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Abstract 

Background Galectin-3 (Gal-3), the only chimeric β-galactosides-binding lectin, consists of Gal-3N (N-terminal 
regulatory peptide) and Gal-3C (C-terminal carbohydrate-recognition domain). Interestingly, Gal-3C could specifically 
inhibit endogenous full-length Gal-3 to exhibit anti-tumor activity. Here, we aimed to further improve the anti-tumor 
activity of Gal-3C via developing novel fusion proteins.

Methods PK5 (the fifth kringle domain of plasminogen) was introduced to the N-terminus of Gal-3C via rigid linker 
(RL) to generate novel fusion protein PK5-RL-Gal-3C. Then, we investigated the anti-tumor activity of PK5-RL-Gal-3C 
in vivo and in vitro by using several experiments, and figured out their molecular mechanisms in anti-angiogenesis 
and cytotoxicity to hepatocellular carcinoma (HCC).

Results Our results show that PK5-RL-Gal-3C can inhibit HCC both in vivo and in vitro without obvious toxicity, and 
also significantly prolong the survival time of tumor-bearing mice. Mechanically, we find that PK5-RL-Gal-3C inhibits 
angiogenesis and show cytotoxicity to HCC. In detail, HUVEC-related and matrigel plug assays indicate that PK5-
RL-Gal-3C plays an important role in inhibiting angiogenesis by regulating HIF1α/VEGF and Ang-2 both in vivo and 
in vitro. Moreover, PK5-RL-Gal-3C induces cell cycle arrest at G1 phase and apoptosis with inhibition of Cyclin D1, 
Cyclin D3, CDK4, and Bcl-2, but activation of p27, p21, caspase-3, -8 and -9.

Conclusion Novel fusion protein PK5-RL-Gal-3C is potent therapeutic agent by inhibiting tumor angiogenesis in HCC 
and potential antagonist of Gal-3, which provides new strategy for exploring novel antagonist of Gal-3 and promotes 
their application in clinical treatment.
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Introduction
Angiogenesis is a complicated process of new blood ves-
sels formation from preexisting capillaries that is driven 
by up-regulated pro-angiogenic factors under tumor 
microenvironments, e. g., vascular endothelial growth 
factor (VEGF) [1]. Angiogenesis has become an entic-
ing and critical therapeutic target for various malig-
nancies depending on its close association with tumor 
growth especially for advanced hepatocellular carcinoma 
(HCC) that has been characterized by hypervasculariza-
tion [2, 3]. Interestingly, sorafenib and lenvatinib, as the 
first-line therapy for advanced HCC, could inhibit tumor 
angiogenesis by targeting multiple tyrosine kinases, such 
as VEGF receptor 1–3, platelet-derived growth factor 
receptor (PDGFR) α and β, RET, as well as KIT [4, 5]. In 
addition, monoclonal antibodies directly targeting VEGF, 
PDGF, angiopoietin-2 (Ang-2), and their receptors are 
also used in the clinical or pre-clinical cancer treatment. 
Furthermore, some of them have been approved for clini-
cal cancer therapy by Food and Drug Administration of 
the Unites States [6]. Whereas, most anti-angiogenesis 
therapy exhibits limited effects because of the develop-
ment of drug resistance and intrinsically low response. 
Thus, it is still urgent to explore more effective therapy 
targets and antagonists of tumor angiogenesis.

Galectin-3 (Gal-3), a β-galactosides-binding lectin, 
is the only chimeric member of galectins family, which 
consists of two functional domains including unique 
N-terminal regulatory domain (Gal-3N) and C-terminal 
carbohydrate-recognition domain (Gal-3C) [7]. Increas-
ing evidence has demonstrated that Gal-3 is highly 
expressed in many cancer cells and secreted via non-
classical secretary pathway, which contributes to tumor 
progression and metastasis [7, 8]. Previous studies have 
demonstrated that Gal-3 is considered as a potential tar-
get for anti-angiogenesis therapy [9].

Interestingly, several investigations have proved that 
Gal-3C could inhibit the function of full-length galec-
tin-3 via competitively binding with its endogenous 
ligands [10–12]. Thus, Gal-3C acts as a potent inhibi-
tor of full-length Gal-3. Importantly, Gal-3C treatment 
showed low toxicity and well-tolerated that is significant 
for its potential utility as antineoplastic drugs. Taken 
together, Gal-3C might be a specific competitive motif to 
inhibit endogenous full-length Gal-3, which drove us to 
suppose that further modification of Gal-3C could gener-
ate novel fusion proteins with better anti-tumor activity. 
PK5, the fifth kringle domain of plasminogen, comprises 
of 80 amino acids and can form triple loop structure by 
3 disulfide linkages [13]. Previous evidences showed that 
PK5 could effectively inhibit angiogenesis both in  vitro 
and in vivo and also exhibit anti-tumor activity in HCC 

[14], gastric cancer [15], and lung cancer [16]. Therefore, 
PK5 is a potential antineoplastic reagent.

Considering high efficacy, small molecular weight, 
and stable structure of PK5 as well as specific inhibit-
ing endogenous Gal-3 of Gal-3C, we firstly constructed 
novel fusion protein PK5-RL-Gal-3C via linking PK5 
and Gal-3C domains with rigid linker (RL). Our results 
revealed that the novel chimeric protein PK5-RL-Gal-3C 
exhibited stronger anti-tumor activity and significantly 
prolonged the survival time of tumor-bearing mice in 
orthotopic mouse liver cancer model compared to PK5 or 
Gal-3C treatment alone. Furthermore, PK5-RL-Gal-3C 
suppressed angiogenesis both in vitro and in vivo in Gal-
3C-dependent and -independent manners via regulating 
the expression of HIF1α/VEGF and Ang-2. Surprisingly, 
the fusion protein could also inhibit HCC cell prolifera-
tion in Gal-3C dependent manners by inducing cell cycle 
arrest and apoptosis through reversing the expression 
changes of cell cycle and apoptosis associated proteins. 
In conclusion, the successful construction of novel fusion 
protein PK5-RL-Gal-3C based on Gal-3C provides theo-
retical basis for their further clinical application in the 
treatment of HCC patients and offers new strategy for 
further exploring Gal-3 antagonist.

