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Substrates of the human oligopeptide transporter hPEPT?2

. % . *
Dongxin Zhao"*, Kui Lu"*

' School of Chemistry and Chemical Engineering, Henan University of Technology, Zhengzhou, China;
* Department of Materials and Chemical Engineering, Henan Institute of Engineering, Zhengzhou, China.

Summary

Oligopeptide transporters serve important functions in nutrition and pharmacology. In
particular, these transporters help maintain the homeostasis of peptides. The peptide-
transporter PEPT2 is a high-affinity and low-capacity type oligopeptide transporter from
the proton-coupled oligopeptide transporter family. PEPT2 has recently received attention
because of its potential application in targeted drug delivery. PEPT2 is widely distributed
in kidney, central nervous system, and lung of organisms. In general, all dipeptides,
tripeptides, and peptide-like drugs such as p-lactam antibiotics and angiotensin-converting
enzyme inhibitors could be mediated and transported as a substrate of PEPT2. The design
of many extant drugs and prodrugs is based on the substrate structure of PEPT2 to
accelerate absorption via peptide transporters. Thus, this paper summarizes the substrate
features of PEPT2 to promote the rational design of drugs and prodrugs that target peptide

transporters.

Keywords: PEPT2, peptide, drug, substrate structure, regulation

1. Introduction

Proton-coupled oligopeptide transporters (POTs)
are membrane proteins that can translocate various
dipeptides, tripeptides, and peptide-like drugs across
the biological membrane (/,2). The POT family, also
called the solute carrier 15 family (SLC15), comprises
four peptide transporters in mammals: PEPT1
(SLC15AT1), PEPT2 (SLC15A2), PHT1 (SLC15A4),
and PHT2 (SLC15A3). The peptide-transporter
PEPT2 is widely expressed in various tissues, with
predominant expression in the kidney, brain, lung, eye,
prostate, astrocytes, spleen, uterus, and mammary gland
(3-6). Given its 15 times higher affinity than PEPT1
to the same substrates, PEPT2 was characterized
as a high-affinity, low-capacity transporter (7,8).
PEPT2 can sequence-independently transport more

*Address correspondence to:

Dr. Dongxin Zhao, School of Chemistry and Chemical
Engineering, Henan University of Technology, Locus Street,
Hi-Tech Industrial Development Zone, Zhengzhou 450001,
Henan, China.

E-mail: zhaodx798@163.com

Dr. Kui Lu, School of Material and Chemical Engineering,
Henan Institute of Engineering, Zhengzhou 450007, Henan,
China.

E-mail: luckyluke@126.com

than 400 dipeptides and 8,000 tripeptides, which are
comprised of 20 essential L-a-amino acids and most
D-enantiomers. Aside from peptides, drugs such as
numerous aminocephalosporins, selected angiotensin-
converting enzyme inhibitors, peptidase inhibitors,
and various novel prodrugs can also be recognized
by PEPT2 (9-11). Therefore, PEPT2 influences the
uptake, efflux, and pharmacological effects of chemical
substances, such as peptides and drugs (/2).

The primary structure of PEPT2 has been deduced
by molecular cloning studies in human and animals.
As shown in Figure 1, human PEPT2 (hPEPT2)
contains 12 transmembrane domains (TMDs) and an
extracellular loop between TMDs 9 and 10, with the N-
and C-termini facing the cytosol (/3,74). The conserved
Arg57, His121, Tyr56, Tyr64, and Tyr167 were essential
for transport activity and substrate binding (/4). And
the putative substrate-binding domain in PEPT2
lays in the region TMDs 7, 8, and 9. The phenotypic
characteristics of PEPT2 are determined by TMDs 1
to 9. The region between the centers of the TMDs 2
and 3 significantly contributes to the characteristic
pH-dependency of transport. In addition, the large
extracellular loop between TMDs 9 and 10 might not
be responsible for substrate binding (7,/0,15). And the
amino acids were critical for functional divergence
located in the hydrophobic region between predicted

www.biosciencetrends.com
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Figure 1. Functionally relevant domains of PEPT2 revealed by chimeric and mutant proteins.

TMDs 9 and 10 (/6).

Functional studies on PEPT?2 principally focused on
the kidney and choroid plexus. In the kidney, PEPT2
is mainly found in the S3 segment of the tubule, but
the renal PEPT2 is almost entirely responsible for
the reabsorption of peptides and peptidomimetics
(10,11,16). In the choroid plexus, PEPT2 is the only
transporter responsible for the exposure of peptide
and peptidomimetics in the cerebrospinal fluid (7).
A few studies also detected PEPT2 in other organs.
For example, PEPT2 might have an important role
in the metabolism of the central nervous system
(18), the delivery of peptides and peptidomimetics in
human lung, and the reuptake of small peptides that
accumulate from the hydrolysis of milk proteins in the
mammary gland (/9). Otherwise, PEPT2 alterations
in various tissues could lead to the functional
loss of transport activity. However, experiments
demonstrated that PEPT2-null animals were healthy
and fertile. In addition, neither clinical chemistry data
obtained from plasma and urine samples nor general
physiological measures indicated any significant
metabolic perturbation (4,20,21). Therefore, the exact
physiological role of PEPT2 warrants further studies.

Previous research determined the transport
capability of PEPT2 through a systematic investigation
of its structural influence on the uptake or transport
of dipeptides and tripeptides, B-lactam antibiotics,
and peptidase inhibitors in different organs (4,22).
However, the function of PEPT2 remains unclear, and
the structural features of its substrates are complex and
incertain. In addition, a standard molecular structure

model of the substrates has yet to be established.
Accordingly, this review summarizes reports about the
substrate structure of PEPT2 to understand the basic
characteristics of PEPT2.

2. Substrate structure

As a high-affinity, low-capacity transporter, PEPT2
can transport almost all dipeptides, tripeptides and
peptide-like drugs which differ in physicochemical
characteristics, molecular mass, charge, and polarity.
However, PEPT2 also displays specificity through its
various substrate affinities depending on the particular
substrate structure. This phenomenon is important
when designing pharmacologically active compounds
for delivery via PEPT2 because the substrate-binding
sites provide freedom to accommodate molecules with
unusual structures and pharmacological activities (23).

The molecular basis of the natural peptide and drug
substrates of PEPT2 must be explored to understand
the basic structural features of substrates (24). Rational
and nonrational approaches have been applied to
explain individual substrate specificities of PEPT2 and
design compounds optimized for absorption by PEPT2.
The essential structural elements of substrates will be
discussed in detail below.

2.1. a-Amino group

A free o-amino may be essential for the substrate to
be recognized by PEPT2. Many substrates have a free

www.biosciencetrends.com
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a-amino group that shows high affinity to PEPT2.
The a-amino group interacts with histidine residues of
PEPT2 that may be involved in substrate recognition
by peptide transporters (25). By contrast, reports also
suggested that free o-amino may be unessential for
recognition. For example, a study on the transport of
quinapril, captopril, and enalapril showed that a free
a-amino group is not an absolute requirement for
substrate recognition by PEPT2 in the kidney (26,27).
However, the substitution of this amino group by
hydroxy or mercapto groups leads to loss of affinity.
Thus, the presence of a free a-amino group is important
but not mandatory for recognition by PEPT2.

2.2. Peptide bond

Peptide bond is an unessential group for recognition
by PEPT2. The peptide bond of aminolevulinic acid
(ALA) was replaced by a ketomethylene, which can
serve as a substrate of PEPT2 (27). With a positively
and a negatively charged head group separated by
at least four methylene groups, omega-amino fatty
acids can be transported by PEPT2 (27). Various
compounds without peptide bond(s) also can be
accepted as PEPT?2 substrates. Such compounds include
4-aminophenylacetic acid, 6-amino levulinic acid,
o-amino fatty acid, aminoacid aryl amide, zidovudine,
L-valyl ester of acyclovir, and valacyclovir (28-31),
which strongly challenge the obligatory need for a
peptide bond. However, only dipeptides and tripeptides
with the trans-configuration of peptide bonds can be
transported.

2.3. N-terminal, C-terminal and carbonyl

Groups at the ends of substrates may play important
roles in recognition. The hydrophobicity of the
N-terminal region of aminopenicillins increases affinity
to PEPT2 (27). Anserine with an N-terminal f-amino
acid displays a high affinity to PEPT2 (32). In addition,
the hydroxyl group at the N-terminal phenyl ring of a
few antibiotics may be involved in the interaction with
PEPT2 (25). The terminal carboxylic group in substrates
is not required for transport and can be replaced by
an electrogenic group to form amino acid aryl amides
(10). The presence of acidic amino acids in the amino
terminus may result in greater reduction in affinity than
the presence of the same amino acids in the C-terminus.
However, the reverse effect has been observed for basic
residues (33). Cephalosporins and penicillins with an
N-terminal amino group and a hydroxyl group at the
N-terminal phenyl ring promote high affinity. However,
insufficient information is available regarding the
influence of the C-terminal part (34).

The substrate affinity of the amino fatty acid
substantially increases when an additional carbonyl
group is incorporated into the backbone, as realized

in delta-ALA (27). A comparison of the chemical
structures of various substrates shows that the a- or
B-amino carbonyl function is the common structure that
exhibits a high affinity to PEPT2 (35). The affinity and
transport currents of compounds can increase by more
than 30-fold after introducing a single carbonyl group
into the backbone (22).

These results demonstrate that a free amino-
terminus, a correctly positioned backbone carbonyl
group, and a carboxylic group positioned in a suitable
distance from the intramolecular carbonyl function and
the amino terminal head group are the major features
for substrate recognition and transport by PEPT2. The
higher the hydrophobicity of the N-terminal amino
acid, the higher is the affinity to PEPT2.

2.4. Side chain

Side chains can considerably affect the recognition
and affinity of substrates. In normal dipeptides and
tripeptides, the substrate binding site in PEPT2 can
accept various side chains of amino acids. However,
side chains are accommodated in asymmetric binding
pockets. The presence of a large aromatic hydrophobic
group in the side chain of the N-terminal amino acid of
dipeptides could evidently enhance the binding affinity
of several derivatives to PEPT2 (36). The terminal
carboxy group requires a distinct sterical location, and
binding pockets that accommodate side chains show
strong hydrophobicity-dependent stereoselectivity
but are asymmetric (22). Dipeptides that contain
hydrophobic side chains, particularly those of C-terminal
residues, possess high affinities. These data suggest that
the presence of hydrophobic side chains is an important
factor that determines substrate affinity (10, 33).

2.5. Stereoselectivity

The probability of transport is decided by the 3D
structure of the substrate. Statistics indicate that
substrates are always transported in a stereoselective
manner with a preference for L-o amino acids.
However, the presence of D-amino acids results in
the lack of uptake and transport of substrate. Peptides
that solely contain D-amino acids do not bind with
the substrate-binding domain as free amino acids,
and peptides with four or more amino acids do not
serve as substrates of PEPT2 (5). Dipeptides that
contain proline are poor substrates because of the
conformational difference to normal L-a-amino acids
(37). As a typical L-amino acid alkyl ester, L-valine
methyl ester could be recognized and transported by
rat PEPT2 (rPEPT2) and shows high affinity (29,38).
PEPT2 favors dipeptides with an amino acid in LL-
configuration over those in DL-configuration. The
stereoselectivity of the carrier protein is pronounced
for dipeptides in LD-configuration. And DD-dipeptides
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are unrecognized by PEPT2 (39). Similar to dipeptides,
tripeptides with a D-configured N-terminal amino acid
show lower affinities to PEPT?2 than tripeptides in LLL-
configuration. Tripeptides with LDL-configuration are
low-affinity substrates of PEPT2, and DDD-configured
tripeptides are unrecognized (37,40). These data
show that L-a amino acids play important roles in the
structure of substrates recognized by PEPT2.

2.6. Basic structural characteristics of the substrates

PEPT2 can transport many dipeptides, tripeptides, and
drugs, but minimal differences in affinity exist among
these compounds. Dipeptides with glycine and proline
in the N-terminal position show lower affinities than
other dipeptides. Tripeptides that contain hydrophobic
amino acid residues show the highest affinity to PEPT2.
The presence of charged or uncharged amino acids
among other tripeptides also influences affinity to the
H'/peptide symporter PEPT2 (37).

Biegel et al. developed a comprehensive 3D
quantitative structure activity relationship model
based on 83 compounds (32 dipeptides and dipeptide
derivatives, 27 tripeptides, and 24 B-lactam antibiotics)
(41). The analyses reveal that a free N-terminal amino
group, a high electron density around the carboxylic
group in dipeptides or around the carbonyl group of the
second amino acid in tripeptides, high electron densities
at the first and third side chains, and the presence of
hydrophobic side chains can significantly increase
affinity to PEPT2.

PepT2 displays broad substrate selectivity and
interacts with numerous drugs, including those without
similar chemical structures such as peptides (42).
Some drugs or prodrugs such as p-lactam antibiotic
cephalexin, penicillins (43), 5-ALA (44), and
valacyclovir (29) not only interact with PEPT2 but can
also be transported.

A precise pharmacophore model is currently
unavailable because of the lack of information
regarding the 3D structure of the transporter proteins.
However, preferred configurations and conformational
features of PEPT2 substrates (Figure 2) should include
the following:

1) A peptide backbone of two to three amino acid
residues (45);

2) Dipeptides must be in zwitterionic forms, and
the intramolecular distance between oppositely charged
NH, and COOH head groups is > 500 and < 630
picometers (46-48);

3) A correctly positioned backbone carbonyl
group (28,41,48);

4) A free amino group in a or B position;

5) Stereoselectivity with L-amino acids and trans-
conformers being preferred (37,39,40);

6) Chiral centers at a-carbons and backbone torsion
angles v, ¢, and ® (23,48);

500 - 630 pm

Figure 2. Molecular structures of selected pharmacologically
compounds that may serve as substrates of PEPT2. 1.
unessential, preferentially a free -NH,'; 2. unessential,
hydrophobic side chains can increase affinity but
stereoselectivity; 3. planar length-defined backbone from
the N-terminal carbon to R2, with an incorporated backbone
carbonyl function for hydrogen bonding; 4. unessential, can
be modified; 5. unessential, only dipeptides and tripeptides
with the trans-configuration can be transported; 6. unessential,
can be modified; 7. unessential, hydrophobic side chains can
increase affinity and stereoselectivity; 8. unessential, more
can increase affinity; 9. non-required, can be modified; 10.
unessential, preferentially hydrophobic residues to increase
affinity and stereoselectivity; 11. unessential, can be replaced
by stereoselective group.

7) Tripeptides with an uncharged amino acid residue
in position 3.

8)Affinity of substrates could be improved by the
presence of hydrophobic side chains or a C-terminal
acid group.

