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Genetic modification of mesenchymal stem cells in spinal cord 
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1. Introduction

Spinal cord injury (SCI) is a serious injury of the central 
nervous system and its main clinical manifestations 
include movement, sensory, and sphincter dysfunction 
below the level of injury, which lead to a consequent 
reduction of the quality of life. The injury mainly 
results from contusion, compression or stretch of 
the spinal cord. An epidemiological study based on 
a nationwide database reported that SCI accounted 

for 16.87% of spinal trauma in Mainland China and 
the incidence of SCI increased annually during the 
study period (1). Operative treatment and conservative 
treatment are employed in the management of SCI. 
However, up until now there is no evident effective 
treatment for SCI due to this injury`s complicated 
pathophysiology (2). The focal mechanical insult 
disrupts tissue homeostasis during the acute phase 
that induces secondary injury processes. Multiple 
destructive cascades in the secondary injury processes 
cause the necrotic and apoptotic death of neurons, 
astrocytes, and oligodendrocytes, which spreads beyond 
the initial injury site and leads to irreversible axonal 
damage and demyelination (3). It has been recognized 
that axonal regeneration is the only way to restore 
functions for decades after serious SCI that interrupt 
the long tracts mediating motor and sensory function 
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Summary Spinal cord injury (SCI) is a serious injury of the central nervous system and up until 
now there is no evident effective treatment for SCI. Axonal regeneration is the only way 
to restore functions after serious SCI that interrupt the long tracts mediating motor and 
sensory function. The hurdles for axonal regeneration in SCI include: glial scar tissue 
and molecular barriers, the inhibiting microenvironment, and the lack of sufficient 
neurotrophic support. Therefore, the key point of applying stem cells to treat SCI is to 
build a microenvironment conducive to the survival and differentiation of stem cells and 
regulate neurotrophic factor expression. Adult mesenchymal stem cells (MSCs) have been 
applied in experimental animal models and clinical trials of SCI. Genetic modification of 
MSCs can increase secretion of peptides or total length proteins with potential to repair 
SCI and promote survival of themselves and survival or regeneration of neurons. There 
are many proteins that have been applied to modified MSCs, such as neurotrophic factors 
(neurotrophin 3, brain-derived neurotrophic factor, glial cell line-derived neurotrophic 
factor, nerve growth factor, and MNTS1), receptor tyrosine kinases (tropomyosin-related 
kinase C), and hepatocyte growth factor. In the future, there will be more molecules acting 
as transgenes in MSCs for treatment of SCI.
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(4). The hurdle for axonal regeneration in SCI include: 
glial scar tissue and molecular barriers, inhibiting 
microenvironment (such as chondroitin sulphate 
proteoglycans and myelin-associated inhibitors), 
and the lack of sufficient neurotrophic support (5,6). 
Therefore, the key point of applying stem cells to treat 
SCI is to build a microenvironment conducive to the 
survival and differentiation of stem cells and regulate 
neurotrophic factor expression. Genetic modification 
of adult mesenchymal stem cells (MSCs) is expected 
to overcome the hurdle for axonal regeneration and has 
been applied in experimental animal models of SCI.

2. Mesenchymal stem cells

Embryonic stem cells (ESCs) and neural stem 
cells (NSCs) have been used to repair SCI. These 
stem cells survived, differentiated into astrocytes, 
oligodendrocytes, and neurons, and promoted neural 
functional recovery (7). However, these stem cells can 
also differentiate into inappropriate cells, resulting in 
tumor formation (8). Moreover, NSCs have a tendency 
to differentiate into glial cells after they are transplanted 
into an impaired central nervous system. Therefore, 
NSCs could promote astrogliosis and the extension of a 
glial scar (9). 
	 At present, adult MSCs have been applied in 
experimental animal models and clinical trials of SCI 
(10). MSCs are multipotent nonhematopoietic cells 
with the potential to differentiate into osteoblasts, 
chondrocytes, adipocytes, as well as myogenic 
and neuronal cells (11). MSCs are a heterogeneous 
population that can be isolated from several tissues, 
such as bone marrow, adipose, umbilical cord blood, 
Whartons jelly, amnion, etc. MSCs possess many 
properties directed to the hurdle for axonal regeneration 
in SCI (Figure 1). Once MSCs arrive at an injury, they 
can secrete a variety of cytokines, such as insulin-like 
growth factor (IGF), brain-derived neurotrophic factor 
(BDNF), vascular endothelial growth factor (VEGF), 
granulocyte-macrophage colony stimulating factor 
(GM-CSF), fibroblast growth factor (FGF)-2, and 

transforming growth factor (TGF) (12). MSCs down-
regulate apoptotic molecules and up-regulate anti-
apoptotic molecules in SCI animal models. In addition, 
MSCs increase serum interleukin (IL)-10 and decrease 
tumor necrosis factor (TNF)-α. T cells change from pro-
inflammatory Th1 cells to anti-inflammatory Th2 cells 
and macrophage phenotypes change from M1 (immune 
surveillance) to M2 (down-regulating immune response) 
in the presence of MSCs. The immunophenotype of 
MSCs are major histocompatibility (MHC) I positive 
and MHC II negative and MSCs also lack costimulatory 
molecules CD40, CD80, and CD86. Therefore, MSCs 
have an immunomodulatory effect (13).
	 Multifunctional therapies seem to be extremely 
promising because they counteract multiple injury 
mechanisms and combine both neuroprotective and 
neuroregenerative agents (14). Although MSCs secret 
some cytokines, the levels of these cytokines are not 
enough for SCI repair. Genetic modification of MSCs 
can increase secretion of peptides or total length 
proteins with potential to repair SCI and promote the 
survival of themselves and the survival or regeneration 
of neurons. There are many proteins that have been 
applied to modified MSCs, such as neurotrophic factors 
(neurotrophin 3, brain-derived neurotrophic factor, glial 
cell line-derived neurotrophic factor, nerve growth factor, 
and MNTS1), receptor tyrosine kinases (tropomyosin-
related kinase C), and hepatocyte growth factor (Table 1).

3. Proteins with potential to repair SCI

3.1. Neurotrophic factors

3.1.1. Neurotrophin 3 (NT-3)

NT-3 has been shown to act as a neuroprotective 
agent (15). NT-3 can promote axonal growth and the 
differentiation of sensory neurons, motor neurons, 
dopaminergic neurons, and other neurons. The effect 
of NT-3 promoting neuron growth is due largely to 
activating tropomyosin-related kinase (Trk) C (16). The 
co-expression of NT-3 and BDNF had an anti-apoptotic 
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Figure 1. MSCs possess properties directed to the hurdle for axonal regeneration in SCI.
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in significant improvement of locomotor function and 
restoration of electrophysiological properties in rats via 
a recombinant adenoviral vector (Adv) into a region 
of ethidium bromide (EB)-induced demyelination in 
the spinal cord (21). The morphological basis of this 
recovery was evidenced by robust myelin basic protein 
(MBP) expression and extensive remyelination and 
these results may be due to participating directly in 
myelination of the endogenous remyelinating cells.

3.1.2. BDNF

BDNF was discovered in the early 1980's (22). An 
intensive interest in exploring BDNF's potential in 
treating SCI have been spurred because of its role as a 
promoter of cell survival and neurite outgrowth. BDNF 
can enhance plasticity and regenerative growth in tracts, 
such as the CST (23). It can specifically interact with 
the high affinity TrkB receptor inducing most of the 
desirable effects of BDNF in SCI. Furthermore, BDNF 
can also interact with the low-affinity pan-neurotrophin 
receptor p75, leading to signaling effects that often 
counteract TrkB activation (24).
	 Although MSCs continuously produce BDNF and 
significantly rescue avulsed motoneurons (25), gene-
modified human BMSCs overexpressing BDNF can 
further increase the potential therapeutic effect of BDNF 
in SCI (26). At 5 weeks after transplantation of modified 

effect in a cellular SCI model of rat spinal cord neurons 
(17). Moreover, transduction of spinal motoneurons 
with adenoviral vector (Adv) carrying the NT-3 gene 
induced growth of axons from the intact corticospinal 
tract (CST) across the midline to the denervated side in 
animals with a CST lesion (18).
	 Implantation of genetically modified MSCs with 
NT-3 can improve locomotor function, structure, and 
electrophysiological properties. Sprague–Dawley (SD) 
rats in a NT-3-human umbilical cord MSCs (HUMSCs) 
group had significantly improved locomotor function 
recovery and more than the control group in a rat 
model for clipped SCI (19). The NT-3-HUMSCs group 
achieved better functional recovery, more intensive 
5-HT fibers, a larger volume of spared myelination, 
and a smaller area of cystic cavity than the HUMSCs 
group at the end of 12 weeks after SCI. Bone marrow-
derived MSCs (BMSCs) overexpressing NT-3 also can 
promote locomotor function and structure recovery. 
After NT-3 modified BMSCs were implanted into the 
transected spinal cord of rats, the animals obtained 
some improvement (both functionally and structurally), 
including the recovery of hindlimb locomotor function, 
dramatically reduced cavity volume, clear axonal 
regeneration, and more neuronal survival (20). In 
contrast, simple MSC implantation was not a very 
effective therapy for spinal transection. Moreover, 
implantation of NT-3 gene-modified BMSCs resulted 

Table 1. Activities of Genetic modification of MSCs in SCI animal models

Transduced 
genes

NT-3

NT-3 

NT-3

BDNF

GDNF

MNTS1

TrkC

HGF

Animals

60 female
SD rats 

36 female
SD rats

 25 female
SD rats

66 female
SD rats 

18 female
SD rats

48 female
Fischer rats

80 female
SD rats

51 female
SD rats

 SCI models

Compression of at L1 
level

Complete transection 
at T10 level

1 μL EB (0.1 mg/mL) 
into the T10 thoracic 
cord

Transect ion a t  T9 
level

Contusion injury at 
T9 level

Moderate contusion 
at T8 level

Complete transection 
of the spinal cord at 
T10

Hemisection injury at 
C4 level

Modified
MSCs 

HUMSCs

Rat BMSCs

Rat BMSCs

Human
BMSCs

Rat BMSCs

Rat BMSCs

Rat BMSCs

Human
BMSCs

Time point
and dose

Seven days af ter 
injury, 1×106 per rat

Immediately, 5×105 
per rat

Three days after EB 
injection, 1×105 per 
rat

Immediately,  1.2 
×105 cells per rat

Seven days af ter 
surgery, 2×105 cells 
per rat

Seven days af ter 
injury, 4×105 cells 
per rat

Immediately, 5×105 
cells per rat

Immediately, 2.0×105 
cells per rat

Gene
carriers

Adenovirus 
vector

Adenovirus 
vector

Adenovirus 
vector

Adenovirus 
vector

Retrovirus 
vector

Lentivirus 
vector

Adenovirus 
vector

Lentivirus 
vector

Outcome

Significant improvement of locomotor 
function

Some improvement (both functionally 
and structurally)

Significant improvement of locomotor
function and restoration of electro-
physiological properties

Locomotor recovery improvement

Limited capacity for the replacement 
of neural cells lost

Axonal growth increase and cutaneous 
hypersensitivity prevention

Improvement in conduction of cortical 
MEPs and hindlimb locomotor function

Anti-glial scar, axonal growth increase 
and improvement in recovery of forepaw 
function

Ref.
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26

32

39

43

47
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BMSCs for SCI, locomotor recovery improvement was 
observed for the BDNF-BMSC group, but not in the 
BMSC group. Structurally there was increased sprouting 
of the injured corticospinal tract and an increased cell 
survival of corticospinal tract neurons in the primary 
motor cortex. 

3.1.3. Glial cell line -derived neurotrophic factor (GDNF)

GDNF exists in embryonic limb and muscle at high 
levels at the time of innervation and is necessary 
for normal neuromuscular development (27). It has 
been shown to protect motor neurons in a number of 
different animal models (28). GDNF can increase neural 
sprouting and prevent cell death (29). The heterodimer 
receptor system of GDNF includes GDNF receptor alpha 
(GFRα) and c-Ret expressed by healthy motor neurons. 
These neurons can bind, internalize, and transport 
GDNF in both antero- and retrograde directions in a 
receptor-dependent manner (30). GDNF administration 
may stimulate the survival of injured motor neurons and 
promote axonal regeneration (31). GDNF-transduced 
MSCs can survive and express the therapeutic gene 
after 6 weeks of transplantation to the site of SCI, while 
maintaining an undifferentiated phenotype. However, 
they provide excellent opportunities for local delivery of 
neurotrophic factors into the injured spinal cord (32).

3.1.4. Nerve growth factor (NGF)

NGF can promote survival and axonal growth of sensory 
and sympathetic neurons. The functions of NGF are 
mediated by its binding to TrkA and the p75 neurotrophin 
receptor (p75 NTR) (33). This NGF-receptor complex 
undergoes endocytosis and retrograde transport to the 
neuronal soma where it regulates gene expression (34).
	 NGF expression significantly increased in the 
spinal cord injured tissue 3 days after MSC graft (35). 
Moreover, secreted NGF from genetically modified 
MSCs induced neurite outgrowth from PC12 cells 
(36). Combination of MSC transplantation with NGF 
promoted axonal regeneration and further functional 
improvement compared with single MSC transplantation 
or NGF on the repair of SCI in adult rats (37). 

3.1.5. MNTS1

MNTS1 contains only seven amino acid changes from 
multineurotrophin NT-3/D15A. It can bind all receptors 
of the Trk family and induce autophosphorylation of 
TrkA, TrkB, and TrkC (38). MSCs transduced with a 
multineurotrophin are effective in cell growth promotion 
and sensory function improvement after SCI. Kumagai 
et al. reported that transplantation with MSC-MNTS1 
and MSC-MNTS1/p75− enhanced axonal growth and 
significantly prevented cutaneous hypersensitivity after 
SCI (39). Furthermore, transplantation with MSC-

MNTS1/p75− increased angiogenesis and decreased 
glial scar formation. 

3.2. TrkC

The effects of mature neurotrophins on neuronal 
survival are mediated by members of the Trk family of 
receptor tyrosine kinases (40) and are modulated by the 
common neurotrophin receptor p75 NTR (also known 
as NGFR) (41). The Trk family of receptor tyrosine 
kinases which neurotrophins bind to includes TrkA 
(NGF), TrkB (BDNF and NT-4/5) and TrkC (NT-3). 
	 Chen et al. showed that in vivo transplanted MSCs 
overexpressing TrkC migrated into the NT-3 enriched 
area. Moreover, the migrating incidence as well as 
migration distance of MSCs was significantly higher 
than the control (42). The results indicated that TrkC 
acts as a chemokine receptor with its high affinity 
for NT-3 and may play a role in MSC homing. TrkC 
gene-modified MSCs transplantation combined with 
electroacupuncture treatment not only increased MSC 
survival and differentiation into neuron-like cells but 
also promoted CST regeneration across injured sites to 
the caudal cord and functional improvement in SCI (43). 
In addition, the conduction of cortical motorevoked 
potentials (MEPs) and hindlimb locomotor function 
increased as compared to controls. These results are 
perhaps due to an increase of NT-3 levels, upregulation 
of laminin and GAP-43, and downregulation of GFAP 
and chondroitin sulphate proteoglycan (CSPG) proteins.

3.3. Hepatocyte growth factor (HGF)

HGF is primarily produced by cells of mesenchymal 
origin. It is a pleiotropic cytokine which promotes 
angiogenesis and cell survival (44). Injection of HGF 
has been demonstrated to enhance kidney and liver 
regeneration (45). In addition, systemic treatment 
with HGF significantly accelerated remyelination in 
lysolecithin-induced rat dorsal spinal cord lesions and 
in slice cultures (46). Moreover, HGF has anti-glial scar 
effects and could be used to ameliorate functional deficits 
following SCI. Transplantation of HGF overexpressing 
MSCs (HGF-MSCs) into hemisection spinal cord lesions 
at C4 markedly decreased TGFβ isoform and neurocan 
levels and reduced the extent of astrocytic activation and 
glycosaminoglycan chain deposition around hemisection 
lesions. Furthermore, animals treated with HGF-MSCs 
showed axonal growth promotion beyond glial scars and 
recovery improvement of forepaw function (47).

4. Gene carriers

Effective gene transduction is the basis of genetic 
modification of MSCs in SCI repair. Viral vectors are 
characterized by high transduction efficiency and stable 
transgene expression. Viral vectors mediating genetic 
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modification of MSCs include retroviral, adeno-
associated viral, adenoviral, and lentiviral vectors. They 
have their own advantages and disadvantages (48). 
Lentiviral vectors have the unique ability to integrate 
into the genome of non-dividing cells and enable their 
relatively long and stable transgene expression. On 
the contrary, other retroviral vectors only transduce 
dividing cells. Moreover, the immunogenicity of 
lentiviral vectors is significantly reduced (49,50). 
Adenoviral vectors are able to transduce dividing and 
non-dividing cells (51). They are relatively safe to the 
host due to no integration function. Meanwhile, adeno-
associated virus is also considered non-pathogenic to 
humans because it is a defective virus (52). 
	 Non-viral vector systems have many advantages 
compared to viral vector systems, including, significantly 
lower  toxici ty/ immunogenici ty  and potent ia l 
tumorigenicity, unlimited transgene size (range is from 
oligonucleotides to artificial chromosomes), simple 
quality control, and simple requirements for drugs and 
management (53). Non-viral vectors may be applied to 
transduce exogenous genes into MSCs in SCI repair.

5. Conclusions

Continuous development of new strategies to treat SCI 
is urgently needed because, to date, there is no evident 
effective treatment for SCI. More information is needed 
regarding genetic modification of MSCs, including 
transgene expression level and stabilization, elaborate 
gene regulation, and safety. Further experimental and 
clinical investigations will allow a better understanding 
of mechanisms of action, therapeutic effects, and the 
safety profile. Many molecules have been recognized 
for their promising and potent activities of rescuing 
SCI. Besides the above-mentioned neurotrophic factors, 
TrkC, and HGF, other cytokines and anti-apoptosis 
molecules can also be used to modify MSCs, such as 
D15A (with NT-3 and BDNF activity) (54), ciliary 
neurotrophic factor (CNTF) (55), and survivin (56). In 
the future, more molecules acting as overexpressing 
genes in MSCs and treating SCI will be recognized.
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1. Introduction

Living cells are protected from their surrounding 
environment by cell membranes that only allow 
movement of small molecular size compounds across 
their barrier. During the last two decades, a number 
of peptides presenting the ability to be translocated 
across biological membranes have been identified and 
thoroughly studied, resulting in the characterization 
of a new family of peptides known as cell-penetrating 
peptides, in some cases also frequently referred to as 
protein transduction domains (PTDs) (1). CPPs are short 
(~35 amino acids) water soluble, partly hydrophobic 

or polybasic peptides that are capable of entering most 
mammalian cells at low molecular concentrations in 
vivo and in vitro without using any chiral receptors 
and without causing significant membrane damage (2). 
Many CPPs are highly cationic, usually rich in arginine 
and lysine amino acids and hydrophilic, exhibiting 
no or relatively low amphipathicity when compared 
to other peptides that are known to interact with and 
permeabilize phospholipid membranes. The mechanism 
of penetration of CPPs is ambiguous, but ample 
evidence prevails for multiple mechanisms, including 
direct translocation across the plasma membrane and 
endocytosis (3).
	 The profound interest that CPPs evoked among 
the scientific community was associated not only with 
their ability to cross cellular membranes by a non-toxic 
process, apparently independent of membrane receptors 
and energy consumption, but mainly due to the capacity 

Summary The plasma membrane presents a remarkable barrier for the delivery of peptide and nucleic 
acid based drugs to the inside of cells. This restraint in the path of their development as 
therapeutic agents can be offset by their conjugation to cell penetrating peptides (CPPs) that 
can lead to an improved pharmacological profile. In this context, conformational behavior 
of Vimentin Tubulin Binding Site (TBS) peptide, Vim-TBS (58-81), was investigated for its 
acknowledged cell penetrating properties along with Trans-activating Tat (48-60) peptide 
and a pro-apoptogenic peptide of p21/WAFI protein (p10). Also, the fusion peptides Vim-
TBS (58-81)-p10 & Tat (48-60)-p10 were studied using molecular mechanics (MM) and 
molecular dynamics (MD) based strategies. MM results revealed formation of stable α-helix 
like secondary structures in Vim-TBS (58-81), Tat (48-60) and p10 peptides. In water, three 
peptides adopted either a helical structure or a random conformation; the stability of either 
of the two states being governed by the formation of polar contacts with the solvent. The 
fusion peptides formed helical structures after MD simulations but the structure obtained for 
the fusion peptide, Vim-TBS-p10 is relatively better characterized in terms of its amphipathic 
nature with a hydrophilic face formed by the positively charged residues facilitating a better 
interaction of this fusion peptide with the membrane as compared to that of Tat-p10 peptide. 
This is the first report on the conformational characteristics of the Vim-TBS (58-81) peptide 
and the fusion peptide, Vim-TBS (58-81)-p10. The results presented here are significant for 
their potential role in guiding and facilitating the future efforts of designing peptide based 
cell penetrating drugs.

Keywords: CPPs, Vim-TBS, Tat, p10, peptides, molecular mechanics, molecular dynamics
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to promote the efficient cellular internalization of 
bio-molecules/drugs conjugated to these peptides (4-
11). Since, the lack of permeability of the cellular 
membranes to hydrophilic bio-molecules constitutes 
one of the most important barriers to the delivery of 
therapeutic agents; this discovery has been regarded 
as an important step towards the development of novel 
strategies to increase the intracellular availability of 
molecules with high therapeutic interest but with low 
membrane permeability. Furthermore, CPPs are capable 
of carrying cargoes of a wide range of molecular size 
such as proteins (12,13), oligonucleotides (14) and 
even 200 nm liposomes (15,16) into different cellular 
compartments. Therefore, they are extremely attractive 
candidates to transport drugs to the interior of the cell. 
These peptides are also of profound interest in imaging 
processes, specifically in case of cancerous cells (17). 
The penetration of CPPs into cells is usually rapid and 
of first-order, with half-times from 5 to 20 minutes (18).
	 Among all CPPs, which include protein transduction 
domains (19), chimeric peptides and peptides of 
synthetic origin, the peptides derived from the HIV-1 Tat 
protein (1), from the homeodomain of the Antennapedia 
protein of Drosophila (Tat and Penetratin peptides, 
respectively), as well as the synthetic Pep-1 peptide 
(20), are the best characterized. These peptides have 
been successfully used for the intracellular delivery 
of different cargoes (21), including nanoparticles, 
full-length proteins, liposomes and nucleic acids, 
both in vitro and in vivo, thus resulting in successful 
transduction in animal tissues, including the brain.
	 Intermediate f i laments (IFs) by binding to 
unpolymerized tubulin at discrete tubulin binding sites, 
provides flexible intracellular scaffolding which imparts 
structure to cytoskeleton hence, providing resistance to 
the cell from external stresses (22). In a recent report, 
a peptide Vim-TBS 58-81 corresponding to the tubulin 

binding site of the type III IF protein Vimentin, has been 
shown to enter cells (23) using well-established cell 
biology techniques (24). Furthermore, the inhibition of 
cell proliferation through nucleus localization of Vim-
TBS 58-81 coupled to p10 (a pro-apoptogenic peptide 
of p21/WAFI protein, an established model peptide to 
evaluate the translocation efficiency of CPPs) has been 
reported (25). 
	 To the best of our knowledge, no work has been done 
on the conformational characterization of the vimentin-
tubulin binding site peptide, Vim-TBS (58-81), for its 
cell penetrating properties. Therefore, the primary aim of 
this project is to evaluate its conformational preferences 
in terms of various interactions that tend to guide and 
stabilize its structure. To have an in depth knowledge 
of its structural characteristics, structural properties of 
Tat (48-60) and p10 peptides were also studied. Tat (48-
60) and p10 were particularly selected as the former is 
a well studied CPP and the later is a pro-apoptogenic 
fragment of p21/WAFI protein that is often used as a 
model cargo to evaluate cell penetrating properties. As 
structural versatility has been described as an important 
factor to be considered for deciphering cellular uptake 
properties by CPPs (26-28) the present work supports 
the hypothesis that structural plasticity could have 
a crucial role on its properties and functionality. 
Therefore, we examined the conformational aspects in 
a step by step approach that begins by the identification 
of intrinsic properties of the peptides through refined 
systematic fragmentation as shown in Table 1 and 2. 
The structural states and conformational plasticity of 
peptides in distinct environmental models was studied 
using molecular mechanics and molecular dynamics 
approaches. Finally, conformational preferences of the 
fusion peptides Vim-TBS (58-81)-p10 and Tat (48-60)-
p10 were analyzed by MD simulations in explicit water 
as solvent.

