Pharmaceutical Research, Vol. 19, No. 11, November 2002 (© 2002)

Augmented Expression of the Tight
Junction Protein Occludin in Brain
Endothelial Cell Line TR-BBB by
Rat Angiopoietin-1 Expressed in
Baculovirus-Infected Sf Plus

Insect Cells

Hisashi Tizasa,'” Sun-Hye Bae,'* Tomoko Asashima,!
Tomohide Kitano,! Noriko Matsunaga,1

Tetsuya Terasaki,*> Young-Sook Kang,® and

Emi Nakashima'>¢

Received June 6, 2002; accepted July 11, 2002

KEY WORDS: angiopoietin-1; tight junction; occludin; permeabil-
ity; blood-brain barrier.

INTRODUCTION

The blood-brain barrier (BBB), which has extremely low
drug permeability, is composed of brain endothelial cells
linked together by tight junctions (TJs). Occludin plays a key
role in TJ formation and BBB maturation. In epithelial cells,
occludin is induced by several cytokines and hormones, such
as interleukin-15 (IL-15) and prolactin, but the physiologic
regulator of the expression of occludin in the BBB is not
known (1,2). Angiopoietin-1 (Angl) was recently identified
as a ligand of the tyrosine kinase receptor Tie-2, and is ex-
pressed in mural cells (3). Angl gene-disrupted mice exhibit
hemorrhage from capillaries (4), whereas mice transgenic for
Angl have leakage-resistant blood vessels (5). These findings
indicate that Angl may control capillary permeability in vivo.
However, the mechanism of regulation of capillary perme-
ability by Angl remains unclear. The rat is a useful animal
model to study the BBB and TJ, but the human or mouse
recombinant protein has generally been used in rat studies on
Angl (6). In addition, a recombinant Angl system capable of
providing large amounts of protein is not yet available.
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Short Communication

Here we describe the molecular cloning of rat Angl, and
its expression in baculovirus-infected Sf plus (Sf (+)) cells.
The recombinant rat Angl induced expression of occludin in
the conditionally immortalized brain capillary endothelial cell
line TR-BBB13 in vitro. We suggest that Angl regulates the
capillary permeability in the BBB by promoting the formation
of TJ.

MATERIALS AND METHODS
Molecular Cloning of Rat Angl

The reverse transcription-polymerase chain reaction
(PCR) approach was used to clone the rat Angl homologue.
Total RNA was isolated from rat placenta using ISOGEN
reagent (Nippon Gene). To obtain the complementary DNA
(cDNA) sequence of rat Angl, messenger RNA (mRNA)
was isolated using a PolyA Tract mRNA Isolation System IV
(Promega). The corresponding single-strand cDNA was gen-
erated by using oligo(dT),s and ReverTra Ace (Toyobo).
After 30 cycles of PCR amplification with an annealing tem-
perature of 59°C, one primer pair (sense primer, 5'-AGG-
CTCCACGCTGAACGGT-3'; antisense primer, 5'-CTGCT-
GGAACGGAGACAATG-3') generated a 2.3-kb DNA
fragment from rat placenta cDNA. DNA sequencing revealed
that this fragment showed a high homology to mouse Angl.
All animal experiments complied with the standards set out in
the guidelines of Kyoritsu College of Pharmacy.

Generation of Baculovirus Recombinants for Rat
Angl Gene

Sf (+) (Gibco-BRL) insect cells were propagated in
SO00II-serum-free medium (SFM) (Gibco-BRL) at 28°C
(7). Competent E. coli DHIOBAC cells, containing bacmid
(baculovirus shuttle vector plasmid) and helper plasmid,
were used to generate recombinant bacmids according to
the manufacturer’s (BAC-TO-BAC Baculovirus Expression
System, Gibco-BRL) instructions. The 1.4-kb rat Angl was
excised from the respective plasmids by the use of appropri-
ate restriction enzymes. Insertion of the fragments into the
pFASTBACI donor plasmid (Gibco-BRL) yielded 1.4-kb re-
combinant rat Angl. The pFASTBACI recombinant was
transformed into DH10BAC cells, and the gene of interest
was transferred into bacmid through lacZ gene disruption.
White colonies were obtained from LB plates containing am-
picillin, kanamycin, gentamycin, tetracycline, bluo-gal, and
IPTG. Sf (+) cells were transfected with recombinant bacmid
using CELLFECTIN reagent (Gibco-BRL). A mixture of re-
combinant bacmid and CELLFECTIN diluted in SFM with-
out antibiotics was laid over the washed Sf (+) cells in 6-well
plates. The cells were incubated for 5 h at 28°C, rinsed, and
incubated for another 72 h. Media were harvested and
centrifuged, and the virus-containing supernatant was ti-
trated. The infective titers of recombinant baculovirus stocks
that were grown in suspension culture of Sf (+) cells, were
compared.