In general, these data suggest that current models
must be refined by trial and error until the 3D structure
of transporter proteins is established. Furthermore,
predictions of structure-affinity relationships and the
substrate structure of transporter proteins on the basis of
these models might promote the rational design of drugs
and prodrugs targeting peptide transporters, and play
major roles in treating various systemic diseases (§).

3. Regulation

Several reports focused on the function and substrate
affinities of PEPT2. Meanwhile, minimal but important
data are currently available on the regulation of PEPT2.
For example, Mitsuoka et al. hypothesized that the
growth of cancer cells could be suppressed by the
inhibition of oligopeptide transporters under nutrient
deficiency in vitro (49). Sendergaard and Bravo
et al. reported that epidermal growth factor (EGF)
has a strong inhibitory effect on rPEPT2 transport
capacity (50,57). Otherwise, the mRNA and protein
levels of PEPT2, amino acid homeostasis and drug
pharmacokinetics could also be regulated by changes in
thyroid function (52,53).

Takahashi et al. reported that 5/6 nephrectomized
rats display unregulated mRNA and protein levels of
PEPT2 at 2 weeks after surgery and downregulated
mRNA level at 16 weeks after surgery. The up-
regulation of PEPT2 expression promotes the
reabsorption of small peptides and peptide-like drugs
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across the brush-border membranes during chronic
renal failure (54). Similarly, Tramonti et al. reported
that a reduction in renal mass increases the expression
of peptide transporters (influx) and P-glycoprotein
(efflux) located at the brush border of renal tubular
epithelial cells (55).

Sugiura et al. reported that the PDZ domain protein
PDZKI1 can affect the subcelluar localization and
activity of PEPT2, thereby altering the membrane
transport of various substrate compounds (56). Noshiro
et al. also demonstrated that the capability of PDZK1
to couple PEPT2 to the Na'/H" exchanger NHE3 may
provide the necessary lumen-to-cell proton gradient
(57,58). Boehmer et al. demonstrated that the serum
and glucocorticoid-inducible kinase SGK1 and the
Na'/H" exchange regulating factor NHERF2 activated
PEPT2 by stabilizing the transporter at the cell surface
(59). Wenzel et al. reported that a reduction in cytosolic
Ca”" levels decreases the mRNA and protein levels of
PEPT?2, and kinase C changed the kinetic property of
pig PEPT2 in a renal cell line (60).

And a few compounds also can inhibit the transport
activity of PEPT2. These compounds include oral
hypoglycemic agent nateglinide (6/), the ACE
inhibitor quinapril (28), cephalosporin (62), L-4,4'-
biphenylalanine-L-proline (36), and amastatin (63).
The shortage of information about regulation limits the
development of drugs and prodrugs that target PEPT2.
Therefore, the relevant factors that influence regulation
warrant further research.

4. Summary and Perspective

Although the number of peptide transporters is
fewer than that of amino acid transporters, numerous
investigations have shown that PEPT2 plays an
essential role in the absorption and reclamation of small
peptides produced from the digestion of dietary proteins
(64). The extensive substrate specificities of PEPT2
allow it to be exploited therapeutically for the delivery
of peptides and peptidomimetic drugs in microbes
and human (23). The design of many extant peptides
and prodrugs is based on the substrates structure of
the oligopeptide transporter to accelerate absorption
via specific carrier proteins (65). Clinically relevant
interactions between drugs and peptide transporter-
mediated drugs are beginning to become an important
aspect in therapy and toxicology (66).

Though PEPT2 appears to be a good target for
the delivery of drugs because of the high affinity for
peptides and drugs in tissues such as the kidney and
lung, the structure of PEPT2 and related structure-
function relationships are still unclear. Previous
research demonstrated that PEPT2-null animals can still
survive, therefore, the exact role of PEPT2 warrants
further investigations.

In conclusion, PEPT2 not only plays important

physiological and nutritional roles but also demonstrates
pharmacokinetic and pharmacological significance.
Further molecular clarification of the drug recognition
mechanisms of PEPT2 will provide useful information
for drug design and delivery systems to improve the
efficiency of drug therapy.
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Summary

In this study, we analyzed 7 virulence genes in 55 Legionella species (including 29 L.
pneumophila and 26 non-L. pneumophila strains) which isolated from environmental water
sources of the public facilities in Macau by using PCR and real-time PCR. In addition, 29
Legionella pneumophila isolates were subjected to genotyping by sequence-based typing
scheme and compared with the data reported. The detection rate of flaA, pilE, asd, mip,
mompS, proA and neuA genes in the L. pneumophila were 100.0%, respectively. The neuAd
gene was not detected in the non-L. pneumophila strains, but flaA, pilE, asd, mip, mompsS,
and proA genes could be amplified with a positive rate of 15.4%, 15.4%, 53.8%, 38.5%,
15.4%, and 38.5%, respectively. The results from real-time PCR were generally consistent
with that of PCR. Those L. pneumophila strains were assigned into 10 sequence types (STs)
and ST1 (9/29) was the dominant STs. Four new STs were found to be unique in Macau.
The analysis of population structure of L. pneumophila strains which isolated from Macau,
Guangzhou and Shenzhen indicated that the similar clones were existed and ST1 was the
most prevalent STs. However, the distribution of the subtypes isolated from Macau was not
the same extensive as those from Guangzhou and Shenzhen. The different detection rates
of the 7 virulence genes in different species of Legionella might reflect their own potential
for environmental adaptability and pathogenesis. And the data analyzed from STs diversity
indicated the Macau L. pneumophila possessed obvious regional specificity and high genetic
diversity.

Keywords: Sequence-based typing, population structure, phylogenetic relationship

1. Introduction

Legionella species, commonly found in the environment,
are the major causative agents of Legionnaire's disease
and Pontiac fever. They have been found to not only
induce lung infection, but also to cause dysfunction
of other organs, such as the heart, kidney and central
nervous system (/). To date, more than 50 species of
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Disease, State Key Laboratory of Respiratory Disease, No.
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E-mail: moziyao@gird.cn

Legionella have been described (2). Among of them,
20 species are recognized as human pathogens. L.
pneumophila was identified as primary culprit for
Legionnaire's disease. In recent years, several studies
related to the presence of Legionella have been
reported in southern Chinese cities, such as Guangzhou,
Shenzhen, Jiangmen and Hong Kong (3,4). However,
no data of Legionella from Macau were published. In
May of 2010, a case of Legionella infection emerged,
which was vigorously suspected to be caused by local
Legionella species since the patient did not previously
travel abroad. We investigated and detected the existence
of Legionella in natural and artificial water environments
in Macau in the summer (from May to July) of the same
year. A total of 55 isolates of Legionella were isolated
from air conditioning cooling towers, fountains and
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surface waters in public facilities of Macau (35).

In the present study, seven virulence genes (fla4,
pilE, asd, mip, mompS, proA and neud) responsible
for the expression of adherence, invasion, colonization
and cytotoxin production (6,7), were detected in all 55
strains isolated from Macau. For comparison, the PCR
and the real-time PCR were applied to detect the genes
simultaneously. In addition, sequence-based typing
(SBT), a powerful epidemiological method recognized
by the European Working Group for Legionella
Infections (EWGLI) as a "gold standard" tool, was used
for the L. pneumophila strains. The population structure
and phylogenetic relationship of L. pneumophila strains
isolated from Macau were analyzed and compared
to those from near cities such as Guangzhou and
Shenzhen. This investigation will help us to learn
more about the characteristics of the Macau Legionella
isolates, provide the possibility to trace and control for
a large area of epidemic and appropriate precaution
strategy against Legionella infection.

2. Materials and Methods
2.1. Legionella strains

A total of 55 Legionella strains were collected from
43 water samples including air conditioning cooling
towers (27 samples), fountains (13 samples) and surface
waters (3 samples) in public sites of Macau. Legionella
species were identified by serological agglutination
with Legionella Latex Agglutination Kit (PRO-LAB,
Weston, USA) based on manufacturer instructions and
fatty acid analysis was performed with the Sherlock
microbial identification system (software version 6.0,
MIDI, USA; Microbial ID, Inc., Newark, Del).

2.2. Preparation of DNA

The strains were cultured with buffered charcoal yeast
extract (BCYE) ager plates at 37°C in 5% CO,. A
single colony of Legionella was picked from the plate
and resuspended into 100 pL sterilized ultrapure water.
DNA was then extracted by one thaw-freeze cycle
(99°C for 10 min and 4°C for 5 min). After briefly
centrifuged, the supernatant was measured with a
spectrophotometry at 260 nm in triplicates using A260/
A280 ratio (NanoDropTM 1000, Thermo Scientific)
then used as the DNA template for PCR and real-time
PCR.

2.3. Detection of pathogenic genes by PCR and real-
time PCR

The PCR primers were based on EWGLI recommended
(8,9). PCR conditions were the same as described
by Gaia ef al. (8) with minor modification. PCR was
performed in a mixture (50 pL) consisting of 25 pL of

2x SuperStar PCR mix (GenStar Biosolution, Beijing,
China), 5 pmol each primers, 100 ng of the template.
Sterile distilled water was added to make 50 pL. The
products were detected by electrophoresis and purified
using the DNA Gel Extraction Kit (Axygen USA).

To establish a more sensitive, higher speciality and
easier operation detecting method, a real-time PCR
was applied at the present study. The primers used
in real-time PCR were designed based on sequences
from GenBank accession numbers X83232 (flaA),
AF048690 (pilE), AF034213 (asd), AJ496269 (mip),
AF078136 (mompS), M32884 (proA) and AJ007311
(neuAd). The primers sequences were list in Table S1.
For amplifications, 50 ng template was mixed with 12.5
pL 2x SYBR Premix EX Taq™ II (Perfect Real Time,
Takara, Japan), and 5 pmol each of the forward and the
reverse primers in a final volume of 25 puL. The reaction
conditions were 5 s at 95°C and 30 s at 60°C for 40
cycles. Sterilized water was used as a template for the
blank control for both PCR reactions.

2.4. Sequence-based typing

The purified PCR products were sequenced by Beijing
Genomics Institute (Beijing, China). SBT using loci
flaA, pilE, asd, mip, mompS, proA and neud was
performed according to the EWGLI scheme (8,9).
Genotype analysis was based on the standard SBT
method given by the EWGLI with these 7 genes. The
nucleotide sequences obtained were confirmed by the
SBT database available on the EWGLI website (http://
www.ewgli.org/), and the sequences were compared
with those in the SBT database from the website (http://
www.hpabioinformatics.org.uk/legionella/legionella
sbt/php/sbt_homepage.php).

2.5. Population structure and phylogenetic analysis

The minimum spanning trees (MST) were conducted by
the BioNumerics software (version 7.1; Applied Maths,
Kortrijk, Belgium). In MST, the ST that possesses the
most number of single-locus variants is defined as the
founder ST. The clusters of relative STs that originate
from a common ancestor are considered as the clone
groups or complexes. The single genotype that does
not correspond to any other clone groups is classified
as singleton. The sequence types are represented by
the circles. The size of circle indicates the number of
the particular strains. The relationship of the different
circles is present with the connecting lines.

The concatenated sequence in phylogenetic analysis
was prepared with the seven loci of the initial SBT
scheme according to their locations on the chromosome
by BioEdit (http://www.mbio.ncsu.edu/BioEdit/
bioedit.html). Based on the concatenated sequence, the
evolutionary relationship between STs was conducted
using the neighbour-joining method with Tamura
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Table 1. Detection rate of seven genes in Legionella strains isolated from Macao

No. of positive strains

flaA pIlE asd mip mompS proA neuAd

Species No. of

strains — pr - Re P R P R P R P R P R P R
L. pneumophila 29 29 27 29 29 29 29 29 28 29 29 29 29 29 29
L. adelaidensis 1 0 0 0 0 0 0 0 0 0 0 0 0 0
L. rubrilucens 3 1 0 0 0 0 0 0 1 1 0 0 0 0
[fluoribacter-gormanii 3 0 0 2 1 3 0 0 0 0 0 0 0 0 0
L. shakespearei 5 0 0 0 2 5 4 5 3 1 3 5 4 0 3
L. feeleii 6 0 0 0 0 0 0 0 0 1 4 0 0 0 2
L. wadsworthii 3 2 2 0 0 3 1 0 0 0 0 1 3 0 0
L.quateirensis 5 1 0 2 2 3 0 5 3 1 4 5 3 0 0

Detection rate of seven genes with three different methods (%)

L. pneumophila 29 100 93.1 100 100 100 100 100 96.5 100 100 100 100 100 100
No-L. pneumophila 26 154 7.69 154 192 53.8 19.2 38.5 23.1 15.4 46.2 42.3 385 0 192
‘PCR; "Real-time PCR.
Table 2. Sequences-Based Typing of L. pneumophila strains from Macao
SBT type SlaA pilE asd mip mompS proA neud Serotype (no.)  No. of isolate
1 1 4 3 1 1 1 1 Lpl(5)LP14(4) 9
160 11 14 16 16 15 13 9 Lpl(1)Lpl4(1) 2
566 16 4 3 1 1 1 1 Lpl(2)Lpl4(1) 3
752 22 4 3 1 1 1 1 Lpl 1
1119 2 10 14 10 21 4 3 Lpl 2
1417 8 6 34 9 2 8 209 Lpl4 4
o1° 11 14 16 25 15 13 206 Lpl4 1
02° 11 4 16 16 15 13 9 Lpl 1
03° 1 4 3 5 11 1 15 Lpl4 4
04° 11 4 16 12 15 13 9 Lpl(1)Lpl4(1) 2

*New ST type assigned by SBT database of EWGIL.

3-parameter model by MEGA v5.05.
3. Results
3.1. Legionella isolates

A total of 55 isolates of Legionella were isolated from
air conditioning cooling towers (96.8%), fountains
(1.8%) and surface waters (1.8%). Among them, L.
pneumophila accounted for 29 isolates, approximately
52.7% of all isolates, whereas Legionalla species other
than L. pneumophila accounted for 47.3% of the total.
Among the 29 L. pneumophila species, the serotype
1 strains accounted for 44.8%, whereas serotype 14
accounted for 55.2%. L. feeleii was the dominant
species (23.1%) among 26 non-L. pneumophila species,
followed by L. shakespearei and L. quateirensis, which
severally accounted for 19.2%. The above indicated that
Legionella species were widely distributed in the public
environment of Macau and L. pneumophila occupied
the major proportion.

