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FIG. 3. Subcellular localization of PEBP2 protein derivatives. Each PEBP2B deletion mutant and full-length PEBP2B were transfected into
HelLa cells, and cells were processed for double immunofluorescence staining. Red and green flucrescence represent PEBP2f and filamin A,
respectively. Merged images are also presented.

Runxl. On the other hand, in A7 cells, the cotransfection of treated with the siRNA filaminA-7140 and then were trans-
PEBP2f and Runxl caused a 1.6-fold increase in luciferase  fected with reporter and expression plasmids. The siRNA
activity compared to cells transfected only with Runx1. treatment increased the luciferase activity from 1.6-fold (with-

We also performed several control experiments in parallel. out siRNA) to 3.6-fold (with siRNA) (the significance of the
For the data shown in Fig. 7B, HeLa cells were treated or not difference was valid by a ¢ test [P < 0.002]). For the data shown
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FIG. 4. Subcellular localization of PEBPZB protein in filamin A-deficient M2 cells. M2 and A7 cells were transfected with full-length PEBP23,
fixed, and processed for double immunoftuorescence staining as described in the legend to Fig. 3.

in Fig. 7C, M2 cells were transfected with filamind cDNA and
then with reporter and expression plasmids. The coexpression
of filamin A decreased the luciferase activity from 4.3-fold
(without filamin A) to 3.4-fold (with filamin A} (the signifi-
cance of the difference was valid by a ¢ test [P < 0.03]).

Thus, the transcriptional activity of PEBP2/CBF is enhanced
by an increase in the level of PEBP2{, but only in the absence
of filamin A. Conversely, the presence of filamin A appears to
decrease the transcriptional activity of PEBP2/CBF, probably
by retaining PEBP2B in the cytoplasm. (Note that the BA68-93
protein did not induce transcriptional activation in a reporter
assay [data not shown]. This was probably because its three-
dimensional structure was unfavorably altered due to the de-
letion.)

DISCUSSION

Filamin A is a non-muscle-specific isoform of filamin that is
ubiquitously expressed in many different cell types. As an actin
binding protein, filamin A organizes a three-dimensional in-
tracellular network of actin filaments and connects filamentous
actin to plasma membrane glycoproteins. Furthermore, filamin
A acts as a scaffold for intracellular proteins and is involved in
various signal transduction pathways (29). In the present study,
we demonstrated that filamin A binds to and retains PEBP2B
in the cytoplasm, a finding which is in accord with our previous
observations. For example, PEBP2(-specific staining has been
observed along stress fibers and cell membrane processes in
some cultured cells (32). This pattern of distribution of
PEBP28 is similar to that of filamin A. Also, PEBP2B is lo-
cated on or near the Z lines of muscle fibers (7). Filamin C, a
muscle-specific isoform of the filamin family is present on Z
lines (3) and therefore may specify the localization of PEBP2f
to these structures. Indeed, we found that the cotransfected

carboxy-terminal region of either filamin C or filamin B, an-
other ubiquitously expressed isoform, was coimmunoprecipi-
tated with PEBP2p. Moreover, the forced expression of full-
length filamin B relocated PEBP2@ from the nucleus to the
cytoplasm of M2 cells (N. Yoshida and T. Watanabe, unpub-
lished observations). It must be noted that since the endoge-
nous expression of filamin B and filamin C in M2 cells was 1/10
that of filamin A or undetectable, respectively, their contribu-
tion, if any, to retaining PEBP2J in the cytoplasm may be
minimal in this particular cell line.

By analyzing deletion mutants, we identified a region within
the PEBP2B molecule that is important for its interaction with
filamin A and for cytoplasmic localization, This region spans aa
68 through 93 and consists of loop-B strand-loop (L3-p4-L4)
structures, but only 2 aa comprise the B4 strand. Therefore,
this region as a whole does not appear to adopt a solid two-
dimensional structure but is instead flexible. Furthermore, it
contains a hydrophobic tryptophan residue (aa 73) embedded
in a cluster of hydrophilic amino acid residues (30). These
characteristics likely confer upon the region a tendency to
interact with other molecules. In addition, an inspection of the
three-dimensional structure of PEBP2B showed that the re-
gion responsible for interacting with filamin A and the Runx1-
interacting region are situated on opposite sides of the mole-
cule. The Runxl-interacting region is composed of an alpha
helix and four B strands and probably adopts a rigid structure
(30). Thus, based on the above observations, we propose a new
model which holds that the PEBP2P protein consists of two
structurally and functionally distinct domains. The first is a
regulatory domain that has a loose structure and which per-
haps interacts with various molecules, The binding of this do-
main by filamin A, for example, retains PEBP2 in the cyto-
plasm, thereby preventing it from being recruited as a
component of a transcription factor complex. The second do-
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FIG. S. Effect of filamin A repression on subcellular localization of PEBP2B protein. (A) Repression of filamin A expression by the siRNA
method. HeLa cells were transfected with a siRNA targeted to filamin A or [uciferase. The protein level in these cells was measured by immunoblot
analysis. The top panel represents filamin A, and the bottom panel shows B-actin. {B) Cells were treated with a siRNA as indicated, transfected
with PEBP2R ¢cDNA, fixed, and processed for double immunofluorescence staining as described in the legend to Fig. 3. Merged images of two-color
Auorescence were captured by differential interference contrast microscopy.