Materials and methods
Cell lines and antibodies
HCC cell lines including HepG2, Huh7, and PLC/PRF/5 
as well as mouse liver cancer cell line ML-1 were all 
cultured in Dulbecco’s modified eagle medium supple-
mented with 10% heat-inactivated fetal bovine serum and 
1% penicillin and streptomycin. All the HCC cell lines 
were purchased from the national collection of authen-
ticated cell cultures (Shanghai, China) and have been 
authenticated using STR (or SNP) profiling within the 
last three years. Mouse liver cancer cell line ML-1 was 
kindly provided by Dr Che-Hsin Lee [17]. Human umbili-
cal vein endothelial cells (HUVECs) were purchased from 
Procell Life Science and Technology (Wuhan, China). 
All the cultures were incubated at 37°C in a humidi-
fied incubator with 5%  CO2. The antibodies of GAPDH 
(5174), caspase-8 (9746), caspase-9 (9504), caspase-3 
(9664), PARP (9532), Bcl-2 (4223), Bax (2772), CDK4 
(12,790), Cyclin D1 (2798) were all purchased from Cell 
Signaling Technology (Danvers, MA, USA). The anti-
body against tubulin (HC101-01) was purchased from 
TransGen Biotechnology (Beijing, China). The antibodies 
of CD31 (ab28364) and Ki-67 (ab16667) were purchased 
from Abcam (Cambridge, MA, USA). The antibod-
ies against p27 (25614–1-AP), p21 (10355–1-AP), Cyc-
lin D3 (26755–1-AP), VEGF-A (19003–1-AP), HIF-1α 
(20960–1-AP), Ang-2 (11992–1-AP), and CD34 (60180–
2-Ig) were purchased from Proteintech Group (Wuhan, 
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China). All the secondary antibodies labeled with HRP 
were purchased from Beyotime Biotechnology (Shang-
hai, China). Deferoxamine (DFO) and sorafenib tosylate 
was purchased from TargetMol (Shanghai, China). Tri-
bromoethyl alcohol was purchased from Merck (Shang-
hai, China).

Animals
Female wild type BALB/c mice and C57BL/6 mice (six to 
eight weeks old) were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd (Beijing, China) 
and maintained at the Animal Center of Xuzhou Medical 
University. Animal study was conducted in strict accord-
ance with the recommendations of the Experimental 
Animal Care and Use Guidelines of the Experimental 
Animal Ethics Committee of Xuzhou Medical University. 
The program was approved by the Experimental Animal 
Ethics Committee of Xuzhou Medical University (Permit 
Number: 201547).

Preparation of eukaryotic expression plasmids
Firstly, the eukaryotic expression vector CAGs-
GFP-T2A-Luciferase-Enhanced Episomal Vector (EEV) 
(SBI system biosciences, Palo Alto, CA, USA) was 
simultaneously digested by EcoRI and XhoI. The cDNA 
sequence encoding IgK leader peptide and PK5, Gal-3C, 
or PK5-RL-Gal-3C as well as ligating EcoRI and XhoI 
cutting sites were synthesized in GENEWIZ (Suzhou, 
China). Then, all cDNA fragments were respectively 
inserted into EEV vector to generate plasmids EEV-PK5, 
EEV-Gal-3C, and EEV-PK5-RL-Gla-3C. All the plas-
mids were sequenced and then purified with PureLink™ 
Hipure plasmid maxiprep kit (Invitrogen, CA, USA) for 
further used.

Preparation of H1/plasmid nanoparticles
Firstly, delivery vector H1 was prepared according to the 
method reported previously [18]. Then, H1 was respec-
tively mixed with plasmids EEV-PK5, EEV-Gal-3C, and 
EEV-PK5-RL-Gla-3C dissolved in solution buffer (5% 
sucrose solution) at the indicated N/P ratios (20:1, where 
‘N’ is the amount of nitrogen in PEI and ‘P’ is the amount 
of phosphate in 1  μg of DNA). Then, the H1/plasmid 
nanoparticles were freeze-dried and re-suspended in 
deionized water prior to injection.

Orthotopic mouse liver cancer model
Orthotopic mouse liver cancer model was established 
with mouse liver cancer cell line ML-1 according to pre-
vious description [19]. Briefly, ML-1 cells were collected 
and injected slowly into the left lobe of liver of anesthe-
tized BALB/c mice with tribromoethyl alcohol. Four days 
after tumor cell implantation, all mice were randomly 

grouped and treated by intraperitoneal injection with 
freeze-dried H1/nanoparticles of EEV, EEV-PK5, EEV-
Gal-3C, and EEV-PK5-RL-Gal-3C (100  μg per mouse) 
once a week, respectively. Sorafenib was given by oral 
administration at the dosage of 50  mg/kg mouse body 
weight every two days. After four weeks, tumor-bearing 
mice from each group were anesthetized by intraperito-
neal injection of tribromoethyl alcohol and then killed by 
cervical dislocation. The tumor body was removed and 
weighed. Five mice in each group were kept for the sur-
vival investigation.