3.2. Different prevalence of pathogenic genes in
Legionella species

In 29 L. pneumophila strains, flaA, pilE, asd, mip,

mompS, proA and neuA genes were 100% detected
(Table 1). In 26 non-L. pneumophila, other genes
included flaA, pilE, asd, mip, mompS, and proA which
tested as 15.4%, 15.4%, 53.8%, 38.5%, 15.4% and
38.5%. However, the neud gene failed to amplify. The
positive results of the three genes asd, mip and proA4 in
non-L. pneumophila focused on the L. quateirensis and
L. shakespearei strains.

For L. pneumophila strains, the results of real-time
PCR were almost same as that of PCR, but the positive
rate of flad and mip genes were 93.1% and 96.5%
(Table 1). The positive results for seven genes of non-L.
pneumophila from real-time PCR exhibited some
differences with that from PCR. Genes of flad, asd,
mip and proA showed a little lower sensitive while pilFE,
mompS and neuAd genes were with more sensitive. In
summary, the detection rates of seven genes were high
in L. pneumophila strains and relatively low in non-L.
pneumophila strains.

3.3. Sequence-based typing

The 29 environmental L. pneumophila strains could be
divided into 10 STs (Table 2), including 3 singletons,
in which one was ST752 and the other two were new
STs (STO1 and 02). According to the EWGLI SBT
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database submitted in March 2014, there were four
new STs unique to Macao. The ST with the largest
number of isolates was ST1 (9/29, 31.0%), followed
by ST1417 and STO03 (4/29, 13.8%), ST566 (3/29,
10.3%), then ST160, ST1119 and ST04 (2/29, 6.9%).
There were 36 alleles were identified across the 7 loci.
At the individual loci level, mip gene provided the most
alleles. Seven alleles were obtained from mip gene,
whereas six alleles were obtained using flad and neuA
genes, five from the mompS gene, and four from pilE,
asd and proA genes. The results revealed that ST1 was
the main ST-type and mip gene showed greatest genetic
diversity in Macau.
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T
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ST1119 5T04

Figure 1. MST analysis of 29 L. pneumophila strains isolated
in Macau. STs are represented by circles. The size of each
circle indicates the number of isolates within this particular
type; the STs are shown beside the circles and the number of
isolates in each ST is shown in the circles. The branch distance
is shown on the connecting line. This links STs or sets of STs
with a branch distance less than or equal to 3 within a single ST
complex.
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3.4. Population structure and Phylogenetic analysis

All 10 STs identified from Macau were analysed for
their population structure with the minimum spanning
trees (Figure 1). Among them, 8 STs formed two
clone complexes, and the other 2 different STs were
determined to be singletons with four or more gene
variants. The ST1 complex was a bigger clone group,
including four STs groups containing 17 isolates. ST1
was suggested to be a primary founder, since there were
9 ST1 (9/17, 52.9%), the highest number of isolates in
the complex. The other three STs in the ST1 complex
were either single-locus variant or double-locus variants
to ST1. In the other clone group ST160 complex, there
were 4 STs with 6 isolates. Three (STO1, 02 and 04)
of four new STs unique to Macao were found in this
complex, while ST03 belonged to the ST1 complex.

The 29 strains in the study with the addition of 116
isolates from Guangzhou (/0), and 52 isolated from
Shenzhen (/7) were put together and analysed again
with minimum spanning tree by the BioNumerics
software (Figure 2). They were identified as 47 STs,
of which, 43 STs were grouped into eight clonal
complexes. The other 4 STs (ST59, 114, 238, 1054)
were singletons. Only ST1, ST 160 and ST752 were
found in the three areas. The isolates from Macau
were distributed mainly in two large clone complexes,
I and II. Only one Macau STs could be found in the
complexes III and VIII.

Clone complex I, the largest clone group in these
three cities, contained the ST1 complex from Macau.
There were four main STs, ST150, ST154, ST159
and ST160 in clone complex II, in which most of STs
were single-locus or double-locus variants to ST154
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Figure 2. MST analysis of 197 L. pneumophila strains isolated from Macau, Guangzhou and Shenzhen. STs are represented
by circles. The size of each circle indicates the number of isolates within this particular type; the STs are shown beside the circles.
The heavy solid black lines connect two types within a single variant locus, the light solid black lines connect double-locus variants,
the light solid gray lines connect triple-locus variants, the gray dashed lines connect quadruple-locus variants, and the dotted lines
connect variants over quadruple-locus. The branch distance is shown on the connecting line. The colors of the halo surrounding the

STs denote types that belong to the same clonal group.
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Figure 3. Phylogenetic analysis of the L. pneumophila STs
isolated from Macau, Guangzhou and Shenzhen. The tree
was constructed with MEGA v5.05. STs of strains isolated
from Macao are labeled by black triangles. The scale bar
indicates genetic distances between sequences. The percentages
of replicate trees in which the associated STs clustered together
in the bootstrap test are shown next to the branches. The
evolutionary distances are in the units of the number of base
substitutions per site.

or ST160. Clone complex III was another large group,
which composed of the most STs with double-locus or
triple-locus variants each other. The STs in the other
four small clone complexes, IV to VII were from
Shenzhen and Guangzhou, but not Macau.

STs phylogenetic analysis was conducted using a
neighbor-joining method with the Tamura 3-parameter
model based on concatenated sequences of SBT
alleles. Because STO1 and ST1417 were obtained
the neud allele with new primers, the results of their
phylogenetic analysis were unfaithful. The other

STs were divided into six groups (C1-C6) by the
neighbor-joining analysis (Figure 3). These groups
generally had a one-to-one correspondence with the
six clonal complexes (complexes I to VI) determined
by BioNumerics software. It was unexpected that the
single C3 group identified by MEGA v5.05 contained
both clonal complexes (III and VII). The distribution
of Macau STs wasn't as wide as that of STs from near
cities Guangzhou and Shenzhen, and ST1 was the
preponderant STs among these three cities.

4. Discussion

We have previously studied the distribution and species
of environmental Legionella isolates from Macau in
detail (5). In this work, our main objective has been to
analyze the prevalence of seven virulence genes of this
species and reveal the STs distribution of L. pneumophila
isolates from Macau. Furthermore, the L. pneumophila
isolates from Macau were compared with the isolates
from Guangzhou and Shenzhen. Our findings revealed
the high prevalence of these seven virulence genes in
L. pneumophila strains and low prevalence in non-L.
pneumophila. Additionally, our study also indicated that
STs had several unique allelic profiles and ST1 is the
predominant ST-type in Macau.

The seven genes detected in this study are closely
related to bacterial signal transduction, virulence, and
adaptive capacity (6,72-14). The different detection
rates of these genes revealed the relationships between
each virulence gene or combinations of these genes
and the various species of Legionella in Macau. The
high prevalence of these genes in L. pneumophila
strains and low prevalence in non-L. pneumophila
strains might reflect their own ability to adapt to the
external environment and their strong pathogenicity to
human beings. Some reports have shown that non-L.
pneumophila could cause a variety of organ dysfunction
(15). However, studies focused on detection of
virulence genes associated with non-L. pneumophila
strains are rarely found. This study represents the first
detection for these seven virulence genes from both L.
pneumophila and non-L. pneumophila strains which
might provide a reliable basis to evaluate the pathogenic
potential of the strains and their adaptability to the local
environment.

In this study, the real-time PCR was also applied for
its high level of efficiency and ability for specialization,
as well as for its ability to multiply amplify the target
genes and its ease of operation. The results from real-
time PCR were generally consistent with that of PCR.
The data suggested that real-time PCR, instead of
conventional PCR, should be used to detect these
seven genes, especially for large-scale investigation.
If the PCR products needed to be collected for other
purposes, or used to perform a test to compare and
verify the relevant multi-alleles, both tests could be
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used together. Since the primers designed for real-time
PCR were not appropriate for all L. pneumophila and
non-L. pneumophila strains, a future study is needed to
further investigate this issue.

These 29 L. pneumophila isolates were classified
with the method recommended by EWGLI and four
new STs were found unique to Macau. Within the 10
Macao STs, ST1 is the predominant ST-type (9/29,
31.0%). The result was similar to the report in Japan
where STI consisted of 29% of environmental isolates
(16). In a recent study conducted in the United States,
ST1 accounted for 25% and 49% of the number of the
sporadic and environmental isolates, respectively (/7).
In one study conducted in England and Wales, ST1
was the most frequent STs, accounting for 35% of the
number of L. pneumophila environmental isolates (/8).
From the L. pneumophila serogroup 1 isolates from
potable systems, cooling towers, and hot springs in
China, ST1 were reported to be about 14.3%, to 53.1%
and 92.3%, respectively (/9). For L. pneumophila
strains, ST1 (1, 4, 3, 1, 1, 1) is predominant in
environmental samples, widely distributed around world
(18,20,21). The Macau SBT analysis of L. pneumophila
strains isolated from the public sites revealed the same
ST-type characterization.

In the study, the loci mip and flaA offered more
alleles in Macau's samples. The number of each allele
presented by EWGLI from all over the world showed
that the mompS locus provided the maximum number of
alleles, neuA-Ah provided the next most, and mip, asd,
proA and pilE, flaA provided the minimum. One report in
South Korea showed that the mompS locus had the most
alleles (2). Similarly, another study conducted in Canada
obtained the same result that locus mompS provided
the most alleles (22). However, one study on SBT of L.
pneumophila strains in mainland China indicated that
mip and flaA individually provided the most alleles in the
isolates from cooling water and hot spring water (/9).
This might be attributed to the geographical correlation
which could lead to the emergence of these results.
Additionally, it might also reflect that the homology that
exists between strains from Macau and mainland China.

Meanwhile, in order to understand the population
structure and phylogeny of the L. pneumophlia strains
isolated from Macau, the minimum spanning tree
and the neighbor-joining method were respectively
applied to compare Macau STs to those identified
from nearby cities of Guangzhou and Shenzhen. All
STs from these three cities were divided into eight
clone complexes in the minimum spanning tree, and
six groups could be seen by the neighbor-joining
method. Consistent results from these two similar
methods suggested that the phylogenetic analysis
could be selected either individually or simultaneously.
Among eight complexes generated in the minimum
spanning tree, only four were related to Macau STs.
The subtype distribution of L. pneumophlia strains

isolated from Macau was not as extensive as that from
other cities (20,22,23). However, in complex I, ST1
from Macau was the major STs involved in, which
reflects the concentration of local types. This supports
that ST1 is the most common hereditary character of L.
pneumophlia strains and extensively distributed all over
the world. The majority of isolates from Macau kept
also represented this distrubution. In this study, four
new STs were found for the first time. It is convinced
of that more new STs will be reported in further
investigation. After a detailed study using phylogenetic
analysis and population structure, the high diversity
and specificity of L. pneumophlia strains isolated from
Macau were observed. Since ST154 has been proven
to be relevant to Legionnella epidemiology (/,2), the
closely connected ST04, ST02 and ST160, should bring
significant attention and research interest.

To summarize, this study enables, for the first
time, the ability to realize the prevalence of seven
virulence genes of Legionella in Macau, to characterize
the L. pneumophila environment isolates with SBT
methodology, and to create a database of Macau's
L. pneumophila profiles for use in epidemiological
surveillance efforts. The findings of this study also
contribute to the EWGLI-SBT database and to the
knowledge of L. pneumophila diversity in southern China.
Further studies are needed to reveal the relationships
between each pathogenic gene or combinations of these
genes and the pathogenicity of Legionella, and to analyze
the correlation between environmental and clinical strains
of Legionella.

Acknowledgements

This work was supported by a grant from the State
Key Lab of Respiratory Disease, Guangzhou Medical
College (2012-2014) and MACAO - Science and
Technology Development Fund (039/2007/A3).We
thank Miss Elizabeth Li for her great help with revising
the article.

References

1. Helbig JH, Uldum SA, Bernander S, Liick PC, Wewalka
G, Abraham B, Gaia V, Harrison TG. Clinical utility of
urinary antigen detection for diagnosis of community-
acquired, travel-associated, and nosocomial legionnaires'
disease. J Clin Microbiol. 2003; 41:838-840.

2. Lee HK, Shim JI, Kim HE, Yu JY, Kang YH.
Distribution of Legionella species from environmental
water sources of public facilities and genetic diversity
of L. pneumophila serogroup 1 in South Korea. Appl
Environ Microbiol. 2010; 76:6547-6554.

3. Tsang KW, Ho PL, Ooi GC, et al. A cluster of cases of
severe acute respiratory syndrome in Hong Kong. N
Engl J Med. 2003; 348:1977-1985.

Guo J, Liang T, Hu C, Lv R, Yang X, Cui Y, Song Y,
Yang R, Zhu Q, Song Y. Sequence types diversity of
Legionella pneumophila isolates from environmental

www.biosciencetrends.com



220

BioScience Trends. 2015, 9(4):214-220.

10.

11.

12.

13.

14.

15.

water sources in Guangzhou and Jiangmen, China. Infect

Emerg Infect Dis. 2012; 18:95-97.