main is an executive domain that has a rigid structure and
which perhaps interacts only with the Runxl protein. When it
is bound to Runx1, PEBP2B can function as a transcription
factor in the nucleus.

It is not clear how PEBP2f3 moves into the nucleus in the
absence of filamin A. Previously, the Runxl protein was
thought to bring PEBP2B into the nucleus (1, 31). However,
Runxl protein expression was not detected in M2 cells by
immunoblot analysis {Yoshida and Watanabe, unpublished ob-
servation), and PEBP2p was detected in the nuclei of M2 cells

filamin A

FILAMIN A RETAINS PEBP23/CBFR IN THE CYTOPLASM 1009

merged

that were not transfected with Runxl. An unidentified mech-
anism appears to be involved in the nuclear localization of
PEBP2B.

Runxl and PEBP2@ are known to be indispensable for the
development of hematopoietic stem cells, and a precise dose of
each of the Runxl and PEBP2p proteins appears to be neces-
sary for the proper functioning of PEBP2/CBF during this
process {6, 20, 23). For example, a hapleinsufficiency of Rurnxl
can impair the temporally and spatially regulated generation of
hematopoietic stem cells in mouse embryos (6). Hematopoietic

t
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stem cells develop from hemangioblasts, a specific subset of
endothelia! cells. Notably, hemangioblasts, which undergo
transformation from flat endothelial cells to round hematopoi-
etic cells, are considered to accompany alterations of cytoskel-
etal structures, including the actin and perhaps filamin A mol-
ecules. One can imagine that the mechanism described in the
present study may tune the activity of PEBP2/CBF at the site
of hematopoietic stem cell generation. Efforts toward under-
standing this mechanism are under way.

4 5 6

FIG. 6. Subcellular distribution of PEBP2p and Runxl proteins in filamin A-deficient M2 cells and filamin A-expressing A7 cells. (A) M2 and
A7 cells were cotransfected with Runx!I and PEBP2[} expression plasmids, fixed, and processed for double immunofluorescence. Red and green
fluorescence represent PEBP2P and Runx1, respectively. Merged images of two-color fluorescence are also presented. (B) A7 and M2 cells were
transfected with the indicated combinations of Runx! and PEBP2( expression plasmids. The protein level of Runxl in these cells was measured
by immunoblot (IB) analysis with an anti-Myc antibody. The bands indicated by the arrow represent Runx1, whereas those indicated by the asterisk
represent nonspecific reactions.

Filamin A regulates the subcellular localization of Smad2
and of the androgen receptor (26, 27), two transcription factors
that are usually found in the cytoplasm. The treatment of cells
with transforming growth factor beta leads to the phosphory-
lation of Smad2 and to the subsequent translocation of the
phosphorylated form into the nucleus. Interestingly, Smad2 is
neither phosphorylated nor translocated into the nucleus after
transforming growth factor beta stimulation in cells lacking
filamin A. Similarly, the androgen receptor, which moves into
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FIG. 7. PEBP2/CBF transcription activity in filamin A-deficient
M2 cells and filamin A-expressing A7 cells. (A) M2 and A7 cells were
cotransfected with an M-CSF-R-luc reporter construct and Runx!
and/or PEBP2( expression plasmids as indicated. Luciferase activities
in cell lysates are presented as averages * standard deviations.
(B) HeLa cells pretreated with a filamin A siRNA and untreated Hela
cells were cotransfected with an M-CSF-R-luc reporter construct and
Runxl and/or PEBP2P expression plasmids as indicated. {(C) M2 cells
which were pretransfected with filamind ¢DNA were cotransfected
with an M-CSF-R-lue teporter construct and Runx] and/or PEBP2B
expression plasmids as indicated.
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the nucleus when bound to its ligand, remains in the cytoplasm
of cells that do not express filamin A. Therefore, filamin A
probably serves as a site at which a kinase and/or other ligand
can also bind, and in the absence of filamin A, target molecules
are not appropriately modified and thus are not translocated
into the nucleus. On the other hand, PEBP2B is translocated
into the nuclei of cells lacking filamin A, which enhances the
transcriptional activity of PEBPZ/CBF. A signal that can dis-
sociate the interaction of PEBP2$ and filamin A i3 not known
at present. Thus, the mechanisms by which filamin A regulates
the nuclear translocation and transcriptional activity of
PEBP2B and of Smad2 and the androgen receptor appear to
differ. Qur present study has thus broadened the molecular
scope of the interplay between cytoskeletal filamin A and tran-
scription factors.