Preparation of recombinant protein rPK5, rGal‑3, rGal‑3C, 
and rPK5‑RL‑Gal‑3C
The cDNA of recombinant protein rPK5, rGal-3C, 
and rPK5-RL-Gal-3C were respectively constructed 
into prokaryotic expression vector pET-22b ( +) and 
expressed in E. coli BL 21 (DE3) through induced by 
IPTG. The rPK5 with 6 × His tag at the C-terminus 
was purified with His-tag purification resin (Beyo-
time Biotechnology, Shanghai, China), and rGal-3C and 
rPK5-RL-Gal-3C were purified with α-lactose-agarose 
(Sigma-Aldrich, Shanghai, China) according to com-
mercial introductions. After diluted in PBS buffer, the 
purity and concentration of recombinant proteins were 
respectively analyzed with SDS-PAGE and BCA protein 
concentration kit. In addition, the endotoxin levels of all 
recombinant proteins were measured using ToxinSen-
sor™ endotoxin detection system (GenScript, Nanjing, 
China).

Tube formation assay in vitro
Primarily, 100 μl matrigel was used to cover the bottom 
for each well of 48-well plate, and then the plate was 
incubated for 30 min at 37 °C for solidification. HUVECs 
were collected and suspended in EGM without serum, 
and then mixed with rPK5, rGal-3C, rPK5-RL-Gal-3C, 
and E25 (N-terminal 25 amino acids of human endosta-
tin, as positive control) under the same final concentra-
tion of 2 μmol/l, respectively. Subsequently, the mixture 
was added into each well coated with matrigel. After 
6–8 h incubation in a 37  °C and 5%  CO2 incubator, the 
formed tubes were photographed and counted using 
an inverted microscope (Olympus Life Science, Tokyo, 
Japan). In the present assay, 5 mg/ml of lactose was set as 
positive control to specifically inhibit Gal-3C, otherwise 
the same concentration of sucrose was used as negative 
control.

Matrigel plug assay in vivo
Growth factor reduced matrigel without phenol red 
(Corning, Shanghai, China) was well mixed with 100 ng/
ml VEGF-A165 (PeproTech, NJ, USA) on ice. Then, rPK5, 



Page 4 of 16Gao et al. BMC Cancer          (2023) 23:154 

rGal-3C, rPK5-RL-Gal-3C were added into the mixture 
with the final concentration of 2  μmol/l, respectively. 
Subsequently, the mixture was subcutaneously injected 
into the flank of C57BL/6 mice. One week after injec-
tion, mice were sacrificed and plugs were removed and 
photographed.

Cell viability assay
The effects of rPK5, rGal-3C, and rPK5-RL-Gal-3C on 
HCC cell viability were measured with a MTT assay kit 
(VICMED, Xuzhou, China). Briefly, tumor cells were 
planted on 96-well plates. Next day, the medium was 
replaced with new medium containing purified rPK5, 
rGal-3C, or rPK5-RL-Gal-3C under the indicated con-
centrations (0, 1, 2, 3 and 4 μmol/l), and then incubated 
for further 48 h. Following added MTT reagent and incu-
bated for 4  h, the absorbance was read at 570  nm with 
a full wavelength microplate reader (BioTek Instruments, 
VT, USA).

Cell cycle assay
Following treated with 4  μmol/l of rPK5-RL-Gal-3C for 
48 h, HCC cells were fixed with 70% pre-chilled ethanol 
overnight at 4 °C, and then stained with PI (KeyGen Bio-
tech, Nanjing, China) at 37 °C for 30 min in dark. Finally, 
the cells were analyzed with BD FACSCanto™ II Cell 
Analyzer (BD Biosciences, CA, USA).

Cell apoptosis assay
After treated with 4 μmol/l of rPK5-RL-Gal-3C for 48 h, 
HCC cells were stained with Annexin V-FITC/PI apop-
tosis detection kit (KeyGen Biotech, Nanjing, China) 
according to the manufacturer’s protocol. Then, the cells 
were analyzed with BD FACSCanto™ II Cell Analyzer.

SDS‑PAGE and Western‑blotting assay
After treated with 4 μmol/l of rPK5-RL-Gal-3C for 48 h, 
HCC cells were harvested and lysed in RIPA buffer with 
protease inhibitor on ice for 30  min. Then the super-
natant was collected after centrifuging at 13, 000  g for 
15  min and the protein concentrations were measured 
by using BCA protein concentration assay kit (Vazyme, 
Nanjing, China). Subsequently, 30  μg of protein was 
separated with SDS-PAGE and transferred to the PVDF 
membrane. After blocked with 5% nonfat-dried milk for 
1 h at room temperature, the membranes were cropped 
according to the related protein molecular weight. Only 
targeted blots were reserved and incubated with primary 
antibodies overnight at 4  °C. Following incubated with 
secondary antibodies for 1  h at room temperature, the 
immunodetection of the membrane was performed using 
Tanon imaging system (Tanon Science & Technology Co, 
Ltd, Shanghai, China).

Immunohistochemistry (IHC) and Hematoxylin–Eosin (HE) 
Staining
After fixed with 10% neutral formalin buffering solution, 
the paraffin embedded tumors were cut into sections 
with 4 μm thickness. Following deparaffinized and rehy-
drated, the antigen retrieval process of tumor sections 
was performed in 10 mM sodium citrate buffer (pH 6.0) 
by using microwave. After blocked endogenous peroxides 
activity with 3%  H2O2 for 10  min, tumor sections were 
gently washed with PBS and subsequently incubated 
with primary antibodies overnight at 4  °C, respectively. 
Following incubated with secondary antibodies at room 
temperature for 30 min, tumor sections were stained by 
DAB. Finally, at least three fields per section were ana-
lyzed and positive cells were counted with Image-Pro 
Plus 7.0 (Media Cybernetics, Inc., MD, USA).

For HE staining, the fixed mouse internal organs 
including heart, liver, spleen, lung, and kidney were also 
sectioned into 4 μm and stained using an HE staining kit 
(Beyotime Technology, Shanghai, China) according to the 
manufacturer’s protocols. Tissue sections were observed 
under an upright microscope (Olympus Life Science, 
Tokyo, Japan), and at least three fields per section were 
analyzed.