Genet Evol. 2015; 29:35-41. 16. Amemura-Maekawa J, Kikukawa K, Helbig JH, Kaneko
Zhao HB, Guan WD, Yang ZF, Lu X, Shi L, Cai F, Mo S, Suzuki-Hashimoto A, Furuhata K, Chang B, Murai
ZY. Detection and fatty acid analysis of public sites M, Ichinose M, Ohnishi M, Kura F. Distribution of
Legionella isolated from Macau. Ao Men Ke Ji Da Xue monoclonal antibody subgroups and sequence-based
Xue Bao. 2011; 5:106-15. (in Chinese) types among Legionella pneumophila serogroup 1
Cianciotto NP. Type II Secretion and Legionella isolates derived from cooling tower water, bathwater, and
Virulence. Curr Top Microbiol Immunol. 2013; 376:81- soil in Japan. Appl Environ Microbiol. 2012; 78:4263-
102. 4270.
Fields BS, Benson RF, Besser RE. Legionella and 17. Donohue MJ, O'Connell K, Vesper SJ, Mistry JH, King
Legionnaires' disease: 25 years of investigation. Clin D, Kostich M, Pfaller S. Widespread molecular detection
Microbiol Rev. 2002; 15:506-526. of Legionella pneumophila Serogroup 1 in cold water
Gaia V, Fry NK, Afshar B, Liick PC, Meugnier H, taps across the United States. Environ Sci Technol. 2014;
Etienne J, Peduzzi R, Harrison TG. Consensus sequence- 48:3145-3152.
based scheme for epidemiological typing of clinical and 18. Harrison TG, Afshar B, Doshi N, Fry NK, Lee JV.
environmental isolates of Legionella pneumophila. J Clin Distribution of Legionella pneumophila serogroups,
Microbiol. 2005; 43:2047-2052. monoclonal antibody subgroups and DNA sequence
Ratzow S, Gaia V, Helbig JH, Fry NK, Liick PC. types in recent clinical and environmental isolates from
Addition of neud, the gene encoding N-acylneuraminate England and Wales (2000-2008). Eur J Clin Microbiol
cytidylyl transferase, increases the discriminatory ability Infect Dis. 2009; 28:781-791.
of the consensus sequence-based scheme for typing 19. Qin T, Zhou H, Ren H, Guan H, Li M, Zhu B, Shao
Legionella pneumophila serogroup 1 strains. J Clin Z. Distribution of sequence-based types of Legionella
Microbiol. 2007; 45:1965-1968. pneumophila serogroup 1 strains isolated from cooling
Liang T. Population genetics analysis of Legionella towers, hot spring, and potable water systems in China.
pneumophlia isolated from Guangzhou by using Appl Environ Microbiol. 2014; 80:2150-2157.
sequence-based typing. M.Sc. Thesis. Liaoning 20. Borchardt J, Helbig JH, Liick PC. Occurrence and
University. 2012. (in Chinese) distribution of sequence types among Legionella
Yuan M, Yuan YM, Yu MH, Duan Y. Sequenced-based pneumophila strains isolated from patients in Germany:
typing research for Legionella pneumophila isolated Common features and differences to other regions of the
from the cooling tower in Shenzhen. Huan Jing Yu Jiang world. Eur J Clin Microbiol Infect Dis. 2008; 27:29-36.
Kang Za Zhi. 2010; 5:423-434. (in Chinese) 21. Chasqueira MJ, Rodrigues L, Nascimento M, Marques
Khweek AA, Caution K, Akhter A, Abdulrahman BA, T. Sequence-based and monoclonal antibody typing
Tazi M, Hassan H, Majumdar N, Doran A, Guirado E, of Legionella pneumophila isolated from patients in
Schlesinger LS, Shuman H, Amer AO. A bacterial protein Portugal during 1987-2008. Euro Surveill. 2009; 14:29-
promotes the recognition of the Legionella pneumophila 35.
vacuole by autophagy. Eur J Immunol. 2013; 43:1333- 22. Reimer AR, Au S, Schindle S, Bernard KA. Legionella
1344. pneumophila monoclonal antibody subgroups and DNA
Case CL, Kohler LJ, Lima JB, Strowig T, de Zoete sequence types isolated in Canada between 1981 and
MR, Flavell RA, Zamboni DS, Roy CR. Caspase-11 2009: Laboratory Component of National Surveillance.
stimulates rapid flagellin-independent pyroptosis in Eur J Clin Microbiol Infect Dis. 2010; 29:191-205.
response to Legionella pneumophila. Proc Natl Acad Sci 23. Underwood AP, Jones G, Mentasti M, Fry NK, Harrison
USA.2013; 110:1851-1856. TG. Comparison of the Legionella pneumophila
Girard A, Roques E, Massie B, Archambault D. Flagellin population structure as determined by sequence-based
in fusion with human rotavirus structural proteins exerts typing and whole genome sequencing. BMC Microbiol.
an adjuvant effect when delivered with replicating but 2013; 13:302.
non-disseminating adenovectors through the intrarectal
route. Mol Biotechnol. 2014; 56:394-407. (Received June 1, 2015; Revised July 29, 2015, Re-
Leggieri N, Gouriet F, Thuny F, Habib G, Raoult D, revised August 9, 2015; Accepted August 9, 2015)
Casalta JP. Legionella longbeachae and endocarditis.

Supplemental data

Table S1. Sequence of primers designed for detecting virulence genes used in real-time PCR

Gene Primers (5'-3") Product size (bp)
flaA F: GATGCTACGTCTGCCTAT R: CCTGCGGTTCCACCTATT 119
pilE F: CGATGCTCATGCCACATT R: CCGTTCGGAGTTGTTTGC 120
asd F: AAGCGGTTCATCTGGAGT R: TGCTGTGGGATAACTTGC 119
mip F: AAATGCCATCGTTCCTG R: AGAAGCTGCGAAATCAGT 164
mompS F: TGCCATCGTTCCTGAGTT R: GACCAGAAGCTGCGAAAT 164
prod F: GGTGCTGTAGTTTCAACG R: GTGGCATTCTTACTGTGC 143
neuA F: TGCCTTGCAGTCGTCTTG R: TCCGTGGCTAAATCTTCC 123

Primer designed with the sequences downloaded from EWGLI (http://www.ewgli.org/) as a template. F forward, R reverse.
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Summary The extra domain of influenza M2 protein (M2e) is almost completely conserved among all
influenza A virus subtypes. M2e is a promising candidate target for the development of a
broad-spectrum recombinant influenza A vaccine. However, the immunogenicity of M2e needs
to be improved. Copy numbers of M2e and its fusion expression with different carrier proteins
may affect its immunopotency. In this study, we designed and created different constructs
through genetic fusion of M2e (MSLLTEVETPTRSEWECRCSDSSD) (A/California/05/2009
(H1N1)) with the N-terminus (HBcAgl—149aa+Cys) by insertion in the N-terminus Hepatitis
B Core (HBc) antigen 1-149aa and Middle 78-81aa of HBcAgl-149aa to construct a
recombinant M2e-based vaccine candidate. These chimeric sequences were expressed in
Escherichia coli. We constructed fusion proteins containing influenza A HIN1 influenza virus
(2009), as well as one, two, and three copies of M2e and hepatitis B core antigen1-149aa amino
acid-optimized codon inserted N and its intermediate. The recombinant protein was expressed
and purified. Western blot analysis was employed to evaluate the expression of the M2e
recombinant protein containing different copy numbers of M2e. Mice were immunized for
two times with the purified fusion protein HBc/M2e BALB/c. Serum levels of M2e antibody
gradually increased along with increase in immunity. The levels of different fusion protein
M2e antibodies increase with increasing M2e copy number. In addition, the protein antibody
level in the N terminal fusion protein is higher than that in intermediate fusion.

Keywords: Influenza A (HIN1), M2e, HBc, vaccine

1. Introduction Vaccination is the most effective prophylaxes to control

the spread of influenza. Influenza vaccine antigens (HA,

Influenza is a common acute respiratory infectious
disease in humans. Influenza epidemics result in millions
of infections worldwide, including an estimated 250,000
to 500,000 deaths per year (/). The influenza virus is
divided into three types (i.e., A, B, and C) according
to the antigenic difference of the viral nucleoprotein
and the matrix protein. The vast majority of influenza
cases are caused by the influenza virus types A or B.
Influenza C seldom results in infection and pandemics (2).

*Address correspondence to:

Dr. Yunlong Wang, Basic Medical School of Zhengzhou
University, 100 Science Avenue, Zhengzhou, Henan-450001,
China.

E-mail: biowyl68@126.com

NA), especially the HA antigen, can induce protective
neutralizing antibodies and have a very important role
in immunity. Given that the HA antigen often continues
to mutate (including antigenic drift and shift), the choice
of vaccine strain should also result in a corresponding
change; otherwise, the vaccine prevention effect cannot
be assured, even without much effect (2-4). Inactivated
vaccines produced in embryonated hen eggs have several
serious disadvantages (e.g., egg supply, matching vaccine
strains, unwanted antigenic variants, and contamination
with egg derived protein) that may decrease vaccine
efficiency (5). Ideally, a flu vaccine should contain
epitopes conserved in all influenza isolates to be effective
against all strains of influenza A (6).

The influenza virus matrix protein 2 (M2) is the third
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outer membrane protein. The extracellular domain of M2
(M2e) contains 23 amino acids at the N end of influenza
A virus M2 and is highly conserved in the influenza
A virus, particularly in subtypes of human influenza A
virus (7-8). At present, no significant difference has been
found among the M2e proteins of all influenza A viruses
in population prevalence. Antibodies specific to M2e
can provide a cross-protective effect against different
subtypes. Passive immunization with these antibodies
has reduced viral replication in the lungs of mice infected
with influenza A virus (9). Therefore, the development
of a universal influenza vaccine that can provide cross-
protective effect against different subtypes has attracted
considerable research interest (/0-12).

M2e is poorly immunogenic during natural infection
(13). However, some approaches can be applied to
enhance its immunogenicity. M2e has been linked to
different carriers, including hepatitis B virus core (HBc)
(14,15), TLRS ligand flagellin (/6), keyhole limpet
hemocyanin (/7), and virus-like particles (VLPs) (/8-
20). These M2e-based vaccines could provide highly
effective protection in animal models. Fusion proteins
containing different copies of M2e epitope have
demonstrated that high epitope density significantly
enhances M2e-specific immunogenicity and protection
(8). These studies have provided methods to enhance
the immunogenicity of the M2e epitope. Nevertheless,
studies on enhancing the immunogenicity of M2e-
based vaccines in inducing better protective responses
are important. Increasing epitope density enhances
humoral immune response in systemic immunization.
When M2e is linked to an appropriate carrier, such as
HBc particles, the immunized mice achieve complete
protection, which increases with the copy numbers of
M2e epitope carried on the VLPs (2/-23). However,
regardless of epitope density, determining the effects
of different M2e sequences, insertion position in the
HBcAg, and type of HBcAg on the level of antibodies
and its immunopotency is necessary. The emergence of
the new influenza virus A strain HIN1 originated form
swine in the human population in 2009 has demonstrated
the potential pandemic threat of influenza viruses (24).

In this study, we designed and created a number
of different constructs through genetic fusion of
M2e (MSLLTEVETPTRSEWECRCSDSSD) (A/
California/05/2009 (HIN1)) with the N-terminus
and middle 78-81aa of (HBcAgl—149aa+Cys) by
insertion in the immuno-dominant loop of HBc antigen
(HBcAgl—149aa+Cys). These chimeric sequences
were expressed in Escherichia coli, purified, and then
analyzed as a recombinant fusion protein.

2. Materials and Methods
2.1. PCR amplification and DNA cloning

The fragment containing M2e (MSLLTEVETPTRSEWE

‘ CMN3/CMM3 ‘

\PCR amplification

CMN1/CMM1 The amplified fragment

BamHl+Xhol Bgll+Xhol

The large fragment The small fragment

CMN13/CMM13 — CMN133/CMM133

BamHI+Xhol

CMN13/CMM13

Figure 1. Contraction of the recombinant fusion gene.

CRCSDSSD 24 aa) gene and HBcAgl-149aa+Cys was
amplified through PCR with the T7 primers from the
CMM3/CMN3 plasmid, which carries the M2e gene
from the influenza A virus (A/California/05/2009(HIN1))
and HBcAg(1-149aa+Cys) (Figure 1).

PCR was carried out in a 50 pL reaction mixture
containing 2x Pre-mix (25 pL), specific primers (10 pmol),
1.0 U of pfu DNA polymerase (Takara Biotechnology
(Dalian) Co., Ltd., China), and 100 ng of CMM3/CMN3
plasmid as template. Amplification program was set at
94°C for 5 min, followed by 35 cycles at 94°C for 30
s, 53°C for 45 s, 72°C for 1 min, and a final extension
at 72°C for 5 min. The resulting PCR products were
analyzed using 1.0% (w/v) agarose gel electrophoresis.

The amplified fragments, M2e and HBcAg(1-
149aa+Cys), were gel-purified using high purity PCR
product purification kit (Roche, Germany) and digested
with Bglll and Xhol restriction enzymes. The fragments
that underwent electrophoresis and gel-purification
were named F-CMM3 and F-CMN3.

The pET30a-CMM1 and pET30a-CMNI1 plasmid
DNA were digested with BamHII and Xhol restriction
enzymes, analyzed, and then gel-purified using the same
methods as described above. The products were again
gel-purified and ligated using T4 DNA ligase (Takara
Biotechnology (Dalian) Co., Ltd., China) to form a
recombinant vector named pET30a-CMM13/CMN13,
which contains two copies of M2e. The pET30a-CMN13
and pET30a- CMM133 were identified using PCR
(Figure 2).

The identified pET30a-CMN13 and pET30a-
CMM133 were digested with BamHII and Xhol
restriction enzymes, analyzed, and the large fragment
was gel-purified using the same method as described
above. The digested and purified large fragments
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Figure 2. Schematic of the construction of M2e tandem copies.
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Figure 3. PCR analysis of the constructed CMN133 and
CMM133 plasmid on 1.0% (w/v) agarose gel. M: DL2000
DNA Marker; 1: CMM133; 2: CMM13; 3: CMM1; 4:
CMNI133; 5: CMN13; 6: CMNI.

of pET30a-CMN13, F-CMM3, and F-CMN3 were
respectively ligated using T4 DNA ligase to form
recombinant vectors named pET30a-CMN133 and
pET30a-CMN133, which contain three copies of M2e
and one copy of HBcAg(1-149aa+Cys). The connected
product was transformed to DH5a E. coli. The pET30a-
CMNI133 and pET30a-CMM133 fragments were
identified using PCR (Figure 3).

2.2. Transformation of BL21 and selection of
transformants

Recombinant vectors were purified from the transformed
cells under the selection of 30 mg/mL Kanamycin
antibiotics (Takara Biotechnology (Dalian) Co., Ltd.,
China) and after the restriction analysis was confirmed

using sequencing reaction.

2.3. Expression and purification of recombinant protein
in BL21(DE3)

CMN1, CMM1, and CMNI133CMNI133 were
respectively transformed into BL21 E. coli. A
single colony was picked and grown in 3.5 mL LB
supplemented with 30 mg/mL Kanamycin, and shaken
for 16 h at 37°C and 200 rpm. A 500 pL culture was
added with 500 uL of 15% (v/v) sterile glycerol
and stored at 20°C. To express CMN1, CMMI1, and
CMN133CMN133, each tube (35 pL) of glycerol stock
was expanded to a starter culture of 3.5 mL LB+Kana
and shaken overnight at 37°C. The culture was then
expanded to 1000 mL LB+Kana induction, and grown
to OD600 0.5 at 37°C. Protein expression was induced
with 30 uM isopropyl B-D-1-thiogalactopyranoside
(IPTG) for 6 h. The culture medium (1 mL) was
sampled for assessment of expression using sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

The cells were harvested and re-suspended in a 300
puL of 0.05 M PB buffer. After incubation, the cell wall
was disrupted by ultrasonication (Branson sonifier 450)
for 30 min at 250% to 300%, 550 W, with 10 s pulses
and 5 s pauses for each cycle; the entire process was
executed on ice. The broken cells were centrifuged at
10,000 g for 20 min at 4°C to separate the soluble and
insoluble proteins. The insoluble protein or inclusion
body was dissolved in the denaturing solubilization
buffer (50 mM NaH,PO,, 300 mM NacCl, 8 M urea, pH
8.0). The soluble protein and dissolved-inclusion body
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were analyzed using 12% SDS-PAGE. The presence of
tagged-6xHis fused recombinant protein was further
confirmed using Western blot.