ACKNOWLEDGMENTS

This research was supported in part by research grants from the
Ministry of Education, Science, Sports, Culture and Technology of
Japan. M.S. is a member of the 21st Century COE program, “Center
for Innovative Therapeutic Development Towards the Conquest of
Signal Transduction Diseases,” headed by K. Sugamura at Tohoku
University.

We thank M. Shiina and K. Ogata for their valuable comments on
the structural aspects of PEBP2B. We also thank D. Tenen for pro-
viding the p-M-CSF-R-luc reporter construct. We are grateful to M.
Kuji for secretarial assistance.

REFERENCES

1. Adya, N., T. Stacy, N. A. Speck, and P, P, Liv. 1998. The leukemic protein
core binding factor B (CBFB)-smoath-muscle myosin heavy chain sequesters
CBFa? into cytoskeletal filaments and aggregates. Mol, Cell. Biol. 18:7432-
7443,

2, Abn, M. Y., G. Huang, S. C. Bae, H. J. Wee, W. Y, Kim, and Y. Ito, 1998,
Negative regulation of granulocytic differentiation in the myeloid precursor
cell line 32Dct3 by ear-2, a mammalian homolog of Drosophifa seven-up, and
a chimeri¢ leukemogenic gene, AMLIYETO. Proc. Natl. Acad. Sci. USA
95:1812-1817.

3. Bechtel, P. J. 1979. Identification of a high molecular weight actin-binding
protein in skeletal muscle, J. Biol. Chem. 254:1755-1758.

4. Berardi, M. J., C. Sun, M. Zehr, F. Abildgaard, J. Peng, H. A. Speck, and
J. H. Bushweller, 1999, The Ig fold of the core binding factor &« Runt domain
is a member of a family of structurally and functionally related Ig-fold
DNA-binding domains. Struct. Fold Des. 7:1247-1256.

5. Bruhn, L., A. Munnerlyn, and R. Grosschedl, 1997. ALY, a context-depen-
dent coactivator of LEF-1 and AML-1, is required for TCR « enhancer
function. Genes Dev. 11:640-653.

6. Cai, Z., M. de Bruijn, X. Ma, B. Dortland, T. Luteijn, R. J. Downing, and E.
Dzierzak 2000. Haploinsufficiency of AML1 affects the temporal and spatial
generation of hematopoietic stem cells in the mouse embryo. Immunity
13:423-431.

7. Chiba, N., T. Watanabe, 8. Nomura, Y. Tanaka, M. Minowa, M. Niki, R.
Kanamaru, and M. Satake. 1997. Differentiation dependent expression and
distinct subcellular localization of the protooncogene product, PEBP2B/
CBFR, in muscle development. Oncogene 14:2543-2552.

8. Cunningham, C. C,, J. B. Gorlin, D. J. Kwiatkowski, J. H. Hartwig, P. A.
Janmey, H. R. Byers, and T, P. Stossel. 1992 Actin-binding protein require-
ment for cortical stability and efficient locomotion. Science 255:325-327.

9, Goger, M., V. Gupta, W. Y. Kim, K. Shigesada, Y. Ito, and M. H, Werner.
1999. Molecular insights intc PEBP%CBFR-SMMHC associated acute leu-
kemia revealed from the structure of PEBP2/CBF(. Nat. Struct. Biol. 6:620-
623.

10. Gu, T. L., T. L. Goetz, B. J. Graves, and N. A. Speck 2000. Autg-inhibition
and partner proteins, core-binding factor # (CBFpB) and Eis-1, modulate
DNA binding by CBFa2 {AMLI). Mol. Cell. Biol. 20:91-103.

11. Huang, G., K. Shigesada, K. Ito, H. J. Wee, T. Yokomizo, and Y. Ito. 2001,
Dimerization with PEBP2p protects RUNX1/AMLI from ubiquitin-protea-
some-mediated degradation. EMBO J. 20:723-733,

12. Huang, X., J. W. Peng, N. A. Speck, and J. H. Bushweller, 1999. Solution
structure of core binding factar beta and map of the CBF « binding site. Nat.
Struct. Biol, 6:624-627.