210

Table 1. Amino acid sequence of different peptides investigated

Peptide

Tat 48-60
Vim-TBS 58-81
p10
Vim-TBS 58-81-p10
Tat 48-60-p10

Sequence

GRKKRRQRRRPPQ
GGAYVTRSSAVRLRSSVPGVRLLQ
RQTSMTDFYHSKRRLIFS
GGAYVTRSSAVRLRSSVPGVRLLQ-RQTSMTDFYHSKRRLIFS
GRKKRRQRRRPPQ -RQTSMTDFYHSKRRLIFS

Table 2. Model oligopeptide fragments of Tat (48- 60), Vim-TBS (58-81), p10 peptides

I

G48

R
K
K
R52

II

K51

R
R
Q
R55

III

Q54

R
R
R
P58

IV

R57

P
P
Q
Q60

I

G58

G
A
Y
V
T
R64

II

V62

T
R
S
S
A
V68

III

A67

V
R
L
R
S
S
V74

IV

S73

V
P
G
V
R78

I

R1

Q
T
S
M
T6

II

M5

T
D
F
Y
H
S11

III

Y9

H
S
K
R
R14

IV

K12

R
R
L
I
F
S18

V

V77

R
L
L
Q81

Tat. (48- 60) peptide Vim-TBS (58-81) peptide p10 peptide
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evaluation of coulomb interactions and Van der Waals 
interaction a cut off of 0.9 and 1.0 nm respectively was 
applied. Long range forces were updated every 10fs 
during generation of the neighbor list. Long Range 
Electrostatic Interactions were calculated using a Particle 
Mesh Ewald Summation (36). Initial velocities of all 
atoms were taken from a Maxwellian distribution at the 
desired initial temperature. Because we aim to establish 
the conformational characteristics of vimentin tubulin 
binding peptide for its potent applications as a cell 
penetrating peptide, MD simulations of this peptide in 
conjunction with p10 (fusion peptide) were also carried 
out along with the simulations of the fusion peptide Tat 
48-60-p10 (acting as control for the study) at 300 K 
with the same MD parameters (31) for 1 ns under NVT 
conditions. The results obtained were analyzed using 
VMD software (37). Detailed analysis will help in the 
understanding of the interactions playing key roles in 
the mechanism of cell penetration. All simulations were 
carried out using the GROMACS Molecular Dynamics 
Package on the Desktop FUJITSU Workstation R570-2.

3. Results

3.1. MM energy minimizations

3.1.1. Model oligopeptides

In order to best explore the potential energy surface, 
three different starting geometries were taken (based 
on the PSIPRED Prediction results) for minimization 
of the various model oligopeptides of Vim-TBS 58-
81 with Φ, Ψ values of -57°, -47°; -139°, 135° & 180°, 
180° corresponding to α-helix, β-strand and linear 
conformations respectively. This preference of Φ, Ψ 
values is also based on extensive study of previous 
work on usual and unusual peptides/peptoids (38-40). 
On the basis of energy, the most stable conformations 
obtained after steepest descent minimization followed 
by a conjugate gradient method for various model 
oligopeptides of Vim-TBS 58-81, Tat 48-60 and p10 
peptides are discussed in Table 3. It is evident from the 
results that the most stable conformation in all model 
oligopeptides of Vim-TBS (58-81) populated the second 
quadrant of the Ramachandran map with Φ, Ψ values 
of ~ -100°, 110° (± 30°) except for model oligopeptide 
IV. Such structures are particularly stabilized by 
minimization of steric constraints imposed by the lengthy 
and/or bulky aromatic and/or charged side chains. Also, 
CH…π interactions and hydrophobic interactions lend 
stability to such conformations. In model oligopeptide 
IV no regular secondary structure was observed as large 
deviations in the Φ, Ψ values of particularly the centrally 
placed proline and glycine residues were observed. 
Proline is a known and most efficient helix breaking 
residue in natural proteins and peptides because its 
nitrogen cannot form hydrogen bonds (41). On the other 

2. Methods

To gain insights on the Φ, Ψ, ω, & χ values and thus, 
on the potential energy space explored by each amino 
acid residue, the peptide sequences were divided into 
short overlapping model oligopeptide fragments, each 
containing five to seven amino acid residues (Table 
2). Understanding secondary structure of peptides is a 
prerequisite for functional characterization. Since, most 
of the peptide secondary and tertiary structures are not 
available in Protein Data Bank (PDB) secondary structure 
prediction methods are used to obtain crucial knowledge 
about the structure and function of the peptides. 
PSIPRED, a web server (29) based on such prediction 
methods, was used to gain valuable insights into the type 
of secondary structure these peptides may possibly adopt. 
These prediction results (results not shown) provided 
the initial background on the various possible starting 
conformations for energy minimization studies. Hence, 
different starting conformations were taken along with 
a linear starting geometry. Every oligopeptide fragment 
was then minimized by MM based software- Swiss pdb 
Viewer (30), using a steepest descent and conjugate 
gradient method with a cut-off of 0.05 kJ/mol. MM 
energy minimization calculations were then performed 
on the full length peptides i.e. Vim-TBS (58-81), Tat (48-
60) and p10 at a dielectric constant of 4, using different 
starting conformations based on the minimization results 
of model oligopeptides together with the conformations 
obtained from the secondary structure prediction results. 
The results thus obtained were analyzed in terms of the 
various stabilizing interactions.
	 Simulations provide a great deal of information with 
respect to the stability of non-covalent interactions in 
water and gain insight on the dynamic characteristics 
of the peptides in solvent. GROMACS software was 
used for the MD studies (31). Interaction parameters for 
the simulations were taken from GROMOS-96 force 
field (31). Energy of the system was minimized with 
the convergence value (emtol) of 1000 kJ mol-1 nm-1. In 
order to allow equilibration of solvent around the model 
sequence, the position of all residues was restrained for 
20ps at the desired temperature. MD simulations were 
performed for 1ns in an NVT ensemble with water 
(32) as solvent at a constant temperature of 300K i.e. 
at constant volume, temperature, and mass. The run 
was carried out with a time step of 2fs using the Leap 
Frog Algorithm (33) and temperature was controlled 
through weak coupling to a constant temperature bath 
(34) using a coupling time constant; τp of 0.1ps and a 
reference temperature; T0 of 300, 313 & 343 K. LINCS 
algorithm (35) was used to restrict all bonds to their 
equilibrium lengths and the center of mass motion of 
the system was removed at every step to maintain the 
effective simulation temperature at 300 K. Pressure was 
controlled using weak coupling with a time constant 
of 0.5 ps and a reference pressure of 1 Bar. For the 
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hand, glycine is the simplest least restricted amino acid 
and thus, can explore a larger conformational region 
favoring a larger number of possible combinations of Φ, 
Ψ values on the Ramachandran map (42,43). Therefore, 
the consecutively positioned proline and glycine residues 
(with contrasting conformational behavior) are argued 

to be responsible for the non-regular/random secondary 
structure in oligopeptide IV.
	 The peptide Tat (48-60) is highly positively charged 
and is predicted by PSIPRED to adopt a helical 
structure (except residues 57-60 that are predicted to 
adopt a coil like structure). Keeping these observations 

Table 3. Molecular mechanics results for the most stable conformational states of various model oligopeptides

Fragment I
     Φ
     Ψ
     ω
Fragment II
     Φ
     Ψ
     ω
Fragment III
     Φ
     Ψ
     ω
Fragment IV
     Φ
     Ψ
     ω
Fragment V
     Φ
     Ψ
     ω

Fragment I
     Φ
     Ψ
     ω
Fragment II
     Φ
     Ψ
     ω
Fragment III
     Φ
     Ψ
     ω
Fragment IV
     Φ
     Ψ
     ω

Fragment I
     Φ
     Ψ
     ω
Fragment II
     Φ
     Ψ
     ω
Fragment III
     Φ
     Ψ
     ω
Fragment IV
     Φ
     Ψ
     ω

Vim-TBS 58-81

G
-
146.6
-
V
-
139.7
-
A
-
143.2
-
S
-
  96.2
-
V
-
103.1
-

G
-
-152.6
-
K
-
-91.1
-
Q
-
-154.3
-
R
-
-39.8
-

R
-
-28.6
-
M
-
-32.2
-
Y
-
-29.3
-
K
-
146.6
-

G
-175.4
152.7
-178.3
T
-69.6
87.4
177.4
V
-76.5
88.4
178.3
V
-103.9
126.4
-175.9
R
-70.6
86.4
177.8

R
55.6
-95.5
-178.5
R
-50.8
-47.8
-176.2
R
-73.4
72.6
172.6
P
-48.1
-32.2
-179.9

Q
49.9
-45.6
176.5
T
-55.5
42.1
-177.9
H
-58.0
-40.5
-177.8
R
-47.0
-50.1
178.5

A
-119.4
148.8
-177.9
R
-115.0
99.6
-178.0
R
-68.8
85.2
-179.4
P
-60.5
132.5
176.2
L
-69.0
81.3
177.4

K
-63.2
35.7
172.7
R
-57.4
-26.3
178.2
R
-79.2
81.8
176.5
P
-58.6
-29.8
170.2

T
-59.5
-55.9
178.0
D
-50.4
-41.4
176.1
S
-59.7
-46.0
172.6
R
56.2
-39.5
175.3

Y
-126.0
143.0
-171.2
S
-117.1
148.3
179.6
L
-71.4
81.3
175.5
G
  62.8
-148.5

L
-74.3
77.4
178.0

K
-81.1
39.9
-179.7
Q
-90.3
-32.2
179.7
R
-114.0
106.0
-173.6
Q
-66.6
-
-177.3

S
-64.1
-28.7
176.5
F
-64.8
-46.6
177.7
K
-58.0
-35.3
177.4
L
-64.8
-45.3
176.5

V
-76.4
88.1
178.1
S
-114.5
149.2
178.8
R
-123.0
145.1
-175.3
V
-130.4
82.8
179.0
Q
-120.2
-
-175.8

R
-127.9
-
-179.1
R
-72.5
-
-174.1
P
-57.3
-
178.2

M
-70.5
-44.3
171.4
Y
-61.5
-35.7
175.6
R
-65.4
-29.5
176.9
I
-60.1
-42.5
175.2

T
-68.6
86.3
-177.7
A
-115.1
138.9
178.9
S
-116.7
149.3
179.4
R
-111.6
-
-179.8

T
-68.7
-
-175.4
H
-69.7
-42.7
175.1
R
-70.8
-
172.0
F
-64.6
-42.6
175.3

R
-118.6
-
175.2
Y
-116.9
-
-178.3
S
-110.4
143.8
178.8

S
-65.4
-
178.1

S
-63.3
-
178.8

V
-116.2
-
-179.4

Tat 48-60

P10
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in consideration along with the properties and 
functionalities of the consecutively placed residues, 
various model oligopeptides were designed in such 
a manner that each fragment was not more than 5 
residues in length. As it is clear from the results in 
Table 3, these model oligopeptides showed variable 
conformations contrary to the prediction results for the 
peptide thus signifying the importance of length and 
nature of the amino acid residues. A careful and critical 
analysis of these results particularly in the case of model 
oligopeptides I & III revealed that whenever lysine and 
arginine are placed consecutively (model oligopeptide I) 
no uniform structure is formed, while a uniform helical 
structure was observed when only arginine residues were 
positioned consecutively (model oligopeptide III), as 
apparent from the graphical view in Figure 1. This can be 
explained on the basis of formation of seven membered 
hydrogen bonds between the carbonyl-oxygen of the 
ith residue and amide hydrogen of the ith+2 residue i.e. 
Arg dCOi..HNith+2 = 2.03, 2.27 Å and carbonyl-carbonyl 
interactions resulting in the formation of the 27 ribbon 
structure (Figure 1) (44). Thus, it would not be wrong 
to say that the type of positively charged residue plays a 
crucial role in designing a helical secondary structure of 
short length cationic oligopeptides like in the protamine 
family of cationic peptides (mainly composed of arginine 
70%) (45,46). Further, a short model oligopeptide IV 
corresponding to residues 57-60 of Tat (48-60) (that 
were predicted to adopt a coiled structure) is designed 
specifically to contain two consecutively placed proline 
residues in the center. Contrary to the well known fact 
that proline facilitates formation of protein secondary 
structure elements such as turns and the polyproline 
II helix, but typically disfavors α -helix and β-strand 
conformations (47). It was observed that in this model 
oligopeptide both proline residues adopt Φ, Ψ values 
characteristic of 310 helices and further results in the 
formation of a strong ten membered hydrogen bond 

between the carbonyl oxygen of the first arginine residue 
and the amide hydrogen of the fourth amino acid residue, 
dCOi...HNi+3 = 1.86 Å. Energy minimization results of 
the various model oligopeptides of p10 revealed the 
formation of helical secondary structures stabilized by 
strong carbonyl…carbonyl interactions and a strong 
hydrogen bond network (Table 3).

3.1.2. Full-length peptides

Molecular mechanics energy minimization results of 

Figure 1. Characteristic 27 ribbon structure is observed in 
Vim-TBS model oligopeptide III, where arginine residues 
are placed consecutively.

Table 4a. Molecular mechanics results for Vim-TBS (58-81) 
peptide

Seq ↓

G

G

A

Y

V

T

R

S

S

A

V

R

L

R

S

S

V

P

G

V

R

L

L

Q

ΔΕ
kcal/mol

State I

-,141.6
-
54.2,-107.8
178.6
-55.9,-38.6
177.2
-64.5,-29.1
176.4
-64,-49
175.5
-73.9,16.7
-171.5
125.3,142.7
-174.5
-56.3,96
-174.5
-153.1,-176.1
-171.9
-72.5,74.8
179.5
-123.6,137.7
178.1
-45.68,-38.8
-178.1
-44.4,-39.3
176.6
-81.5,46
-179
-169.1,-157
178.8
-161.6,89.3
173.5
-118.9,91.3
165.9
-57.9,108.1
-171.1
64.9,164.9
-7
-122.6,89.2
170.3
-121.3,160.9
179.2
-40.1,-46.3
-176.6
-104.7,29.5
-177.8
-125.5,-
176.7

29.7

State II

-,90.1
-
-49.4,-37.7
-177.8
-51,-41.6
175.8
-66.3,-38.7
-179.6
-59.8,-55.4
175.4
-58.6,-35.1
175.1
-62.2,-52.9
172.2
-60.2,-41.8
178.1
-66.9,-38.8
175.2
-58.5,-43.5
169.5
-58.4,-45.2
-172.8
-57.9,-46.1
175
-57.9,-44.6
174.8
-58.7,-60.5
174.6
-61.2,-29.5
-177.6
-54.1,-34.8
173.8
-68.7,-48.3
179.3
-54.2,-39.6
165.7
-54.9,-50.4
172.2
-56.4,-47.6
174.1
-55.8,-45.6
176.3
-62.7,-38.4
175.6
-66.7,-36.6
172.6
-63.1,-
177.7

0.0

State III

-,146.7
-
-175.4,153.6
-178.4
-118.6,146.8
-178.9
-112.2,94
-169.8
-70.6,89.6
-179.6
-69.2,83.7
178.4
-73.7,85.7
179.3
-121,148.1
177.4
-113.5,142.8
178.2
-72.3,83.9
176.1
-72.5,81.5
177.4
-72.5,82.1
-178
-73.1,78.9
175
-117.3,99
-175.2
-115,144.4
179.3
-119.1,148.2
179
-113,103.9
177.3
-64.6,92.6
175.4
-68.6,78.8
176
-73.7,86.6
179.5
-69.1,84.2
177.8
-69.2,80.2
176.9
-74.2,77
177.6
-119.3,-
-175.7

96.4
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the full length peptides i.e. Vim-TBS (58-81), Tat (48-
60) and p10 are as summarized in Table 4a & b.

3.1.3. Vim-TBS (58-81) 

Three different starting conformations were taken for 
minimization studies based on the prediction server 
results as well as the model oligopeptide minimization 
results.  The first conformation called 'State I ' 
corresponds to a state with starting geometry obtained 
after model oligopeptide fragment minimization 
calculations. The prediction server results have shown 
the propensity of both β-strand and coil type secondary 
structure throughout the sequence, and therefore Φ, 
Ψ values of the other two starting conformations 
correspond to β-strand i.e. -139°, 135° (State III) and 
α-helix i.e. -57°,-47° (State II). It is evident from the 
results in Table 4a that the energetically most stable 
conformation is State II with Φ, Ψ values of ~ -59.3°,-
45.3° forming a characteristic α-helix like secondary 

structure. A molecular view of this conformation given 
in Figure 2 depicts the typical intra-strand hydrogen 
bonding network along with strong carbon-carbonyl 
interactions. The torsion angles of various residues 
of State I were found to lie in the second and third 
quadrant of the Ramachandran plot. Consequently, 
both the carbonyl-carbonyl interactions and formation 
of hydrogen bonds lack uniformity and regularity. It 

Table 4b. Molecular mechanics results for different conformational states of Tat (48-60) peptide and p10 peptide 

Seq.↓

G

R

K

K

R

R

Q

R

R

R

P

P

Q

ΔΕ
kcal/mol

Tat (48-60) peptide

I

-,94.6
-
-62.2,-83.5
-175.7
-118,-3.9
171.3
-99.9,119.9
-169.7
-173.5,153.4
173.5
-49.8,-39.9
169.3
-90.6,36
174.8
-171.4,-152.9
173.6
-81.9,91.6
-176.3
-122,100.3
163.6
-58.9,135.1
177
-599,-41.7
174.9
-75.8,-
173.1

33

II

-,-149.3
-
49.7,-94
178.8
-55.4,-41.1
176.1
-58,-44.9
176.6
-64.7,-45.2
178.7
-58.7,-45.4
175.6
-58.7,-45.2
174.1
-60.3,-40
174.9
-63.2,-31
175.9
-59,-41.5
-175.2
-62.8,-37.7
172
-64.8,41.3
163.9
-61.9,-
177.3

0.0

p10 peptide

Seq.↓

R

Q

T

S

M

T

D

F

Y

H

S

K

R

R

L

I

F

S

ΔΕ
 kcal/mol

I

-,-24.6
-
-48.2,-43.3
-176.3
-60.1,-64.5
176
-56.9,-44.7
179.3
-60.7,-49.4
177.5
-63.8,-40.9
175
-55.7,-44.5
172
-58.6,-51.6
173.2
-56,-47.4
177.5
-59.1,-46.2
174.3
-61.4,-38.7
174.7
-61.3,-46.5
173.2
-57.2,-46.3
173.6
-58.1,-42.9
174.9
-59.2,-45.8
173.1
-59.6,-43.7
174.3
-64.1,-36.7
176.9
-60.8,-
-178.8

0.0

II

-,99.1
-
-123.5,146.1
179.8
-69.7,90.9
178.5
-67.8,84.4
175
-72.6,85.7
-177.2
-70.1,23.3
-178.9
-84.9,34.7
-158.8
-88.6,39.9
-177.3
-82.2,81.6
-174
-121.3,100
-172.2
-70.4,82.1
176.7
-69,80.9
179.6
-72.6,76.5
178.6
-73.4,79.4
-178.6
-75.8,74.7
-179
-78.1,88.7
-177.2
-122.9,143.1
176.3
-113.9,-
179.8

61.8

Figure 2. Intra-strand hydrogen bond network and 
carbonyl-carbonyl interactions stabilize Vim-TBS (58-81) 
peptide in the α-helical conformation.
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is worth mentioning that smaller model oligopeptides 
of Vim-TBS (58-81) (Table 3) revealed the stability 
of β-strand structure while in the full length peptide 
the α-helical structure was observed highlighting the 
critical relation between peptide length and secondary 
structure. Consequently, future design paradigms for 
this peptide need to emphasize and explore this vital 
relation in order to achieve the best design. This is the 
first report on the structural characterization of Vim-
TBS (58-81) peptide.

3.1.4. Tat (48-60) peptide

Two different starting conformations were taken to 
carry out energy minimization studies viz., State I with 
starting conformation corresponding to Φ, Ψ values 
obtained after model oligopeptide minimization and 
State II with Φ, Ψ values corresponding to the α-helical 
region (-57°,-47°). State II that adopted a uniform 
α-helix type secondary structure (Table 4b) except 
terminal residues, was found to be energetically most 
stable. Helical secondary structures have already been 
highlighted in the literature as being necessary for cell 
penetration properties (48,49) because such structures 
seem essential particularly within the lipid phase of 
the membrane for its cellular uptake and stabilization. 
Minimization studies (at a dielectric constant of 4) have 
revealed that Vim-TBS (58-81) adopts a secondary 
structure similar to that observed in Tat (48-60), and the 
same mechanism of cell penetration can be attributed to 
Vim-TBS (58-81) based on the structure-function and 
activity relationships (50,51).

3.1.5. p10 peptide

Similarly, two different starting conformations were 
selected for energy minimization studies i.e., with 
α-helix like torsion angles (State I, Table 4b) and with 
β strand like torsion angles (State II, Table 4b). On the 
basis of steepest descent and conjugate gradient energy 
minimization studies, the α-helix secondary structure 
(State I) was found to be more stable by ~ 62 kcal mol-1.