Statistical assay
In the present study, all data analysis was performed 
with Graphpad Prism 8.0.1 (GraphPad Software, Inc. 
CA, USA), and a value of p < 0.05 was considered to be 
significant difference. The in  vitro experiments were 
repeated at least three times and the data was presented 
as mean ± standard deviation (SD). Two-tailed independ-
ent student’s t test was performed to analyze two-group 
comparison assuming equal variances. One-way analysis 
of variance ANOVA was used to analyze multiple group 
comparisons following normality and log normality tests 
and Kaplan–Meier method was used for survival analysis.

Results
Preparation of recombinant proteins rPK5, rGal‑3C, 
and rPK5‑RL‑Gal‑3C
According to the materials and methods, gene fragments 
encoding rPK5, rGal-3C, and rPK5-RL-Gal-3C were 
respectively cloned into prokaryotic expression plasmid 
pET-22b ( +) (Fig. 1A) and then transfected E. coli BL21 
(DE3) cells. Following purified with His-tag purification 
resin for rPK5 tagged 6 × His tag at its C-terminus (88 
amino acids), α-lactose agarose for rGal-3C (107 amino 
acids) and rPK5-RL-Gal-3C (236 amino acids), the purity 
of all proteins was examined by using SDS-PAGE. The 
endotoxin levels of all recombinant proteins were low 
enough for all in vivo and in vitro experiments (Fig. S1). 
High purity and yield of rPK5-RL-Gal-3C (Fig.  1B) 
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implied that our fusion expression system did not affect 
the carbohydrate binding activity of Gal-3C domain.

PK5‑RL‑Gal‑3C inhibits HCC tumor growth in vivo
In order to investigate the anti-tumor activity of our 
fusion protein PK5-RL-Gal-3C in vivo, orthotopic mouse 
liver cancer models were established according to the 
description in materials and methods. Moreover, the 
nanoparticles composed of H1 (gene delivery vector 
in vivo) and eukaryotic expression plasmid EEV (express-
ing PK5, Gal-3C, and PK5-RL-Gal-3C with signal peptide 
IgK, respectively) were prepared according to our previ-
ous description [20]. After treated for 4  weeks with the 
above nanoparticles (Fig.  2A), mice were sacrificed and 
tumors were removed and weighed. As shown in Fig. 2B 
and C, all treatment exhibited inhibition on tumor 
growth compared to the control that treated with deion-
ized water. Interestingly, PK5 and Gal-3C inhibited 26.8% 
and 36.5% tumor growth, respectively. Surprisingly, PK5-
RL-Gal-3C exhibited 62.4% inhibitory rate.

Considering the effect of gene delivery vector H1 to 
tumor growth, we further set up H1/EEV group as nega-
tive control, which just received nanoparticles composed 
of H1 and empty EEV plasmids. As shown in Fig.  2D 
and E, PK5-RL-Gal-3C treatment significantly exhibited 
74.6% inhibitory rate compared to the negative control. 

Furthermore, PK5-RL-Gal-3C treatment significantly 
prolonged the survival time of tumor-bearing mice com-
pared to negative control (Fig.  2F). Furthermore, PK5-
RL-Gal-3C treatment exhibited stronger anti-tumor 
effect and longer survival time compared to sorafenib 
under the indicated conditions (Fig.  2D-F). In addition, 
our IHC results implied that Ki-67, which is widely used 
as a cell proliferation marker [21], was markedly down-
regulated by treatment of PK5-RL-Gal-3C compared to 
negative control (Fig.  2G and H), which also confirmed 
the inhibitory activity of our novel fusion protein on 
tumor growth in vivo.

Furthermore, to further investigate the safety of our 
treatment, body weight of tumor-bearing mice was meas-
ured every three days, which showed that all treatment 
did not affect body weight and health conditions of the 
mice (Fig. S2). Moreover, HE staining results of internal 
organs including heart, liver, spleen, lung and kidney 
from tumor-bearing mice implied that all treatment did 
not cause obvious internal organ damages (Fig. S3).

PK5‑RL‑Gal‑3C inhibits angiogenesis in vitro and in vivo
Previous investigations have reported that both PK5 and 
Gal-3C could inhibit angiogenesis [11, 22]. Accordingly, 
we hypothesized that our fusion proteins rPK5-RL-Gal-
3C probably exhibited better anti-angiogenesis effect to 

Fig. 1 Preparation of recombinant protein PK5, Gal-3C, and PK5-RL-Gal-3C. A Schematic structure of full-length Gal-3, PK5, Gal-3C, and 
PK5-RL-Gal-3C. B Purity of recombinant proteins was analyzed by using 15% SDS-PAGE. rPK5 is composed of 80 amino acid residues with 6 × His 
tag at its N-terminus for purification. rGal-3C contains 107 to 250 amino acid residues of full-length Gal-3. RL is composed of 12 amino acids 
(AEAAAKEAAAKA)

Fig. 2 PK5-RL-Gal-3C inhibits tumor growth in orthotopic mouse liver cancer model and prolongs the survival time of tumor-bearing mice. 
Orthotopic mouse liver cancer model was successfully established with mouse liver cancer cells—ML-1 according to the materials and methods. 
A Schematic diagram illustrated the therapeutic schedule. B and C H1/EEV-PK5-RL-Gal-3C (n = 5) nanoparticles treatment significantly inhibited 
tumor growth compared to the control (n = 5), H1/EEV-PK5 (n = 5), and H1/EEV-Gal-3C (n = 3). D and E H1/EEV-PK5-RL-Gal-3C (n = 6) nanoparticles 
treatment inhibited tumor growth compared to the control (H1/EEV, n = 5) and sorafenib (n = 6) with significant difference. F H1/EEV-PK5-RL-Gal-3C 
(n = 4) treatment significantly prolonged the survival time of tumor-bearing mice compared to the control (H1/EEV, n = 5). G and H After treated 
with H1/EEV and H1/EEV-PK5-RL-Gal-3C nanoparticles, the tumors were removed and stained by Ki-67 antibody using IHC. H1/EEV-PK5-RL-Gal-3C 
treatment down-regulated the expression of Ki-67 in tumor tissues. Scale bar = 20 μm. Significant differences are denoted by * for p < 0.05, and ** 
for p < 0.01