13. Imai, Y., M. Kurokawa, K. Tanaka, A. D. Friedman, S. Ogawa, K. Mitani, Y.
Yazaki, and H. Hirai. 1998. TLE, the human homolog of grouche, interacts

— 261 —



1012

14.

15.

16.

17

19.

20.

21

22,

23.

24,

25.

26.

YOSHIDA ET AL.

with AML1 and acts as a repressor of AML1-induced transactivation. Bio-
¢hem. Biophys. Res. Commun, 252:582-589.

Kanno, T., Y. Kanno, L. F. Chen, E. Ogawa, W, Y, Kim, and Y. Ito, 1998.
Intrinsic teanscriptional activation-inhibition domains of the polyomavirus
enhancer binding protein 2/core binding factor & subunit revealed in the
presence of the B subunit. Mok, Cell. Biol. 18:2444-2454.

Kim, W. Y, M. Sieweke, E. Ogawa, H. J. Wee, U, Englmeier, T. Graf, and Y.
Ito. 1999, Mutual activation of Ets-1 and AML1 DNA binding by direct
interaction of their autcinhibitory domains. EMBO J, 18:1609-1620.
Kitabayashi, L, A. Yokoyama, K. Shimizu, and M. Ohki, 1998, Interaction
and functional cooperation of the leukemia-associated factors AML1 and
p300 in myeloid cell differentiation. EMBO J. 17:2994-3004.

Kitabayashi, L, Y. Aikawa, L. A. Nguyen, A. Yokoyama, and M, Ohki. 2001.
Activation of AML1-mediated transcription by MOZ and inhibition by the
MOZ-CBP fusion protein, EMBQ J. 20:7184-7196.

. Levanon, D., R. E. Goldstein, Y. Bernstein, H. Tang, D. Goldenberg, S.

Stifani, Z. Paroush, and Y. Groner. 1998. Transcriptional repression by
AMLI and LEF-1 is mediated by the TLE/Grouche corepressors. Proc. Natl.
Acad. Sci. USA 95:11590-11595.

Lutterbach, B., J. J. Westendorf, B. Linggi, 8. Isaac, E. Seto, and §. W.
Hiebert. 2000. A mechanism of repression by acute myeloid leukemia-1, the
target of multiple chromosomal translocations in acute leukemia. J. Biol.
Chem. 275:651-636.

Mukouyama, Y., N. Chiba, T. Hara, H, Okada, Y. Ifo, R. Kanamaru, A.
Miyajima, M. Satake, and T. Watanabe. 2000. The AMLI! transcription
factor functions to develop and maintain hematogenic precursor cells in the
embryonic aorta-gonad-mesonephros region. Dev. Biol. 220:27-36.
Nagata, T., V. Gupta, D. Sorce, W. Y., Kim, A. Sali, B. T. Chait, K. Shigesada,
Y. Ito, and M. H. Werner. 1999. Immunoglobulin motif DNA recognition
and heterodimerization of the PEBP2/CBF Runt domain. Nat. Struct. Biel.
6:615-619.

Niki, M., H. Okada, H. Takano, J. Kuno, KL Tani, H, Hibine, §. Asano, Y.
Ito, M. Satake, and T, Noda, 1997, Hematopoiesis in the fetal liver is
impaired by targeted mutagenesis of a gene encoding a non-DNA binding
subunit of the transcription facter, polyomavirus enhancer binding protein
2/core binding factor. Proc. Natl. Acad. Sci. USA $4:5697-5702.

North, T., T. L. Gu, T. Stacy, Q. Wang, L. Howard, M, Binder, M. Marin-
Padilla, and N. A. Speck. 1999. Cbfa2 is required for the formation of
intra-acrtic hematopoietic clusters. Development 126:2563-2575.

Okada, H., T. Watanabe, M. Niki, H. Takano, N. Chiba, N, Yanai, K. Tani,
H. Hibino, §. Asano, M. L. Mucenski, Y. Ito, T. Noda, and M. Satake. 1998,
AMLI1{-/-) embryos do not express certain hematopoiesis-related gene
transcripts including those of the PU.1 gene. Oncogene 17:2287-2293.
Okuda, T., J. van Deursen, §. W. Hiebert, G. Grosveld, and J. R. Downing.
1996, AMLY, the target of multiple chromosomal translocations in human
leukemia, is essential for normal fetal liver hematopoiesis. Cell 84:321-330.
Ozanne, D, M., M, E, Brady, 5. Coolk, L. Gaughan, D. E. Neal, and C. N,
Robson. 2000. Androgen receptor nuclear translocation is facilitated by the
F-actin cross-linking protein filamin, Mol. Endocrinol. 14:1618-1626.

27.

28.

29.

30.

31

32

3.

34.

3s.

36.
37.

38.

39,

MorL. CELL. BioL.