2.4. Purification of fusion protein

The recombinant protein CMNI1, CMMI1, and
CMNI133CMNI133 with 6xHis tagged at the C-terminus
was purified by affinity chromatography under
denaturing conditions. A column containing 1 g of
nickel sulfate was equilibrated with four bed volumes
of denaturing solubilization buffer. The solubilized-
inclusion body was diluted at a ratio of 1:2 in the
denaturing solubilization buffer containing 20 mM
imidazole before being added into a column and being
allowed to flow by gravity. The resin was washed thrice
using four bed volumes of denaturing solubilization
buffer containing 20 mM imidazole and one bed
volume of denaturing solubilization buffer containing
50 mM imidazole. The recombinant CMN1, CMM1,
and CMN133CMN133 were separated using 12% SDS-
PAGE through a discontinuous Tris-glycine buffer
system (pH 8.3).

2.5. SDS-PAGE and Western blot analysis

Protein samples were separated using 12% SDS-
PAGE. The gel was stained with Coomassie brilliant
blue R-250 and a broad-range low molecular weight
marker (Takara Biotechnology (Dalian) Co., Ltd.,
China) was used to estimate protein size. For Western
blot analysis, separated proteins were transferred onto
a polyvinylidene difluoride (PVDF) membrane using
transfer buffer (39 mmol/L glycine, 48 mmol/L Tris
base, 0.037% SDS) and was incubated in the blocking
buffer (0.01 M TBS pH 7.4, 3% bovine serum albumin)
for about 30 min. Subsequently, the membrane was
washed for five times with a washing buffer (0.01 M
TBS pH7.4, 0.1% Tween 20), and then with ddH,O.
The membrane was then probed with horse-radish
peroxidase-conjugated anti-penta-His Ab (Sangon
Biotech (shanghai) Co., Ltd., China) for 30 min, and
then washed again with washing buffer and deionized
water. The PVDF membrane was dyed in the solution
[30 mL of ddH,0, 200 uL of 1.5 M Tris base (pHS.8),
200 pL of 1.0 M Tris base (pH 6.8), 200 puL of NiSO,,
100 pL of H,0,, and 10 mg of diaminobenzidine
(DAB)]. Protein bands were revealed by their exposure
to substrate DAB (Sangon Biotech (shanghai) Co., Ltd.,
China).

2.6. Immunization

Female Balb/C mice (45 day-old) were intraperitoneally
immunized with CMN1, CMN133, CMMI1, and
CMM133 (100 pg/per mouse) in incomplete Freund's
adjuvant, aluminum adjuvant, or PBS at a final volume

of 200 pL. The animals were randomly divided into
five groups (i.e., PBS, CMNI1, CMN133, CMM1, and
CMM133), with 10 mice in each group. A booster
immunization was administered with the same
immunogen after two weeks. Sera were collected 14
days after final immunization. Two immunizations were
administered two weeks apart.

2.77. Antibody detection

The M2e-specific antibodies were detected using
enzyme-linked immunosorbent assay (ELISA).
Briefly, 96-well microtiter plates were coated with 50
pL of M2e peptide (5 pg/mL) in PBS for 2 h at room
temperature and blocked with PBS containing 0.25%
gelatin. Serum samples were serially diluted and added,
followed by 1 h of incubation at room temperature.
After extensive washes, the bound antibodies were
detected sequentially by adding 1:2,000 diluted horse-
radish peroxidase-linked anti-mouse antibodies and
substrate o-phenylenediamine dihydrochloride peroxide
solution (Sangon Biotech (shanghai) Co., Ltd., China).
Absorbance at 450 nm was recorded.

Identification of the isotypes of M2e-specific
antibodies was carried out as previously described (25).

3. Results

3.1. Construction of recombinant fusion plasmid,
pCMNI133

Influenza A virus M2e and HBc (HBcAgl-149aa+Cys)
fusion genes were PCR amplified using T7 sequence
primers from pET30a CMN3 plasmid. The purified
fusion genes (named FM2EHBV) and pET30a CMNI1
were digested, purified, and combined to form the
fusion gene, pET30a-CMN13, which encoded two
copies of M2e and HBcAgl-149aa+Cys protein in a
single open reading frame (ORF). FM2EHBYV digested
with Bg/Il and Xhol restriction enzymes and the
purified large fragment of pET30a-CMN13 digested
with BamHI and Xhol were combined to form the
fusion gene pET30a-CMN13 3, which encoded three
copies M2e and HBcAgl-149aa+Cys protein in a single
OREF (Figure 2).

Cloning of three copies of M2e-HBcAgl-149aa+Cys
sequence into the multiple cloning site of pET30 plasmid
resulted in the expression of a larger fusion protein that
contained His-tag and -linker (9aa: GGGGSGGGGQG).

3.2. Expression, purification, and confirmation of
recombinant M2e-HBc fusion protein

M2e-HBc/6xHis gene in E. coli cells was confirmed
using PCR and gene-specific primers. Several
confirmed colonies were further induced for expression
of the fusion protein under the direction of a Lac

www.biosciencetrends.com



BioScience Trends. 2015, 9(4):221-227.

225

10

11

Figure 4. Analysis of recombinant M2e HBV/6xHis fusion protein in the culture media by SDS-PAGE. Lane 1: Marker. Lane 2:
Sample from CMN133 E. coli prior to IPTG induction. Lane 3: Supernatant from CMN133 E. coli after 4 h of IPTG induction. Lane
4: Sediment of from CMN133 after 4 h of IPTG induction. Lane 5: Sample from CMN13 E. coli prior to IPTG induction. Lane 6:
Supernatant from CMNI13 E. coli after 4 h of IPTG induction. Lane 7: Sediment from CMN13 E. coli after 4 h of IPTG induction. Lane
8: Sample from CMNI1 E. coli prior to IPTG induction. Lane 9: Supernatant from CMN1 E. coli after 4 h of IPTG induction. Lane 10:
Sediment from CMN1 E. coli after 4 h of IPTG induction. Lane 11: Marker. Lane12: Sample from BL21 (DE3). Lane 13: Supernatant
from CMM133 after 4 h of IPTG induction. Lane 14: Sediment from CMM133 after 4 h of IPTG induction. Lane 15: Supernatant of from
CMM13 after 4 h of IPTG induction. Lane 16: Sediment from CMM 13 after 4 h of IPTG induction. Lane 17: Supernatant from CMM1
after 4 h of [IPTG induction. Lane 18: Sediment from CMMI1 after 4 h of IPTG induction.

promoter by adding IPTG. The culture was sampled
after being induced for 4 h for the final analysis using
SDS-PAGE. As illustrated in Figure 4, a protein band
corresponding to the expression of the recombinant
fusion protein with an approximate molecular weight
of 30 kDa was detected in all three samples, but
was absent in the uninduced cells. However, the
recombinant protein expression was slightly higher.
Moreover, the fusion of vector-derived 6xHis tag to
the C-terminus of the expressed protein provided the
possibility of its one-step purification through the Ni-
NTA columns (Figure 4).

3.3. Confirmation of the recombinant M2e-HBc fusion
protein

To confirm the purified protein, the purified recombinant
proteins CMN1, CMN133, CMM1, and CMM133 were
transferred to a PVDF membrane and treated with M2e
monoclonal antibody. A band with the expected size
(23 and 30 kDa) was revealed in the lane of the purified
protein, which corroborated its accuracy, as shown in
Figure 5. A single copy and three copies of the protein
were successfully expressed and had the antigenicity of
M2e.

3.4. ELISA result

To detect four kinds of purified protein using ELISA,
the purified single copy and three copies of the fusion
protein were coated and detected using anti M2e
monoclonal antibody preparation, with four kinds of
fusion proteins from 1:10,000, 1:20,000, 1:40,000,
1:80,000, and 1:160,000. The results (Figure 6) showed
that the fusion protein in dilution 1:40,000 were active,
and that a single copy of the fusion protein exhibited
activity below three copies of protein. The three copies
of protein in the N-terminus fusion protein were slightly
higher than that in the middle of the insertion of the
HBc antigen protein.

Ch123 ChAk{133 CMT ChihA

Figure 5. Western blot of the purified recombinant
protein.
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Figure 6. ELISA detection of M2e.

3.5. Detection of serum titer of mice

The titer of the serum anti-M2e antibody was detected
using indirect ELISA two weeks after each immunization
and before the final immunization. This was executed
after the mice have been immunized with purified single
copy and three copies of M2e protein. The experimental
results showed that the CMN1, CMN133, CMMI, and
CMM133 groups could produce anti M2elgG antibody
in the induced mice. The antibody titer increased with
the number of strengthening immunity. The three copies
of M2e were significantly better than the single copy at
two weeks after the first immunization. No significant
differences were observed between CMN1 and CMM1
and CMM133 and CMN133. Alternatively, significant
differences were observed among the antibody titer of
CMNI1, CMM1, CMN133, and CMM133 at four weeks
after the final immunization (Figure 7).
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Figure 7. Detection result of serum titer of mice.

4. Discussion

M2e-based universal influenza vaccines have attracted
research interest because of the highly conservative
character of the sequence of M2e membrane protein
in all influenza A isolates (20). Results of several
preclinical studies with M2e protein, with or without
carriers, have already proven the successful protection
of M2e-based vaccinated animal models against the
lethal challenge of heterologous and homologous
influenza A virus.

HBc particles have been used as virus-like display
scaffolds since 1980s (26). In the last 30 years, the most
successful application of this scaffold is the influenza
vaccine ACAM-FLU-A produced by Sanofi Pasteur
and the malaria (Plasmodium falciparum) vaccine
MalariVax (ICC-1132) produced by Apovia (27,28).
These particles have been expressed in E. coli with the
HBc as the foreign insertion site, and they have already
been subjected to phase I clinical trials.

However, the M2e-based immunization effect
against influenza virus differs under various conditions
of expression strategy, immune pathway, and animal
model. Host-specific variations were also observed
in M2e sequences among influenza strains from
different hosts. Thus, evaluating whether M2e-based
immunization could provide protection against the 2009
pandemic HINT is necessary.

In this study, we successfully constructed the
aforementioned plasmids bearing one copy, three
copies of M2e, and HBc (HbcAgl-149aa+Cys). These
fusion proteins were expressed in E. coli. Considering
the senior conformation and structural features of M2
protein, the linker arm of GGGGSGGGG in the fusion
proteins was located between M2e and HBc (HBcAgl-
149aa+Cys). A single cysteine residue was added to the
C-terminus to provide additional stabilization (29). All
of the purified proteins of CMN1, CMMI1, CMNI133,
and CMM133 in incomplete Freund's adjuvant can
induce production of IgG antibody against M2e. Higher
epitope density engendered higher antibody levels. The
ELISA showed that the increase in M2e copies results

in an increase in level of the immune serum antibody.
The insertion position of M2e in the HBc affects the
antibody level.

In conclusion, our study provided evidence for
the construction of the M2e-HBcAgl-149aa+Cys
fusion sequence. The sequence had been successfully
expressed in E. coli, and the purified protein induced
the production of antibodies against M2e. These
fusion proteins are potential candidates for developing
influenza vaccine. However, further investigation is
necessary to evaluate the in vivo protective potential of
the resulting protein.
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Products of dentin matrix protein-1 degradation by interleukin-
1B-induced matrix metalloproteinase-3 promote proliferation of
odontoblastic cells
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Summary We have previously reported that interleukin (IL)-1p induces matrix metalloproteinase
(MMP)-3-regulated cell proliferation in mouse embryonic stem cell (ESC)-derived
odontoblast-like cells, suggesting that MMP-3 plays a potentially unique physiological role
in regeneration by odontoblast-like cells. MMPs are able to process virtually any component
of the extracellular matrix, including collagen, laminin and bioactive molecules. Because
odontoblasts produce dentin matrix protein-1 (DMP-1), we examined whether the degraded
products of DMP-1 by MMP-3 contribute to enhanced proliferation in odontoblast-like
cells. IL-1p increased mRNA and protein levels of odontoblastic marker proteins, including
DMP-1, but not osteoblastic marker proteins, such as osteocalcin and osteopontin. The
recombinant active form of MMP-3 could degrade DMP-1 protein but not osteocalcin and
osteopontin in vitro. The exogenous degraded products of DMP-1 by MMP-3 resulted in
increased proliferation of odontoblast-like cells in a dose-dependent manner. Treatment
with a polyclonal antibody against DMP-1 suppressed IL-1B-induced cell proliferation to
a basal level, but identical treatment had no effect on the IL-1p-induced increase in MMP-
3 expression and activity. Treatment with siRNA against MMP-3 potently suppressed the
IL-1B-induced increase in DMP-1 expression and suppressed cell proliferation (p < 0.05).
Similarly, treatment with siRNAs against Wnt5a and Wnt5Sb suppressed the IL-1pB-induced
increase in DMP-1 expression and suppressed cell proliferation (p < 0.05). Rat KN-3 cells,
representative of authentic odontoblasts, showed similar responses to the odontoblast-like
cells. Taken together, our current study demonstrates the sequential involvement of Wnt5,
MMP-3, DMP-1 expression, and DMP-1 degradation products by MMP-3, in effecting IL-
1p-induced proliferation of ESC-derived odontoblast-like cells.

Keywords: Embryonic stem cell, odontoblast, Wnt5

1. Introduction

Because matrix metalloproteinases (MMPs) are able
to process virtually any component of the extracellular
matrix (ECM), including collagen, laminin, and
bioactive molecules, it has been suggested that MMPs

*These authors contributed equally to this works.
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Dr. Makio Mogi, Department of Medicinal Biochemistry,
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E-mail: makio@dpc.agu.ac.jp

may be important in inflammatory conditions, such as
rheumatoid arthritis, metastasis and periodontitis (/,2).
In particular, MMP-3 (known as stromelysin-1) has a
wide substrate specificity and is capable of degrading
many types of ECM proteins, such as collagen types
I1, III, 1V, IX, and X, proteoglycans, fibronectin,
laminin, and elastin (/,2), rendering MMP-3 crucial in
connective tissue and bone remodeling (3,4). However,
while it is intuitive that dental pulp destruction may
be a function of MMPs, our previous study reported
that MMP-3 actually accelerates wound healing
following dental pulp injury (5,6). This observation
indicates that MMP-3 may instead be involved in ECM
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degradation, especially in dentin, and in the subsequent
morphogenesis, wound repair (5,6) and angiogenesis
(5-7) of the inflamed tissue.