Detection of Recombinant Rat Angl or Occludin with
Western Blotting

Conditionally immortalized rat brain capillary TR-
BBB13 cells were treated with 50-uM +y-linolenic acid (GLA)
and 300 ng/ml of rat Angl for 48 h (8,9). Cells were also
treated with 100 pl of SFM as a negative control. Cells were
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pelleted and lysed in buffer containing 1% SDS, 10 mM Tris-
HCI, 1 mM EDTA, 10% glycerin and 200 U/ml Trasylol.
Protein concentrations were measured using BCA and a plate
reader. Samples (7 pg/ml) or supernatant from recombinant
baculovirus-infected Sf (+) cells were applied to a 10% poly-
acrylamide gel. After electrophoresis, proteins were blotted
onto nitrocellulose membrane and blocked in 10% skimmed
milk for 60 min, then probed with goat anti-Angl antibody
(1:100) (Santa Cruz) or goat anti-occludin antibody (1:100)
(Santa Cruz) and a horseradish peroxidase-conjugated anti-
goat IgG (1:80,000) (Sigma). Protein bands were analyzed
with Quantity One Software.

RESULTS AND DISCUSSION

Cloning and Structure of Rat Angl

We cloned rat Angl cDNA (GenBank Accession No.
ABO080023), which contained a single open reading frame of

AGGCTCCACGCTGAACGGTTACACAGAGAGGAAACAATAAATCTAAGCTACTATTGCAAT
AAATATCTCAAGTTTTAACGAAGGAAACTATCATTACAGTAATTTTTTTAAGTAACGCGT
TTTATAACAAAGGTAAGAAATGGCTAGTTTTCTGTGGATCTTCTTCAAATGCTTTCTTTA
ACGGGGAGAGCGT CAAACAACCAGTTTTACCTGAAATAAAGAACTAGTTTAAAGGTCAGA
AGAGAGGAGCAAGCTTTGCAGGAGGCACGGAAGGCGAGTGCTGGCAGTACAATGACAGTT
MT Vv 3