Sasaki, A., Y. Masuda, Y. Ohta, K. Ikeda, and K. Watanabe. 2001. Filamin
A associates with Smads and regulates transforming growth factor-3 signal-
ing. J. Biol. Chem. 276:17871-17877.

Sasaki, K, H. Yagi, R. T. Bronson, T. K. Tominaga, T. Matsunashi, K.
Deguchi, Y. Tani, T. Kishimoto, and T. Komori. 1596. Absence of fetal liver
hematopoiesis in mice deficient in transcriptional coactivator core binding
factor B. Proc. Natl. Acad. Sci. USA 93:12359-12363.

Stosse), T. P, J. Condeclis, L. Cooley, J. H. Hartwig, A. Noegel, M. Schlei-
cher, and $. S. Shapiro, 2001. Filamins as integrators of cell mechanics and
signalling. Nat. Rev. Mol. Cell Biol. 2:138-145.

Tahirov, T. H., T. Inoue-Bungo, H. Morii, A. Fujikawa, M. Sasaki, K.
Kimura, M. Shiina, K. Sato, T, Kumasaka, M. Yamamoto, 8. Ishii, and K.
Ogata. 2001. Structural analyses of DNA recognition by the AML1L/Runx-1
Runt domain and its allosteric control by CBFp. Cell 104:755-767.
Tanaka, K., T. Tanaka, M. Kurokawa, Y. Imai, 5. Ogawa, K. Mitani, Y.
Yazaki, and H. Hirai. 1998. The AMLYETO(MTG8) and AMLYVEvi-1
leukemia-associated chimeric oncoproteins accumulate PEBP2B (CBFB) in
the nucleus more efficiently than wild-type AML1. Bloed 91:1688-1659.
Tanaka, Y., T. Watanabe, N, Chiba, M. Niki, Y, Kuroiwa, T. Nishihira, 8.
Satomi, Y. Ito, and M. Satake. 1997, The protooncogene product, PEBP2/
CBFR, is mainly located in the cytoplasm and has an affinity with cytoskeletal
structures. Oncogene 15:677-683.

Tanaka, Y., M. Fujii, K. Hayashi, N. Chiba, T. Akaishi, R. Shineha, T.
Nishibira, 8. Satomi, Y. Ito, T. Watanabe, and M. Satake. 1998. The chi-
meric protein, PEBP2B3/CBFB-SMMHC, disorganizes cytoplasmic stress fi-
bers and inhibits transcriptional activation. Oncogene 17:699-708.

Wang, Q., T. Stacy, M. Binder, M. Marin-Padilla, A. H. Sharpe, and N. A.
Speck. 1996, Disruption of the Cbfa2 gene causes necrosis and hemorrhaging
in the central nervous system and blocks definitive hematopoiesis. Proc. Natl,
Acad. Sci. USA 93:3444--3449.

Wang, Q., T. Stacy, J. D. Miller, A. F. Lewis, T. L. Gu, X, Huang, J. H.
Bushweller, J. C., Bories, ¥, W, Alt, G, Ryan, P, P, Liu, A. Wynshaw-Boris, M.
Binder, M. Marin-Padilla, A. H. Sharpe, and N. A, Speck. 1996. The CBFB
subunit is essential for CBFa2 (AML1) function in vive. Cell 87:697-708.
Warren, A. ], ]. Bravo, R. L. Williams, and T. H. Rabbitts. 2000, Structoral
basis for the heterodimeric interaction between the acute leukaemia-assaci-
ated transeeiption factors AMLI1 and CBFR. EMBO J. 19:3004-3015.
Yagi, ., L. F. Chen, K. Shigesada, Y. Murakami, and Y. [to. 1999. A WW
domain-containing yes-associated protein (YAP) is a novel transcriptional
co-activator, EMBO J. 18:2551-2562.

Zaidi, 8. K, A. J. Sullivan, R. Medina, Y. Ito, Y. J. Van Wijnen, J. L. Stein,
J. B. Lian and G. S. Stein. 2004. Tyrosine phosphorylation controls Runx2-
mediated subnuclear targeting of YAP to repress transcription. EMBO J.
23:790-799.