3.2. MD simulations

In general, conformations adopted by proteins/peptides 
are significantly influenced by local environmental 
conditions that refer to the solvation interface 
which communicates bulk properties of the solvent 
(like temperature, pressure etc.) to the peptide and 
determines localized effects about the proteins/peptides 
due to specific solute-solvent interactions (52). For a 
better understanding about conformational behavior, 
dynamic structure, interactions and stability of these 
peptides in aqueous environment, MD simulation 
studies were performed in explicit water. Simulation 
results in terms of Φ, Ψ and ω values for the various 

starting conformations of Tat (48-60), Vim-TBS (58-81) 
and p10 peptides are given in Table 5. Conformation 
I, II, and III of Vim-TBS (58-81) correspond to the 
starting geometry with Φ, Ψ, ω values obtained after 
MM energy minimization studies. Similarly, final 
conformations obtained after MM studies for Tat (48-60) 
and p10 peptides were the starting conformations for 
MD simulation studies.
	 Simulations in water revealed that all three peptides, 
Tat (48-60), Vim-TBS (58-81) and p10, adopt either 
a helical structure or a random conformation in water 
(Table 5). The energy difference between these two 
states is ~ 5-6 kcal/mol and is not such that it allows/
favors exclusive population of any state especially 
when one considers the energy contribution of a single 
hydrogen bond i.e. ~ 2-5 kcal/mol (53,54). In Vim-TBS 
(58-81), Conformation II with average Φ, Ψ values of 
~ -63°, -54° was energetically more stable with respect 
to conformation I and III by 6.2 and 11.5 kcal/mol 
respectively. On the other hand such a helical structure 
(Conformation II) was energetically less stable by 5 
kcal/mol in Tat (48-60) peptide. The stability of these 
two states is governed by the dominance or contribution 
of polar contacts between the solvent water molecules 
and the various backbone and side chain functionalities 
(intermolecular interactions) of the peptide. Because 
these two conformations are labile on the energy scale 
it is argued that in water both helical and random coil 
like structures co-exist in a dynamic state and moreover, 
this energy gap can be compensated by the choice of the 
solvent i.e., in protic or aprotic environment (55). It is 
worth mentioning here that these results are consistent 
with the NMR and CD spectroscopy results that have 
shown the occurrence of no regular geometry in Tat (48-
60) peptide. Solid-state NMR shows that Tat (48-60) is 
highly dynamic and adopts a random coil conformation 
(56). The CD spectrum studies of Tat peptide (residues 
34-56) have also reported a disordered conformation 
in buffer solution with a strong negative band at 198 
nm and weak positive ellipticity between 212 and 222 
nm (57). The 1H/15N HSQC spectrum of Tat has also 
suggested that the protein is undergoing conformational 
exchange on the millisecond to microsecond time scale, 
indicating a transient structure formation (58). It is also 
worth mentioning here that almost 30% of the eukaryotic 
proteome is intrinsically distorted under physiological 
conditions i.e., in the absence of binding parameters 
these proteins or protein segments do not fold into a 
stable conformation but exist in a more or less restricted 
ensemble of conformations determined by the amino acid 
sequence (57). Utility of this observation lies in the fact 
that the unfolded proteins have an advantage over folded 
proteins in providing a much larger surface area enabling 
multiple interactions with other molecules (59).
	 p10 peptide adopted the helical conformation in 
its most stable state (Table 5) and was found to be 
more stable by 5.8 kcal/mol than Conformation II. 
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Polar contacts with water which are present in both 
conformations, the extensive hydrogen network of 
carbonyl-oxygen of ith residue with the amide hydrogen 
of the ith+4 residue, (dCOi…HNi+40 ~ 2.0, 1.8 Å) along with 
the strong carbonyl-carbonyl interactions are the major 
factor in the stability of the helical state.

3.3. Simulation studies of the fusion peptides

To establish and analyze the conformational preference 

of Vim-TBS (58-81) peptide in conjunction with cargo 
molecules, simulations of the fusion peptide Vim-TBS 
(58-81)-p10 and Tat (48-60)-p10 were carried out for 1 
ns in water under NVT conditions.

3.3.1. Tat (48-60)-p10 peptide

Two different starting conformations were selected for 
the structural study of the designed fusion peptide Tat 
(48-60)-p10, with Φ, Ψ values corresponding to those 

Table 5. MD results under NVT conditions for different conformations of Tat (48-60), Vim-TBS (58-81) and p10 peptide 
after 1 ns simulations with Φ, Ψ, ω values

I

-,-143.8
-
118.1,127.8
175.5
-42.4,-56
-165.8
-90,-22.2
-174
-57.2,-51.8
179
-129.4,132
-177
59,2.3
-178.6
57.6,120
172.9
-155.7,156
178.3
-105,122
-171.6
57.7,145
173
-48.4,-42.6
-166.8
-63,-37.8
180
-104.8,29.2
178.1
-112,108
170
-56,75
-176
-129,120
-176
-63.4,132.6
-173.4
-123,-171
2.3
50,61
177.2
-116.7,141
169
-54.4,-46
-177
-110.8,67.7
172
-142.6,-
177

∆E   6.2

Vim

II

-,148.6
-
-66.4,-161.7
-178.1
-53.1,-50
-179
-63.5,-52.3
-176
-50,-55
178
-50.1,-32
178.2
-80.2,-57
167.6
-58.6,-54
-176
-56.1,-50.6
-176.4
-45.3,-52.5
172.4
-85,-29.2
-169
-70.2,-54
175.3
-53,-52.2
172.6
-45.8,-45
172.6
-52.4,-35.2
170.4
-116.5,-32.4
-173
-55.3,-53.6
180
-50,-51.8
-178.1
-55.4,-61
179
-62.1.-27.6
-171
-77,-49
168
-67.7,-38.5
178.5
-69.3,-91.2
176
-105.9,-
-168.4

      0.0

III

-,-131.6
-
-75.8,-80.3
-175
-62.9,-49.2
178
-98.4,118
170
-110.5,130.9
179
-63.2,133.2
164.4
-124.2,129
175
-167.9,148
-172
-92,133
-176
-91,68.2
-178
-65,121
-172.4
-123.8,83.1
176
-111.4,103.8
163
-148.3,157.7
168
-9.3,-81.3
178
-124,104.9
-165.4
36.4,68.7
173.7
-75.1,139.3
177.5
-97,-107.2
-167.2
-97.4,-39.3
172.5
-95.7,148
165
-71.7,104.6
180
-90,124.6
-177
-127.2,-
-176.8

      11.5

p10

I

-,172
-
-54,88.6
175.6
-66,-27
-173.7
-52.8,-65.2
-177.4
-44.6,-55.4
165.9
-74,-33.4
-172.1
-62.7,-52.1
170.3
-49.3,-34.4
164.8
-61.7,-47.7
169.2
-58,-38.3
171.7
-65.6,-51.4
178.3
-60.9,-40.7
174
-55.3,-38.6
172
-70,-44
173.3
-65.4,-28.3
180
-76,-52.1
167
-112,83.5
-172.6
-87.4,-
-173.5

      0.0

II

-,135.6
-
-54.4,113.2
167.8
-93,84
-170
-76.9,80
163.4
-94.2,86.2
-176
-76.9,-58
174.6
-97.8,123.4
-163.3
-131,144
172.3
-67,-26.8
176.3
-84.4,-79.1
-172.5
-67.7,119.1
167.7
-108,158.8
-178.3
-135.5,104.1
180
-83.6,127
163.5
-95.6,-162
180
-78.3,142
163.4
-66.8,113.7
160.4
-126,-
-174.8

      5.8

Tat

I

-,121.1
-
-53.5,-41.5
180
-65.5,-44.1
-173
-74.1,107.5
-173
-65.6,147.6
162.2
-51.6,-73.7
166
-93.5,-73.6
-166.5
-107.2,180
-178.7
13.8,100
-179.2
-119,118.7
-165.7
-63.5,150.4
164.3
-60.3,143.6
171
-140.7,-
-173.8

      0.0

II

-,-133.5
-
-52.1,-51.7
-166.8
-51,-49.1
180
-65.2,-26.3
166.6
-63.7,-38.6
167.2
-67.2,-50
177.7
-57.6,-53.3
-177.6
-60.4,-37.7
174.2
-75.2,-27.6
180
-52.6,-44
177.3
-61.4,-54.9
168.6
-94.6,59.1
165.4
-121.8,-
171

      5.0
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obtained after MD simulations of individual peptides 
(Conformation I) and with Φ, Ψ values of -57°, -47° 
(Conformation II). In the energetically most stable state 
it was found to adopt Φ, Ψ values that lie in the α-helical 
region (Table 6, Figure 3a). Although, Tat peptide 
is unstructured in solution there are several reports 
suggesting the possibility of a conformational change 
to augment binding (60,61). These results are also 
supported by NMR spectroscopy and CD spectroscopy 
studies of a fusion protein consisting of the activation 
domain for the unreleased equine infectious anemia 

Figure 3. Graphical views of the (a) Tat (48-60)-p10 fusion 
peptide, (b) Vim-TBS (58-81)-p10 fusion peptide; in the 
most stable α-helical conformations (water molecules 
within 3 Å of the peptide surface are shown).

Table 6. Simulation results for Fusion peptides (Vim-
TBS(58-81)-p10 peptide and Tat(48-60)-p10 peptide) after 
1ns under NVT conditions

II

-,114.2
-
-76,-166.9
179.5
-67.7,-61.7
-158.4
-49.8,-55.6
-179
-51.8,-41.1
169.8
-66,-47.7
174.5
-65.1,-46.2
-175.7
-42.6,-55.8
177.3
-65.1,-28.9
-177.3
-71.4,-41.4
175.1
-46.5,-43.8
163.5
-78.6,-55
-176.7
-45,-53.7
171.4
-57.8,-44.3
-179
-67.2,-32.5
178.6
-67.5,-40
175.7
-60,-47
-171.7
-57.4,-40
167.8
-65.7,-56.4
-177.7
-59.1,-35
176
-75,-28.7
-173.9
-75,-40.3
175.8
-70.2,-43.9
172.8
-109.5,91.4
175
-74.7,147.7
-164.3
56.6,129.1
-177.8
-77.3,-10
-174.4
-87,-45.8
168.8
-45.2,-55
171.7
-60.4,-40
172.5
-60,-45
-178

I

-,170
-
-56.3,-74.1
178.8
-31.6,-51.2
171.2
-62.6,-55.6
177.6
-44.4,-30.9
164.7
-67.5,-56
165.5
-45.7,-47.8
173.8
-52.8,-50.5
174
-87.7,0.5
176.4
-76.5,-40.2
-170.6
-61.7,-52.4
161.8
-49,-41.5
175.3
-54.6,-40.9
173.3
-71.6,-48.3
175.3
-61.5,-32.7
-177.7
-71.8,-48.5
168.6
-55,-53.4
167.4
-54.7,-3.2
-179.1
-57.8,-54.7
-176.4
-42.3,-42.4
173
-58,-65.4
177.1
-52.3,-41.7
173.8
-64.7,-39.4
173
-54.5,-50.1
175.3
-57.2,-42.1
177.4
-61.4,-53.5
171.4
-58.4,-34.4
-175.1
-65.7,-45.5
176.2
-93.1,-21.5
-176.3
-128.4,123.3
-172.2
-75,-
-172.5

II

-,161.2
-
-51.4,-40
-178
-127.7,-61.4
178.1
-38.4,109.1
166.4
-67,165
-176.6
-63.3,-56.4
179.4
-125.4,-58.4
-166.7
-113.8,145.5
170.9
68.3,63.5
173.9
-85.4,111.6
-176.8
-73,115.2
175.6
-58.6,148.3
178.6
-119.4,169.2
-164.4
-122.2,114.4
177.3
70,94.1
169.2
-55.4,-52.1
-173.6
-43.7,-50
174
-69.5,-29
-175.2
-112,-95
-175.5
-35,-66.5
176.9
-59.2,-51.7
180
-50.5,-41.9
172.5
-70,-37.2
176.4
-48.9,-53.5
162.1
-57.1,-42.1
165.4
-66.5,-61.8
173.8
-53,-25.6
-178.5
-91,-48.2
178
-109.6,-67.4
-171.5
-116,101.5
-175
-130.7,-
180

I

-,-122
-
80.2,121.4
-174
-61.6,-26
180
-75.6,-61.5
170
-40.2,-52.7
178
-78.5,-38
-174.3
-96.8,-78.7
178.5
-51.7,-52.6
-172.3
-60.3,-56
179.3
-53.7,-44.8
174.6
-52.6,-67
175.6
-39.4,-63.3
174.2
-48.3,-51.1
171.1
-38.3,-40
177.6
-81.7,-30.8
166
-90,-37
-166.6
-52,-39.2
167.6
-54.7,-64.3
174.1
-54.4,-42.8
-173.2
-61,-54.3
177.5
-62.3,-51.5
-176.7
-50,-44.1
170.2
-59,-65.3
171.7
-46.2,-48
-172.4
-62.5,-44.7
180
-56.2,-38.1
173.1
-76.6,-28.7
178.8
-81.4,-29
166.2
-63,-48.5
167.8
-59.3,-35.3
173.8
-70.4,-38.1
174.7

Vim-TBS-p10 Tat-p10

Table 6. Simulation results for Fusion peptides (Vim-
TBS(58-81)-p10 peptide and Tat(48-60)-p10 peptide) after 
1ns under NVT conditions (Continued)

II

-61.4,-50.4
174.5
-49.2,-55.6
169.4
-56.6,-42.7
-179.8
-54.1,-55.3
1763.9
-51.2,-52
167.4
-64,-26
-176.1
-81.1,-34.8
173
-60,-48.2
171.6
-74.6,-22.2
173
62,67.5
-179
-133.5,-
179.3

      16.8

I

      0.0

II

      11.3

I

-57.4,-56.6
168.5
-49.4,-53
170.6
-58,-56
177.3
-54.8,-47.5
176
-63.2,-44.6
170.7
-70.1,-25.4
177.3
-70,-27.8
162.8
-75.3,-41.7
168.1
-65.8,-44.2
173
-134.6,136.5
-176.4
-142.2,-
179

∆E    0.0

Vim-TBS-p10 Tat-p10
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virus and Tat (48-57) that reported a highly helical 
conformation (62) .  Also 15N NMR relaxation 
measurements showed that Tat (47-58) became more 
ordered when binding heparin (63). Tat (48-60) has 
been reported to retain the penetrating properties of the 
full length HIV-Tat protein (64) and also is an effective 
vehicle for the delivery of biologically active peptide 
cargoes (65). Further, it retains a nuclear localization 
signal, has relatively low intrinsic toxicity and was thus 
considered to be an ideal candidate to deliver the p10 
peptide to the nucleus. Arginine rich HIV-Tat peptide 
is able to translocate by destabilizing and inducing 
transient pores in phospholipid bilayers. The Arginine 
clusters can strongly interact with lipid head groups on 
the distal surface of the bilayer to drive translocation. 
The unstructured CPPs stabilize their backbone polar 
groups by forming transient intermolecular H-bonds 
with the lipid phosphates and water (66). 

3.3.2. Vim-TBS (58-81)-p10 peptide

For the complete structural study of Vim-TBS (58-
81)-p10 designed fusion peptide, different starting 
geometries were taken with Φ, Ψ values corresponding 
to those obtained after MD simulations of individual 
peptides (Conformation I) and with Φ, Ψ values 
of -57°, -47° (Conformation II). Simulation results 
given in Table 6 reveal that the energetically most 
stable conformation (by 16.8 kcal/mol) corresponds 
to α-helix type secondary structure with average Φ, Ψ 
values of -60°, -40°. A molecular representation of this 
conformational state is shown in Figure 3b. It is evident 
that although both the fusion peptides form a helical 
structure in the most stable states but the structure 
obtained in the case of Vim-TBS-p10 fusion peptide 
is better characterized in terms of its amphipathic 
nature with defined hydrophilic and hydrophobic faces 
as revealed in the molecular view given in Figure 4. 
A similar structure was reported for Tat-p10 fusion 
peptide (67) and on this basis, it is suggested that the 
hydrophilic face formed by the positively charged 
arginine and lysine residues shall thus facilitate a better 
interaction of this fusion peptide with the membrane. 
Therefore, we predict Vim-TBS to display better cell 
penetrating properties and act as a potential drug 
delivery agent. This finding is well supported by the 
observations of Balzeau et al. that this fusion peptide 

accumulates and distributes in glioblastoma cells (25). 
Furthermore, this fusion peptide crosses the plasma 
membrane and localizes to the nucleus where p10 
maintains its pro-apoptogenic activity. In contrast, when 
the p10 peptide is ligated to the Tat (48-60) peptide, 
entry to the nucleus is strongly reduced and its pro-
apoptogenic activity is also attenuated (25). 

4. Discussion

The critical relation between peptide length and 
secondary structure was highlighted by the formation 
of stable β-strand like secondary structures in model 
oligopeptides of Vim-TBS (58-81) while the full 
length peptide was found to be stable when adopting 
an α-helical structure. Such structures are particularly 
stabilized by minimization of steric constraints imposed 
by the lengthy and/or bulky aromatic and/or charged 
side chains. In the model oligopeptides of the Tat (48-
60) peptide the population of variable conformations 
contrary to the prediction results further signified the 
importance of length and nature of the amino acid 
residues. Also, the type of positively charged residues 
(lys or arg) played a crucial role in the formation of 
stable helical secondary structures in short length 
cationic oligopeptides. Molecular mechanics energy 
minimization results of the full length peptides, Vim-
TBS (58-81), Tat (48-60) and p10, revealed that the 
energetically most stable conformation formed a 
characteristic α-helix like secondary structure. In water 
the three peptides adopted either a helical structure or a 
random conformation with an energy difference between 
the two states being ~ 5-6 kcal/mol which is not large 
enough to allow exclusive population of any state. The 
peptide Vim-TBS (58-81) had average Φ, Ψ values of ~ 
-63°, -54° while in the Tat (48-60) peptide such a helical 
structure was marginally less stable. The stability of 
either of the two states is administered by the formation 
of polar contacts between the solvent water molecules 
and the various backbone and side chain functionalities 
(intermolecular interactions) of the peptide. Because 
these two conformations are labile on the energy scale 
it is argued that in water both helical and random coil 
like structures co-exist in a dynamic state. To establish 
and analyze the conformational preference of Vim-TBS 
(58-81) peptide in conjunction with cargo molecules, 
simulations of the fusion peptide Vim-TBS (58-81)-p10 
and Tat (48-60)-p10 were carried out. Although, both 
fusion peptides formed helical structures the structure 
obtained for the fusion peptide; Vim-TBS-p10 is 
relatively better characterized in terms of its amphipathic 
nature with defined hydrophilic and hydrophobic faces. 
Consequently, the hydrophilic face formed by the 
positively charged residues should facilitate a better 
interaction of this fusion peptide with the membrane as 
compare to that of the Tat-p10 peptide. Such an acquired 
amphipathicity upon secondary structure induction 

Figure 4. Molecular view of the characteristic amphipathic 
structure formed in the fusion peptide Vim-TBS (58-81)-
p10. The hydrophilic face formed by arginine sidechains is 
displayed in yellow.
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may guide the anchoring of the CPP in the hydrophobic 
region of the membrane. Thus, we predict Vim-TBS (48-
60) peptide to display better cell penetrating properties 
and hence, act as a potential drug delivery agent.
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1. Introduction

A common O-linked glycosylation with N-acetyl-
galactosamine (GalNAc) occurs at serine or threonine 
residues of glycoproteins (GPs), including mucins. 
GalNAcα-Ser/Thr, which is known as Tn-antigen, is 
the precursor for all mucin-type O-glycans. Tn-antigens 

are shielded by extended glycosylation in healthy and 
benign tissues but are uncovered in approximately 90% 
of carcinomas (1,2). The anti-Tn monoclonal antibodies 
(mAbs) MLS128 and 83D4 were produced two decades 
ago by immunizing mice with "cancerous antigens" 
respectively derived from LS180 colon cancer cells and 
breast carcinoma tissue (3-5).
	 MLS128 is IgG3 that recognizes the structure of 
two or three consecutively arranged GalNAc of Tn-
antigens (5). Osinaga et al. used surface plasmon 
resonance (SPR) to measure the kinetic parameters for 
anti-Tn-antigen 83D4 and MLS128, and they showed 
that MLS128 binds to a synthetic glycopeptide, Tn3, 
with approximately 10 times higher affinity than for 

Summary MLS128 monoclonal antibody, which binds an epitope consisting of two or three consecutive 
Tn-antigens, inhibits colon cancer cell growth by binding to a 110 kDa glycoprotein (GP). 
Previous studies suggested a possible association of insulin-like growth factor-I receptor 
(IGF-IR) signaling in the inhibition of colon cancer cell growth by MLS128 (Morita et al. 
Biosci Trends. 3, 32-37, 2009; Zamri et al. ibid. 6, 303-312, 2012). The current study thus 
investigated the nature of 110 kDa GP and its possible association with IGF-IR. MLS128 
treatment for 3 days caused down-regulation of IGF-IR and disappearance of 110 kDa GP in 
HT29 colon cancer cells. Immunoprecipitation/immunoblotting experiments did not reveal 
a direct association between the two molecules in HT29 cells. In LS180 and HT29 cells, 
however, 110 kDa GP and IGF-IR were found in microdomains. Treatment of these cells 
with MLS128 for 3 days caused a reduction in the IGF-IR and 110 kDa GP associated with 
microdomains. Two-dimensional gel electrophoresis/MLS128 immunoblotting of HT29 and 
LS180 cell lysates and immunoprecipitates revealed three spots, from which tryptic peptides 
were recovered for protein sequencing. Identification of 110 kDa GP was unsuccessful 
due to its heterogeneity and resistance to tryptic digestion. During this study, however, 
limited proteolysis of 110 kDa GP was observed in the microdomain-associated 110 kDa 
GP from HT29 and LS180 cells, suggesting that protease-susceptible sites or domains exist 
in the middle of 110 kDa GP. This information on limited proteolysis may provide a clue to 
identifying 110 kDa GP.
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immunoblotting, two-dimensional gel electrophoresis
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Tn2 whereas 83D4 binds to both glycopeptides with 
a similar level of affinity (6). Recent efforts by the 
current authors have focused on molecular cloning of 
the variable domains of MLS128 (7) and determining 
the thermodynamic properties of Tn3 affinity for 
MLS128 (8). The current authors previously reported 
that MLS128 significantly inhibits breast and colon 
cancer cell growth and suggested involvement of 
insulin-like growth factor-I receptor (IGF-IR) signaling 
in MLS128's inhibition of cancer cell growth (9). More 
recently, the current authors indicated that a 110 kDa 
GP is the receptor for MLS128 in colon cancer cells 
(10). That work yielded two significant findings.
	 First, treating three colon cancer cell lines, LS180, 
LS174T, and HT29, with MLS128 for 3 days resulted in 
inhibition of their cell growth and obvious disappearance 
of the 110 kDa band as indicated by immunoblotting 
with MLS128. The disappearance of the110 kDa band 
was clearly evident in HT29 cells on Day 1, 2, and 3 
after the mAb treatment but the disappearance of the 
110 kD band was seen only on Day 3 after the treatment 
of LS180 and LS174T cells. The disappearance of the 
110 kDa band could be explained by either the loss 
of the Tn-antigen epitopes on the protein backbone or 
degradation of the protein backbone itself. Second, the 
growth of colon cancer cells depends in part on IGF-IR 
signaling, as suggested by anti-IGF-IR mAb treatment 
that inhibited cell growth via IGF-IR down-regulation. 
MLS128 treatment of LS180, LS174T, and HT29 cells 
did not significantly cause IGF-IR down-regulation as 
previously described except for HT29 cells on Day 3 (10). 
That study revealed that MLS128 bound specifically 
to 110 kDa GP in the three colon cancer cell lines 
examined and that IGF-IR signaling was not associated 
with MLS128's inhibition of the growth of LS180 and 
LS174T cells. Results, however, did not exclude a 
possible link between IGF-IR- and 110 kDa GP-mediated 
growth signaling pathways in HT29 cells.
	 Based on the above findings, the current study 
has further characterized the 110 kDa GP in order to 
understand MLS128's inhibitory action on cell growth 
in HT29 and LS180 colon cancer cells. Specifically, the 
original working hypothesis regarding the interaction 
between IGF-IR and the 110kDa GP has been 
intensively tested using HT29 colon cancer cells.

