was developed by Dr. Brin-
ster’s team to study the pathophysiology of  plasminogen 
hyperactivation[31]. The over-expression of  the uPA gene 
in the liver resulted in high plasma uPA levels and hypo-
fibrinogenemia, which led to severe and sometimes ab-
dominal bleeding soon after birth. And the high mortality 
also increases the difficulty for the generation of  human 
liver chimeric mice[32,33] and the study of  hepatitis C virus 
infections in vivo[34-36]. In this study, we established an uPA 
inducible double transgenic mouse in-alb-uPA, in which 
uPA can be expressed specifically in the liver only after 
Dox induction. Hypofibrinogenemia and neonatal hem-
orrhaging were not observed in the Dox-induced in-alb-
uPA mice, which greatly brought down the mortality rate. 
Also the inducible expression of  uPA makes it possible 
for us to study and illuminate the relations of  uPA over-
expression and HBV infection clinically.

Hydrodynamic transfection method was suitable for 
the AAV-mediated delivery of  HBV genome in vivo[37]. To 
investigate the risk of  HBV induced liver injury in the 
case of  uPA over-expression, the hydrodynamic transfec-
tion of  pAAV-HBV1.3, which could mediated the pro-
duction of  replicative HBV virus in vivo, was performed. 
In the Dox-induced in-alb-uPA mice that were hydrody-
namically transfected by AAV-1.3HBV, severe liver histo-
logical changes were observed in the liver (Figure 5). Also 
uPA over-expression in the liver resulted in higher HBV 
antigen expression, higher IL-6 and TNF-α produc-

tion and slight elevation of  serum ALT level (Figure 6). 
Our results also found a significant increase of  the AFP 
mRNA level in the AAV-HBV transfected Dox-induced 
in-alb-uPA mice (Figure 6). Produced by the embryonic 
yolk sac and tetal liver, the AFP level decreases abruptly 
soon after bith and remains at a low level throughout life. 
And reactivation of  AFP production occurs during liver 
regeneration[19]. As IL-6 and TNF-α are proinflamma-
tory cytokines that lead to liver regeneration, we came 
to the conclusion that the uPA over-expression in AAV-
HBV transfected mice increased the liver necrosis injury, 
inflammation and liver regeneration, which reflects a pro-
cess that may eventually lead to hepatocellular carcinoma. 

It is generally considered that cell-mediated immunity 
and inflammation are the main mediators of  the hepatic 
pathology induced by HBV infection. In this study, we 
found that HBV infection further accelerated liver injury 
and regeneration when uPA was overexpressed, indicat-
ing a close relation between uPA expression and HBV 
infection. Also as clinical data showed that the increased 
level of  uPA in HIV infected patients, this study may 
in part explain the increased risk of  liver disease during 
HIV and HBV coinfection. 

COMMENTS
Background
Hepatitis B virus (HBV) infection causes a high risk of developing liver diseases, 
such as cirrhosis and hepatocellular carcinoma (HCC). The immune response 
to HBV-encoded antigens is responsible both for viral clearance and for dis-
ease pathogenesis during HBV infection. The urokinase plasminogen activator 
(uPA) is a serine protease that can activate the plasminogen into plasmin, and 
perform multiple functions in fibrinolysis, immunity and pathology. However, the 
roles of uPA/uPA’s receptor (uPAR) systems as important inflammatory media-
tors have not yet been well investigated in acute and chronic hepatitis B, a 
common inflammatory disease in China. Clinical studies almost focused on the 
correlation of uPA levels with the liver disease severity in hepatitis B patients. 
And the role of uPA in the HBV-induced liver injury, especially in the early stage, 
is less investigated.
Research frontiers
Various researchers have found the levels of uPA to be increased in tissues, 
plasma and other body fluids of cancer patients and to be markers of cancer 
development and metastasis. And in human immunodeficiency virus (HIV)-in-
fected patients, the serum levels of uPA have been found to be increased. Also, 
the abnormal levels of plasma uPA in the patients with acute or chronic hepatitis 
B were observed, and it seems that the plasma levels of uPA are closely related 
to the degree and period of inflammation for these patients. Although the clinical 
significance of uPA in viral chronic hepatitis B, hepatitis induced liver cirrhosis 
and HCC has been evaluated, the role of uPA in the process is less well under-
stood, especially in the early stage.
Innovations and breakthroughs
In this study, an inducible liver-specific uPA transgenic mice model was de-
veloped. Plasmid adeno-associated virus-1.3HBV transfection in doxycycline 
(Dox)-induced transgenic mice resulted in severer liver injury, higher HBV 
antigen and cytokine expression compared to the control group. These data 
further indicated for the first time in mice that the over-expression of uPA may 
have accelerative role in the development of liver injury, inflammation and liver 
regeneration during acute HBV infection Also as clinical data showed that the 
increased level of uPA in HIV infected patients, this study may in part explain 
the increased risk of liver disease during HIV and HBV coinfection.
Applications
This study deepens our knowledge of uPA function in HBV-induced liver dis-
eases, which may not only facilitate the elucidation of the molecular mechanism 
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of HBV pathogenesis, but also provide a basis for the uPA-targeted anti-HBV 
therapies.
Terminology
uPA is one kind of plasminogen activator that catalyzes the conversion of plas-
minogen to plasmin. Together with uPAR, uPA participate in fibrinolysis, innate 
and adaptive immunity, and pathology. Tetracycline (Tet)-inducible expression 
system consists of two parts: the ligand-dependent transactivator rtTA as the 
effector and a tetO-CMV minimal promoter cassette regulating the expression 
of the transgene as the responder. When Dox is present, rtTA binds to the tetO-
sequence and induces expression of the target gene. Together with a tissue-
specific promoter, it can result in transgene expression in a temporally and 
spatially defined fashion.
Peer review
The authors studied the role of uPA and found that the over-expression of uPA 
may have a synergistic role in the development of liver injury, inflammation and 
liver regeneration during acute HBV infection. They added as such new infor-
mation to the field on the knowledge about uPA function in HBV-induced liver 
diseases.
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