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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inhibit tumor growth. In order to confirm this hypoth-
esis, tube formation analysis in vitro was performed. E25, 
N-terminal 25 amino acid residues of human endosta-
tin, was used as positive control in the present study. As 
shown in Fig. 3A and B, E25 could partially inhibit tube 
formation compared to the negative control. Surprisingly, 
rPK5-RL-Gal-3C completely abolished tube formation 
compared to rPK5, rGal-3C, and even positive control—
E25 at the equimolar concentration (2  μmol/l), which 
suggested that rPK5-RL-Gal-3C possessed stronger anti-
angiogenesis effect in vitro.

In order to further determine the inhibitory effect of 
PK5-RL-Gal-3C on angiogenesis in  vivo, IHC was per-
formed on tumor tissues derived from tumor-bearing 
mice. As shown in Fig. 3C and D, PK5-RL-Gal3C treat-
ment significantly decreased the expression of CD31 (the 
marker of new blood vessels) compared to the control, 
which demonstrated that PK5-RL-Gal3C could inhibit 
angiogenesis in vivo. VEGF is a key driver of angiogenesis 
and highly expressed in most solid tumors [23]. There-
fore, VEGF-induced matrigel plug model was also chosen 
to investigate the anti-angiogenic activity of rPK5-RL-
Gal-3C in vivo. Our results showed that VEGF could suc-
cessfully induce new blood vessel formation in matrigel 
plug compared to the negative control. Interestingly, 
rPK5 and rGal-3C could partially inhibit new blood vessel 
formation, but rPK5-RL-Gal-3C could obviously inhibit 
new blood vessel formation induced by VEGF (Fig. 3E). 
These results revealed that rPK5-RL-Gal-3C presented 
better inhibitory activity on angiogenesis in  vivo, which 
might play important roles on their anti-tumor activity. 
In summary, our results demonstrated that PK5-RL-Gal-
3C could significantly inhibit angiogenesis both in  vitro 
and in vivo.

PK5‑RL‑Gal‑3C exhibits anti‑angiogenesis activity 
depending on PK5 and Gal‑3C domain
In order to further identify the anti-angiogenic property 
of novel fusion protein being mediated by PK5 or Gal-3C 
domain, the effect of competitive sugars on tube forma-
tion was evaluated. As shown in Fig.  3F and G, lactose 
(specific disaccharide inhibitor of Gal-3C) could restore 
62.1% inhibition of rPK5-RL-Gal-3C on tube formation 

compared to lactose treatment but not sucrose. These 
results implied that the inhibitory effect of novel fusion 
protein is dependent on both Gal-3C and PK5 domains.

PK5‑RL‑Gal‑3C down‑regulates VEGF, Ang‑2, and HIF‑1α 
in vitro and in vivo
As known, tumor angiogenesis relies on the up-regula-
tion of pro-angiogenic factors [2]. Our western-blotting 
results presented that rPK5-RL-Gal-3C treatment could 
decrease the expression of VEGF-A and Ang-2 in Huh7 
cells under normoxia and hypoxia (DFO induced) condi-
tions (Fig. 4A). Additionally, our IHC results also showed 
that VEGF-A and Ang-2 were significantly down-regu-
lated in xenograft HCC tumor tissues after treated with 
PK5-RL-Gal-3C in vivo (Fig. 4B and C). All these results 
suggested that PK5-RL-Gal-3C might blockade VEGF-A 
and Ang-2 expression in HCC to inhibit angiogenesis in a 
paracrine manner.

HIF-1α, as the most important hypoxic response fac-
tor, could regulate cancer angiogenesis as transcriptional 
factor via promoting its major target gene VEGF-A. It 
has been demonstrated that PK5 could promote SUMO/
ubiquitin-mediated proteasomal degradation of HIF-1α 
to inhibit VEGF expression in gastric cancer cells under 
hypoxia [15]. Our current studies also showed that 
PK5-RL-Gal-3C could down-regulate the expression of 
HIF-1α in Huh7 cells under normoxia and even hypoxia 
conditions (Fig.  4A). Furthermore, our IHC staining 
results confirmed that PK5-RL-Gal-3C treatment could 
decrease the expression of HIF-1α in xenograft HCC 
tumor tissues in  vivo (Fig.  4B and C). All these results 
implied that PK5-RL-Gal-3C could inhibit hypoxia-
induced angiogenesis under tumor microenvironments.

PK5‑RL‑Gal‑3C inhibits HCC cell proliferation depending 
on Gal‑3C domain in vitro
In order to further investigate the anti-tumor effects of 
rPK5-RL-Gal-3C in  vitro, HCC cell proliferation analy-
sis was analyzed. After treated with rPK5, rGal-3C, and 
rPK5-RL-Gal-3C under the increasing concentrations (0, 
1, 2, 3, 4 μmol/l) for 48 h, cell proliferation was detected 
with MTT assay kit. As shown in Fig. 5A, rPK5 and rGal-
3C exhibited weak inhibition on HepG2, Huh7, and PLC/
PRF/5 cells with  IC50 value of more than 4 μmol/l, which 