2. Materials and Methods

2.1. Materials

Production and characterization of MLS128 (anti-Tn 
antigen IgG3) and 1H7 (anti-IGF-IR IgG1) mAbs were 
previously described (1-4 and 11-14, respectively). 
LS180 and HT29 human colon adenocarcinoma cells 
were obtained from the American Tissue Type Culture 
Collection. Rabbit anti-IGF-IRβ (#3027) was purchased 
from Cell Signaling Technology (Beverly, MA, USA). 

Mouse anti-actin clone C4 antibody was obtained from 
MP Biomedicals, LLC. (Santa Ana, CA, USA). Rabbit 
anti-Src family kinase (SFK) (SRC 2; sc-18) was 
purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). Anti-rabbit or -mouse secondary antibody 
labeled with biotin was from Kirkegaard & Perry Lab. 
(Gaithersburg, MD, USA). Cell culture media (DMEM 
and McCoy's 5A) were purchased from Invitrogen 
(Carlsbad, CA, USA).

2.2. Cell culture

LS180 cells were cultured in DMEM containing 10% 
fetal bovine serum (FBS) supplemented with 4.5 mg/
mL D-glucose and 110 μg/mL pyruvic acid. HT29 cells 
were cultured in McCoy's 5A containing 10% FBS. All 
culture media included a 1% penicillin-streptomycin 
solution (Sigma-Aldrich, St. Louis, MO, USA).

2.3. Effects of 1H7 or MLS128 on the growth of colon 
cancer cells 

Cells (1 × 104) were plated in wells of a 96-well plate and 
cultured in 100 μL of respective media containing 10% 
FBS for 24 h. Attached cells were then washed twice 
with 10 mM phosphate buffer, pH 7.4, containing 0.14 M 
NaCl (PBS), and cultured in 100 μL of media containing 
1% FBS in the presence or absence of MLS128 
(25 μg/mL) or 1H7 (0.36 μg/mL) (Note: The mAb 
concentrations used were different due to the difference 
in their affinities for respective ligands or shed mucins 
which sequester MLS128 from binding to cell surface 
receptors). After culturing for 72 h, cell growth was 
determined using a CCK-8 cell counting kit (Dojindo, 
Kumamoto, Japan) in accordance with the manufacturer's 
instructions. Absorbance at 450 nm was measured with a 
plate reader (Bio-Rad, Hercules, CA, USA). Quadruple 
wells were prepared for each data point.

2.4. Western blotting

HT29 colon cancer cells were collected by scraping. 
They were then centrifuged at 200 × g for 5 min and 
solubilized in 50 mM Tris-HCl buffer, pH 7.4, containing 
1% NP40, 2 mM EDTA, 100 mM NaCl, 10 mM sodium 
orthovanadate, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), and protease inhibitors (Sigma-Aldrich P2714) 
(Lysis buffer A) on ice for 15 min. Supernatants were 
obtained from solubilized cells by centrifugation at 
17,000 × g for 10 min. Protein concentrations were 
measured using the Bradford method. The solubilized 
proteins (2 μg) were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidene difluoride (PVDF) 
membranes. The membrane was blocked with 3% bovine 
serum albumin (BSA) in 50 mM Tris-HCl buffer, pH 
7.4, containing 0.15 M NaCl and 1% Tween 20 for 1 h at 
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2.7. Sucrose gradient fractionation of HT29 and LS180 
cell lysates

All steps were carried out at 4°C as previously 
described (15,16). HT29 and LS180 cells grown in 
3 ~ 5 150 mm-dishes were washed with chilled PBS 
and lysed in 2 mL lysis buffer B (50 mM Tris–HCl, 
pH 7.4, 100 mM NaCl, containing protease inhibitors 
and 1 mM PMSF, 10 mM sodium vanadate, and 0.1% 
NP40) on ice for 20 min. After centrifugation for 5 min 
at 1300 × g, supernatants (2 mL) were diluted with 
2 mL of 85% (w/v) sucrose in 10 mM Tris-HCl, pH 
7.5, containing 150 mM NaCl and 5 mM EDTA (TNE 
buffer). The diluted lysates were overlaid with 4 mL 
of 30% (w/v) sucrose and then with 4 mL of 5% (w/v) 
sucrose in TNE buffer in an ultracentrifuge tube. The 
samples were centrifuged at 39,000 rpm for 18 h in 
an SW41 rotor (Beckman Instruments, Palo Alto, CA, 
USA), and fractions were collected from the top for IB 
analysis. Fractions were immunoblotted with anti-Src 
family kinase (SFK) which served as an internal marker 
for microdomains (17).

2.8. Two-dimensional gel electrophoresis

HT29 and LS180 cells (2 × 107) were lysed with 200 µL 
of 7 M urea, 2 M thiourea, 2% 3[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 2% 
sulfobetaine 10, 1% protease inhibitor cocktail (Sigma-
Aldrich), and 65 mM dithiothreitol (DTT); 40 µL of 
the lysates were then subjected to two-dimensional gel 
electrophoresis. Two-dimensional gel electrophoresis 
was performed according to previous methods (18). 
Briefly, isoelectric focusing was carried out on 
Immobiline DryStrips (pH 4-7, 18 cm; GE Healthcare, 
Buckinghamshire, UK) using a CoolPhoreStar IPG-
IEF type-P apparatus (Anatech, Tokyo, Japan) for 18 
h. The strips were equilibrated in 50 mM Tris-HCl, 
pH 6.8, containing 6 M urea, 2% SDS, 30% glycerol, 
and 2% DTT and then electrophoresed on 10% 
polyacrylamide gels according to Laemmli's method. 
Proteins were visualized by Coomassie brilliant blue 
(CBB) and silver staining. For immunostaining, two-
dimensional gels were transferred to an Immobilon-P 
Membrane (Millipore, Bedford, MA, USA) and the 
membrane was stained with 0.4 µg/mL of MLS128 
antibody followed by alkaline phosphatase-conjugated 
anti-mouse IgG (Zymed Laboratories, San Francisco, 
CA, USA). Binding of MLS128 was visualized via 
a chromogenic method using 5-bromo-4-chloro-3-
indolylphosphate (BCIP)/nitro blue tetrazolium (NBT) 
color development substrate (Promega, Fitchburg, WI, 
USA) according to the manufacturer's instructions. 
Immunoprecipitates from HT29 and LS180 cell lysates 
by MLS128 were also separated on two-dimensional 
gels and immunoblotted under the same conditions 
described above.

room temperature. Western blotting was carried out with 
anti-IGF-IR and MLS128 as primary antibodies. Bound 
primary antibodies were then detected with biotin-labeled 
secondary antibodies using the Vectastain ABC-Amp kit 
and an alkaline phosphatase kit (Vector Laboratories, Inc. 
Burlingame, CA, USA).

2.5. Effects of 1H7 or MLS128 treatment on IGF-IR 
and 110kDa GP levels in HT29 colon cancer cells

HT29 colon cancer cells (8 × 105) were cultured in the 
media containing 10% FBS for 24 h in wells of 6-well 
plates. Cells were then cultured in the media containing 
1% FBS in the presence or absence of MLS128 (25 μg/
mL) or 1H7 (0.36 μg/mL). After culturing for 24, 48, 
and 72 h, cells were collected and solubilized in 50 µL 
of the lysis buffer as described above. The solubilized 
proteins (2 μg per lane) were separated by SDS-PAGE 
and transferred to PVDF membranes. Western blotting 
was performed thereafter as described above using 
primary antibodies against 110 kDa GP (1.6 μg/mL 
MLS128), IGF-IR β subunit (1000-fold dilution), and 
β-actin (20,000-fold dilution). Bound primary antibodies 
were visualized and then analyzed using an NIH Image 
1.63 Analysis system (Research Services Branch, the 
US National Institute of Mental Health).

2.6. Immunoprecipitation (IP) and immunoblotting (IB) of 
IGF-IR or 110 kDa GP using 1H7, MLS128, and control 
antibodies from HT29 cell lysates

Whether IGF-IR and 110 kDa are associated or not 
was determined by IP with anti-IGF-IR, or MLS128, 
or control IgG3 from cell lysates followed by IB. HT29 
colon cancer cells cultured in the media containing 
10% FBS in 150 mm dishes were collected by scraping 
and then centrifuged at 200 × g for 5 min. After they 
were washed with PBS, the cells were suspended in 1 
mL of the lysis buffer on ice for 15 min. Supernatants 
obtained by centrifugation at 17,000 × g for 15 min 
were incubated with 20 μL of protein G Sepharose at 
4°C for 1 h by rotating. After centrifugation at 17,000 × 
g for 10 min, protein concentrations of the supernatants 
were determined. Lysis buffer A was added to yield a 
concentration of 500 μg protein/200 μL, to which 10 μg 
of anti-IGF-IR, MLS128, or IgG3 was mixed by rotation 
at 4°C overnight. To bring down associated protein 
complexes, 25 μL of 50% protein G Sepharose was 
added to each tube and the tubes were rotated for 30 min. 
The gels were recovered by centrifugation at 17,000 × g 
for 10 min and then suspended in 1 mL of 10 mM Tris-
HCl, pH 7.5, containing 150 mM NaCl and 0.05% Tween 
20. After this washing process was repeated 5 times, the 
gels were suspended in 30 μL of 1× SDS-PAGE sample 
buffer and then subjected to heating at 100°C for 5 min. 
IP samples were analyzed by Western blotting using anti-
IGF-IR, MLS128, or anti-IgG3 as described above.
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2.9. Statistical analyses

Levels of cell growth and protein bands in Western 
blotting were expressed as means ± S.E. from 3 or more 
experiments. An unpaired Student's t-test was used to 
compare the growth or intensity of the bands in two 
groups of experiments performed in the absence and 
presence of MLS128.

3. Results

3.1. HT29 cell growth is inhibited by 1H7 or MLS128 
mAb treatment

The current authors previously found that 1H7 or 
MLS128 treatment of three colon cancer cell lines, 

LS180, LS174T, and HT29, for three days significantly 
inhibited cell growth (10). Although the original 
hypothesis regarding a possible interaction between 
IGF-IR and 110 kDa GP-mediated signaling in LS180 
cells (9) was not confirmed, a possible link between 
IGF-IR and 110 kDa GP signaling in HT29 cells has 
not been excluded (10). As a first step to test this 
hypothesis, the time-course effects of 1H7 or MLS128 
mAb treatment on cell growth were measured on Day 
1, 2, and 3 (Figure 1). 1H7 significantly inhibited 
cell growth from Day1 to Day 3. While HT29 cell 
growth was inhibited by MLS128 on Day 1, 2, and 3, 
this inhibition was only significant on Day 3. These 
results confirm that both mAb treatments inhibit cell 
growth for 3 days, as was previously reported (10), and 
they also demonstrate that 1H7 treatment has a more 

Figure 1. Effects of anti-IGF-IR 1H7 or anti-Tn-antigen 
MLS128 mAb on the growth of HT29 colon cancer cells. 
HT29 cells were cultured in the absence (control white bars) 
or presence of 1H7 (black bars) or MLS128 (grey bars) as 
described in the Methods. Cell proliferation was measured 
on Day 1, 2, and 3 using a CCK-8 cell counting kit (Dojindo, 
Kumamoto, Japan). Cell growth in the presence of either 
mAb on Day 1 to 3 was compared to the control (without Ab 
treatment): average ± S.D. (n = 5). * p < 0.05; ** p < 0.01.

Figure 2. Expression of IGF-IR and 110 kDa GP (the 
receptor for MLS128) in HT29 cells. Solubilized proteins (2 
μg) prepared from HT29 cells were separated by SDS-PAGE 
and immunoblotted with anti-IGF-IRβ (A) or MLS128 (B) as 
described in the Methods. The 75 and 73 kDa proteins stained 
are endogenous biotin-containing enzymes (19).

Figure 3. Effects of 1H7 or MLS128 treatment on cellular levels of IGF-IR and 110 kDa GP in HT29 colon cancer cells. 
HT29 cells were cultured in the absence of mAb (control; white bars) or presence of mAb (MLS128; grey bars, 1H7; black bars) 
for three days. Cells were harvested on Day 1, 2, and 3 and solubilized for Western blot analyses as described in the Methods. 
Shown are typical immunoblots from three experiments for IGF-IR (A) and 110 kDa GP (B). Average levels of IGF-IR (A) and 
110 kDa GP (B) on Day 1, 2, and 3 were calculated as ratios to the respective control. * p < 0.05; ** p < 0.01.
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substantial effect than that of MLS128 treatment.

3.2. Effects of mAb treatment on IGF-IR or 110 kDa GP 
in HT29 cells

The receptors for 1H7 and MLS128 on HT29 cells 
were visualized by Western blotting with anti-IGF-IRβ 
(Figure 2A) and MLS128 (Figure 2B). The bands seen 
below the 94 kDa marker protein are 75 and 73 kDa 
endogenous biotin-containing enzymes (19), which 
served as an internal control. There were comparable 
levels of IGF-IR and 110 kDa GP expression in HT29 
cells.
	 Treatment of HT29 cells with 1H7 resulted in 
the down-regulation of IGF-IR on Day 1-3 (Figure 
3A, black bars). The levels of 110kDa GP decreased 
significantly in HT29 cells treated with MLS128 for 1-3 
days (Figure 3B, grey bars). These results are consistent 
with those previously described for three colon cancer 
cell lines (10). MLS128 treatment caused down-
regulation of IGF-IR on Day 2 and 3 (Figure 3A, grey 
bars). The effects were statistically significant on Day 3 
but were not significant on Day 2. This result confirms 
the previous finding in LS180 cells (9) to some extent 
and provided the impetus to perform the following 
experiments.

3.3. Association of IGF-IR and 110 kDa GP examined 
using IP/IB

To test whether IGF-IR and 110 kDa GP are associated 
in HT29 cells, IP/IB experiments were carried 
out using combinations of anti-IGF-IR, MLS128, 
and control IgG3. Since one of two independent 
experiments originally performed indicated a possible 
co-immunoprecipitation of the two molecules, IP/IB 
was performed using 4 times the quantity of HT29 
cell lysates used in previous experiments. In Figure 
4A, IGF-IR (lane 1) was visible as expected. A band 

was seen at the IGF-IR position in MLS128-IP (lane 
2), but a band was also seen in the control-IP (lane 3), 
suggesting that it must be non-specific. In anti-IGF-
IR IP (Figure 4B, lane 1), no band corresponding to 
110 kDa GP (lane 2) was detected. These results thus 
suggested no direct association between IGF-IR and 
110 kDa GP (Figure 4).

3.4. Characterization of IGF-IR and 110 kDa GP 
in microdomains examined using sucrose gradient 
centrifugation

Although there does not appear to be a direct 
association between IGF-IR and 110 kDa GP in HT29 
cells, both molecules may exist in close proximity, 
such as in microdomains where receptors for various 
signaling have apparently been localized (15-17). 
Sucrose gradient fractionation of HT29 and LS180 
cell lysates was performed to determine whether or not 
IGF-IR and 110 kDa GP exist in microdomains, and if 
so, to determine whether or not the treatment of cells 
with MLS128 for 3 days affects the distribution of 110 
kDa GP and/or IGF-IR.
	 In HT29 cells, both IGF-IR and 110 kDa GP were 
localized in microdomains as shown in Figure 5A and 
B, respectively. The same results were obtained with 
LS180 cells (Figure 6B -MLS128). Anti-Src family 
kinase (SFK) blots indicated that the fractions 4-6 
represent microdomains (Figure 5C, Figure 6 SFK).
	 Next, whether or not changes in the distribution 
of IGF-IR or 110 kDa GP occurred in HT29 and 
LS180 colon cancer cells after MLS128 treatment was 
examined. The results shown in Figure 6A (-MLS128) 
are, in fact, immunoblots derived from sucrose gradient 
centrifugation fractions of HT29 cells shown in Figures 
5A, B, and C. The sucrose gradient fractionation 
experiments were actually performed in parallel, one 
for HT29 cells without MLS128 treatment (-MLS128) 
and the other for HT29 cells treated with MLS128 for 3 
days (+MLS128), the results of which are summarized 
in Figure 6A. The same sets of data for LS180 cells are 
shown in Figure 6B. In both HT29 and LS180 cells, 
treatment with MLS128 for 3 days was followed by a 
reduction in band intensities of IGF-IR, 110 kDa GP, 
and control SFK in microdomains, suggested that the 
MLS128 treatment may have modulated microdomain 
organization.
	 During characterization of HT29 cells using sucrose 
gradient fractionation, an interesting phenomenon 
unexpectedly became apparent. Western blotting 
experiments were usually carried out immediately 
after sucrose gradient fractionation. The results shown 
in Figures 5A and D are, however, immunoblot 
experiments using the same fractions that had been kept 
frozen for 3 years. IB with anti-IGF-IR shown in Figure 
5A was repeated 3 years after fractionation since the 
background of the original immunoblot was too high to 
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Figure 4. Immunoprecipitation (IP) and immunoblotting 
(IB) of IGF-IR or 110 kDa GP using 1H7, MLS128, and 
control antibodies from HT29 cell lysates. IP of HT29 cell 
lysates by anti-IGF-IR (1), MLS128 (2), or control IgG3 (3) 
and IB with anti-IGF-IR (A), MLS128 (B), or anti-IgG3 (C) 
were done as described in the Methods.
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clearly identify the IGF-IR band in microdomains. The 
IGF-IR blot redone with the frozen fractions revealed 
that IGF-IR is still intact after storage for 3 years (Figure 
5A). In contrast, the MLS128 immunoblot of frozen 
samples shown in Figure 5D revealed degradation 
products with molecular masses of 66 and 41 kDa, 
which would add up to approximately 110 kDa, as 
seen in the immunoblot of fresh samples (Figure 5B). 
This observation suggested that a protease-susceptible 
region may exist in the middle of 110 kDa GP. Similar 

degradation products of MLS128-stainable 46-48 kDa 
were observed in the microdomains of LS180 cell lysate 
fractions that had been frozen for 4 years (data not 
shown). The aforementioned phenomena suggested that 
the 110 kDa GP became susceptible to microdomain-
associated proteases during storage, freezing, and 
thawing.

3.5. Identification of 110 kDa GP in HT29 and LS180 
colon cancer cells

Extensive efforts have been made to identify the 110 
kDa GP that was found to be the receptor for MLS128 
in three colon cancer cell lines (10). It represents, after 
all, the first step in understanding the mechanisms 
by which MLS128 inhibits colon cancer cell growth. 
Figures 7A and B summarize two-dimensional gel 
electrophoresis of HT29 and LS180 cell lysates, 
respectively. Silver staining resulted in numerous 
proteins (Figure 7, A1 and B1) whereas CBB staining 
depicted around 100 abundant proteins (Figure 7, A2 
and B2). Some of these were stained by MLS128 (Figure 
7, A3 and B3), indicating that Tn-antigen epitopes are 
present in quite a few proteins. Spots depicting the 
candidate 110 kDa GP are indicated by arrows in Figure 
7, A3 and B3. The position is identified by comparing 
the immunoblot of HT29 immunoprecipitates, which 
only revealed three MLS128-stainable spots in the area 
(Figure 7, C1). In two-dimensional electrophoresis, 
the same GPs with different numbers of sialic acid 
residues are most often separated on a scale with evenly 
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Figure 6. Effects of MLS128 treatment on IGF-IR and 
110 kDa GP in the microdomains of HT29 and LS180 
cells. Sucrose gradient fractionations of HT29 (A) and LS180 
(B) cells that were treated with PBS (-MLS128) or MLS128 
(+MLS128) were immunoblotted with anti-IGF-IR, MLS128, 
and anti-SFK antibodies as labeled.

Figure 5. Characterization of HT29 cells by sucrose gradient fractionation. HT29 cell lysates were fractionated by sucrose 
gradient centrifugation, and then fractions were immunoblotted as described in the Methods. (A), IB of fractions 1-12 stored at 
–80°C for 3 years with anti-IGF-IR. (B), IB of fresh fractions 1-12 with MLS128. (C), IB of fresh fractions 1-12 with anti-SFK. (D), 
IB of fractions 1-12 stored at –80°C for 3 years with MLS128.
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spaced intervals by isoelectric focusing. Since 110 kDa 
GP is expected to contain clustered O-glycans based 
on its reactivity with MLS128, these three spots may 
represent the same protein with microheterogeneity 
of their glycans. In contrast, these spots of 110 kDa 
GP were not observed in the immunoprecipitates from 
LS180 cell lysate (Figure 7, C2), although spots of 
110 kDa were found in the lysate (indicated with an 
arrow in Figure 7, B3). The reason why the spots seen 
in the HT29 cell lysate IP were not detected in the 
two-dimensional electrophoresis of LS180 cell lysate 
IP may be because of the difference in the density 
of Tn-antigen clusters on 110 kDa GP. A triplet Tn 
glycoepitope on the 110 kDa GP from LS180 cells 
might be less abundant than that of 110 kDa GP from 
HT29 cells. In IB, target molecules are immobilized 
on a membrane, allowing multivalent binding with 

antibodies, while they may have weaker interaction in 
solution in IP. This could cause a low recovery of 110 
kDa GP in the immunoprecipitates from LS180 cell 
lysates.
	 To identify the 110 kDa proteins, these corresponding 
spots revealed by two-dimensional gel electrophoresis 
were subjected to in-gel digestion with trypsin. Tryptic 
peptides derived from these spots were then analyzed 
using matrix-assisted laser desorption ionization-time 
of flight (MALDI-TOF) mass spectrometry along 
with software to search databases. Despite repeated 
attempts, the 110 kDa protein could not be successfully 
identified. This failure may be due to the extremely 
low susceptibility to trypsin of 110 kDa GP as a result 
of interference by abundant O-glycosylation, the lack 
of a database for glycosylated peptides, and the limited 
availability of samples.
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Figure 7. Two-dimensional gel electrophoresis of HT29 and LS180 cell lysates, and immunoprecipitates of those lysates. 
Cell lysates prepared from HT29 (A) and LS180 (B) were subjected to two-dimensional gel electrophoresis as described in the 
Methods. Silver staining (1), CBB staining (2), and IB with MLS128 (3) are shown. (C) shows results of two-dimensional gel 
electrophoresis of immunoprecipitates from HT29 lysates (1) and LS180 cell lysates (2) immunostained with MLS128. An arrow 
points to three spots in C1, identifying the location of 110 kDa GP in the immunoblots of HT29 and LS180 cell lysates (A3 and 
B3, respectively).
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4. Discussion