Zhang, D. E,, C. ). Hetherington, S. Meyers, K. L. Rhoades, C. J. Larson,
H. M. Chen, S, W. Hiebert, and D. G. Tenen. 1996. CCAAT enhancer-
binding protein (C/EBP) and AML1 (CBF «2) synergistically activate the
macrophage colony-stimulating factor receptor promoter. Mol. Cell. Biol.
16:1231-1240,

— 262 —



DNA RESEARCH 10, 203-212 (2003)

Identification and Sequence of Seventy-nine New Transcripts
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Abstract

Ascidian is a useful experimental animal for studying body planning principles and host defense mech-
anisms employed by the phylum chordata. Toward this goal, genome and ¢DNA/EST projects of Ciona
intestinalis have been undertaken. Using ¢cDNAs and ESTs derived from Ciona hemocytes, we identified
79 possible hemocyte-preferential transcripts and determined the cDNA sequence of each clone. The amino
acid sequence of each encoded polypeptide was predicted as well. Among these ¢DNAs, we identified
three transcripts that may be involved in characteristic cell-cell communication in Ciona. These tran-
scripts encoded leucine-rich repeat-containing RP105-like, 1L-17 receptor/similar expression to FGF-like,
and ectodysplasin-like polypeptide of the tumor necrosis factor family, and they are expressed abundantly

in hemocytes.

Key words: ascidian; cDNA; hemocytes; cell-cell communication

1. Introduction

Ascidians occupy a unique position in the evolution of
deuterostomes. In both ascidian, eategorized as urochor-
data, and amphioxus, categorized as cephalochordata,
the development of the notochord is a critical event for
induction of the dorsal neural tube. Ascidian is therefore
a key animal for understanding the body plan principles
that are employed by the phylum chordata, which in-
cludes vertebrates. To elucidate these principles, various
attempts to screen ascidian mutants"? and to genetically
manipulate ascidians®? have been reported. In parallel,
multiple genomic studies of this animal are now being
performed. For example, a draft genome sequence® and a
series of cDNA/EST projects of Ciona intestinalis, an as-
cidian species that is used worldwide, have recently been
reported. The cDNA/EST projects have covered several
different stages of ascidian development, including fer-
tilized eges,® cleavage-stage embryos,” tailbud embryos,?
larvae,® young adults,’® and testis.}! The total number

Communicated by Satoshi Tabata .
* To whom correspondence shiould be addressed. Tel, +81-22-
717-8477, Fax. +81-22-717-8482, E-mail: satnke@idac.lohoku.

ac jp

of collected ESTs has reached 81,637, and they lhave
been grouped into 13,464 clusters!®!? that probably cor-
respond to independent transcriptional units and most
likely cover 85% of the predicted Ciena genes.

The host defense mechanisms of ascidian are also in-
teresting. Although elements of acquired immunity have
not heen found, the innate immune function of ascidian is
considered to be a prototype of the corresponding system
in vertebrates.' %1% We recently performed a cDNA/EST
project of Ciona hemocytes,'® which play » major role in
its host defense mechanism. We have collected 3357 ESTs
and grouped them into 1839 clusters. Rased on homology
searches and domain analyses, 530 clusters were found to
he homologous to known genes with some function, and
62 out of 530 clusters represented transcripts involved in
cytotoxicity, detoxification, and inHamuation. On the
other hand, 1359 elusters (72%) did not show significant.
similarities to known proteins or did not give enough in-
formation to speculate with regard to protein function.

Considering  the present situation that the draft
genome and ¢DNA/EST sequences are available, one of
the next goals in the genome science of ascidian is the full
length sequencing of each ¢cDNA clone and their assign-
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ment on the genome sequence. In particular, we have an
interest in the features of transcripts which are expressad
preferentially in hemocytes, a point not addressed in
our previous EST study.!® In this report, we identified
79 transcripts that appear to be preferentinlly expressed
in Ciona hemocytes, sequenced eachh ¢DNA clone and
predicted its coding sequence. We also examined the ex-
pression patterns of several of these transcripts that may
play roles in cell-cell communication.

2. Materials and Methods

2.1, Insilico subtraction and cDNA sequencing

The features of 3357 ESTs derived from a Ciona Liemo-
cyte ¢cDNA library were published'® and registered in a
db/EST section of the NCBI/GenBank. Their accession
numbers are BM959590 through BM962952. We per-
formed a nucleotide (nt)-based BLAST' search (blastn)
using these 3357 hemocyte-derived ESTs as querics!®
against an EST database containing 81,637 ESTs that
represent several developmental stages.'>!* It must be
noted that no expression was detected in hemocytes by
the whole mount in situ hybridization, in which each of
976 independent clusters was selected randomly from the
young adults ESTs and used as a probe.'® This suggests
that the amount of Lhiemocytes is not abundant, if any are
present, in the young adult, and indicates that the sub-
traction procedure described above is reasonable. Thus,
we identified 110 ESTs of hemocyte origin that did not
show significant homology to any ESTs in the databuse
(score < 100).