(See figure on next page.)
Fig. 3 PK5-RL-Gal-3C inhibits angiogenesis in vivo and in vitro. Tube formation assay in vitro was performed to determine the inhibitory effect 
of rPK5-RL-Gal-3C on angiogenesis according to the materials and methods. A and B rPK5-RL-Gal-3C exhibited stronger inhibitory action than 
E25, rPK5 and rGal-3C on tube formation in vitro. After treated with H1/EEV and H1/EEV-PK5-RL-Gal-3C nanoparticles, the tumors were removed 
and stained by CD31 antibody using IHC. C and D H1/EEV-PK5-RL-Gal-3C treatment down-regulated the expression of CD31 in tumor tissues. 
VEGF-induced matrigel plug assay in vivo were performed to determine the inhibitory effect of rPK5-RL-Gal-3C on angiogenesis according to the 
materials and methods. E rPK5-RL-Gal-3C exhibited stronger inhibitory action than rPK5 and rGal-3C in VEGF-induced matrigel plug assay model 
in vivo. F and G lactose partially blockaded the inhibitory action of rPK5-RL-Gal-3C but not sucrose. Significant differences are denoted by * for 
p < 0.05, ** for p < 0.01, *** for p < 0.001 and ns, no significance
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Fig. 3 (See legend on previous page.)
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is consistent with the results reported previously [10, 
24]. Surprisingly, rPK5-RL-Gal3C could inhibit HepG2, 
Huh7, and PLC/PRF/5 cells proliferation with similar 
 IC50 value of 3.8, 3.7, and 3.8 μmol/l, respectively.

In order to investigate the inhibitory effect of rPK5-RL-
Gal-3C on tumor cell proliferation derived from synergy 
or combination of PK5 and Gal-3C domains, we further 
compared the inhibitory action between rPK5-RL-Gal-
3C and combined rPK5 with rGal-3C (rPK5 + rGal-3C) 

at the same molar concentration (4  μmol/l). As shown 
in Fig. 5B, combined rPK5 with rGal-3C exhibited weak 
inhibition on PLC/PRF/5 cell proliferation, but rPK5-
RL-Gal-3C exhibited stronger inhibition, which demon-
strated that the inhibitory action of rPK5-RL-Gal-3C on 
HCC cells is complicated synergy but not simple combi-
nation of PK5 and Gal-3C domains.

Previous studies have revealed that PK5 could inhibit 
tumor cell proliferation in hypoxia but not in normoxia 

Fig. 4 PK5-RL-Gal-3C down-regulates VEGF, Ang-2, and HIF-1α in vitro and in vivo. Huh7 cells were treated with 4 μmol/l rPK5-RL-Gal-3C for 48 h 
and then analyzed for differential protein expression by using western-blotting. A rPK5-RL-Gal-3C treatment down-regulated the expression 
of VEGF-A, Ang-2 and HIF-1α in Huh7 cells. Tumor tissues treated with H1/EEV-PK5-RL-Gal-3C were analyzed with IHC staining. B and C H1/
EEV-PK5-RL-Gal-3C treatment down-regulated the expression of VEGF-A, Ang-2, and HIF-1α in tumor tissues. Scale bar = 20 μm. Significant 
differences are denoted by *** for p < 0.001
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[15], while Gal-3C could inhibit HCC cell prolifera-
tion in normoxia [10]. In our present study, in order 
to characterize the cell proliferation inhibitory action 
of rPK5-RL-Gal-3C mediated by PK5 and/or Gal-
3C domain, lactose was introduced to blockade the 
activity of Gal-3C domain. Our results showed that 

presence of lactose could almost completely abolish 
the inhibition of PK5-RL-Gal-3C on HCC cell prolif-
eration but not sucrose (Fig. 5C), which suggested that 
rPK5-RL-Gal-3C could target HCC cell proliferation 
in a Gal-3C-dependent manner, and PK5 enhanced its 
inhibitory function.

Fig. 5 PK5-RL-Gal-3C inhibits HCC cell proliferation in vitro. HCC cells were respectively treated with rPK5, rGal-3C, and rPK5-RL-Gal-3C under 
the indicated concentrations (0, 1, 2, 3 and 4 μmol/l) for 48 h, and then analyzed with a MTT assay kit. A rPK5-RL-Gal-3C treatment inhibited cell 
proliferation of HepG2, Huh7, and PLC/PRF/5. B rPK5-RL-Gal-3C exhibited stronger inhibitory action than combination of rPK5 and rGal-3C to PLC/
PRF/5 cells. C Lactose not sucrose could suppress the inhibitory effect of rPK5-RL-Gal-3C to PLC/PRF/5 cells. Significant differences are denoted by ** 
for p < 0.01, *** for p < 0.001, and ns, no significance
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PK5‑RL‑Gal‑3C induces G1 cell cycle arrest of HCC in vitro
In order to further explore the inhibition of rPK5-RL-
Gal-3C on cell proliferation, cell cycle was determined. 
After treated with rPK5-RL-Gal-3C for 48  h, HepG2 

cells were stained with PI and analyzed by flow cytom-
eter. Our data presented that rPK5-RL-Gal-3C treatment 
could significantly induce G1 cell cycle arrest on HepG2 
cells (Fig.  6A). Furthermore, western-blotting assay was 

Fig. 6 PK5-RLGal-3C induces G1 cell cycle arrest. After treated with 4 μmol/l rPK5-RL-Gal-3C for 48 h, HepG2 cells were stained with PI and then 
analyzed with flow cytometer. A rPK5-RL-Gal-3C treatment induced G1 cell cycle arrest on HepG2 cells. Western-blotting was performed to analyze 
the expression of proteins associated with cell cycle arrest. B rPK5-RL -Gal-3C treatment down-regulated the protein expression of Cyclin D1, Cyclin 
D3, and CDK4, but up-regulated the protein expression of p21 and p27. Significant differences are denoted by *** for p < 0.001
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carried out to determine the protein expression associ-
ated with cell cycle. Our results showed that the expres-
sion of Cyclin D1, Cyclin D3, and CDK4, which are 
important regulatory factors promoting cell cycle transi-
tion from G1 to S phase, was markedly down-regulated 
in HepG2 cells following treated by rPK5-RL-Gal-3C for 
48 h (Fig. 6B). Moreover, the expression of p27 and p21 
was up-regulated, both of which are well-known inhibi-
tors of Cyclin D1-CDK4 complex. These results sug-
gested that cell cycle arrest was involved in the inhibition 
of HCC cell proliferation induced by rPK5-RLGal-3C.