Previous studies (9,10) and the current study found 
that: (i) MLS128 inhibits LS180, LS174T, and HT29 
colon cancer cell growth, (ii) MLS128 binds to 110 
kDa GP on the surface of colon cancer cells, (iii) 
although IGF-IR signaling was not associated with 
MLS128's inhibition of LS180 cell growth as was 
originally proposed, a possible link between IGF-IR- 
and 110 kDa GP-mediated signaling pathways was 
still suggested in HT29 cells, (iv) the 110 kDa band 
diminished significantly in colon cancer cells treated 
with MLS128 for 3 days, (v) 110 kDa GP along with 
tyrosine protein kinases such as IGF-IR and SFK was 
found in microdomains, and (vi) the levels of 110 kDa 
GP and the tyrosine protein kinases in microdomains 
were modulated by MLS128 treatment of HT29 and 
LS180 cells. The 110 kDa GP in microdomains was 
susceptible to limited proteolytic degradation, resulting 
in two domains.
	 The major question asked in this study was whether 
or not IGF-IR and 110 kDa GP are associated in 
HT29 cells. Given the results of IP/IB experiments, 
this possibility was excluded. Co-localization of IGF-
IR and the MLS128 receptor in microdomains was, 
however, indicated by sucrose gradient centrifugation 
and IB using HT29 and LS180 cell lysates. A reduction 
in 110 kDa GP along with tyrosine protein kinases such 
as IGF-IR and SFK in microdomains was noted after 
HT29 and LS180 cells were treated with MLS128 for 
3 days, which suggested that MLS128 binding to colon 
cancer cells resulted in modulation of the signaling 
molecules associated with the microdomains. Whether 
or not the modulation of microdomain-associated 
signaling molecules plays a role in the ability of 
MLS128 to inhibit cancer cell growth remains to be 
answered.
	 Despite extensive efforts to identify the 110 kDa GP 
in HT29 and LS180 cell lysates and immunoprecipitates, 
this identification was unsuccessful. Although Western 
blotting as shown in Figure 2B revealed a broad but 
distinct band, two-dimensional electrophoresis and 
MLS128 IB revealed the heterogeneous nature of 
110 kDa GP (Figure 7, A3 and B3). The three spots 
stained are characteristic of having a differing number 
of sialic acid residues on the same protein backbone. 
Identification of the 110 kDa protein was unsuccessful 
because of its microheterogeneity and extremely low 
susceptibility to trypsin due to its heavy glycosylation, 
both of which resulted in a low recovery of 110 kDa GP 
tryptic peptides. Methods of removing and purifying 
tryptic peptides from protein bands or spots on gels 
are sophisticated and well established. For mucin-
type GPs, however, trypsin digestion as is commonly 
used may not have worked efficiently due to abundant 
O-glycosylation, which would clearly render 110 kDa 
GP resistant to trypsin digestion. Procedures must be 

modified to optimize conditions for mucin-type GPs in 
order to identify 110 kDa GP.
	 A promising finding is that limited proteolysis of 
110 kDa GP occurred in microdomains after freezing 
and storage. Two independent observations involving 
HT29 and LS180 cells suggested the existence of 
protease-susceptible sites in the 110 kDa GP. The 
first was the microdomain-associated 110 kDa GP 
degradation to two fragments with 66 and 41 kDa in 
HT29 cells. The second observation was that 46-48 kDa 
fragments were produced in the microdomains derived 
from LS180 cells stored at –80°C. Since those bands 
were generated from 110 kDa GP in cells that had not 
been treated with MLS128, conformational relaxation 
during storage, freezing, and thawing must have 
exposed the cleavage site(s) to contaminating proteases, 
resulting in limited proteolysis as was observed. 
Although protease inhibitor cocktails were added to 
cell lysates and during sucrose gradient fractionation, 
degradation of 110 kDa still occurred, which suggests 
that unidentified proteases that are resistant to the added 
inhibitors are responsible for the limited proteolysis of 
110 kDa GP. Degradation products in HT29 and LS180 
cell microdomains had differing sizes of 66/41 kDa and 
46-48 kDa, respectively. This finding may support the 
notion that there are differences in the abundance and/
or heterogeneity of O-glycosylation of the 110 kDa GP 
produced by HT29 or LS180 cells.
	 In summary, the current study provided new insights 
into the nature of 110 kDa GP. Although 110 kDa GP 
is not directly associated with IGF-IR, it is found in 
microdomains together with IGF-IR. MLS128 treatment 
may modulate receptors in microdomains. The 110 kDa 
GP was apparently heterogenous due to different degrees 
of its sialylation. Its heterogeneity and resistance to 
trypsin digestion were apparently major obstacles to its 
successful identification. During this study, however, 
110 kDa GP was found to have sites or domains in the 
middle of the molecule that are susceptible to proteases. 
There was limited proteolysis of 110 kDa GP in the 
microdomains of cells that had been frozen for 3-4 years. 
Different sizes found in microdomain-associated 110 
kDa GPs of HT29 and LS180 cells may provide clues to 
help identify 110 kDa GP.
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1. Introduction

Andrographolides is a type of natural diterpenoid 
lactone, which is distributed in traditional herbal 
medicine Andrographis paniculata Nees (Acanthaceae). 
A n d r o g r a h o l i d e s  l i k e  a n d r o g r a p h o l i d e  a n d 
neoangrapholide are reported to have anti-inflammatory 
and anticancer activities in both in vitro and in vivo 
experimental models of inflammation and cancer (1). 
Specially, the antitumor effect of andrographolide has 

attracted great interest, and there are various reports 
about the antitumor activity of andrographolide and its 
potential mechanisms (1-5). In previous studies, our lab 
has also found inhibition of andrographolide on heptoma 
tumor growth in vitro and in vivo, and demonstrated that 
the cellular redox environment and c-Jun N-terminal 
kinase were important for its anticancer activity (6-8). 
Recently, there are various reports about research on 
andrographolide analogues, some of which demonstrate 
much greater therapeutic activity for cancer than 
andrographolide (9-12). Those studies suggest that 
based on the anticancer activity of andrographolide, 
we can design a series of analogues of andrographolide 
through structure modification, which will be the best 
way to find a stronger anticancer drug candidate than 
andrographolide.
	 Angiogenesis is the physiological process through 
which new blood vessels form from pre-existing 
vessels. Early in 1971, Judah Folkman first pointed out 

Summary The present study is designed to observe the inhibitory effect of compound A5, a semi-
synthetic analogue of the natural compound andrographolide, on angiogenesis and its 
underlying mechanism. Compound A5 is semi-synthesized from natural compound 
neoandrographolide. Andrographolide, the aglycon of neoandrograoholide, and A5 all 
inhibited vascular endothelial growth factor (VEGF)-induced human umbilical vein 
endothelial cells (HUVECs) proliferation, and that the inhibition shown by A5 is the best. 
A5 also inhibited VEGF-induced tube formation in HUVECs in a concentration-dependent 
manner. VEGF-induced neoangiogenesis in vivo was observed by Matrigel formation assay. 
The Matrigel picture and CD31 staining results showed that A5 inhibited VEGF-induced 
neoangiogenesis in vivo. Further, Western-blot results showed that A5 inhibited VEGF-
induced phosphorylation of VEGF receptor 2 (VEGFR2), extracellular signal-regulated 
kinase 1 and 2 (ERK1/2), and p38 kinase. The antitumor effect of A5 was analyzed in a 
xenograft mouse tumor model inoculated with hepatoma Hep3B cells. The results showed 
that A5 decreased tumor weight and tumor size without affecting body weight in the 
xenograft mouse, and A5 also decreased CD31 staining in tumor tissue. Taken together, 
the present study demonstrates that compound A5 inhibits tumor growth via blocking 
neoangiogenesis, and the cellular VEGFR2-p38/ERK1/2 signal pathway.

Keywords: Andrographolide analogue, angiogenesis, VEGFR2, ERK1/2, p38
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the essential role of angiogenesis in tumor growth (13). 
Angiogenesis provides the required nutrients and oxygen 
for tumor expansion, and it is also helpful for tumor 
metastasis (14,15). Thus, blocking tumor angiogenesis 
is a promising strategy for cancer therapeutics. Recently, 
various reports have demonstrated the great potential 
of natural compounds for inhibiting angiogenesis, like 
various flavonoids, gambogic acid, ginsenoside Rg1, 
resveratrol, etc. (16-19). Meanwhile, there are reports 
that andrographolide also inhibits angiogenesis via 
regulating matrix metalloproteinase (MMP)-2/9 and 
hypoxia-inducible factor-1α, which contributes to its 
antitumor activity (20,21).
	 19-N-hexylamino-8-methylandrograpanin (A5, 
Figure 1A) is an analogue of andrographolide 
synthesized in our lab. The whole synthetic route 
of A5 is shown in Figure 1B. First, we obtained the 
aglycon of neoandrographolide (NeoAndro) through 
acid hydrolysis, and then the product was oxidized 
with pyridinium dichromate (PDC) in the presence of 
dichloromethane (DCM) to compound A4, after which, 
A4 was reacted with hexylamine in the presence of 
sodium triacetoxyborohydride in 1, 2-dichloroethane 
under an argon atmosphere at room temperature to 
prepare compound A5. In our preliminary study, we 
found that A5 has the strongest inhibitory activity on 
VEGF-induced HUVEC cells proliferation, and it is 
even better than andrographolide. The present study is 
designed to observe the anti-angiogenic activity of A5 
and its underlying mechanism.

2. Materials and Methods

2.1. Chemical compounds and reagents

19-N-hexylamino-8-methylandrograpanin (A5) and 

the aglycon of neoandrographolide (NeoAndro) were 
prepared from neoandrographolide in our lab according 
to the synthetic route demonstrated in Figure 1B. 
Andrographolide (Andro) and neoandrographolide 
(NeoAndro) were isolated from leaves of Andrographis 
paniculata (The voucher specimen is deposited in 
the Herbarium of Shanghai University of Traditional 
Chinese Medicine, Shanghai, China). The chemical 
structures of those compounds were verified by MS 
and NMR analysis and are shown in Figure 1, and the 
purity of those compounds in our studies was over 98% 
as determined by HPLC.
	 Phosphospecific rabbit polyclonal antibodies against 
1175Tyr phosphorylated VEGFR2, 202Thr and 204Tyr 
dual-phosphorylated p44/42 MAPK (ERK1/2), 180Thr 
and 182Tyr dual-phosphorylated p38, VEGFR2, p44/42 
MAPK (ERK1/2), p38 and β-actin were all purchased 
from Cell Signaling Technology (Danvers, MA, USA). 
Peroxidase-conjugated goat anti-Rabbit IgG (H + L) 
and peroxidase-conjugated goat anti-Mouse IgG (H 
+ L) were purchased from Jackson ImmunoResearch 
(West Grove, PA, USA). Cell culture reagents, fetal 
bovine serum (FBS) and endothelial cell growth 
supplement (ECGS) were from Invitrogen (Carlsbad, 
CA, USA). Human recombinant VEGF (isoform 165) 
was purchased from PeproTech (Rocky Hill, NJ, USA). 
Matrigel was purchased from BD Biosciences (Bedford, 
MA, USA). Other reagents unless indicated were from 
Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Cell culture

HUVECs were isolated from fresh umbilical cord veins 
by the previously described method (22). The isolated 
endothelial cells were cultured in M199 containing 20% 
FBS (which was heat-inactivated), 30 μg/mL ECGS, 5 
U/mL heparin and 100 U/mL penicillin and 100 μg/mL 
streptomycin in a humidified atmosphere of 95% air 
and 5% CO2 at 37°C. Experiments were performed on 
cell cultures of the third to sixth passages.

2.3. Cell viability assay

HUVECs were seeded into 96-well plates at a density of 
2 × 104 cells, treated with or without VEGF (10 ng/mL) 
for 48 h after pretreatment with different concentrations 
of A5, andrographolide, neoandrographolide and 
its aglycon for 15 min. After treatments, cells were 
incubated with 500 μg/mL 3- (4, 5-dimethylthiazol-2-
yl) 2, 5-diphenyltetrazolium bromide (MTT) for 4 h. 
The functional mitochondrial succinate dehydrogenases 
in surviving cells can convert MTT to formazan 
that generates a blue color. At last the formazan 
was dissolved in 10% SDS–5% iso-butanol–0.01 M 
HCl. The plates were read at 570 nm and 630 nm as 
a reference and cell viability was normalized as a 
percentage of control.
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Figure1. (A) The chemical structure of andrographolide 
(Andro), A5. (B) The synthesis scheme of A5.
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a daily i.p. injection of A5 at different doses (0 mg/kg, 
1 mg/kg, 10 mg/kg). The body weight and tumor sizes 
of all mice were recorded every three days. Tumor sizes 
were determined by Vernier caliper measurements and 
calculated as [(length × width2)/2]. After 7d, 4 mice from 
each group were sacrificed and tumors were removed for 
immunohistochemistry. The other 6 mice of each group 
were sacrificed 16 days after A5 administration and 
tumors were removed, weighed and photographed.

2.9. Statistical analysis

For all experiments, data were expressed as means ± 
S.E.M. Statistical comparisons were subjected to an 
analysis of variance (ANOVA) and LSD-test using 
SPSS version 18.0, and p < 0.05 was considered as a 
statistically significant difference.

3. Results

3.1. Effects of A5, andrographolide, neoandrographolide 
and its aglycon on VEGF-induced cell proliferation

VEGF-induced endothelial cell proliferation is the 
initial stage of neoangiogenesis. From Figure 2, we 
can see that andropholide (Andro), the aglycon of 
neoandrographolide (aglycon of NeoAndro) and A5 all 
inhibit VEGF-induced cell proliferation in HUVECs, 
and that the inhibitory effect of A5 is the best.

3.2. Effects of A5 on VEGF-induced tube formation

Figure 3A shows that VEGF induces obvious tube 
formation, while various concentrations of A5 all inhibit 
VEGF-induced tube formation. Figure 3A-g shows that 

2.4. Tube formation assay

96-well plates were coated with 30 μL cold matrigel 
per well and incubated at 37°C for 30 min to promote 
solidification. HUVECs were incubated with M199 
containing 0.1% BSA for 4 h and then treated with the 
indicated concentrations of A5 for 15 min at 37°C. Then, 
cells were seeded at a density of 1 × 104 cells/well into 
previously prepared 96-well plates and incubated with or 
without 10 ng/mL VEGF at 37°C for 4 h. Images were 
taken using an inverted microscope (Olympus, IX81, 
Japan), and tubes forming intact networks were counted.

2.5. Western-blot analysis

Cells were cultured in six-well microplates, and the 
growth medium was removed and replaced with M199 
containing 1% FBS for 2 h. Cells were incubated with 
indicated concentrations of A5 and andrographolide 
for 6 h, and stimulated with or without VEGF (10 ng/
mL) for 5 min. After treatments, cells were lysed with 
the SDS sample buffer containing 50 mM Tris (pH7.4), 
2% SDS (wt/vol), 5% 2-mercaptoethanol and 10% 
glycerol. Samples were separated by SDS-PAGE and 
blots were probed with the appropriate combination 
of primary antibodies and HRP conjugated secondary 
antibodies. For repeated immunoblotting, membranes 
were stripped in 62.5 mM Tris (pH 6.7), 20% SDS and 
0.1 M 2-mercaptoethanol for 30 min at 50°C.

2.6. Matrigel plug assay

Matrigel (0.5 mL/plug) with no VEGF or A5, VEGF 
(10 ng/mL) but no A5, VEGF (10 ng/mL) and A5 (5 
or 25 μM) in liquid form at 4°C, respectively, were 
subcutaneously injected in the midventral abdominal 
region of C57BL/6 mice (5-6 weeks old, n = 6 each 
group). After 7 d, the mice were sacrificed and the 
matrigel plugs were removed for taking pictures and 
immunohistochemistry. 

2.7. Immunohistochemistry

The matrigel plugs of each group were fixed with 
formalin and embedded into paraffin. 5 μM sections 
were stained with a specific antibody against CD31. 
Images were taken using an inverted microscope 
(Nikon, Eclipse Ci, Japan).

2.8. Xenograft tumor mouse model

Athymic nude mice (BALB/c nu/nu, 5 week old males) 
were purchased from Shanghai Laboratory Animal 
Center of Chinese Academy of Science, Shanghai, 
China. Mice were given a s.c. injection of Hep3B cells 
(1 × 106 cells per mouse) into the left front leg. After 
tumors were established (~30 mm3), the mice were given 

Figure 2 Effect of A5, andrographolide, neoandrographolide 
and its anglycon on VEGF-induced cell proliferation. 
HUVECs were pretreated with different concentrations of A5, 
andrographolide (Andro), neoandrographolide (NeoAndro) 
and its anglycon for 15 minutes, followed by treatment with 
or without VEGF 10 ng/ml. Cell viability was detected by 
MTT assay. Data are expressed as means ± S.E.M. #p < 0.05 
compared with control; *p < 0.05, **p < 0.01, ***p < 0.001 
compared with VEGF alone.
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there is almost no tube formation in 25 μM A5 treated 
cells. After counting the number of formed tubes, we 
can see from Figure 3B that A5 can inhibit VEGF-
induced tube formation in HUVECs in a concentration-
dependent manner (p < 0.001). The inhibitory effect of 
25 μM A5 is the best.

3.3. Effects of A5 on VEGF-induced matrigel formation 
in vivo

We further evaluated the inhibitory effect of A5 
on VEGF-induced angiogenesis in vivo using the 
subcutaneously implanted matrigel plug assay. Compared 
with controls, the matrigel implants appear redder in the 
VEGF-treated group (Figure 4A), indicating formation 
of a functional vasculature inside the matrigel. After 
co-injection of A5 (5, 25 μM) with VEGF, the color of 
the matrgel implants gradually flades, and the matrigel 
implant in 25 μM A5 group has almost no color. CD31 is 
the biomarker of endothelial cells, as shown in Figure 4B 
we can see that in VEGF-treated matrigel there are more 
enlarged and denser blood vessels stained by CD31. 

After treatment with A5 (5, 25 μM), the CD31 staining 
becomes weak, indicating a decreased number of blood 
vessels.

3.4. Effects of A5 on VEGF-induced VEGFR2, ERK1/2, 
p38 phosphorylation

Figure 5 shows that VEGF (10 ng/mL) can obviously 
induce VEGFR2 phosphorylation, while A5 and 
andrographolide (Andro, 5 or 25 μM) all inhibit 

Figure 3. Effect of A5 on VEGF-induced tube formation. 
HUVEC cells were pretreated with the indicated concentrations 
of A5 for 15 min, and then incubated with or without 10 ng/
ml VEGF for 4 h. Pictures were taken using an inverted 
microscope at 100× magnification. The tubular structures 
of HUVECs were quantified by manual counting. a: control 
(medium alone), b: VFGF (10 ng/mL), c: VFGF (10 ng/ml) 
plus A5 (1 μM), d: VFGF (10 ng/ml) plus A5 (2.5 μM), e: 
VFGF (10 ng/ml) plus A5 (5 μM), f: VFGF (10 ng/mL) plus 
A5 (10 μM), g: VFGF (10 ng/mL) plus A5 (25 μM). Data are 
means ± S.E.M. from four independent experiments. ###p < 
0.001 versus control; ***p < 0.001 compared with VEGF alone.

Figure 4. A5 inhibited VEGF-induced neoangiogenesis 
in vivo. (A) After 7 days, the mice were sacrificed and 
representative matrigel plugs were excised and photographed. 
(B) The 5 μm sections of matrigel were stained with specific 
antibody against CD-31 and photographed, and the arrows 
demonstrate the staining of CD31. a: control; b: VEGF; c: A5 
(5μM) + VEGF; d: A5 (25μM) + VEGF.

Figure 5. A5 inhibited VEGF-induced the phosphorylation 
o f VEGFR2, ERK1/2 , and p38 k inase . HUVECs 
were pretreated with indicated concentrations of A5 and 
andrographolide (Andro) for 6 h before exposure to VEGF 
(10 ng/mL) for 5 min. The expression of phosphorylated 
VEGFR2, ERK1/2, p38, the total VEGFR2, ERK1/2 
and p38, and the loading control actin were detected by 
immunoblotting using specific antibodies. The Western blot 
figure represents one of at least three independent experiments 
with similar results.



www.biosciencetrends.com

BioScience Trends. 2013; 7(5):230-236. 234

such phosphorylation, and that the inhibitory effect 
of A5 (25 μM) is the best. ERK1/2 and p38 are the 
important mitogen-activated protein kinases (MAPKs) 
downstream of VEGFR2. Figure 5 shows that A5 
and andrographolide (Andro, 5 or 25 μM) also inhibit 
VEGF-induced ERK1/2 and p38 phosphorylation.

3.5. Effects of A5 on tumor growth in vivo

From Figures 6A-6C, we can see that A5 (1, 10 mg/
kg) decreases tumor size and tumor weight (p < 0.01, 
p < 0.001). Further, Figure 6D shows that A5 has not 
much effect on the body weight of mice, while the 
chemotherapeutic agent 5-FU obviously decreases 
mouse body weight (p < 0.01, p < 0.001). Figure 6E 
of CD31 staining shows that there is decreased CD31 
staining in tumors in A5 (1, 10 mg/kg) treated groups.

4. Discussion

Andrographolide is a prescribed drug used for clearing 
away heat and toxic material, and is generally used 
to prevent and treat the common cold, influenza, 
viral infections or allergies. In recent years, the 

potential therapeutic effect of andrographolide on 
tumors has attracted the world-wide attention of 
scientific researchers. However, the poor water 
solubility enormously limits the bioavailability of 
andrographolide. Thus, there are various reports about 
the study of analogues of andrographolide, and their 
object is to find a compound with better solubility and 
activity than andrographolide (9-12, 23,24).
	 Previous studies in our lab have focused on the anti-
tumor effect of andrographolide (6-8). Meanwhile, we 
designed a series of analogues of andrographolide, and 
in our preliminary study we found that compound A5, 
which is semi-synthesized from neoandrographolide 
t h r o u g h  t h e  r o u t e  d e s c r i b e d  i n  F i g u r e  1 B , 
demonstrated the best inhibitory effect on VEGF-
induced HUVECs proliferation (Data not shown). 
The present study showed that the inhibitory effect 
of A5 on VEGF-induced cell proliferation was better 
than andrographolide (Andro), neoandrographolide 
(Neoandro) and its anglycon. Furthermore, A5 inhibited 
VEGF-induced tube formation in HUVECs in a 
concentration-dependent manner. The in vivo matrigel 
plug assay and the xenograft tumor mouse experiment 
further proved the anti-angiogenic and anti-cancer 

Figure 6. A5 inhibited hepatoma tumor growth in vivo. (A) Tumors were removed and photographed. (B) Tumor sizes were 
recorded every three days by Vernier caliper measurements and calculated as [(length×width2)/2]. (C) Tumors were weighed. 
(D) Body weights were recorded every three days. (E) The 5 μm sections were stained with specific antibody against CD-31 and 
photographed, and the arrows demonstrate the staining of CD31. Data are expressed as means ± S.E.M. (n = 6) **p < 0.01; ***p < 
0.001 versus control.
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effect of A5. All those results indicate the potential 
value of the development of A5 into an anti-angiogenic 
drug candidate in the clinic.
	 The contribution of angiogenesis in tumor 
expansion and metastasis is widely recognized, and the 
importance of anti-angiogenic drugs in cancer therapy 
has become more and more obvious in the past years 
(25,26). VEGF is one of the key angiogenic factors that 
stimulate angiogenesis, and VEGF exerts its function 
through binding to two high-affinity receptors, R1 (FLT-
1/Flt-1) and R2 (KDR/Flk-1) (27,28). There is evidence 
that has proved the important roles of VEGFR2 in 
transducing the angiogenic effect of VEGF, and the 
tyrosine phosphorylation of VEGFR2 is detected upon 
VEGF stimulation (28,29). Our results found that A5 
and andrographolide both inhibited VEGF-induced 
VEGFR2 phosphorylation, which will block the signal 
transduction cascade stimulated by VEGF. The results 
suggest that the potential target of A5-induced anti-
angiogenesis is the VEGF signaling pathway.
	 MAPKs regulate diverse processes including 
cell proliferation, differentiation, apoptosis etc. (30). 
ERK1/2 and p38 are two important MAPKs, which 
are downstream signals of VEGFR2, and exert critical 
roles in regulating VEGF-induced cell proliferation 
and migration in the process of angiogenesis (31,32). 
Meanwhile, there are already reports about the blockage 
of the VEGF-VEGFR2-MAPKs signaling pathway 
by some compounds like isoflavone metabolite 
6-methoxyequol,  ellagic acid,  norcantharidin, 
barbigerone etc. (32-35). Our results also showed that 
VEGF-induced phosphorylation of p38 and ERK1/2 
were both inhibited by A5 and andrographolide.
	 Taken together, the present study shows that A5, which 
is a novel semi-synthetic analogue of andrographolide, 
inhibits VEGF-induced neoangiogenesis in vitro and in 
vivo, and blocks VEGF-induced activation of VEGFR2 
and down-stream ERK1/2 and p38 kinase. Our research 
indicates the great potential of the development of A5 
into an anti-angiogenic agent for a therapeutic anti-
tumor treatment application.
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1. Introduction

Sorafenib is a multi-kinase inhibitor which is known to 
inhibit cancer cell proliferation by targeting Raf/MEK/
ERK signaling, and to prevent angiogenesis by targeting 
vascular endothelial growth factor receptor tyrosine 
kinase. Sorafenib has shown clinical advantage in many 
cancers, such as hepatocellular carcinoma (HCC), breast 
cancer, thyroid cancer, renal cell carcinoma (RCC), and 
lung cancers (1). Sorafenib particularly exhibited benefit 
for the patients with advanced and unresectable HCC (2). 