6
121
18
24

30

TTCCTTTCCTTTGCATTCTTCGCTGCCATTCTGACTCACATAGGGTGCAGCAACCAGCGC
FLSFAFFAAILTHIGSECSNG @R 23

36

CAGAGTCCAGAAAACGGAGGGAGAAGAT AT AACCGAATTCAACATGEGCAATGTGOCTAG
RSPENGGRRYNRIOQHGQCAY 43

42

ACTTTCATTCTTCCAGAACACGACGGGAACTGCCGT GAGAGTGCGACAGAGCAGTACAAC
TFILPEHTDGE M CRESATET® Y E 63

~
*®

ACCAACGCTCT GCAAAGGGATGCTCCACACGTGGAGACGGATTTCTCTTCCCAGAAACTT
I E AL QRDAPHKVETDFSS QKL 83

54

CAGCATCTGGAGCATGTGATGGAAAATTATACTCAGTGGCTGCAAAAACTTGAGAATTAC
Q Ht EHVME E Y T @ W1l QKILE E Y

60

ATTGTGGAAAATATGAAGTCGGAGATGACCCAGATACAACAGAATGOGGTTCAAAAGCAC
1 vVERNMEKSEMWAQGIOGONAVONEH

66

ACGGCCACGAT GGTGGAGATAGGAACCAGGCT CTTGTGTCAGACTGCAGAGCAGACCCGA
T AT MLELF!GTSLLSQ@TAEGQ GTR

12

AAGCTCACAGATGTGGAGACCCAGGTACTAAATCAAACATCCCGTCTTRAAAT CCAACTE
KL T b VETOQVINGTSRLETIGL

781 CTGGAGAATTCATTATCAACATACGAGCTAGAGAAACAGCTTCTCCAACAGACAAATGAA
LEMNSLSTYELEKOQLLOGTNE

841 ATTCTGAAGATTCAGGAAAAAAACAGTTTATTAGAGCATAAAATCCTAGAAATGGAGGGA

I L KT QEK E S LLEHEKTIULEMNEG 203

901 AAAGACAAGGAAGAGCTGGACACCTTGAAGGAGGAGAAAGAAAACCTTCAAGGCTTGETT
K H KEE L DT L KEEKFE E! L Q0 6 L V

961 ACTCGTCAGACATTCATCATCCAAGAATTGGAGAAGCAACTTAGCAGAGCTACCAGCAAC

IROTF I 310ELESKGOQLSRATSHN 243
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1,494 bp encoding a 498-amino-acid protein (Fig. 1). The pre-
dicted rat Angl amino acid sequence contains 36 potential
N-glycosylation sites. Rat Angl gene is 95% identical to
mouse Angl gene, though it lacks the 269th glycine in com-
parison with human and mouse Angl (Fig. 1). However, this
site is not located in the fibronectin-like domain or coiled-coil
domain that are reported to play key roles in the bioactivity
(10).

Expression of Recombinant Rat Angl

Angl has a characteristic protein structure with a coiled-
coil domain in the NH,-terminal portion and fibronectin-like
domain in the COOH-terminal portion (3). We used Sf (+)
insect cells to produce recombinant rat Angl. A major band
of 65 kDa was detected mainly in the culture supernatant by
western blotting (Fig. 2). It is reported that 75-kDa recombi-
nant human Angl is produced by COS7 cells in culture su-
pernatant (11). Because Angl is known to be a glycosylated

1021 AAGAGTGTTCTGCAGAAGCAACAACTGGAGCTCATGGACACAGTCCATAACCTTGTCAGC

MsVvioKkKooetELMDTVHNLYS 28

1081 CTTTGCACAAAAGAAGTTTTGCTAAAGGGAGGAAAAAGAGAAGAAGAGAAACCATTTCGA

LGTKEVLLXGGKREEEEKFPFIR 28
1141 GACTGTGCAGATGTATATCAAGCTGETT TTAATAAGAGTGGAATCTACACTATTTATTTT
DG A BAVIY A6 F N KS 6y ys 303
1201 AATAATATGCCAGAACGCAAAAAGGT ATTTTGCAATATGGATGTGAATGAAGGAGGATGG
NN#WPEPKKVECHEEDYHREGCEN 223
1261 AGAGTAATAGAACACCGTGAGGATGEAAGCCTAGATTTCCAGAGGBECTGRAAGGAGTAT
Todbe@ R Exdo 6800 DF O R G W K EY 3
1321 AAAATGGATTTTGAGAATCCGTCTGGTGAATATTGACT TEAGAACGABTTCATTTTTGCA
K GF 6 NPseEY WLEREFLFA 33
1381 ATAACCAGTCAGAGGCAGTACATGCTGAGGATCGAGCTGATGGACT GGRAAGGRAACCRA
LT S 0B Q.Y WL BT EU N B YES R 28
1441 GCCTACTCACAGTACGACAGATTCCACATAGGAAACCAGAAGCAGAACT ACAGETTATAT
AYSs oY DRENMIGNGK R YRE Y 403
1501 TTAAAGGGTCACACGGGGACAGCAGRCAAACAGAGCAGCTTGATCTTACATGGTGCTGAT
LEGHRTETASEO S L L gD
1561 TTGAGCACAAAGGACGCTGATAAGGAGAACTGTATGTGCAAATGCGCCCTTATGGTAAGA
FSTKDADHOIDN G CK B RLELT M
1621 GGAGGTTGGTGATTTGATGCCTETGGCCCTTCCAATCTAAAGGGAAT GTTCTAGAGTGGA
Goaw v FpPacsPrsRLEGHFY TR 4
1681 GGGCAAAACCATGGAAAACTGAATGGGATAAAGTGGCACTACT TCAAAGGACCCAGTTAC
GOMNHBEKLNGIKWHYFKGPSY 48
1741 TCCTTACGTTCCACAACCATGATBATCCOGCCCTTRRACTTCTBAAGROGCTATGCCTAG
SLRSTTHMHIRPLDEF = 497
1801