PK5‑RL‑Gal‑3C induces cell apoptosis of HCC in vitro
Cell cycle arrest and apoptosis are the most common 
reasons for the inhibition of cell growth. After treated by 
rPK5-RL-Gal-3C for 48 h, HepG2 cells were stained with 
FITC-Annexin V/PI cell apoptosis kit and then analyzed 
by flow cytometer. Our results showed that rPK5-RL-Gal-
3C treatment could also induce apoptosis of HepG2 cells 
(10.9%) (Fig.  7A and B). To obtain further insight into 
mechanisms of rPK5-RL-Gal-3C induced cell apoptosis, 
western-blotting assay was carried out to determine the 
protein expression associated with cell apoptosis. rPK5-
RL-Gal-3C treatment also significantly induced cleav-
age of caspase-3 and PARP, which are important marker 
of apoptosis and able to inhibit DNA damage repair 
(Fig. 7C). Interestingly, the treatment of rPK5-RL-Gal-3C 
could also obviously down-regulate the expression of Bcl-
2, a well-known anti-apoptotic protein. The expression 
of pro-apoptotic protein Bax did not change. Whereas, 
the expression of cleaved caspase-8 and caspase-9 was 
up-regulated, which implied that rPK5-RL-Gal-3C treat-
ment might activate both extrinsic and intrinsic apopto-
sis pathways (Fig. 7C).

Discussion
In recent years, published reports have proved that both 
Gal-3N-mediated oligomerization and Gal-3C-mediated 
carbohydrate binding activity are required for endog-
enous Gal-3 mediated angiogenesis [11]. Although Gal-
3C contains contact carbohydrate recognition domain 
and retains its ability to bind to β-galactoside-containing 
glycans, it is unable to form dimer or oligomer because 
of lacking Gal-3N [25]. Moreover, Gal-3C, as dominant-
negative inhibitor of full-length Gal-3, presented poten-
tial anti-tumor activity via inhibiting angiogenesis, 
reducing tumor growth and metastasis [10, 12, 26, 27]. 
Thus, the specific target and inhibition of Gal-3C impulse 
us to hypothesize for the first time that introduction of 
functional domain to the N-terminus of Gal-3C would 
enhance its anti-tumor activity.

Kringle, composed of appropriately 80 amino acids, is a 
triple loop structure and linked by three pairs of disulfide 

bonds formed by six conserved cysteine residues [28]. 
Several studies have indicated that the kringle domain 
has potent anti-angiogenic activity although derived from 
different proteins, such as plasminogen [13], hepatocyte 
growth factor [20], and apolipoprotein [29]. In the pre-
vious studies, we have demonstrated anti-tumor activity 
of the first kringle domain from hepatocyte growth factor 
(HGFK1) in glioblastoma [30] and renal cell carcinoma 
[20]. It is well known that PK5 is the most active anti-
angiogenic factor of all plasminogen proteolytic frag-
ments by specifically inhibiting cell growth, migration, 
and following angiogenesis in proliferating endothelial 
cells [13, 31].

In the present study, PK5 was introduced to the N-ter-
minus of Gal-3C via RL to generate novel fusion protein 
PK5-RL-Gal-3C, which has similar chimeric structure 
and carbohydrate binding activity with wild type Gal-3. 
Interestingly, the fusion protein PK5-RL-Gal-3C exhibits 
more potent anti-tumor activity than PK5 and Gal-3C via 
inhibiting angiogenesis and tumor cell proliferation both 
in  vivo and in  vitro. Importantly, both PK5 and Gal-3C 
domains are derived from endogenous proteolytic frag-
ment with less immunogenicity and toxicity to the host. 
Concomitantly, PK5-RL-Gal-3C treatment did not cause 
obvious cytotoxic side effect in vivo.

Previous studies have reported that PK5 prefers to sup-
press tumor cells under hypoxic but not normoxic condi-
tions because of higher expression of its ligands GRP78 
and VDAC1 on tumor cells under hypoxic conditions 
[15]. Our results also indicated that PK5 did not exhibit 
obvious inhibitory effect on HCC cell proliferation 
in vitro, but it was involved in anti-angiogenic activity of 
the fusion protein. In addition, it has been demonstrated 
that Gal-3C could inhibit endogenous Gal-3 induced 
angiogenesis and blockade tumor cell proliferation, 
migration, and invasion [10–12, 26, 27]. In the present 
study, our data showed that Gal-3C participated both 
anti-angiogenesis and cytotoxicity of the novel fusion 
protein to HCC. Therefore, the anti-tumor activity of 
PK5-RL-Gal-3C is synergistic function derived from PK5 
and Gal-3C.

Angiogenesis is a complicated progress with a series 
of steps, such as activation of endothelial cells, degrada-
tion of basement membranes, endothelial cell prolifera-
tion, migration, and new blood tubule formation [2]. It 
has been reported that many angiogenic pathways are 
involved in the progression of HCC [32]. Therefore, par-
tial cleavage of Gal-3N could enhance the interaction of 
truncated Gal-3 with endothelial cells and improve pro-
angiogenic activity of Gal-3, while complete cleavage of 
Gal-3N and only remaining Gal-3C exhibits anti-angio-
genic activity; which indicated that oligomerization is 
involved in full-length Gal-3 induced angiogenesis [11, 
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33]. In this study, the novel fusion protein only retains 
Gal-3C domain to inhibit angiogenesis, which could 
be blockaded by competitive disaccharide—lactose but 

not sucrose. And the addition of PK5 domain further 
enhanced the anti-angiogenic activity of the fusion pro-
tein PK5-RL-Gal-3C.