However, the drug was discontinued in many patients due 
to severe adverse effects. The most frequent adverse events 
include myelosuppression, neutropenia, lymphopenia, 
anemia, and thrombocytopenia, hypertension and 
cardiovascular events, liver dysfunction, kidney injury, and 
abdominal pain (3) Although most of these adverse effects 
are usually manageable, myelosuppression and renal injury 
would led to discontinuation of treatment. Hypertension 
and cardiac toxicity would lead to fatal outcomes (4). Thus, 
new derivatives of sorafenib with higher activity and lower 
toxicity than sorafenib have remained to be investigated.
	 Sorafenib, N-(3-trifluoromethyl-4-chlorophenyl)-
N'-(4-(2-methylcarbamoyl pyridin-4-yl)oxyphenyl)urea 
(Figure 1A), is structurally defined as bis-aryl ureas. 
Although the mechanism of sorafenib binding to its targets 
has remained unclear, the following analysis of its crystal 
structure might provide a helpful clue for designing new 
derivatives. Studies suggested that the carbamido in 
sorafenib is essential for its activity through binding with 
Raf protein by the formation of hydrogen bonds (5). After 

Summary SL1122-37 is a novel derivative of sorafenib that was characterized by introducing 
trifluoromethyl on the 4-position of indazole. We aimed to evaluate the effects of SL1122-
37 on human hepatocellular carcinoma (HCC) growth and on umbilical vein vascular 
endothelial cells (HUVECs) angiogenesis. Its efficacy and mechanisms were compared with 
sorafenib. SL1122-37 significantly prevented PLC/PRF/5 cell proliferation as estimated by 
colorimetric assay. Flow cytometry analysis showed the induction of apoptosis and arrest of 
cell cycle in G1 phase. Western blotting showed the decrease of cyclin D1 and regulation of 
apoptotic proteins. Further analysis suggested that these effects of SL1122-37 might arise 
from its roles in the inhibition of multi-kinases, including c-Kit and its downstream targets 
and the Wnt/β-catenin pathway in PLC/PRF/5 cells. SL1122-37 also possessed the activity of 
antiangiogenesis, showing the prevention of HUVEC migration and capillary tube formation. 
Western blotting indicated the inhibition of VEGF and phosphorylation of VEGFR-2 in 
HUVECs. Statistical analysis suggested that SL1122-37 might possess greater activities than 
sorafenib in the prevention of HCC proliferation and HUVEC angiogenesis. Conclusion, 
SL1122-37 could develop as a potent anticancer agent for the treatment of HCC.

Keywords: Sorafenib, SL1122-37, human hepatocellular carcinoma, multi-kinase inhibitor, 
antiangiogenesis
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binding, the distal pyridyl ring inserts into the ATP adenine 
binding pocket and then interacts with three aromatic 
residues in the hinge region, the catalytic loop, and the 
DFG motif. The trifluoromethyl phenyl ring at opposite 
end of sorafenib inserts into a hydrophobic pocket between 
the αC and αE helices and N-terminal regions of DFG 
motif and catalytic loop. These structures in sorafenib are 
considered to accommodate the active pockets in its targets 
and therefore improve the selectivity with these kinases 
(6). In our previous studies, we synthesized a series of 
compounds with bis-aryl ureas referenced the structure of 
sorafenib (6). In addition to the skeleton of sorafenib, these 
compounds contained the substituent structures of indazole 
or azaindazole. Our following screening assays in HCC 
and HUVECs indicated that some of these compounds 
exhibited higher activity than sorafenib. SL1122-37, 
1-(4-(4-(trifluoromethyl)-1H-indazol-1-yl)phenyl)-3-(4-
(trifluoromethyl)phenyl)urea (Figure 1B), was one of 
these compounds that exhibited strong activity against 
cancer cell proliferation and HUVEC angiogenesis. The 
characteristic of SL1122-37 structure is its trifluoromethyl 
on the 4-position of indazole. The role of trifluoromethyl 
in SL1122-37 might improve the electro-negativity for 
binding to the ATP adenine binding pocket in its target 
kinases. Meanwhile, the hydrogen bonds between the 
trifluoromethyl and the ATP adenine binding pocket could 
improve its activity against RAF kinase (7). We thus 
suggested that SL1122-37 might possess higher activity 
than sorafenib in the prevention of cancer proliferation and 
angiogenesis. SL1122-37 might be a promising agent that 
could develop as a potential agent for supplant the use of 
sorafenib. In this study, we evaluated the inhibitory effect 
of SL1122-37 on the growth of HCC cells and formation 
of angiogenesis in HUVECs. These effects of SL1122-37 
were compared with those of sorafenib.

2. Materials and Methods

2.1. Chemicals

SL1122-37 as shown in Figure 1B was synthesized as 

described in patent (6). The purity of SL1122-37 as 
determined by high performance liquid chromatography 
(HPLC) was 99.9%. Sorafenib was purchased from 
Biochempartner China (purity 99.5%). SL1122-37 and 
sorafenib were dissolved in dimethylsulfoxide at 50 mM 
as stock solution.

2.2. Cell lines and cell culture

The human hepatocellular carcinoma (HCC) cells PLC/
PRF/5 and umbilical vein vascular endothelial cells 
(HUVECs) were purchased from the American Type 
Culture Collection (Manassas, VA, USA). PLC/PRF/5 
cells were cultured in DMEM medium supplemented with 
10% heat-inactivated fetal bovine serum. HUVECs were 
maintained in Medium 199 supplemented with endothelial 
cell growth factor at 37°C in a humid atmosphere (5% 
CO2-95% air). Cell proliferation was estimated by 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA) assay.

2.3. Cell cycle analysis

PLC/PRF/5 cells seeded in 6-well plates (1.5 × 105 per 
well) were synchronized by 24 h of growth in 0.5% 
serum medium, and then were exposed to 10% serum 
medium containing SL1122-37 or sorafenib for 24 h 
(8). Cells were harvested and fixed in cold 70% ethanol 
overnight. Cells were suspended in propidium iodide (PI) 
solution for 30 min. Cell cycle distribution was analyzed 
by using a FACScan flow cytometer (Becton Dickinson 
and Company, Franklin Lakes, NJ, USA).

2.4. Annexin V/FITC/PI staining assay

The apoptotic cells were estimated by determining the 
levels of phosphatidylserine on cell surface (9). PLC/
PRF/5 cells seeded in 6-well plates (1.0 × 105 per well) 
were exposed to SL1122-37 or sorafenib. After exposure 
for 24 h, the levels of phosphatidylserine were determined 
by using Annexin-V/FITC and PI kit (Labtek, Dalian, 
Liaoning, China). The experiment was performed on a 
FACScan flow cytometry. The population of apoptotic 
cells was estimated by comparing to the vehicle control.

2.5. Scratch assay

The effects of SL1122-37 or sorafenib on HUVEC 
migration was evaluated by using a wound scratch assay. 
HUVECs were seeded into 6-well dish at 2.0 × 105 
cells/well. Cells were allowed to attach and reach 80% 
confluence and a scratch (1 mm) was made through dish 
with a micropipette tip to generate one homogeneous 
wound. After wounding, the peeled off cells were 
removed with PBS washes. Cells were further incubated 
with SL1122-37 or sorafenib for 24 h and then the wound 
widths were measured under microscope using an ocular 
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Figure 1. Chemical structures of sorafenib and SL1122-37.
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3. Results

3.1. Inhibition of HCC proliferation

PLC/PRF/5 cells were exposed to SL1122-37 or 
sorafenib for 72 h and then subjected to the MTT assay. 
As shown in Figure 2A, SL1122-37 had the similar 
profiles of inhibition to sorafenib, whereas a greater 
inhibitory effect was observed in SL1122-37 than 
sorafenib (0.04-1 μM, p < 0.05; 5 and 25 μM, p < 0.01 
vs. the vehicle control). Statistical analysis indicated the 
difference between SL1122-37 and sorafenib (0.04-1 μM, 
p < 0.05; 5 and 25 μM, p < 0.01). The IC50 values based 
on the rates of inhibition at 72 h exposure in SL1122-37 
and sorafenib were 4.34 and 11.39 μM, respectively.

3.2. Arrest of cell cycle in G1 phase

The inhibition of SL1122-37 on HCC proliferation was 
also determined by its activity of cell cycle arrest in G1 
phase. SL1122-37 at 1.25, 2.5 and 5 μM for 24 h exposure 
significantly increased the population of cells with G1 
phase by 25.3%, 27.6%, and 29.7%, respectively (Figure 
2B c-e, p < 0.01 vs. the vehicle control). Sorafenib at 5 μM 
increased G1 phase cells by 10.5% (Figure 2B-b, 5 μM, 
p < 0.05 vs. the vehicle control). A significant difference 
existed between SL1122-37 and sorafenib (p < 0.01).
	 Western blotting indicated the inhibition of cyclin D1 
expression in the SL1122-37- or sorafenib-treated cells. 
SL1122-37 at 1.25, 2.5 and 5 μM, the levels of cyclin D1 
were significantly decreased by 4.1%, 51.2% and 55.5%, 
respectively (Figure 2C, 1.25 μM, p > 0.05; 2.5 and 5 
μM, p < 0.01 vs. the vehicle control). Sorafenib at 5 μM 
reduced cyclin D1 expression by 46.1% (p < 0.01 vs. the 
vehicle control).

3.3. Induction of cancer cell apoptosis

HCC cells were analyzed by flow cytometry following 
staining with Annexin-V/FITC and PI. Similar profiles 
of cell apoptosis were observed after treatment with 
SL1122-37 or sorafenib. SL1122-37 at 1.25 to 5 μM for 
24 h, the percentages of apoptotic cells were significantly 
increased to 16.1%, 24.7%, and 29.3%, respectively 
(Figure 3A c-e, 1.25 μM, p < 0.05; 2.5 and 5 μM, p < 
0.01 vs. the vehicle control). Sorafenib at 5 μM induced 
apoptotic cells to 25.2% (Figure 3A-b, 5 μM, p < 0.01 vs. 
the vehicle control).
	 Western blotting suggested that this effect of SL1122-
37 might arise from its roles in regulation of apoptotic 
proteins. As shown in Figure 3B, SL1122-37 at 1.25, 2.5 
and 5 μM for 24 h exposure, the levels of the cleaved 
caspase-9 were significantly increased by 28.7%, 14.5% 
and 53.3%, respectively (p < 0.01 vs. the vehicle control); 
cleaved caspase-3 by 6.8%, 87.5% and 57.2%, respectively 
(1.25 μM, p > 0.05; 2.5 and 5 μM, p < 0.01 vs. the vehicle 
control); cleaved PARP by 20.2%, 287.5% and 350.5%, 

grid. Cell migration = 0 time wound width (1 mm) - 24 h 
wound width.

2.6. Capillary tube formation assay

The capillary tube formation assay was performed to 
evaluate the activity of SL1122-37 or sorafenib against 
capillary tube formation of HUVECs on 3-D Matrigel. 
Matrigel (50 μL/per well, Becton Dickinson and Company) 
at 4°C was used to coat each well of a 96-well plate and 
then allowed to polymerize for 1 h at 37°C. Cell suspension 
was added to each well (2.0 × 104), together with or 
without SL1122-37 or sorafenib, and incubated at 37°C in 
a humidified chamber with 5% CO2. The morphogenesis 
of capillary tube was visualized after 24 h. Images from a 
total of five microscopic fields per well were analyzed by 
Motic Image Plus 2.0 software (Motic Instruments Inc., 
Richmond, Canada). The tube formation was defined by 
counting the branch points of the formed tubes and average 
numbers of branch points were calculated.

2.7. Western blotting analysis

Cells (3.0 × 105 per well) seeded in 6-well plates were 
exposed to SL1122-37 or sorafenib for 24 h. Cells 
were harvested and cell lysates (30 μg of protein per 
lane) were fractionated by 10% SDS-PAGE. The 
proteins were electro-transferred onto nitrocellulose 
membranes and the protein levels were detected using 
the primary antibodies with appropriate dilution (10). 
The primary antibodies included those to caspase-9 
(9502), caspase-3 (9662), cleaved PARP (9541), Bax 
(2772), cyclin D1 (2922), phospho-c-Kit (3391), c-Kit 
(3308), PI3K (4249), phospho-p44/42 MARK (9101), 
p44/42 MARK (4370), Wnt-2 (3169-1), β-catenin (9562), 
survivin (2808), PCNA (2586), phospho-VEGFR-2 
(2478, Cell Signaling), Mcl-1 (YT2679, Immuno Way), 
phospho-Akt (sc-13565), Akt (sc-8312), phospho-
NF-κB (sc-33020), NF-κB (sc-8008), VEGF (sc-152, 
Santa Cruz), c-Myc (ab32072), and β-actin (ab6276, 
Abcam). The bound antibodies were visualized using an 
enhanced chemiluminescence reagent and quantified by 
densitometry using ChemiDoc XRS+ image analyzer 
(Bio-Rad, Hercules, CA, USA). Densitometric analyses 
of bands were adjusted with β-actin as loading control. 
The percentages of increase or decrease of protein were 
estimated by comparison to the vehicle control (100%).

2.8. Statistical analysis

Data was expressed as mean ± S.D. for three different 
determinations. Statistical significance was analyzed by 
one-way analysis of variance (ANOVA) followed by 
Dunnett's multiple range tests. p < 0.05 was considered as 
statistically significant. Statistical analysis was performed 
using the SPSS/Win 13.0 software (SPSS, Inc, Chicago, 
IL, USA).
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respectively (1.25 μM, p < 0.05; 2.5 and 5 μM, p < 0.01 
vs. the vehicle control). While the levels of pro-caspase-9, 
pro-caspase-3 were consequently decreased, respectively. 
Further analysis indicated the increase of Bax and decrease 
of Mcl-1 in the SL1122-37-treated cells. The ratio of Bax/
Mcl-1 was significantly increased as compared with the 
vehicle control (Figure 3B, 1.25 μM, p < 0.05; 2.5 and 5 
μM, p < 0.01 vs. the vehicle control). Sorafenib at 5 μM 
increased the level of the cleaved caspase-9 by 36.8% (p < 
0.05 vs. the vehicle control); cleaved caspase-3 by 10.5% 
(p > 0.05 vs. the vehicle control); and cleaved PARP by 
278.2% (p < 0.01 vs. the vehicle control), respectively. 
A significant difference existed between SL1122-37 and 
sorafenib (5 μM, p < 0.05).

3.4. Inhibition of a multiple tyrosine kinase activity in 
HCC cells

Western blotting analysis determined the levels of the 
multi-kinases in PLC/PRF/5 cells. Both sorafenib and 
SL1122-37 had the activity of modulating the expression 
of these tyrosine kinases, whereas SL1122-37 possessed 
more potential than sorafenib. SL1122-37 at 1.25, 2.5 
and 5 μM for 24 h exposure prevented phosphor-c-Kit 
expression by 6.4%, 46.1%, and 88.2%, respectively 
(Figure 4A, p < 0.01 vs. the vehicle control); PI3K by 
5.8%, 29.1%, 57.3%, respectively (2.5 μM, p < 0.05; 5 
μM, p < 0.01 vs. the vehicle control); phospho-Akt by 
3.4%, 28.6%, 82.9%, respectively (2.5 μM, p < 0.05; 5 
μM, p < 0.01 vs. the vehicle control); phospho-ERK1/2 
by 26.2%, 65.6%, 84.5%, respectively (1.25 μM, p < 0.05; 
2.5 and 5 μM, p < 0.01 vs. the vehicle control) (Figure 
4B); NF-κB by 13.2%, 30.3%, 89.9%, respectively (2.5 
μM, p < 0.05; 5 μM, p < 0.01 vs. the vehicle control); 
phospho-NF-κB by 16.4%, 26.7%, 72.7%, respectively 

Figure 2. The effects of SL1122-37 on PLC/PRF/5 
proliferation. (A) The inhibition of PLC/PRF/5 proliferation 
was estimated by the MTT assay. *p < 0.05, **p < 0.01 vs. 
the vehicle control. #p < 0.05, ##p < 0.01 between SL1122-37 
and sorafenib. (B) SL1122-37 arrested cell cycle in G1 phase 
as determined by a FACS-can flow cytometer. a: the vehicle 
control; b: sorafenib 5 μM; c-e: SL1122-37 1.25, 2.5 and 5 
μM, respectively. (C) Western blotting showed the inhibition 
of cyclin D1 expression by SL1122-37 or sorafenib. Western 
blotting assay was performed as described in the Materials 
and methods. Densitometric analyses of bands were adjusted 
with β-actin as loading control. The percentages of decrease 
of protein were estimated by comparison to the vehicle control 
(100%). The bars indicated mean ± S.D. (n = 3).

Figure 3. SL1122-37 or sorafenib induced PLC/PRF/5 cells to apoptosis. (A) Flow cytometry analyzed the apoptotic cells 
exposed to 5 μM of sorafenib (b) or different concentrations of SL1122-37 for 24 h (a, the vehicle control; c-e, 1.25, 2.5 and 
5 μM, respectively). (B) Western blotting analyzed the changes of apoptotic proteins in PLC/PRF/5 cells. The procedure was 
described as Figure 2. The ratio of Bax/Mcl-1 was calculated by dividing the density value of Bax by that of Mcl-1 at same point. 
Triplicate experiments were performed with triplicate samples.
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(2.5 μM, p < 0.05; 5 μM, p < 0.01 vs. the vehicle 
control); c-Myc by 10.6%, 25.9%, 89.7%, respectively 
(1.25 and 2.5 μM, p < 0.05; 5 μM, p < 0.01 vs. the 
vehicle control) (Figure 4C). Sorafenib at 5 μM reduced 
the level of phosphor-c-Kit by 35.5%, PI3K by 40.8%, 
phospho-Akt by 18.4%, phospho-ERK1/2 by 67.2%, 
NF-κB by 69.4%, phospho-NF-κB by 72.6%, c-Myc by 
79.9% (p < 0.01 vs. the vehicle control). The comparative 
analysis of these data indicated that SL1122-37 had 
greater activity than sorafenib in the modulation of these 
kinases (p < 0.05 between SL1122-37 and sorafenib).

3.5. Modulation of the Wnt/β-catenin signaling pathway

We evaluated the activity of SL1122-37 in the 
modulation of the Wnt/β-catenin pathway. As shown in 

Figure 4D, SL1122-37 at 1.25, 2.5 and 5 μM significantly 
reduced the level of Wnt-2 expression by 11.6%, 30.4% 
and 49.8%, respectively (1.25 and 2.5 μM, p < 0.05; 
5 μM, p < 0.01 vs. the vehicle control); β-catenin by 
31.6%, 39.0% and 81.9%, respectively (1.25 and 2.5 μM, 
p < 0.05; 5 μM, p < 0.01 vs. the vehicle control); PCNA 
by 36.6%, 55.0%, and 75.9%, respectively (1.25 μM, p 
< 0.05; 2.5 and 5 μM, p < 0.01 vs. the vehicle control); 
survivin by 25.0%, 44.3%, and 59.8%, respectively (1.25 
and 2.5 μM, p < 0.05; 5 μM, p < 0.01 vs. the vehicle 
control). Sorafenib at 5 μM inhibited the level of Wnt-
2 expression by 36.9% (p < 0.05 vs. the vehicle control); 
β-catenin by 65.4% (p < 0.01 vs. the vehicle control); 
PCNA by 37.0% (p < 0.05 vs. the vehicle control); 
survivin by 47.9% (p < 0.05 vs. the vehicle control), 
respectively. Statistic analysis showed the significant 
difference between SL1122-37 and sorafenib (survivin, p 
< 0.05; Wnt-2, β-catenin and PCNA, p < 0.01).

3.6. Prevention of angiogenesis in HUVECs

Figure 5A showed the similar profiles of SL1122-37 and 
sorafenib in the inhibition of HUVECs growth. SL1122-
37 at 0.04 and 0.2 μM did not obviously inhibit HUVECs 
proliferation (p > 0.05 vs. the vehicle control), whereas 
SL1122-37 at the concentrations range from 1 to 25 μM, 
the inhibition of HUVECs was significantly increased by 
17.6%, 36.8%, and 79.3%, respectively (1 μM, p < 0.05; 5 
and 25 μM, p < 0.01 vs. the vehicle control). Sorafenib at 
the same concentrations inhibited HUVEC proliferation by 
12.0%, 21.8%, and 59.9%, respectively (1 and 5 μM, p < 
0.05; 25 μM, p < 0.01 vs. the vehicle control). A significant 
difference was seen between SL1122-37 and sorafenib at 
the range from 1 μM to 25 μM (p < 0.05).
	 The prevention of HUVEC migration by SL1122-37 or 
sorafenib was then determined (Figure 5B). HUVECs in 
the control group exhibited highly spontaneous migration. 
The average spontaneous distance at 24 h incubation was 
620 μm. The ability of migration was markedly reduced 
in the presence of SL1122-37 or sorafenib. The migration 
distances of HUVEC exposure to 1.25, 2.5 and 5 μM of 
SL1122-37 were 228, 146 and 87 μm, respectively (p < 
0.01 vs. the vehicle control). The migration distances of 
HUVEC exposure to the same concentrations of sorafenib 
were 388, 263 and 157 μm, respectively (p < 0.05 vs. the 
vehicle control). Statistical analysis of these data showed 
the difference between SL1122-37 and sorafenib (p < 0.05).
	 SL1122-37 possessed the activity against capillary tube 
formation and this activity was greater than sorafenib. As 
shown in Figure 5C, the branch points of capillary tube in 
the vehicle control cells were 27 (26.6 ± 3.8). SL1122-37 at 
1.25, 2.5 and 5 μM for 24 h exposure, the number of branch 
points were significantly reduced to 16 (by 40%), 15 (by 
42.5%) and 9 (by 67.5%), respectively (1.25 μM, p < 0.05; 
2.5 and 5 μM, p < 0.01 vs. the vehicle control). Sorafenib 
by 5 μM reduced the branch points of capillary tube to 14 
(47.3%) (Figure 5C-b, p < 0.05 vs. the vehicle control). 