Interleukin (IL)-1p detected in inflamed dental
pulp, is associated with periapical disease (&) and
is apparently essential to the pathogenesis of acute
pulpitis. Notably, treatment with IL-1p induces potent
expression of MMP-3 in dental pulp, a tissue that
contains large numbers of odontoblasts (7). We also
reported that proinflammatory cytokine IL-1B-induced
MMP-3 activity is associated with cell proliferation
of purified odontoblast-like cells derived from mouse
embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) (9,10). Thus, IL-1B-induced MMP-
3 appears to be pivotal in the pathophysiology of
inflamed dental pulp containing rich odontoblasts.
However, the signaling cascade underpinning this
stimulation is yet to be elucidated.

Because performing experiments using purified
odontoblast-like cells derived from mouse iPSCs
(/1) and ESCs (/2), we have developed excellent in
vitro models in which to examine the mechanisms of
wound healing following exposure to proinflammatory
cytokines (9,10). We have also previously reported that
a proinflammatory cytokine mixture of IL-1f, tumor
necrosis factor-a, and interferon-y, or IL-1p alone, can
induce MMP-3 activity in rat dental pulp cells, and
result in a potent increase in cell proliferation (13,14).
Taken together, these studies suggest that MMP-
3 induced by the proinflammatory cytokine IL-1§
contributes to the pathophysiology of inflamed dental
pulp containing rich odontoblast cells.

It is unclear how IL-1B cytokine-induced MMP-
3 regulates odontoblast-like cell proliferation. Recent
reports demonstrate that IL-1p-induced MMP-3 is
associated with the secreted glycoprotein Wnt signaling
pathway (/5). We have also demonstrated that IL-1[3-
induced MMP-3-regulated proliferation of mouse ESC-
derived odontoblastic cells is mediated by the Wnt5a-
and 5b-signaling pathways (/6). Although compelling
evidence remains to be shown, we speculate that an
ECM-derived degradation product generated by MMP-
3 might induce cell proliferation; however, the substrates
of MMP-3 that induce cell proliferation remain to be
identified.

Odontoblasts are essentially dentin-secretory cells that
produce pre-dentin, an ECM formed by type I collagen
as the major organic component (about 90%), together
with noncollagenous proteins, including glycoproteins,
proteoglycans, and dentin phosphoproteins, such as
dentin matrix protein-1 (DMP-1), which constitute
relatively specific markers for dentin (/7,18). Therefore,
odontoblasts are surrounded by collagen and dentin
matrix proteins. A recent report has demonstrated that
ECM, especially the dentin matrix protein component,
contains functional proteins that have been previously
defined as solely intracellular (/9). However, DMP-

1, which has a role in matrix mineralization, can act as
both an intra- and extracellular-signaling molecule, thus
impacting odontoblast differentiation (20,21). To date,
functional data, especially in respect to the proliferative
roles of MMP-3 signaling and DMP-1 in mouse
odontoblasts, remains scarce. Therefore, further studies
are required to completely understand the intracellular
role of DMP-1 in odontoblasts.

Here, we examine whether DMP-1 degradation
products by MMP-3 are associated with the proliferation
of odontoblasts, as may be encountered in inflamed
dental pulp. We show for the first time, that MMP-
3 up-regulates dentin matrix protein degradation in
our odontoblast-like cells, and leads to increased cell
proliferation.

2. Materials and Methods
2.1. Products

Mouse recombinant IL-1p was obtained from PeproTech
(Rocky Hill, NJ, USA). Mouse recombinant DMP-1
and osteopontin were obtained from R&D Systems Inc.
(Minneapolis, MN, USA) and osteocalcin was obtained
from Uscn Life Science Inc. (Wuhan Hubei, China).
Anti-DMP-1 polyclonal antibody was obtained from
Abcam (ab103203; Cambridge, UK). Recombinant
mouse MMP-3 (Pro-form) was obtained from R&D
Systems Inc., and was activated by treating with 1 mM
4-aminophenyl mercuric acetate in all experiments.

2.2. Cell culture

The mouse ESC cell line, E14Tg2a (22), was a kind gift
from Dr. Randall H. Kramer (University of California
San Francisco, San Francisco, CA, USA) and was
maintained as described previously (23). Purified
ESC-derived odontoblast-like cells were obtained
as previously reported (/2). These differentiated
cells displayed odontoblast-like physiological
characteristics, for example calcification activity and
alkaline phosphatase activation, up to day 21 of culture.
Authentic rat odontoblast-like cells (KN-3) (24) were
kindly provided by Dr. Chiaki Kitamura (Kyushu Dental
College, Kitakyushu, Japan) and were maintained
as described previously (24). Mouse osteoblast-
like MC3T3-El cells were obtained from the Riken
BioResource Center Cell Bank (Ibaraki, Japan) and were
cultured as previously described (25,26). These cells
were used throughout the study as a negative control.

2.3. Cell proliferation assay

Cell proliferation was evaluated using the BrdU-cell
proliferation enzyme-linked immunosorbent assay
(ELISA; Roche Applied Science, Mannheim, Germany)
as described previously (25,26). Cells were seeded
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into 96-well tissue culture plates at a density of 1 x 10
cells/cm’.

2.4. Real-time quantitative polymerase chain reaction
analysis

Real-time quantitative polymerase chain reaction
(qPCR) for all samples and standards was performed
in triplicate in 96-well optical microtiter plates with
~25 ng of RNA, 0.25 uL of RT Mix (Qiagen Quantitect
RT Mix), 1.25 pL of 20x Primer/Probe Mix, and 12.5
pL of Mastermix (Qiagen Quantitect RT-PCR Kit) in
a 25 pL reaction volume. The following primer/probe
sets were used: mouse DMP-1, Mm01208363 m1; rat
DMP-1, Rn01450122 m1; human osteocalcin [BGLAP]
(mouse available), Hs01587814 gl; rat osteocalcin
[BGLAP], Rn00566386 g1; mouse osteopontin [SPPI],
Mm00436767 ml; rat osteopontin, Rn00681031 ml;
Assays-On-Demand™ (Applied Biosystems, Carlsbad,
CA, USA). Standards and samples were mixed with the
PCR reagents, loaded into the 96-well microtiter plate and
sealed with optical film (Applied Biosystems). TagMan
samples were subjected to thermal cycling conditions
with the following parameters: an initial holding stage
of 30 min at 50°C (for RNA reverse transcription),
15 min at 95°C (to activate HotStarTaq polymerase
enzyme), then 40 cycles of 15 s at 94°C/60 s at 60°C.
Gene expression was quantified relative to a standard
curve. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and 18S amplicon rRNA were employed as
housekeeping genes and used as normalization controls
to account for variations in the amount of total RNA in
each sample. For each experimental sample, the amount
of target and endogenous reference was determined from
the appropriate standard curve. The amount of target was
then divided by the amount of endogenous reference
to obtain a normalized target value. Ct (threshold cycle
values) for samples and housekeeping genes were
extrapolated from the standard curve to produce an
arbitrary value of expression, the ratio of which (sample/
housekeeping gene) within a given tissue sample was
plotted as the relative mRNA expression level.

2.5. Western blot analysis

DMP-1, MMP-3, Osteocalcin, Osteopontin, Wnt5a, and
Wnt5b protein levels in the cell lysate were determined
by western blot analysis. Cells were cultured for 24
h with or without IL-1f, lysed, and the protein lysate
separated on sodium dodecyl sulfate polyacrylamide gels
(12%). Western blot analysis was then performed using
anti-DMP-1 (ab103203; Abcam), anti-MMP-3, anti-
osteocalcin, anti-osteopontin, anti-Wnt5a, anti-Wnt5b,
and anti-B-tubulin polyclonal antibodies (sc-6839, sc-
18322, sc-10593, sc-365370, sc-109464, and sc-9935,
respectively; Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA). The anti-MMP-3 antibody showed

no significant cross-reactivity with other MMPs (data
not shown). Visualization and quantification of blotted
protein bands were performed with Multi Gauge-Ver3.X
software (Fujifilm, Tokyo, Japan).

2.6. Measurement of MMP-3 activity

The protocol for measuring MMP-3 activity has
been described previously (/0,13,16,27) and is now
a commercially available MMP-3 activity assay kit
(SensoLyte™ 520 MMP-3 assay kit; AnaSpec, San
Jose, CA, USA). Prior to detection, MMP-3 was
immunoprecipitated from the culture medium using
a goat anti-MMP-3 antibody (sc-6839, Santa Cruz
Biotechnology Inc.) and protein A/G—agarose for 6 h
at 4°C. After centrifugation, the agarose pellets were
suspended in an MMP-3 assay buffer containing the
MMP-3 substrate, 5-FAM-Arg-Pro-Lys-Pro-Val-Glu-
Nva-Trp-Arg-Lys- QXL™520-NH, fluorescence
resonance energy transfer peptide, as supplied in the
assay kit. MMP-3 activity was then determined according
to the manufacturer's instructions (28).

2.7. Silencing of Wnt5a, Wnt5b and MMP-3 genes by
SIRNA transfection

The WntS5a, WntS5b and MMP-3 siRNAs for gene
silencing were acquired commercially (sc-41113,
sc-155357 and sc-37265, respectively; Santa Cruz
Biotechnology Inc.) and transfected into cultured
cells using a siRNA reagent system (Santa Cruz
Biotechnology Inc.) according to the manufacturer's
protocol. An anti-GAPDH siRNA and an anti-control
siRNA, with no known homogeny for any vertebrate
sequence (Thermo Scientific, Lafayette, CO, USA), were
used as positive and negative controls, respectively.

2.8. Statistical analysis

Data presented in bar graphs are the mean + standard
deviation (S.D.) of four independent experiments.
Statistical significance was assessed using the Mann-
Whitney U-test. A value of p < 0.05 was considered as
statistically significant.

3. Results

3.1. IL-1p induction of DMP-1 mRNA and protein
expression

The ESC-derived odontoblast-like cell line was cultured
in the presence of four concentrations of IL-1p (0, 0.25,
2.5, and 25 ng/mL). Induction of DMP-1, osteocalcin,
and osteopontin mRNA and protein were assessed
using real-time qPCR (Figures 1A-1C) and western blot
analysis (Figures 1A-1C, far lower panels), respectively.
mRNA and protein levels of the odontoblastic marker
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Figure 1. IL-1B-induced expression of DMP-1, osteocalcin,
and osteopontin mRNA and protein in odontoblast-like
cells. ESC-derived odontoblast-like cells and KN-3 odontoblast
cells were incubated with IL-1p (0, 0.25, 2.5, and 25 ng/
mL). Real-time qPCR expression of DMP-1, osteocalcin and
osteopontin mRNA relative to control (S18 mRNA) using
ESC-derived odontoblast-like cells (A-C) and KN-3 cells
(D-F). Data represent the mean + S.D. of four independent
experiments. *p < 0.05, **» <0.01. Lower panels show western
blot analysis of DMP-1, osteocalcin, osteopontin, and B-tubulin
protein levels following stimulation with IL-1p. Blots shown
are representative of three independent experiments.

DMP-1 were increased in the presence of 0.25 ng/mL
and 2.5 ng/mL IL-1p, but not at 25 ng/mL.

To assess whether the induction of DMP-1 by IL-1B
is a specific response in ESC-derived odontoblast-like
cells, we evaluated the expression of other osteoblastic
markers, including osteocalcin and osteopontin proteins,
following treatment with the same concentrations
of extracellular IL-1f8 (0, 0.25, 2.5, and 25 ng/mL).
However, there were no significant increases in mRNA
levels of these markers in response to IL-1p (Figures
1B and 1C). KN-3 odontoblast cells showed similar
responses to the ESC-derived odontoblast-like cells
(Figures 1D-1F).

3.2. MMP-3 degraded DMP-1 protein in vitro

When exogenous active MMP-3 was mixed with
recombinant mouse DMP-1, prior to incubation at 37°C
for 2 h, the intensity of both DMP-1 protein bands
decreased in a time-dependent-manner, as visualized
by western blot, indicating that DMP-1 as a dentin
matrix component could be the substrate for MMP-3
(Figure 2A). Interestingly, the other bone matrix protein
components and osteoblast markers, osteocalcin and
osteopontin, showed no differences, suggesting that

Degraded proteins by MMP-3

DMP-1 | -

OISIB0Calcin | —————

OStaopontin | e s— — —
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Figure 2. Time-dependent degradation of bone matrix
proteins DMP-1, osteocalcin, and osteopontin by MMP-
3. (A) Western blotting analysis of proteins incubated with
exogenous active MMP-3 and recombinant mouse DMP-
1, osteocalcin and osteopontin for 0, 0.25, 0.5, 1, and 2 h
using a molar ratio of 1:1 at 37°C, respectively. (B) Western
blotting analysis of proteins incubated with exogenous active
MMP-3 and recombinant mouse DMP-1 with Coomassie
brilliant blue staining for 0, 0.25, 0.5, 1, and 2 h using a molar
ratio of 1:1 at 37°C. Before Western blot analysis, MMP-
3 was immunoprecipitated by incubation with anti-MMP-3
polyclonal antibody and protein A/G Sepharose for 1 h at 4°C.
Visualization of blotted protein bands was performed with
Multi Gauge-Ver3.X software (Fujifilm). Blots shown are
representative of three independent experiments.

MMP-3 could not degrade these proteins under similar
conditions. In addition, when activated MMP-3 and
recombinant DMP-1 were incubated at 37°C, mature
DMP-1 (57 kDa) decreased time-dependently, but the
degraded product of DMP-1 (27 kDa) appeared for up to
2 h (Figure 2B).