1861

TATTAGAAACCTGAAATAAATCTGGGGATGTTCCCGAATGAGAAGCTATCTGGAAGCTTC
CGAAACAACCCAGCATTGTCTCCGTTCCAGC

Fig. 1. Sequence of rat Angl cDNA and the predicted primary amino acid sequence. Putative N-linked glycosylation sites are
boxed. The underline shows the coiled-coil domain. The shaded box indicates the fibronectin-like domain.



Cloning and Functional Analysis of Recombinant Rat Angiopoietin-1
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Fig. 2. Western blot of recombinant rat angiopoietin-1. The culture
supernatant of Sf (+) insect cells with recombinant bacmid DNA and
that of the cells infected with recombinant baculovirus stock were
harvested at 72 h after transfection and at 72 h after infection, 3 times.
Each sample was separated by SDS-polyacrylamide (10%) electro-
phoresis and detection was done by Western blot analysis with anti-
Angl antibody.

protein that is secreted from the pericytes and vascular
smooth muscle cells around endothelial cells, the reason for
the size difference may be glycosylation (3). For example,
Matsuura et al. reported that expressed envelope proteins
were glycoproteins of 24 to 35 kDa in insect cells and glyco-
protein of 35 kDa in mammalian cells (12). As shown in Fig.
2, we also detected glycoprotein of 62 to 65 kDa by Angl-
specific western blotting (Fig. 2).

The Expression of Occludin by Rat Angl

Occludin is a transmembrane protein of approximate 65
kDa, and its extracellular domain binds to another occludin
molecule on an adjacent cell to form a TJ. Treatment with rat
Angl induced a 3-fold increase in the expression of occludin
in TR-BBB13 in comparison with the SFM control (Fig. 3).
GLA is known to be a potential inducer of occludin, and
many phosphorylated upper bands can be seen in our system
(9,13) (Fig. 3a, middle lane). This result is consistent with a
previous report (13). Treatment of Angl also induced occlu-
din phosphorylation in TR-BBB, as indicated by the upper
bands (Fig. 3a, left band). This is the first report that Angl
induces expression and phosphorylation of occludin in brain
endothelial cells. Indeed, IL-15 and prolactin are reported
to induce expression of occludin, but these proteins produced
under abnormal conditions, such as inflammation and gesta-
tion (1,2). Angl is constitutively expressed in mural cells
and induces angiogenesis (3,5). Angl also regulates expres-
sion of VE-cadherin and inhibits endothelial cell permeability
(14). This result strongly suggests that Angl may regulate
capillary permeability through modulating the expression
of occludin in the brain. Recently, we established a condition-
ally immortalized bone marrow derived endothelial cell line,
TR-BME (15). Brain capillaries show strong TJ formation
in comparison with that in peripheral vessels. Using this cell
line in comparison with TR-BBB, we intend to examine the
role of Angl in TJ formation. In conclusion, our results show
that Angl induces expression of the tight junction protein
occludin in brain capillaries derived from endothelial cells.
This finding suggests that transient expression of Angl by
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Fig. 3. Angl regulates the expression of occludin, as determined by
Western blotting. TR-BBB13 was treated with Angl for 48 h and
protein was extracted. Occludin was probed with rabbit anti-occludin
antibody and visualized by means of enhanced chemiluminescence
(a). The occludin band density in scanned images of the gel was
calculated (b). Serum-free medium (SFM) was used as a control, with
v-linolenic acid (GLA) as a positive control. The gel shows the results
of three independent experiments. All data were corrected based on
the density of the SFM-treated control and the significance of differ-
ences was evaluated by means of the ¢ test. Each bar shows the mean
+/— SD of data (n = 3). * p < 0.01 compared to the control.

gene therapy may be a potential treatment to rescue brain
edema.
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