Figure 4. Western blotting analysis demonstrated the 
inhibition of multi-kinases and modulation of the Wnt/
β-catenin pathway in PLC/PRF/5 cells exposed to SL1122-
37 or sorafenib. Western blotting assay was performed as 
described in Figure 2. Densitometric analyses of bands were 
adjusted with β-actin as loading control. The percentages of 
decrease or increase of protein were estimated by comparison 
to the vehicle control (100%). Triplicate experiments were 
performed separately.
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There was a significant difference between SL1122-37 and 
sorafenib (p < 0.05).
	 Western blotting determined the levels of VEGF and 
phospho-VEGF receptor 2 in HUVECs (Figure 5D). 
SL1122-37 at 1.25, 2.5 and 5 μM reduced the levels of 
VEGF by 38.8%, 57.7%, and 79.9%, respectively (1.25 

μM, p < 0.05; 2.5 and 5 μM, p < 0.01 vs. the vehicle 
control); phospho-VEGF receptor 2 by 22.3%, 53.0%, and 
81.8%, respectively (1.25 and 2.5 μM, p < 0.05; 5 μM, p 
< 0.01 vs. the vehicle control). Sorafenib at 5 μM reduced 
the level of VEGF expression by 21.5% (p < 0.05 vs. the 
vehicle control); phospho-VEGF receptor 2 by 30.9% (p 

Figure 5. The effects of SL1122-37 on HUVECs. (A) The inhibition of cell growth was estimated by the MTT assay. The bars 
indicated mean ± S.D. (n = 3). *p < 0.05, **p < 0.01 vs. the vehicle control. #p < 0.05 between SL1122-37 and sorafenib. (B) 
The inhibition of HUVECs migration by SL1122-37 or sorafenib as determined by the scratch assay. Cell migration = 0 time 
wound width (1 mm) - 24 h wound width. (C) The prevention of HUVEC tube formation on 3-D Matrigel, a: vehicle control; 
b: sorafenib 5 μM; c-e: SL1122-37 1.25, 2.5 and 5 μM, respectively. (D) Western blotting showed the inhibition of VEGF and 
phosphor-VEGFR-2 in HUVECs exposed to SL1122-37 or sorafenib. Triplicate experiments were performed separately.
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< 0.05 vs. the vehicle control), respectively. Significant 
differences existed between SL1122-37 and sorafenib (p < 
0.05).

4. Discussion

In this study, we determined the inhibitory effects of 
SL1122-37, a novel derivative of sorafenib, on the 
proliferation of HCC PLC/PRF/5 cells and the formation 
of angiogenesis of HUVECs. Its efficacy and mechanisms 
were compared with those of sorafenib. SL1122-37 
possessed the activity against cancer cell proliferation. We 
suggested that these high effects of SL1122-37 might arise 
from its roles in the apoptotic induction and regulation of 
cell cycle. The mechanisms of SL1122-37 action might 
associate with its activity in the inhibition of multi-kinases. 
The following assays were performed to determine its 
activity of antiangiogenesis. SL1122-37 strongly prevented 
HUVECs migration and capillary tube formation. The 
activity of SL1122-37 against angiogenesis was greater 
than sorafenib. The effect of antiangiogenesis might be 
due to the prevention of VEGF and phospho-VEGFR in 
HUVECs. These results support our strategy of designing 
new derivatives based on sorafenib. 
	 Studies showed that the inhibition of sorafenib on 
cancer growth was mainly due to its activity of apoptotic 
induction (11). Sorafenib might induce cancer cells to 
apoptosis through activating the intrinsic mitochondria-
mediated pathway (12). Further studies suggested that 
the crucial event for initiating this pathway might due to 
its role in the inhibition of myeloid cell leukemia-1 (Mcl-
1) (13). As a member of the antiapoptotic Bcl-2 family, 
Mcl-1 is overexpressed in HCC. Overexpression of Mcl-1 
could protect cancer cells from apoptosis. Down-regulation 
of Mcl-1 is related to the release of cytochrome c from 
mitochondria into cytosol, caspase activation, and apoptotic 
cell death. The Bax/Mcl-1 ratio has thus been considered 
to be a marker of apoptosis activation (14). In this study, 
SL1122-37 was found to have the similar profiles in the 
inhibition of HCC and induction of apoptosis, whereas 
its activities were more potential than sorafenib. We thus 
suggested that SL1122-37 might induce cancer cells to 
apoptosis through initiating the intrinsic mitochondria-
mediated pathway.
	 RAF/mitogen-activated protein/extracellular signal-
regulated kinase (ERK) kinase (MEK)/ERK cascade 
signaling pathway has been considered to play crucial 
roles in the development of HCC (15). In this pathway, 
the activation of c-Kit might be an important initial event. 
Activated c-Kit could regulate the transcription of its 
multiple downstream targets, such as the Ras-Raf-MEK-
ERK cascade and PI3K/Akt pathway. The cytoplasmic 
target of ERK and Akt is IKK (16). Activation of IKK leads 
to the degradation of IκB, resulting in the translocation of 
NF-κB into nucleus and transcription of targeted genes. 
High level of NF-κB has been implicated in the regulation 
of apoptosis, proliferation and c-Myc expression (17). We 

evaluated the activity of SL1122-37 against these kinases 
and compared them with those of sorafenib. SL1122-
37 possessed the similar profiles against these kinases, 
whereas its effect was greater than sorafenib. We thus 
suggested that SL1122-37 might be a promising multi-
kinase inhibitor.
	 The high efficacy of SL1122-37 might also be 
contributed by its roles in the modulation of the Wnt/
β-catenin pathway. Over-expression of the Wnt/β-catenin 
pathway is frequently observed in HCC. Activation of Wnt-
2 and β-catenin has been considered to be the initial events 
for HCC proliferation (18). Its downstream targets, such as 
cyclin D1, survivin, PCNA and c-Myc, are consequently 
amplified following the initial event (19). Among these 
targets, PCNA is a marker of cell proliferation and is 
highly expressed during G1 and S phases. Cyclin D1 is 
a cell cycle protein frequently overexpressed in HCC. 
High level of c-Myc could stimulate cancer growth and 
prevent them from apoptosis. Survivin is an anti-apoptotic 
molecule widely expressed in HCC. Overexpression of 
survivin leads to antiapoptosis (20). In this study, SL1122-
37 was observed to have a greater activity than sorafenib 
in modulation of this pathway, suggesting its roles in the 
inhibition of HCC.
	 HCC is a hypervascular tumor and the progression 
of invasion is highly correlated to the formation of 
angiogenesis (21). Angiogenesis actually starts with 
vascular endothelial cells and cancerous tumor cells 
releasing molecules. These signals activate the proliferation 
and migration of vascular endothelial cells leading to 
endothelial cell sprouts in stromal space. The crucial 
signal of angiogenesis is the release of vascular endothelial 
growth factor (VEGF). Circulating VEGF binds to its 
receptors (VEGFR1-3, mainly 2) on endothelial cells and 
induces the dimerization and autophosphorylation of the 
receptor, which activates the downstream signal eventually 
leading to angiogenesis (16). Using HUVECs, SL1122-37 
was found to have a greater inhibitory effect than sorafenib 
on the angiogenesis. This effect might arise from its roles in 
the inhibition of VEGF and its autophosphorylation of the 
receptors. These results support our strategy of designing 
SL1122-37 to be an angiogenesis inhibitor. However, more 
evidence of antiangiogenesis and mechanisms of action are 
needed.
	 In summary, SL1122-37 possessed greater activity 
than sorafenib in the inhibition HCC growth and HUVECs 
angiogenesis. These inhibitory effects of SL1122-37 
might arise from its roles in the induction of apoptosis 
and inhibition of multiple kinases. We suggested that 
SL1122-37 might be a promising compound that could be 
developed as a potential agent for the treatment of HCC.
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1. Introduction

After taking power last December as Prime Minister of 
Japan, Shinzo Abe implemented a bold new approach 
known as "Abenomics" - a portmanteau of Abe and 
economics - to reinvigorate Japan's economy. Indeed, 
Abenomics is a "quiver" of policies featuring "three 
arrows": monetary relaxation, fiscal stimulus, and 
economic growth strategies (1). The first two arrows 
were fired during Abe's early days in office and have 
already hit their marks. The overvalued yen has fallen 
sharply and the stock market has surged, both spurring 
corporate profits. Although the two strategies did not 
result in real changes in the economy, these signs of 
economic recovery did lead to hope and skepticism 
around the country. Seeking to boost Japan's long-term 
economic performance, the keenly awaited third arrow 
of Abenomics was just recently released (2). It focused 
on structural reform and creating special rooms within 
the public sector, including the energy industry, medical 
care, and infrastructure, to revitalize the private sector. 
As a result, innovations in medical technology and 

health care reforms represent a stepping stone towards 
achieving further economic growth, primarily in the 
health care field. 
	 Advanced medicine (Senshin Iryou) is the frontier 
of innovations in medical technology and health care 
reform. Advanced medicine is a unique medical care 
system in Japan offering highly technology-driven 
medical care that is not covered by health insurance 
along with conventional medical care that is covered by 
health insurance (3,4). Advanced medicine has received 
a great deal of public attention. National debates among 
professional health workers, local governments, and 
policymakers concerning the practice, implications, and 
theory of advanced medicine have also been refueled 
by Abenomics' growth strategies (5,6). Here, the basic 
concept of advanced medicine in Japan will first be 
explained. Next, its origin and history will be described. 
The current state of advanced medicine around the 
country will then be documented. Last, the future of 
advanced medicine will be predicted.

2. Basic concept of advanced medicine

Advanced medicine literally means to practice 
medicine by integrating the best of alternative 
medicine and conventional medicine to diagnose and 
treat patients. This term often appears in the medical 
literature and the media (4,6). In Japan, however, the 
term "advanced medicine" commonly refers to the 

Summary Like health care systems in other developed countries, Japan’s health care system faces 
significant challenges due to aging of the population and economic stagnation. Advanced 
medicine (Senshin Iryou) is a unique system of medical care in Japan offering highly 
technology-driven medical care that is not covered by public health insurance. Advanced 
medicine has recently developed and expanded as part of health care reform. Will it work? 
To answer this question, we briefly trace the historical development of advanced medicine 
and describe the characteristics and current state of advanced medical care in Japan. We 
then offer our opinions on the future of advanced medicine with careful consideration of 
its pros and cons. We believe that developing advanced medicine is an attempt to bring 
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use of newly developed medical devices, drugs, or 
technologies that have been authorized by the Ministry 
of Health, Labor, and Welfare (MHLW) but have not 
yet been covered by health insurance (3). Actually, 
this term is used more frequently in health care than in 
medicine. Here, advanced medicine is considered to 
be a Japanese version of off-label use of technology-
driven medications and medical devices. In order to 
better understand this concept, one first needs a brief 
introduction to the history of advanced medicine and 
the health insurance system in Japan. 
	 The current public health insurance system in Japan 
was established in 1961 and subsequently revised 
several times (Figure 1)(7,8). This system is universal 
health coverage called Kaihoken. Based on Kaihoken, 
everyone in Japan is able to choose his/her desired 
medical facility at which to receive the same medical 
care for sickness or injury at the same cost by making a 
co-payment of 10-30% of the cost depending on his/her 
age and/or income. If that monthly co-payment exceeds 
the maximum co-payment limit, the patient can apply 
for the High-Cost Medical Care Benefits (Kougaku-
Ryouyohi) (9). This national system of additional 
benefits ensures that the patient pays only medical costs 
capped at the maximum co-payment. To ensure equity 
and equality in health care, the health care system has 
combined varied health care delivery systems with 
a nationally uniform payment system known as the 
Medical Fee Schedule (Shinryou-Housyuu-Seido) (10). 
	 The Central Medical Council on Social Insurance, 
appointed by MHLW, revises this fee schedule every 
two years to individually set appropriate fees for all 
drugs, medical devices, and procedures. The medical 
fee schedule is uniformly applied to all medical 
facilities being reimbursed by public health insurance. 
To control health care costs, the public health insurance 
system excludes some health care services, such as 
those for routine childbirth and cosmetic surgery, and 
special forms of medical care, including cutting-edge 
medicine. In principle, conventional medical care 

would qualify for coverage by public health insurance, 
but public health insurance will not cover any medical 
care, in whole or in part, that involves the usage of 
any cutting-edge drug or device that is not listed in the 
medical fee schedule. In other words, patients receiving 
a new medicine that is not covered by health insurance 
along with other care that would normally be covered 
by insurance must pay for both forms of medical care 
out-of-pocket. This provision is known as the ban on 
combining medical care covered by health insurance 
and medical care not covered by health insurance 
(Kongou-Shinryou No Kinshi) (Figure 2) (11).
	 Japan's universal health care system has led to 
excellent health of the population as a whole at a low 
cost over the past half century (7, 12), but this system 
also faces challenges in terms of improving the quality 
of medical care while controlling cost (7,9). The ban on 
combining medical care covered by health insurance 
and medical care not covered by health insurance has 
resulted in delayed development or use of cutting-edge 
treatments (13,14). To meet the growing demand for 
good care and newly developed drugs and treatments, 
the Government revised the health insurance system 
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Figure 1. Timeline of the history of advanced medicine. Universal Health Insurance is also called public health insurance in 
Japan and consists of three parts: Health Insurance (for employers and their dependents), National Health Insurance (mainly 
for agricultural workers, the self-employed, and retirees), and Health Insurance for the Elderly (for those over the age of 75). 
Coverage of Specified Medical Care is an older system that reimburses specified medical expenses. Coverage of Medical Costs 
not Covered by Health Insurance is a new system that reimburses medical expenses not covered by health insurance. Assessable 
Medical Care refers to medical care that has to be assessed as appropriate to be covered by health insurance while Elective 
Medical Care refers to medical care that the patient has chosen to receive.

Figure 2. Ban on combining medical care covered by 
health insurance and medical care not covered by health 
insurance.
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new drugs and devices, the MHLW recently announced 
its reclassification of advanced medicine into Parts A 
and B, and revised the approval process (3). Advanced 
medicine A represents highly advanced medicine (as 
mentioned earlier) while Advanced medicine B includes 
most of the advanced medical care just mentioned. 
According to the latest data from the MHLW (16), 
Advanced medicine A includes 65 types of diagnostic 
tests and treatments while Advanced medicine B 
includes 45 types. In total, 791 diagnostic tests and 
treatment approaches falling under Advanced Medicine 
A and 505 diagnostic tests and treatment approaches 
falling under Advanced Medicine B were performed in 
clinics, hospitals, or medical centers across the country. 
The current state of advanced medicine in Japan is as 
follows (3):
  1)	 The total number of medical facilities providing 

advanced medical services and total expenditures 
on advanced medicine have both been steadily 
increasing. The number of types of advanced 
medicine, however, has not changed significantly, 
partly because of the strict approval process in 
which each previously approved advanced medical 
technology or drug has to be periodically evaluated 
to decide whether to continue or revoke its status 
based on its efficacy and safety. One example of 
advanced medicine from 2011, da Vinci Surgery – 
surgery with a multi-armed robot and a magnified 
3D high-definition vision system – was recently 
removed from the list because it was approved by 
the Central Medical Council on Social Insurance for 
coverage by health insurance in 2012.

  2)	 Most currently available advanced medical solutions 
are newly developed medical devices, technologies, 
and drugs used in regenerative medicine and 
cancer treatment such as homografts and heavy ion 
radiotherapy. However, some advanced medical 
solutions relate to diagnosis, such as genetic testing 
for resistance to chemotherapy and genetic testing 
for sensitivity to antiviral therapy.

  3)	 Advanced medicine has been provided to outpatients 
as well as inpatients.

  4)	 The cost of advanced medical care varies widely, 
ranging from 10,000 yen for genetic testing for 
drug intolerance (e.g., CYP2C19 genotyping for 
tailored treatment of H. pylori infection) to several 
million yen for one round of cancer immunotherapy 
or radiotherapy (e.g., heavy ion radiotherapy).

  5)	 Although medical facilities providing advanced 
medical care are found in every prefecture, their 
numbers vary quite widely among the different 
prefectures (Figure 3).

  6)	 In concert with the government's decision to 
hasten approval of new drugs and devices, major 
university hospitals are rushing to establish a center 
or facility to provide various forms of advanced 
medical care.

in 1984 (Figure 1). The Government introduced a new 
system called the Coverage of Specified Medical Care 
(Tokutei Ryouyouhi) that makes some exceptions to 
the ban on combined medical care covered by health 
insurance and not covered by health insurance. The 
new system potentially allows health insurance to cover 
highly advanced medical care while still disallowing 
patient preferences, such as a private hospital room 
(9). If, under the new system, a patient receives a 
MHLW-approved cutting-edge treatment at a specially 
authorized medical facility, then the portion of medical 
care that would have been covered by health insurance 
is in fact covered, and the patient pays only for the 
portion of care that is not covered by health insurance 
(4,9). To keep pace with the emergence of new medical 
technologies and drugs in some fields, like cancer 
therapies, and to meet the diverse needs of patients, 
the Government accelerated reforms and partially 
relaxed the ban on combining medical care covered 
by health insurance and medical care not covered by 
health insurance. The Government amended the Health 
Insurance Act in 2006 and replaced the system for 
coverage of specified medical care with another system 
known as the Coverage of Medical Costs not Covered 
by Health Insurance (Hokengai-Heiyou-Ryouyouhi) 
(Figure 1). Under this new system, the definition of 
advanced medicine was revised. Advanced medicine 
consists of two parts, one of which is highly advanced 
medicine (as mentioned earlier) and the other of which 
is advanced medical care (Koudo Iryou) (3). Advanced 
medical care includes certain new drugs or state-of-the-
art medical technologies that have not been approved 
by the Pharmaceutical Affairs Act (PAA). This revision 
has led to more technology-driven medications and 
medical devices than ever being covered, regardless of 
the status of their approval by the PAA, when medical 
care combines care covered by health insurance and 
care not covered by health insurance as long as those 
medications or medical devices are proven safe and 
effective and are authorized by the MHLW.

3. Current state of advanced medicine

Since its emergence, advanced medicine, together with 
relaxing the ban on combining medical care covered 
by health insurance and medical care not covered by 
health insurance, has become a controversial issue 
in the area of health care reform (4,15). The Japan 
Medical Association (JMA) opposed the proposed 
reform, primarily from the perspective of equity, 
whereas the Government intended to promote advanced 
care planning in response to the rapid rise in health 
expenditures and increased demand for innovative drugs 
and medical devices. Abenomics seeks to encourage 
companies developing advanced medical technology 
as part of its growth strategy. To encourage exports of 
advanced medical technology and hasten approval of 
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4. Prospects for the future

Given Japan's rapidly aging population and continuous 
budget deficits, there is no doubt that the current 
health care system faces significant challenges (17,18). 
Without substantial reform, the system's sustainability 
will be called into question. Advanced medical care 
has developed and expanded since it emerged as part of 
proposed health care reform. This has been especially 
true since Abe announced his economic growth 
strategies (1,2). Nonetheless, one must not forget that 
advanced medicine itself cannot solve fundamental 
problems that the health care system faces, such as 
aging of the population. Reaching the ultimate goal 
of health care reform – controlling costs, improving 
quality and ensuring equity – will also be extremely 
difficult. 
	 On the positive side, the expansion of advanced 
medical care will increase the availability of innovative 
drugs and cutting-edge medical devices, and thereby 
keep up with growing demand and also improve the 
quality of care. It will also encourage advances and 
innovation in basic and translation research, which 
in turn will promote exports of advanced medical 
technology and accelerate economic growth. Moreover, 
most advanced medicine is not covered by public 
health insurance, so expanding advanced medical 
care will indirectly reduce healthcare expenditures 
(4,11). That said, expanding advanced medical care 
will probably widen the healthcare gap between the 
rich and poor, particularly, if the ban on combining 
medical care covered by health insurance and medical 
care not covered by health insurance is totally lifted 
(15). This may reduce equity in medical care, thereby 

contravening the fundamental principle of universal 
health coverage. In addition, there are also concerns 
about how to ensure the safety and efficacy of new 
drugs and highly technology-driven medical care (17).
	 The problems facing Japan's health care system 
are multi-dimensional (7,17). Expanding advanced 
medicine is an attempt to address these problems but 
is not a magic bullet. Despite growing awareness of 
advanced medicine, there is still little consensus about 
what to do or how to make things better. Advanced 
medicine cannot be implemented politically, nor must it 
be implemented all at once. Indeed, it should be debated 
in more detail and be implemented in accordance with 
evidence-based practices.

Note: The opinions expressed here are solely those of 
the authors and do not necessarily reflect the views of 
Yamagata University Graduate School of Medical Science.
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Standardizing management of hepatocellular carcinoma in China: 
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In recent  years,  the concept of  "standardized 
management of care" has garnered substantial attention 
worldwide. Drafting of disease management guidelines 
that specify appropriate diagnosis and treatment based 
on scientific evidence and collaborations between 
medical professionals involved in the treatment of a 
given condition is the key to standardized management 
of care (1,2). The purpose of evidence-based clinical 
practice guidelines (CPGs) is to "translate the best 
current research evidence into clinical practice and 
obtain new evidence in the course of influencing 
practitioners' attitude and clinical decision-making". 

CPGs have been used for the standardized management 
of hepatocellular carcinoma (HCC) in many countries 
worldwide, as exemplified by guidelines implemented 
in Japan and South Korea. China accounts for 55% of 
HCC cases worldwide (3). However, such evidence-
based CPGs have not yet to be drafted, hampering the 
standardized management of HCC in China.
	 In  Japan,  HCC management  has  achieved 
remarkable results that are attributed to a combination 
of quantitative and qualitative evaluations incorporated 
in the Japanese guidelines (4). Since the first Japanese 
evidence-based CPGs for HCC (J-HCC Guidelines) 
were published in 2005, the CPGs have been included 
a process of systematic evaluation in accordance with 
evidence-based medicine (EBM) (5,6). Updated J-HCC 
Guidelines incorporating new evidence were published 
in 2009 (7), and the third version of J-HCC Guidelines 
(2013 version) were just published on October 15, 2013 
(8). The systematic J-HCC Guidelines should further 

Summary Evidence-based clinical practice guidelines (CPGs) have been used in many countries 
around the world to promote standardized management of hepatocellular carcinoma 
(HCC). Guidelines implemented in Japan provide a good example of "translating the 
best current research evidence into clinical practice and obtaining new evidence in the 
course of influencing practitioners' attitudes and clinical decision-making". The Japanese 
guidelines have achieved remarkable results in terms of HCC management in Japan. The 
first Japanese evidence-based CPGs for HCC (J-HCC Guidelines) were published in 2005 
and then revised in 2009. A second updated version that incorporates new evidence was 
just published on October 15, 2013. China accounts for 55% of HCC cases worldwide. 
Although the Government devised a series of directives on the management of HCC and 
Chinese Guidelines on HCC were published in 2009, neither were based on systematic 
review and evaluation of the literature and neither included recommendations supported 
by data. The novel concept of "precision surgery" was recently proposed in China. This 
concept is based on surgeons' clinical experience and should encourage the standardized 
management of HCC in China. However, recommendations supported by data are still 
urgently needed to guide clinical decision-making in order to facilitate standardized 
management of HCC in China.