3.3. Effect of exogenous degraded product of DMP-1
protein by MMP-3 on cell proliferation

Subsequent experiments used ESC-derived odontoblast-
like cells (E14Tg2a) in comparison to rat KN-3 cells.
We tested whether exogenous degraded products of
DMP-1 by MMP-3 could enhance cell proliferation in
odontoblast-like cells. DMP-1 and the active form of
MMP-3 were mixed, incubated and added to the anti-
MMP-3 polyclonal antibody. Protein A/G sepharose was
then added and this was spun down to remove MMP-3.
When the supernatant (containing DMP-1 degradation
products) was added to odontoblast-like cells, cell
proliferation was slightly increased (p < 0.05; Figures
3A and 3B). Therefore, we confirmed that the enhanced
effect on cell proliferation was dependent on the degraded
products of DMP-1 and not exogenous MMP-3 (Figure
3A). We also confirmed that the addition of DMP-1 had
no effect on cell proliferation in odontoblast-like cells
(Figures 3C and 3D). Therefore, the degraded products
of DMP-1 were required for cell proliferation. KN-3 cells
showed similar responses to the ESC-derived odontoblast-
like cells (Figures 3B and 3D). The supernatant was
confirmed to have no MMP-3 activity (Figure 3E).
Interestingly, DMP-1 products had no proliferative effect
on mouse osteoblastic MC3T3-E1 cells (Figure 3F).
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Figure 3. Effect of DMP-1 degradation products by MMP-3
on cell proliferation. Effect of exogenous DMP-1 degradation
products by MMP-3 on cell proliferation of ESC-derived
odontoblast-like cells (A) and KN-3 cells (B). (C) Effect of
exogenous DMP-1 protein on cell proliferation of ESC-derived
odontoblast-like cells (D) and KN-3 cells. (E) Determination
of MMP-3 activity in the supernatant containing DMP-1
degradation products by MMP-3. One unit of MMP-3 activity
is defined as 1 uM of 5-FAM-Pro-Leu-OH formed/min/ng
enzyme at 37°C. (F) Effect of DMP-1 degradation products by
MMP-3 on MC3T3-E1 cell proliferation.
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3.4. Effect of anti-DMP-1 polyclonal antibody on IL-1[-
induced MMP-3 expression and cell proliferation

Because there is no commercially available mouse
DMP-1 siRNA, we employed a specific anti-DMP-1
polyclonal antibody to determine if the proliferation
effects observed with IL-1p stimulation were mediated
by DMP-1. Cells were pretreated with an anti-DMP-1
polyclonal antibody, and then stimulated with IL-1f
as described above. Western blot analysis of MMP-3
protein expression confirmed that the antibody had no
effect on the IL-1B-induced MMP-3 activity (Figure
4C). Anti-DMP-1 polyclonal antibody had no effect on
the expression of B-tubulin (loading control). Using the
same culture conditions, we tested the effect of an anti-
DMP-1 polyclonal antibody on IL-1B-induced changes
in cell proliferation. DMP-1 silencing considerably
decreased the number of proliferating odontoblast-like
cells following IL-1f stimulation when compared with
untreated cells (p < 0.01; Figure 4A). The reduction in
proliferative potential was estimated to be ~60% and
up to the basal level, suggesting that IL-1B3-induced cell
proliferation required DMP-1 protein in odontoblast-
like cells.

Using the same culture conditions, KN-3 cells
showed a similar response to ESC-derived odontoblast-
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Figure 4. Effect of anti-mouse DMP-1 polyclonal
antibody on IL-1B-induced MMP-3 expression and cell
proliferation. ESC-derived odontoblast-like cells (A and C)
and KN-3 cells (B and D) were treated for 24 h with anti-
DMP-1 polyclonal antibody, stimulated with IL-1p (0, 0.25,
2.5, and 25 ng/mL), then analyzed by BrdU-cell proliferation
ELISA (for cell proliferation; A and B graphs, upper panels),
MMP-3 activity (C and D) and western blotting (for MMP-
3 protein expression; C and D, far lower panels). B-Tubulin
was used as a housekeeping protein in the western blots. **p
< 0.01 vs. control; #p < 0.01 as indicated by the bracket. Cell
proliferation was estimated by BrdU-ELISA. ELISA data
represent the mean £ S.D. of four independent experiments.
*p <0.05 and **p <0.01.

like cells (Figures 4B and 4D).

3.5. Effect of anti-MMP-3 siRNA on IL-1[-induced
DMP-1 expression and cell proliferation

We replicated the above experiments using anti-MMP-3
siRNA. This reagent efficiently down-regulated the
DMP-1 protein expression induced by IL-1f (0.25
and 2.5 ng/mL; p < 0.01; Figure 5A). Conversely, the
control siRNA had no such effect (Figure 5A). Silencing
the MMP-3 gene also significantly decreased IL-1p3-
stimulated cell proliferation (p < 0.01; Figure 5A) as
described previously (9,10). Taken together, these data
suggest that IL-1B-induced DMP-1 expression depends
on the expression of MMP-3 in odontoblast-like cells.
Using the same culture conditions, KN-3 cells showed
similar responses to the ESC-derived odontoblast-like
cells (Figure 5B).

3.6. Effect of anti-Wnt5a and -Wnt5b siRNA on IL-1p-
induced DMP-1 expression and cell proliferation

We replicated the above experiments using anti-Wnt5a
and -Wnt5b siRNA. These reagents efficiently down-
regulated the DMP-1 protein expression induced by IL-
1B (0.25 and 2.5 ng/mL; p < 0.01; Figures 6A and 6B).
Conversely, the control siRNA had no such effect (Figures
6A and 6B). Silencing the Wnt5 gene also significantly
decreased IL-1B-stimulated cell proliferation (p < 0.01;
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Figure 5. Effect of MMP-3 siRNA on IL-1-induced DMP-1 expression and cell proliferation. ESC-derived odontoblast-like
cells (A) and KN-3 cells (B) were transfected for 24 h with MMP-3 siRNA, stimulated with IL-1 (0, 0.25, 2.5, and 25 ng/mL),
then analyzed by BrdU-cell proliferation ELISA (for cell proliferation) and western blotting (for DMP-1 and B-tubulin protein
expression). **p < 0.01 vs. control; #p < 0.01 vs. control siRNA; Tp < 0.01, as indicated by the bracket.
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Figure 6. Effect of Wnt5a and WntSb siRNA on IL-1-induced DMP-1 expression and proliferation in ESC-derived
odontoblast-like cells. ESC-derived odontoblast-like cells were transfected for 24 h with Wnt5a or Wnt5b siRNA, stimulated with
IL-1P (0, 0.25, 2.5, and 25 ng/mL), then analyzed by BrdU-cell proliferation ELISA (for cell proliferation) and western blotting (for
DMP-1 protein expression). B-Tubulin was used as a housekeeping protein in the western blots. **p < 0.01 vs. control; #p < 0.01 vs.
control siRNA; p < 0.01, as indicated by the bracket.
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Figure 7. Effect of Wnt5a and Wnt5b siRNA on IL-1p-induced DMP-1 expression and proliferation in KN-3 cells. KN-3
cells were transfected for 24 h with Wnt5a or WntSb siRNA, stimulated with IL-1B (0, 0.25, 2.5, and 25 ng/mL), then analyzed
by BrdU-cell proliferation ELISA (for cell proliferation) and western blotting (for DMP-1 protein expression). B-Tubulin was
used as a housekeeping protein in the western blots. **p < 0.01 vs. control; #p < 0.01 vs. control siRNA; 7p < 0.01, as indicated
by the bracket.

Figures 6A and 6B). Taken together, these data suggest
that IL-1B-induced DMP-1 expression depends on the
expression of Wnt5 in odontoblast-like cells. Using the
same culture conditions, KN-3 cells showed similar
responses to the ESC-derived odontoblast-like cells (p <
0.01; Figures 7A and 7B).

In line with our previous report (29), we examined

the sequential order in which Wnt5, MMP-3 and DMP-
1 are expressed in odontoblast-like cells using western
blot analysis and siRNA silencing. This signaling
cascade appeared to be IL-1p—Wnt5—MMP-3—DMP-
1—-DMP-1 degradation products by MMP-3, and
intimately involved in the cell proliferation of ESC-
derived odontoblast-like cells (Figure 8).
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Figure 8. Schematic illustrating the putative signaling
pathway by which IL-1p stimulates MMP-3 activity to
induce cell proliferation in ESC-derived odontoblast-like
cells.

4. Discussion

We have demonstrated previously that the
proinflammatory cytokine IL-1f induces MMP-3-
regulated cell proliferation in odontoblast-like cells and in
KN-3 cells (9,10). While recent reports demonstrate that
IL-1B-induced MMP-3 is associated with the secreted
glycoprotein Wnt signaling pathway (30,31), we also
confirmed that Wnt5a and Wnt5b are associated with IL-
1B-induced proliferation in odontoblast-like cells derived
from mouse ESCs (/6). However, the mechanistic basis
and signal cascade, especially downstream of MMP-3
for this action, is unknown.

The monoclonal anti-a2 integrin antibody is known
to potently suppress the expression of odontoblastic
markers in these culture systems. We have previously
confirmed that o2 integrin expression in ESCs triggered
their differentiation into odontoblast-like cells (/2).
The proportion of a2 integrin-positive cells in the
total population of differentiated odontoblast-like cells
is a measure of the purity of the E14Tg2a-derived
odontoblast-like cell preparation. Fluorescence-activated
cell sorting analysis estimated the proportion of these
cells to be 98.77 £+ 2.24% (n = 3). In the present study,
IL-1B-induced MMP-3 was found to stimulate the
degradation of dentin matrix proteins, such as DMP-
1, resulting in up-regulation of odontoblast-like cell
proliferation by the degraded products. Interestingly,
DMP-1 expression was dependent on IL-1B-induced
MMP-3 in the odontoblast-like cells. It is therefore
conceivable that compensatory increases in DMP-1
production by the odontoblast-like cells, as the counter
partner, may occur in some stages during the progression
of inflammation (within the microenvironment).
Although it is unclear how IL-1p-induced MMP-
3 regulates odontoblast-like cell proliferation and
which molecular pathways in detail are involved in
upregulation of MMP-3 upon exposure to IL-1p, we

believe that the mechanism of IL-1B-induced cell
proliferation is clearly different from intrinsic cell
growth and DMP-1 production. This observation may
represent a novel physiological function of MMP-3 and
be physiologically relevant in counteracting the effects
of local inflammation. Although DMP-1 has previously
been reported to enhance cell attachment and migration
(32), there are no reports on the effect of DMP-1 on cell
proliferation, as shown in the current study.

In addition, we found a significant increase of IL-
1B-induced MMP-3 in the cells. To extend and invade
into dentin containing dentin matrix proteins, it is natural
that odontoblasts have to secrete the destructive enzyme
MMP-3. We demonstrated that IL-1B-induced MMP-3
could degrade DMP-1, but not the osteoblastic markers
osteocalcin and osteopontin (Figure 2). Furthermore,
the DMP-1 degradation products caused enhanced cell
proliferation in odontoblasts, which may lead to the
formation of dentin. We also confirmed that DMP-1 had
no effect on cell proliferation in odontoblast-like cells
(Figure 3). Although this mechanism is contradictory,
an effective and novel autoregulation system for dentin
metabolism within a closed microenvironment site, for
example at sites of inflammation, is important for cell
proliferation.

Our previous report demonstrates that this
signaling cascade appears to be IL-1p—Wnt5—Lrp5/
Fzd9—MMP-3, and is intimately involved in cell
proliferation in stem cell-derived odontoblast-like
cells (33). Combined with current evidence, we
have demonstrated the signal cascade as follows: IL-
IB—>Wnt5—MMP-3—-DMP-1-DMP-1 degradation
products by MMP-3—cell proliferation (depicted
in Figure 8). Odontoblasts produce and secrete
dentin matrix proteins, including DMP-1, and are
therefore surrounded by their products (34). DMP-
1 is proteolytically processed into N- and C-terminal
fragments in the dentin ECM and has been identified as
a high-molecular-weight proteoglycan comprising the
N-terminal DMP-1 fragment and chondroitin sulfate (34).
Interestingly, because treatment with IL-1f results in the
potent induction of DMP-1 protein, this production also
may contribute to regeneration and wound healing. In
addition to their dentin-secretory activity, odontoblasts
play a role in defensive mechanisms and the stimulation
of inflammatory responses against pathogen invasion
through dentinal tubules (34). Although we identified
a novel physiological function in mouse odontoblast-
like cells in the current study, it remains to be elucidated
whether a similar physiological function of human
odontoblasts plays an important part against the
inflammatory state. Because we have established
conditions for the efficient conversion of human muscle
stem cells to an odontoblast lineage (35), we will next
examine these concerns.

Although we tried to identify the peptide sequences
with proliferative action derived from DMP-1 by MMP-
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3, we could not determine anything specific because of
the numerous degradation products derived from this
protein. We will therefore attempt to identify the peptide
sequence(s) with proliferative action in the near future.
When activated MMP-3 and recombinant DMP-1 were
incubated at 37°C, mature DMP-1 (57 kDa) decreased
time-dependently, while the degradation product of
DMP-1 (27 kDa) appeared for up to 2 h. We therefore
speculated that this degradation product of DMP-
1 contributed to the cell proliferation of odontoblast-
like cells (Figure 2B). Because DMP-1 belongs to the
SIBLING family (36), it is speculated that the RGD
sequence may be essential for cell proliferation. Dentin
sialophosphoprotein (DSPP) and DMP-1 share many
similarities in both their gene and protein structures, and
it is now believed that DSPP arose from DMP-1 by a
gene duplication event (37). DSPP and DMP-1 are both
cleaved into two protein chains; the N-terminal regions
are proteoglycans that contain chondroitin sulfate chains,
and the C-terminal regions are highly phosphorylated
(38-40). Because it is now obviously accepted that
DSPP and DMP-1 play important roles in hard tissue
development, DSPP and DMP-1 are positive regulators
of hard tissue mineralization, with both acting on dentin.
From preliminary studies, we have confirmed that IL-1p-
induced DSPP elicits similar responses in odontoblast-
like cells (data not shown), suggesting that the common
mechanism between DMP-1 and DSPP may promote the
proliferative effect on odontoblasts. The signal cascade,
especially the downstream DMP-1 degradation products
by MMP-3, remains to be elucidated.

A blocking experiment was carried out using
polyclonal antibodies, which showed inhibition of
cell proliferation (Figure 4). Because the polyclonal
antibodies recognized every open region conformation
and did not react with the closed region of DMP-1, one
question that arises from this experiment is why intact
DMP-1 had no proliferation activity (Figures 3C and
3D), which remains to be elucidated. Another concern
of the present study is that IL-1B-induced MMPs,
except for MMP-3, are required for cell proliferation.
A peptide generated through the proteolytic processing
of DMP-1 by MMP-2 can regulate the differentiation
of mesenchymal cells during dentinogenesis and thus
sustain reparative dentin formation in pathological
situations, such as carious decay (4/). However, we
confirmed that there was no significant increase in MMP-
2 mRNA in response to IL-1B-induced odontoblast-
like cells derived from ESCs and KN-3 cells (data not
shown).