The entire sequence of both strands of each ¢DNA in-
sert was determined by a primer-walking method. We
then used these sequences as queries to perform a sec-
ond blastn BLAST search against the same database of
81,637 ESTs. Qut of 110 original sequences, 17 sequences
were now found to have corresponding ESTs, but 93 se-
quences still did not match any EST in the database.
We used the Phrap program (provided through the cour-
tesy of Philip Green, University of Washington, Seattle,
USA) to assemble several of the 93 sequences into contigs
that are presumably derived from identical or alterna-
tively spliced transcripts. Finally, a total of 79 possible
hemocyte-preferential transcription units were identified
and these sequences were registered in NCBI/GenBank.

2.2 §-RACE und RT-PCR

For two of the cDNA clones, cihA3l8 and cihA4F14
(¢ilh is the abbreviation of Ciona intestinalis hemocytes),
a §-RACE method was also performed to extend their
5 portions. The DNA prepared from a bacterlal lysate
of a hemoeyte ¢cDNA library was used as a template,
The primers were sct on the cDNA and vector sequences,
respectively, and sequences were extended by several
S-RACE cycles using Ex Taq polymerase (Takara).
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Thus, this method of 5-RACE was actually equivalent to
that of PCR. The extended sequences were determined
by sequencing the PCR products, combined with those
derived from the ¢cDNA inserts and were assembled into
contiguous sequences.

A sami-quantitative RT-PCR. method was performed
as described previously.!® The forward and reverse
primers were set on two separate portions of ¢cDNA se-
quences derived from a different exon. The sequences
of forward and reverse primers, respectively, were as
follows; 5-cggaggattcancageggacgatt-3' and 5'-tegtea-
cotgecacteaancggaat-3' for ectodysplasin-like, 5-gtcacc-
ttgtcacangtgegteac-3’ and b'-cogatgeganggtacagtatgeaac-
3 for CD40 ligand-like, 5'-atacctgeteatetgecgtateect-3/
and 5-tanggpeaggegangaaatatgge-3' for Fas-figand-like,
5l-cgmetaacgaatacgageae-3’ and S-acattagattcgetgatga-
catatg-3' for TNFa-like, 5'-aatgtcegagtticcagaacg-3' and
5-acteacccaactgtagennagtett-3' for JIL-17R/SEF-like, &'-
tegtagattaccatoacagetageag-3' and 5'-cegagtegaactact-
gegacaatata-3' for RP105-like, 5'-gttgatgetgacggcaacg-3’
and 5'-tcaatcagectatggaatga-3' for calmodulin. A fixed
amount of ¢cDNA was used for PCR at each of 25, 30,
and 35 cycles wlere one cycle consisted of 30 sec at
894°C, 30 sec at 64°C, and 60 sec at 72°C. The re-
action mixture containing Taq DNA polymerase from
Thermus aquaticus was set up according to the manu-
facturer’s instruction (Sigma) and the reaction products
were run through agarose gels. The relative intensity of
amplified product compared to the internal DNA marker
was determined using the NIH Image 1.63 program
(http:/ frsh.info.nih.gov /nih-image/download.html}.

3. Results and Discussion

3.1. Functionol classification of eDNA sequences

First, we attempted to determine what polypeptides
are encoded by the 79 possible hemocyte-preferential
¢DNAs. Each sequence was analyzed by a translated
BLAST search (thlastx) against the NCBI/GenBank
database. The results were classified according to the
putative function of each protein. Table 1 shows the
classification of each ¢DNA clone. This classification
was originally used in the EST analysis of sea urchin
embryos'® and has been employed in a series of Ciona
EST projects. 5" The ¢DNAs in groups A, B, and C
showed honmology to proteins of known function and to-
gether represeuted 52% of the total cDNAs. The ¢DNAs
in group DI showed significant homology to “hypothet-
ical,” “umnamed,” or “unknown” proteins. In contrast,
group DII contained the largest munber (26) of cDNAs,
which showed no significant homology to any known pro-
teins.

Table 2 shows the gene to which cach of the ¢DNAs
i groups A-DI showed the highest Lhomology. The cor-
responding gene assignment in the draft Ciona genome
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Table 1. The number of clones as classified into functional groups.
Class e o e s Number of clones
{A) Functions that many kinds of cells usa
Al Transpotation and binding proteins for ions and small molecules 3
Al RNA processing,polymerizing,splicing and binding proteins,and enzymes 0
Al Cel replication histanes,cyclins and allied kinases,DNA polymerases,lopoisomerases,DNA modification 0
AtV Cytoskelton and membrane proteins 4
AV  Protein synthesls co-factors,IRNA synthetases tibasomal protelns 1
AVE Intermediary synthesis and catabolism enzymes 5
A Vil Stress response,detoxification and cell defense proleins [
A Vil Protein degradation and processing,proleases 2
A X  Transpotation and binding protelns for proteins and other macromolecules __._2
Subtotal 18
(B} Cell-cell communication
Bl Signaling receplors,including cylokine and hormone receptors,and signallng ligands 10
Bl Intracelfular signal transduction pathway molecules including kinases and signal intermediates 2
B Il Extracellular malrix proleins and cell adhesion 10
Sublotal 22
{C) Transcription factors and other gens regulatory proteins 1
Subtotal 1
{D) Miscellanaous
DI Not enough information 1o classify 12
DIl Not significant similarities to known proleins 26
Subtotal 3B
Total 79

sequence for each ¢DNA is also provided in Table 2.
This assignment should be useful to predict exon-intron
boundaries of genes by comparing the ¢cDNA and genomic
sequences.