Keywords: Liver cancer, clinical guideline, evidence-based medicine (EBM), precision surgery, 
evaluation
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promote the standardized management of HCC in 
Japan. 
	 To draft the 2013 version of J-HCC Guidelines, 
literature consisting of 6,750 papers was systematically 
reviewed to obtain the best current evidence. After a 
second round of review, 596 articles were ultimately 
selected to form 57 pairs of clinical questions and 
recommendations with different levels of evidence to 
guide clinical decision-making. A multi-disciplinary 
expert panel consisting of surgeons, internists, 
radiologists, statisticians, and health care economists 
supervised their individual specialties. The guidelines 
cover aspects including prevention, diagnosis and 
surveillance, surgery, local treatment, transcatheter 
arterial chemoembolization (TACE), chemotherapy, 
radiotherapy, follow-up, prevention and treatment of 
recurrence. The guidelines also take the Japanese health 
insurance system into account to make surveillance, 
diagnosis, and treatment of HCC feasible. In order 
to adequately reflect disparate views, an internal 
evaluation and an external evaluation were conducted 
prior to publication and then the draft guidelines were 
modified. Moreover, plans are to revise the current 
guideline yet again. An updated vision of the J-HCC 
Guidelines will be published in the coming 3-4 years 
and incorporate new evidence (8).
	 In China, HCC is the second most common 
cancer in urban areas and the most common in rural 
areas; it ranks as the second leading cause of cancer-
related deaths in males, with a total mortality rate 
of 26.26/100,000 (9,10). Over the past decades, the 
Government has devised a series of directives on the 
management of HCC in order to reduce incidence and 
mortality and to improve healthcare quality overall 
for patients. For instance, ''Treatment Standards 
for Common Malignant Tumors in China (Vol. 2, 
Hepatocellular Carcinoma)'' was published in1989, 
''Guiding Principles for Clinical Research on Treatment 
of Hepatocellular Carcinoma Involving New Drugs/
Traditional Chinese Medicines'' was published in 
1990, and "Choices for Hepatocellular Carcinoma 
Treatment Therapies'' was published in 2000. However, 
none of these directives was based on a systematic 
review and evaluation of the literature. Cognizant of 
the concept of "standardized management of care", 
the Chinese Guidelines on HCC — Expert Consensus 
on the Treatment Standards for Hepatic Carcinoma — 
was published in 2009 (11). However, the guidelines 
were based on expert consensus, so they provided 
recommendations regarding the management of HCC 
based on the experience of those experts instead of 
recommendations supported by data provided by a 
systematic review and evaluation of the literature (12). 
	 Fortunately, a high level of liver surgery is currently 
practiced at leading medical facilities in China (13). 
A team in Beijing led by Dr. Jiahong Dong put forth 
the novel concept of "precision surgery". This concept 

represents a new surgical paradigm that includes 
preoperative evaluation, clinical decision-making, 
surgical planning, surgical technique, and perioperative 
management, and this concept should encourage the 
standardized management of HCC in China (14). 
"Precision surgery" involves certainty-based practices 
to ensure the best result for each patient with multi-
objective optimization of therapeutic effectiveness, 
surgical safety, and minimal invasiveness. However, 
this paradigm is based on the clinical experience of 
surgeons who perform over 700 hepatic resections each 
year. Recommendations supported by data are still 
urgently needed to guide clinical decision-making.
	 In conclusion, the practice of systematic evidence-
based CPGs in Japan provides a good example of 
standardized management of HCC. Such guidelines 
need to be promptly drafted in China through 
systematic review and evaluation of the literature by 
a multi-disciplinary expert panel in order to provide 
recommendations supported by data to guide clinical 
decision-making.
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Influenza virus infection is a serious public health 
problem because of its significant mortality in humans. 
As an example, pandemic human influenza A (H1N1) 
caused 18,449 laboratory-confirmed deaths worldwide 
in one and a half years from early April 2009, when 
the first case of infection appeared, to August 2010, 
when the end of the pandemic was announced (1,2). 
Due to the great adaptability and ready variation of the 
influenza virus, frequent outbreaks of highly pathogenic 
avian influenza H5N1 and H7N9 during the past 10 
years sounded the alarm regarding the pressing need to 
control human influenza pandemics in the near future.

	 Currently, neuraminidase inhibitors including 
zanamivir, oseltamivir, laninamivir, and peramivir 
are widely used clinically to treat influenza. In order 
to efficiently deal with possible influenza pandemics, 
the World Health Organization (WHO) implemented 
regulations on antiviral stockpiles (1). As a result of 
this policy, the drug oseltamivir was promptly delivered 
to affected countries and regions, where it played an 
important role in controlling the prevalence of H1N1. 
However, large antiviral stockpiles require substantial 
expenditures because of the expense of antiviral drugs, 
potentially imposing a massive economic burden on 
less developed countries. In addition, when an influenza 
outbreak occurs is uncertain, so stockpiled drugs may 
lose their effectiveness, thus causing massive waste. 
Most importantly, evidence shows that clinical isolates 
of viruses are rapidly becoming more resistant to 

Summary Influenza pandemics are a serious threat to public health in today's world. In the past 
10 years, the outbreak of three forms of severe influenza – H5N1, H1N1, and H7N9 – 
has caused tremendous loss of life and property. In order to better cope with pandemics, 
antivirals such as oseltamivir are being stockpiled in great quantities, placing a substantial 
burden on government budgets and potentially resulting in massive waste because of the 
uncertainty as to when an influenza pandemic will strike and whether emerging virus strains 
will be resistant to the stockpiled drugs. Complementary and alternative medicine (CAM) is 
generally available, affordable, and commonly used in China and many other countries and 
CAM has a long track record of fighting influenza. The Chinese Government appropriated 
funds to intensively investigate herbal medicines in accordance with the principles of 
evidence-based medicine in order to identify effective, inexpensive, and easily stockpiled 
medicines. Thus far, several drugs including Shufeng Jiedu capsules, Lianhua Qingwen 
capsules, Maxing Shigan decoction, Yinqiao powder, and Jinhua Qinggan granules have 
demonstrated effectiveness in fighting influenza. In the future, CAM is expected to make 
greater contribution in controlling the prevalence of influenza pandemics.

Keywords: Complementary and alternative medicine (CAM), influenza, H5N1, H1N1, H7N9
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neuraminidase inhibitors currently in use (3,4). These 
factors necessitate the development of effective, easily 
accessible, and inexpensive anti-influenza regimens.
	 Complementary and alternative medicine (CAM) is 
characterized by unique concepts that differ from those 
of Western medicine. Around the world, traditional 
medicines are generally available, affordable, and 
commonly used in large parts of Asia, Africa, and Latin 
America (5). Traditional Chinese medicine (TCM) 
is a typical CAM that has been widely used in China 
for thousands of years and TCM has a long record of 
treating influenza (6). After the H1N1 outbreak in China 
in 2009, the Beijing Municipal Government allocated a 
special fund of 10 million RMB to launch one preclinical 
study and one clinical trial, i.e. a "Study to Screen and 
Evaluate Effective Traditional Chinese Medicines to 
Prevent and Treat H1N1 Influenza" and a "Prospective 
Multicenter Randomized Controlled Trial of TCM to 
Prevent and Treat H1N1 Influenza" (7). Based on the 
characteristics and advantages of TCM and the principles 
of evidence-based medicine, the study and trial seek 
to discover safe, effective, inexpensive, and easily 
stockpiled traditional Chinese medicines and develop 
corresponding therapeutic regimens (7). Researchers 
screened approximately 40 traditional Chinese medicines 
that were previously used to treat the common cold, flu, 
severe acute respiratory syndrome (SARS), and avian 
influenza to identify potential drugs to fight H1N1 virus 
infection. Thus far, several drugs including Shufeng 
Jiedu capsules (SFJDC), Lianhua Qingwen capsules 
(LHQWC), Maxing Shigan decoction (MXSGD), 
Yinqiao powder (YQP), and Jinhua Qinggan granules 
(JHQGG) have been found to possess potent action 
against influenza (Table 1).

	 SFJDC is usually used to treat patients with an acute 
upper respiratory infection and symptoms of fever, sore 
throat, headaches, runny nose, and coughing. SFJDC's 
efficacy against the H1N1 virus has been investigated 
in both normal and immunocompromised mice (8). 
Models of pneumonia were created by giving those 
mice nasal drops containing H1N1 virus strain FM1 or 
PR8. In normal mice with pneumonia, treatment with 
SFJDC for 4 days markedly reduced the viral load and 
increased the level of interferon γ in the lung tissue. In 
immunocompromised mice with pneumonia, treatment 
with SFJDC significantly decreased the mortality 
of mice infected with the FM1 strain and increased 
the survival time for mice infected with the PR8 
strain. In addition, the viral load and lung index both 
dramatically decreased in mice treated with SFJDC. 
These findings suggest that SFJDC may have the 
potential to clinically treat H1N1 virus infection. In a 
subsequent clinical study of 130 patients with an acute 
viral upper respiratory tract infection (43 patients with 
H1N1 infection) at Jiangsu Provincial Hospital of TCM 
(Nanjing, Jiangsu Province), Nanjing Hospital of TCM 
(Nanjing, Jiangsu Province), Hebei Provincial Hospital 
of TCM (Shijiazhuang, Hebei Province), The Second 
Hospital of Nanjing (Nanjing, Jiangsu Province), 
and the People's Hospital of Maizhokunggar County 
(Lhasa, Tibet Autonomous Region), administration of 
SFJDC caused fever to abate within 4 h in 39 patients 
(30.0%) and within 72 h in 118 patients (90.8%) (9). 
This medicine caused fever to abate in an average time 
of 20.5 h. A point of note is that body temperature 
started to drop in 30% of patients 4 h after the medicine 
was administered, suggesting that SFJDC usually has 
rapid and effective antipyretic action (9). Currently, 
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Table 1. Traditional Chinese medicines to treat influenza

Drug

Shufeng Jiedu capsule

Lianhua Qingwen capsule

Maxing Shigan decotion

Yinqiao powder

Jinhua Qinggan granule

Indication

Acute upper respiratory infection (wind-heat cold)

Influenza with symptoms including fever, aversion 
to cold, muscular soreness, nasal congestion, runny 
nose, cough, headache, etc.

Pneumonia, chronic bronchitis, bronchial asthma

Anemopyretic cold with symptoms including fever, 
headache, cough, sore throat, scanty dark urine

Influenza with symptoms including pharyngalgia, 
nasal congestion, runny nose, cough, etc.

Formulation

Rhizoma Et Radix Polygoni Cuspidati; Fructus Forsythiae; 
Radix Isatidis; Radix Bupleuri; Herba Berbenae; Rhizoma 
Phragmitis; Radix Et Rhizoma Glycyrrhizae

Fructus Forsythiae; Flos Lonicerae Japonicae; Herba Ephedrae; 
Semen Armeniacae Amarum; Gypsum Fibrosum; Radix 
Isatidis; Rhizoma Dryopteridis Crassirhizomatis; Herba 
Houttuyniae; Herba Pogostemonis; Radix Et Rhizoma Rhei; 
Radix Et Rhizoma Rhodiolae Crenulatae; Mentholum; Radix 
Et Rhizoma Glycyrrhizae

Herba Ephedrae; Semen Armeniacae Amarum; Gypsum 
Fibrosum; Radix Et Rhizoma Glycyrrhizae

Flos Lonicerae Japonicae; Fructus Forsythiae; Radix 
Platycodonis; Radix Et Rhizoma Glycyrrhizae; Spica 
Schizonepetae; Semen Sojae Praeparatum; Fructus Arctii; 
Rhizoma Phragmitis

Flos Lonicerae Japonicae; Gypsum Fibrosum; Herba 
Ephedrae; Semen Armeniacae Amarum; Radix Scutellariae; 
Fructus Forsythiae; Bulbus Fritillariae Thunbergii; Rhizoma 
Anemarrhenae; Fructus Arctii;  Herba Artemisiae Annuae; 
Mentholum; Radix Et Rhizoma Glycyrrhizae

Information is from corresponding drug labels.
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	 The results cited thus far indicate that TCM could be 
an option in situations where neuraminidase inhibitors 
such as oseltamivir are in insufficient quantity or strains 
of influenza are resistant to those drugs. Of 845 patients 
infected with H1N1 influenza who admitted to hospitals 
in Beijing by September 1, 2009, 326 were cured by 
TCM alone (14). Given the potential efficacy of TCM, 
the Beijing Government allocated 70 million RMB to 
stockpile 2 million doses of TCM to prevent a possible 
influenza pandemic (14). This revision of the policy 
on drug stockpiling means that more types of drugs are 
available and a greater number of people benefit.
	 The outbreak of H7N9 avian influenza in China 
in 2013 caused public alarm about a new influenza 
pandemic. By August 31, 2013, a total of 134 confirmed 
cases had been reported in mainland China; 45 of the 
patients died while 86 recovered (15). Laboratory testing 
showed that the virus is sensitive to the neuraminidase 
inhibitors oseltamivir and zanamivir. In addition, the 
MOH's Guidelines for Diagnosis and Treatment of 
H7N9 Infection recommend SFJDC and LHQWC to 
cope with symptoms like a high fever, coughing, and 
chest tightness induced by H7N9 infection. Although 
no evidence to date has indicated that the virus has 
increased transmissibility or is spreading from person 
to person, cross-over of genes between the avian and 
human influenza viruses may result in a more dangerous 
form of the flu in the future.
	 Clearly, potent antivirals should be developed, but 
the potential of CAM to deal with the challenge of 
influenza pandemics should also be closely investigated. 
Compared to antivirals, these medicines offer various 
advantages such as their low cost, accessibility, and the 
ease with which they can be stockpiled. In instances 
where influenza has developed resistance to drugs or 
those drugs cause serious adverse reactions, CAM could 
help to treat patients. In this sense, CAM is expected to 
make greater contribution in controlling the prevalence 
of influenza in the future.

References

1.	 Mei L, Song P, Tang Q, Shan K, Tobe RG, Selotlegeng L, 
Ali AH, Cheng Y, Xu L. Changes in and shortcomings of 
control strategies, drug stockpiles, and vaccine development 
during outbreaks of avian influenza A H5N1, H1N1, and 
H7N9 among humans. Biosci Trends. 2013; 7:64-76.

2.	 Mei L, Tang Q, Cui YM, Tobe RG, Selotlegeng L, Ali AH, 
Xu LZ. Changes in and shortcomings of drug stockpiling, 
vaccine development and related policies during outbreaks 
of avian influenza A H5N1, H1N1, and H7N9 among 
humans. Drug Discov Ther. 2013; 7:95-100.

3.	 Hayden FG. Antiviral resistance in influenza viruses –
implications for management and pandemic response. N 
Engl J Med. 2006; 354:785-788.

4.	 Watanabe K, Takatsuki H, Sonoda M, Tamura S, 
Murakami N, Kobayashi N. Anti-influenza viral effects of 
novel nuclear export inhibitors from Valerianae Radix and 
Alpinia galanga. Drug Discov Ther. 2011; 5:26-31.

the Guidelines for Diagnosis and Treatment of H1N1 
Infection issued by the Chinese Ministry of Health 
(MOH) recommend SFJDC as a treatment for H1N1 
virus infection.
	 LHQWC is used to treat influenza in individuals 
with symptoms of a fever, muscle soreness, nasal 
congestion, runny nose, coughing, headaches, etc. The 
effects of this medicine in treating H1N1 infection were 
reported at the International Scientific Symposium 
on Influenza A (H1N1) Pandemic Response and 
Preparedness held by the Chinese MOH, the WHO, 
and the journal Lancet on August 21, 2009 (10,11). 
Studies by the Academy of Military Medical Sciences 
and Beijing Ditan Hospital found that LHQWC 
markedly suppresses the H1N1 virus (11). The results 
of those studies indicated that LHQWC is comparable 
to oseltamivir in clearing the H1N1 virus from the 
blood of patients. However, fever abated significantly 
sooner in patients treated with LHQWC compared to 
those treated with oseltamivir. Moreover, treatment 
with LHQWC cost just one-eighth of treatment with 
oseltamivir. These advantages of LHQWC indicate that 
this medicine may have great promise in controlling the 
prevalence of influenza pandemics.
	 MXSGD and YQP are traditionally used to treat 
febrile infectious diseases in China. Studies directed by 
Beijing Chao-Yang Hospital investigated the efficacy 
of these two traditional Chinese medicines in the 
treatment of H1N1 influenza infection (12). The study 
of 410 adult patients with mild symptoms sought to 
examine the fever-reducing action of MXSGD and 
YQP. Results indicated that the control group had a 
fever for 26 h, patients treated with oseltamivir had a 
fever for 20 h, patients treated with TCM had a fever 
for 16 h, and patients treated with oseltamivir plus 
TCM had a fever for 15 h. Thus, MXSGD and YQP 
were able to effectively shorter the duration of fever 
in patients with H1N1 influenza infection. These two 
medicines had efficacy that was comparable or slightly 
superior to that of oseltamivir. In order to develop more 
effective drugs to fight H1N1 virus infection, experts 
in TCM developed JHQGG based on the formulations 
for MXSGD and YQP (13). In one preclinical study, 
JHQGG was found to possess potent action at 
decreasing mortality, increasing surviving time, and 
reducing the severity of pulmonary lesions in mice 
infected with the H1N1 virus (13). In another study, 
JHQGG was able to reduce fever in a rabbit model 
of fever (13). A clinical study showed that JHQGG 
markedly reduced the duration of fever and alleviated 
symptoms in patients with H1N1 influenza infection 
(13). Thus far, JHQGG has been approved and used 
to treat influenza in hospitals. The cost for a course of 
treatment (5-7 days) is approximately 80-110 RMB, 
which is one-fourth of the cost of oseltamivir, thus 
significantly reducing the economic burden for patients 
(13).
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Summary: In the spring of 2013, an emerging infectious 
disease emerged in China, 132 cases of human were 
infected with the H7N9 avian influenza virus, 39 cases 
were resulted in death within 3 month, which sparked a 
global concern about public health. Many reports have 
been published about this disease, including clinical 
characteristics and genomic information. However, 
more emerging infectious disease may infect human 
in the future. Confronted with the escalating scale of 
compounding probabilities, physicians or clinicians 
as the first line that meet patients who suffering from 
emerging infectious disease, we should do better by 
using our intellect and strong will to carry out public 
health measures, biomedical research, and technological 
advances.

Globally, infectious diseases are the second leading 
cause of death (following cardiovascular disease), but 
the leading cause of mortality among young people 
(under the age of 50) overwhelmingly (1). According 
to the World Health Organization, infectious diseases 
accounted for about 26% of the 57 million deaths 
worldwide (2). 
	 Emerging infectious diseases (EIDs) are infectious 
disease whose incidence has increased in the past 35 
years and may increase in the near future which account 
for about 12% of all human pathogens (3). EIDs are 
caused by newly identified species or strains that may 
have evolved from a known infection (e.g. influenza) 
or spread to a new population or areas undergoing 
ecologic transformation, or reemerging. Of growing 
concern are adverse synergistic interactions between 

emerging diseases and other communicable and non-
communicable conditions leading to the development 
of novel epidemics. A criterion was given by the U.S. 
Centers for Disease Control and Prevention (CDC) that 
identifies the following factors contributing to disease 
emergence: microbial adaption, changes in human 
susceptibility, etc.
	 From March 31 to May 31, 2013, 132 cases of 
human were infected with the H7N9 avian influenza 
virus in China, 39 cases were resulted in death, which 
sparked global concerns about public health (4,5), and 
many reports have been published. As a clinician in 
front line to combat with H7N9 infection in Shanghai, 
our research group has also published some papers 
about this emerging infectious disease, especially 
about its clinical characteristic (6). Now I would 
like to illustrate some of the lessons we have learned 
as we combat the emerging infectious disease ‒ the 
avian influenza H7N9 ‒ with the purpose of providing 
references for other clinicians and researchers to face 
crisis that will continue to haunt mankind in the future.
	 On February 26, 2013, I was invited to go to the 
Fifth People's Hospital, Min-hang District, Shanghai, 
affiliated to Fudan University and took part in a clinical 
consultation. Three members of a family, the father and 
his two sons were suffering from severe pneumonia 
and had been hospitalized, one of which was on the 
verge of death. The onset of unknown disease in this 
family was located between February 11 and February 
20, 2013. High fever and severe pneumonia developed 
1 week after the onset of illness, of which interstitial 
lung disease was considered initially. Multiple organ 
failure appeared 7-9 days later, with low white blood 
cells and dramatically decreased in platelets. He had 
no known history of exposure to live birds during the 2 
weeks before the onset of symptoms. Sputum and sera 
from patients were sent to district CDC, Shanghai for 
identification of common subtypes of influenza virus, 
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chlamydia, mycoplasma and bacteria which had been 
confirmed negative later on. Based upon these typical 
manifestations, infectious viral pneumonia was taken 
into my consideration. So I decided to use anti-viral 
drug, Oseltamivir, immediately, the dosage would be as 
twice as normal. Meanwhile, as I asked, all specimens 
had been sent to our lab, Shanghai Public Health 
Clinical Center affiliated to Fudan University in which 
P3 laboratory was available. After real-time RT-PCR 
test, viral isolation, and full genome sequencing, two 
of the three patients were infected with a novel avian-
origin influenza A (H7N9) virus (7), and the results 
have been confirmed by China CDC.
	 As we all know, multiple factors, including 
economic development, climate changes and land use, 
human demographics and behavior, and international 
travel and commercial activities, contribute to the 
emergence and reemergence of infectious diseases 
(8,9). As basic or laboratory scientists know, genomics 
has played a critical role in basic research in infectious 
diseases. Nowadays, an unknown pathogen can 
often be identified and sequenced within days. The 
ability to sequence microbes has taken its place at the 
forefront of how we handle with emerging infections. 
Fundamental research underlies almost everything we 
do in studying and responding to infectious diseases. 
From understanding pathogenesis, virulence factors, 
patterns of transmission, and host susceptibility, to 
developing new technologies and countermeasures such 
as vaccines, therapeutic measures, and diagnostics.
	 However, physicians or clinicians are the first line 
that can meet patients who suffering from unidentified 
disease. We will never forget the epidemic of severe 
acute respiratory syndrome (SARS), for which it 
costed a very heavy and painful price 10 years ago 
(10), including reported clinician's victims (11,12). 
Over the past few years, more influenza strains have 
emerged with the capability of infecting humans (13,14) 
and more emerging infectious disease will infected 
in the future. The H5N1 strain likely evolved from a 
few flocks of chickens in Hong Kong to the situation 
today where it has infected numerous flocks, as well 
as wild birds throughout Southeast Asia (15). Now we 
are confronted with what I call an escalating scale of 
compounding probabilities. If a few birds are infected, 
there is a problem, but not a big one. When more birds 
get infected, the problem will get bigger. When the 
virus is transmitted to humans, the problem is getting 
even worse. If it jumps to significant numbers of 
humans, the threat becomes a lethal one.
	 In our battle with emerging infectious diseases, 
we have a number of weapons in our armamentarium. 
Most important, we have an intellect and a strong 
will. We use these to carry out public health measures, 

biomedical research, and technological advances. I was 
proud to do it instead of being asked to do this, because 
a clinician can do better.
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