In summary, increased MMP-3 activity may
contribute not only as a primary initiating trigger for
the destruction for bone matrix components, but also as
a compensatory response owing to the degradation of
dentin matrix protein, thus promoting cell proliferation,
leading to formation of dentin. We have demonstrated
that DMP-1 responds to IL-1p by up-regulating MMP-

3 expression via the Wnt5 signaling pathway in mouse
ESC-derived odontoblast-like cells. These results provide
new insights into the role of MMP-3 in odontoblast cells,
and may have relevance to our understanding of and
ability to improve wound healing following dental pulp

injury.
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Summary

Endothelial dysfunction is closely associated with hypertension. Protection of vascular
endothelial cell is the key to prevention and treatment of hypertension. Uncaria rhynchophylila
total alkaloids and Semen Raphani soluble alkaloid, isolated from traditional Chinese
medicine Uncaria rbyncbopbylla and Semen Raphani respectively, exhibit properties of anti-
hypertension and protection of blood vessels. In the present study, we observed the protective
effect of the combined use of Uncaria rhynchophylla total alkaloids and Semen Raphani soluble
alkaloid to the vascular endothelial cell in /N'-nitro-L-arginine-induced hypertensive rats and
investigate the preliminary mechanism. Blood pressure was detected by non-invasive rats
tail method to observe the anti-hypertension effect of drugs. Scanning electron microscopy
was used to observe the integrity or shedding state of vascular endothelial cell. The amount
of circulating endothelial cells and CD54 and CD62P expression on circulating endothelial
cells were tested to evaluate the endothelium function. In this study, we found that the
Uncaria rhynchophylla total alkaloids and Semen Raphani soluble alkaloid compatibility can
effectively lower the blood pressure, improve the structural integrity of vascular endothelium,
and significantly reduce the number of circulating endothelial cells. Furthermore, the mean
fluorescence intensity of CD54 and CD62P expressed showed decrease after the intervention
of Uncaria rhynchophylla total alkaloids and Semen Raphani soluble alkaloid compatibility.
In conclusion, the combination of effective components of the Uncaria rhynchophylla total
alkaloids and Semen Raphani soluble alkaloid demonstrated good antihypertension effect and
vascular endothelium protective effect. The preliminary mechanism of the protective effect
may attribute to relieve the overall low-grade inflammation.

Keywords: Uncaria rhynchophylla total alkaloids, Semen Raphani soluble alkaloid, endothelial
dysfunction, inflammation

1. Introduction

Hypertension is the most common cardiovascular
risk factor and a major public health problem in the
world. Development of hypertension was closely
related to the vascular endothelial dysfunction.
Endothelial dysfunction may contribute to increased
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systemic vascular resistance and lead to the
development of hypertension. Endothelial dysfunction
is commonly manifested as impaired endothelium
dependent vasodilation due to an imbalance between
vasoconstrictors and vasodilators (/). Thus, improving
vascular endothelial dysfunction plays an important
role in hypertension treatment.

In recent years, hypertension was considered to be
a low-grade inflammatory disease (2), and vascular
endothelial is the key part. When vascular endothelial
damage, the activation of endothelial cells can secrete
proinflammatory cytokines such as interleukin-6 (IL-
6), interleukin-1 beta (IL-1p), and tumor necrosis factor
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alpha (TNF-0) and also express the immunoglobulin
superfamily cell adhesion molecules and selection
family. These cytokines facilitate the adhesion of
neutrophils and monocytes to endothelium affecting
production of endothelium-derived nitric oxide (NO),
impairing endothelial dependent vasodilation function,
inducing inflammatory damage of vascular walls (3).
Therefore, it is a key factor to lower blood pressure that
secretion of inflammatory substances was regulate.

Although drugs and changing life styles have
been widely promoted to control the hypertension,
unfortunately, the prevention of the progression of
vascular damage in hypertension patients remains
pessimistic. Traditional Chinese medicine (TCM)
provides a potential option to the treatment of
hypertension. From the 1950s, Chinese physicians
have been concentrating on effective prevention and
cure for hypertension using TCM, and considerable
progress has been achieved (4). Many TCMs and their
active components have been reported to have anti-
hypertension effects.

Syndrome differentiation is a diagnostic and
treatment method used in TCM. It plays an important
role in the therapeutic process and affects the
therapeutic result of hypertension. Some scholars have
found that yang hyperactivity was the most common
excessive syndrome elements of hypertension (5).
Hyperactivity of liver yang is characterized by vertigo,
tinnitus, headache, flushing, red eyes, irritability,
insomnia, lassitude in lion and legs, bitter mouth, red
tongue, and wiry pulse. Our previous studies showed
that hyperactivity of liver yang might be related to
the fifteen compounds of the structure and metabolic
pathways mainly including amino acids, free fatty
acids, and sphingosine by high performance liquid
chromatography coupled with time of flight mass
spectrometry (HPLC-TOFMS) (6). Usually, calming
the liver wind and liver Yang is an important treatment
method.

Uncaria rhynchophylla Miq Jacks (Gouteng
in Chinese) belongs to the family of Rubiaceae.
Currently, Uncaria rhynchophylla is generally used
to treat ailments in the cardiovascular and central
nervous systems, such as lightheadedness, convulsions,
numbness, and hypertension, efc. (7,8). The effective
component of Uncaria rhynchophylla is Uncaria
rhynchophylla total alkaloids. Our previous study had
proved that Uncaria rhynchophylla total alkaloids had
the pharmacological effects of lowering blood pressure,
protecting vascular endothelium, inhibiting cell aging
and improving the thoracic aorta wall reconstruction
(9-11). Semen Raphani (Laifuzi in Chinese) belongs
to the family of Brassicaceae and Semen Raphani
soluble alkaloid is the main effective ingredient.
Several researches indicated that Semen Raphani
soluble alkaloid can had prominent function to lower
the hypotension, improve the process of cardiovascular

remodeling and protect target via antioxidation (/2,13).

Uncaria rhynchophylla combined with Semen
Raphani is widely used in clinics for hyperactivity of
liver yang in hypertensive treatment in the Hospital of
Shandong University of Traditional Chinese Medicine.
The classical prescription can effectively reduce blood
pressure in hypertensive patients. We speculate that
Uncaria rhynchophylla combined with Semen Raphan
should exhibit protective effects of vascular endothelial
cells. Thus, in the present study, we investigated the
protective effects of Uncaria rhynchophylla total
alkaloids and Semen Raphani soluble alkaloid against
vascular endothelial dysfunction in hypertensive rats
induced by N'-nitro-L-arginine (L-NNA). Furthermore,
the underlying mechanisms for Uncaria rhynchophylla
total alkaloids and Semen Raphani soluble alkaloid-
induced protective effects were investigated. Valsartan
was purchased from Beijing Novartis Pharmaceutical
Co., Ltd. (Beijing, China).

2. Materials and Methods
2.1. Materials

L-NNA was purchased from sigma (St. Louis, MO,
USA). Anti-Rat CD54 PerCP-eFluor 710 and Anti-Rat
CD3PE were purchased from eBioscience (San Diego,
California, USA). CD31 FITC and rabbit monoclonal
antibody to CD146 were purchased from Abcam
(London, UK). CD62P PerCP was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Uncaria rhynchophylla and Semen Raphani were
purchased from Jianlian Traditional Chinese medicine
Store (Jinan, China).

2.2. Preparation of drugs

Acid dyes staining method was utilized to determine
the content of Uncaria rhynchophylla total alkaloids,
and high performance liquid chromatography (HPLC)
method was adopted to establish the fingerprint.
The HPLC method was also applied to ensure that
the contents of rhynchophylline accounted for more
than 5.5% in Uncaria rhynchophylla total alkaloids
and of sinapine cyanide sulfonate accounted for
more than 40% in Semen Raphani soluble alkaloid.
Uncaria rhynchophylla total alkaloids and Semen
Raphani soluble alkaloid were provided by professor
Honglei Zhou (Shandong University of Traditional
Chinese Medicine). According to the result of multiple
regression analysis and partial least-squares regression,
we had proved that the optimal ratio of the two
components in lowering blood pressure was 5/6 (14).
Then the mixture was dissolved in physiological
saline and prepared into three suspensions, which
contained the Uncaria rhynchophylla total alkaloids
with concentration of 3.853mg/mL + the Semen
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Raphani soluble alkaloid with concentration of 4.623
mg/mL, the Uncaria rhynchophylla total alkaloids
with concentration of 3.853mg/mL and the Semen
Raphani soluble alkaloid with concentration of 4.623
mg/mL. Valsartan dissolved in physiological saline to
a concentration of 1.335 mg/mL and kept at 4°C. The
suspensions were stored at 4°C before use.

2.3. Modeling and grouping

One hundred and twenty male Wistar Kyoto rats
(WKY), SPF level, 5-week-old, 165-212 g, were
purchased from Shandong Lukang Pharmaceutical Co.,
Ltd. (certificate: SCXL (Lu) 20080002). The animals
were taken care under standard conditions (12 h light/
dark cycle, ventilated, fixed temperature and humidity
room). Rats were provided standard rat pellet food
for nourishment and tap water as drinking water. All
animal experiments were performed in accordance with
the guidelines of Shandong University of Traditional
Chinese Medicine for the care and use of laboratory
animals and approved by the Animal Ethics Review
Committee of Shandong University of Traditional
Chinese Medicine.

One hundred and twenty rats were randomly
divided into 2 groups, namely, the normal control
group (n = 20), model group (n = 100). The modeling
started after 7-day adaptive feeding. The model group
was induced by intraperitoneal injection of L-NNA at a
dose of 7.625 mg/kg-d, while the normal control group
was injected the same volume of physiological saline.
Blood pressure began to increase in the first modeling
week. The injection lasted 2 weeks and formed stability
hypertension, indicating successful modeling.

Rats proven to be hypertension (n = 100) were
randomly assigned to five groups with 20 rats in
each group: model group, valsartan group, Uncaria
rhynchophylla total alkaloids group (U group), Semen
Raphani soluble alkaloids (R group) and Uncaria
rhynchophylla total alkaloids + Semen Raphani soluble
alkaloid group (U-R group). And 20 Wistar Kyoto rats
were recruited as the normal control group. Intragastric
administration was performed once a day for each
treatment group. The dosages of suspensions were
calculated according to the body surface area of human
and rat. The Valsartan was intragastrically administered
at a dose of 2.67 mg/200g (prescription/body weight).
The doses of Uncaria rhynchophylla total alkaloids,
Semen Raphani soluble alkaloids and Uncaria
rhynchophylla total alkaloids + Semen Raphani soluble
alkaloid groups were 7.705 mg/200 g, 9.246 mg/200 g
and (7.705 mg + 9.246 mg)/200 g (prescription/body
weight) respectively. The normal control group and
model group were intragastrically administrated by
physiological saline at the equivalent dose. Every group
was given suspensions for 6 days per week and 5 weeks
in a row.

2.4. Detection of blood pressure of tail artery

Systolic blood pressure (SBP), diastolic blood pressure
(DBP) and mean arterial blood pressure (MAP) were
detected by a tail-cuff sphygmomanometer with an
automated system photoelectric sensor (ALC-Non-
Invasive Blood Pressure System, Shanghai Alcott
Biotech Co., Ltd., Shanghai, China). Rats were heated
to dilate rat-tail artery for blood pressure measurements.
All rats were measured 3 times in parallel, and data was
collected as a mean.

2.5. Observation of rat vascular endothelial
morphological

Following 24 h fasting, rats were anesthetized by
intraperitoneal injection of sodium pentobarbital (60
mg/kg). After drawing blood, the thoracic aorta, renal
artery and mesenteric artery were gently separated
as fast as possible, cleaned of connective tissue and
flushed by saline. Samples were fixed in the 2.5%
glutaraldehyde solution for 24 h. Scanning electron
microscopy was used to observe the integrity or
shedding state of vascular endothelial cell.

2.6. Measurement of the number of circulating
endothelial cells

Peripheral blood was sampled at different time points:
before modeling, the 1st, the 3rd and the 5th weekend
after administration. The number of circulating
endothelial cells (CECs) was measured by indirect
FACS-fluorescence labeled antibody by flow cytometry
(Shanghai, Chain). The percentage of mononuclear
cells in white blood cells (WBC) (M1) was detected by
flow cytometry. And then detected by flow cytometry
the percentage of CD3'CD31°CD62P" cells in the
mononuclear cells (M2). The results of M1 multiplied
M2 were the circulating endothelial cells accounted
leukocyte percentage (M). The absolute value of WBC
was counted with hemocytometer under microscopy
(N1). The results of M multiplied N1 were the
circulating endothelial cell number (N =M x N1).

2.7. Detection of circulating endothelial cells CD54
and CD62P expression

FACS combined with fluorescently labeled antibodies
indirect detection method was used to detect the mean
fluorescence intensity of CD54 and CD62P on CD3"
CD31 cell.

2.8. Statistical analysis
All the data was processed with SPSS 15.0 software

(SPSS Inc., USA). The results were expressed as means
+ SEM. The multi-group comparisons used one-way
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Figure 1. The changes of blood pressure in different groups. Systolic pressure (A), diastolic pressure (B) and mean arterial
pressure (C) of rats kept decreasing gradually during the 5-week-study in Valsartan group, Uncaria rhynchophylla total alkaloids
group (U group), Semen Raphani soluble alkaloids group (R group), and Uncaria rhynchophylla total alkaloids + Semen Raphani
soluble alkaloid group (U-R group), while model group have no significant changes. Significant difference (» < 0.05) due to

comparing with model group is denoted by asterisk (*).

analysis of variance (ANOVA). A p value < 0.05 was
considered statistically significant.

3. Results
3.1. The changes of blood pressure in different groups

Baseline SBP, DBP and MAP were similar in the six
experimental groups (p > 0.05). The blood pressure
of rats in the Valsartan group, U group, R group and
U-R group were decreased significantly compared
to the model group(p < 0.05) (Figure 1A). DBP and
MAP decreased in different extent after administration,
but the effect was not as obvious as SBP (Figures
IB and 1C). From the perspective of lowering the
blood pressure, the antihypertensive effect of Uncaria
rhynchophylla total alkaloids and Semen Raphani
soluble alkaloid compatibility was similar with that
of valsartan (p < 0.05). When treated with Uncaria
rhynchophylla total alkaloids, Semen Raphani soluble
alkaloid and combination of the two, respectively, the
blood pressure decreased at different degrees, however,
the combination of the two demonstrated the most
powerful effect on decreasing the blood pressure. This
indicates the Uncaria rhynchophylla total alkaloids and
Semen Raphani soluble alkaloid compatibility have an
additive effect.

3.2. Improve the morphology of vascular endothelial
cells

Endothelial morphology of thoracic aorta, renal artery
and mesenteric artery were observed with scanning
electron microscopy. The endothelial cells of rats in
normal control group were showed neat cord blood
vessels, completely connecting and mucosal smoothing
endothelial cells, without significant fiber plaques
adhesion on cell surface. In contrast, the model group
had significantly shedding endothelial cells that
gathered into a group. The disordered cable, loss of
connections between cells that resulted in voids or

Figure 2. Endothelial morphology of thoracic aorta (A),
renal artery (B) and mesenteric artery (C) were observed
by scanning electron microscope after 5 weeks of drug
treatment. a: normal control group; b: model group; e¢:
valsartan group; d: U group; e: R group; f: U-R group. The
arrows point to the endothelial damage and the change of
endothelial morphology.

"honeycomb" shape endometrium was also observed
by electron microscopy. Endometrial attachments were
increased simulta