Fig. 7 PK5-RLGal-3C induces cell apoptosis. After treated with 4 μmol/l rPK5-RL-Gal-3C for 48 h, HepG2 cells were stained with FITC-Annexin V/PI 
and then analyzed with flow cytometer. A and B rPK5-RL-Gal-3C treatment induced cell apoptosis on HepG2 cells. Western-blotting was performed 
to analyze the expression of proteins associated with cell apoptosis. C rPK5-RL-Gal-3C treatment induced protein expression of cleaved caspase-8, 
caspase-9, caspase-3, PARP, but down-regulated anti-apoptotic protein expression of Bcl-2. Significant differences are denoted by *** for p < 0.001
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Until now, several studies have reported that single 
anti-VEGF therapy often develop rapid drug resist-
ance, owing to complementary activation of other 
pro-angiogenic signaling pathways, e. g., Ang-2 that 
is a potential driver of resistance to VEGF inhibition 
[34, 35]. Moreover, it has also been demonstrated that 
dual inhibition of VEGF and Ang-2 could delay tumor 
growth and prolong survival time in glioblastoma [35, 
36]. VDAC1 and GRP78 have been identified as recep-
tors for PK5 to mediate anti-angiogenesis by down-reg-
ulating HIF-1α/VEGF, and induce tumor cell apoptosis 
in hypoxic condition [15, 37, 38]. Our further mecha-
nism studies implied that PK5-RL-Gal-3C treatment 
could down-regulate HIF-1α and VEGF in HCC cells. 
Besides, PK5-RL-Gal-3C treatment could also decrease 
the expression of Ang-2. All of these results revealed 
that our fusion proteins could inhibit both VEGF and 
Ang-2 pathways to inhibit angiogenesis.

New tumor blood vessels, formed under the imbal-
ance between pro-angiogenic and anti-angiogenic 
factors, are structural and functional abnormal with 
excessive permeability, poor perfusion and increased 
hypoxia that promote tumor growth and metastasis, 
as well as affect immune cells activation and infiltra-
tion [39, 40]. Increasing evidences have demonstrated 
that anti-angiogenesis therapy could improve anti-
tumor immunity [39, 41]. Therefore, PK5-RL-Gal-3C 
treatment might enhance the immune cell anti-tumor 
activity by inhibiting angiogenesis that should be evalu-
ated by further investigations in the following studies. 
Besides in tumor, PK5-RL-Gal-3C would play potential 
roles via inhibiting angiogenesis in the treatment of 
angiogenesis associated diseases such as diabetic retin-
opathy, rheumatoid arthritis, and would healing.

In our present study, rPK5-RL-Gal-3C was purified 
via α-lactose-agarose that implied that rPK5-RL-Gal-
3C is the potential competitively antagonist of endog-
enous full-length Gal-3. In addition, the results showed 
that PK5-RL-Gal-3C could inhibit HCC cell prolifera-
tion in  vitro by significantly inducing cell cycle arrest 
and minor apoptosis (< 10% apoptosis rate), which are 
the most common pathways associated with cell pro-
liferation. p21 and p27 are negative regulators of cell 
cycle progression, and also involved in apoptosis, tran-
scription, as well as DNA damage [42]. Previous stud-
ies showed that Gal-3 could promote cell growth and 
exhibit anti-apoptotic activity by stabilizing the expres-
sion of p21 via its Gal-3C domain in prostate cancer 
[42]. Moreover, specific inhibition of Gal-3 with antag-
onist GCS-100/modified citrus pectin could up-regu-
late p21 and induce G1 cell cycle arrest and apoptosis 
in myeloma [43]. In addition, ablation of Gal-3 could 

induce G1 cell cycle arrest in p27-dependent manner to 
inhibit cell proliferation by inducing premature senes-
cence in gastric cancer [44]. In the present study, we 
demonstrated that PK5-RL-Gal-3C could increase the 
expression of p21 and p27 to inhibit cell proliferation 
by inducing G1 cell cycle arrest and apoptosis accom-
panying with decreased the protein expression of cyclin 
D and CDK4 that might be associate with the inhibition 
of endogenous Gal-3.

It is well established that anti- and pro-apoptotic activi-
ties of Gal-3 is tightly associated with its localization 
[7]. Generally, intracellular Gal-3 could protect tumor 
cells against cell apoptosis induced by various stimuli. 
And several signaling pathways are involved in Gal-3 
anti-apoptotic activity, such as preventing mitochon-
drial damage, inhibiting cytochrome c release, binding 
with anti-apoptotic protein Bcl-2 via Gal-3C domain 
[7]. In the present study, PK5-RL-Gal-3C treatment 
could induce mitochondria-dependent intrinsic apopto-
sis pathway and down-regulate the expression of Bcl-2, 
which suggested that the fusion protein might be inter-
nalized into cell cytoplasm to inhibit intracellular full-
length Gal-3. Additionally, caspased-8 cleavage indicated 
that PK5-RL-Gal-3C treatment activated extrinsic apop-
tosis pathway, but the receptor remains unknown, which 
should be further investigated in the future.

In summary, our results reveal the potent anti-tumor 
activity and mechanisms of fusion protein PK5-RL-Gal-
3C in HCC. And, endogenous full-length Gal-3 is the 
potential target of PK5-RL-Gal-3C. All the data provide 
new strategy for exploring novel antagonist of Gal-3 and 
promotes their application in clinical treatment.
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