3.2, Putative cDNA coding sequences

Next, we tried to predict the possible coding sequence
(CDS) of each ¢DNA clone {Table 3), The longest read-
ing frame was first determined mechanistically. The
amino acid (aa) sequence deduced from such reading
frame was then used as a query in an aa-based BLAST
search {tblastn) against the NCBI/GenBank database.
For each putative CDS, the protein with the highest
homology was identical to that which is presented in
Table 2. Therefore, the CDS predicted for cach clone in
groups A~DI most likely represents the authentic protein.
There were no similar criteria for the clones in group DII,
so only CDSs longer than 100 aa residues were tentatively
predicted for each of these clones. Overall, the longest
CDS, which was predicted for cihAIM21, was 1970 aa
long, and the shortest CDS was 65 aa long, predicted for
cihASDT7. The average CDS length was 360 aa.

Each predicted CDS was characterized by the presence
or absence of an in-frame upstream termination codon
{(u.t.c.), an initiating methionine codon {im.c.), or a
translation termination codon (t.c.) (Table 3). If a CDS
has ali three elements, it is considered to correspond to an
authentic open reading frame (ORF); 22 clones fell into
this category. The most common type of CDS (43 clones)
had a t.c. but no u.t.c. or i.m.c. This type of CDS most
likely represents the carboxy-terminal portion of ann ORF,
There were five u.t.c. {(~), i.m.e. (=), t.¢. (~) CDSs and

three u.t.c. (+), iam.c. (), t.e. (=) CDSs, which prob-
ably correspond to the central and amino-terminal por-
tion of ORFs, respectively. The above-described features
of various types of CDSs indicate that, although one-
quarter of the ¢cDNA clones appear to encode an intact
ORF, extension of the ¢DNA, particularly in the &' di-
rection, will be necessary to determine the entire ORF of
the remaining clones. Indeed; we have successfully done
this for two clones, cihA318 and ¢ihA4F14, as deseribed
in Materials and Methods.

3.3. Features of 79 hemocyte transcripts

So far, we have identified and sequenced 79 ¢DNAs,
and predicted their CDS. They represent the candidate
genes expressed preferentially in Cionae hemocytes. One
of the characteristics of these ¢cDNAs appear to be the
presence of group DIIL. The genes in DII occupied 33% of
total genes analyzed in this study (Table 1}. It should -~
be noted that CDSs could be assigned for most of these
sequences (Table 3). Since the BLAST search using these
CDS:s did not hit any significantly homologous gene in the
data base, it is likely that these peptide-encoding genes
indeed represent new genes.

To coufirm the above point, we further searched by
BLAST whether the genomes of Fugu rubripes and Danio
rerto, species closest to Cione among vertebrates, con-
tain genes corresponding to those of Ciona. As seen in
Table 4, the Cionu genes in group DII again did not hit
any homologous scyuence in Frgu (nor in Dando, data not
shown). Therefore, it is highly likely that Ciona hemo-
cytes preferentially express a number of unknown genes
whose function has not yet been clucidated. It is also
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Table 2. Functional characterization of each clone based on & BLAST homology scarch.
Class Clone ID Gene assignment Homologous to Organism Probability
(Ciona_genome)

Al cihA1E1D degenerin Caenorhabdilis elegans BE-05
cihAttH14  ¢i0100139925 solule carrier family 21 Mus musculus S5E-35
cihA1114 ci0100138296 solule carrier family 22 Mus musculus TE-48

AV tihA5I18 ciD100130989 ankyrin repeats Caencrhabdilis elegans 4E-50
ciHABO10 ¢i1100144414 Huntinglin interacling protein 1 Homo sapiens E-22
cihA10C1 ci0100135368 ascidian cytoplasmic geisolin Halocyntbia rorelzi E-106
cihA11J9 ci0100135941 flightiess | homolog (Drosophila), Homo sapiens 0

AV cihA7I ci0100154576 evkaryolic translation initiation factor 2 Mus musculus 4E-89

AVI cihA3G13 similar lo phospholipase A2, group IVB (cylpsolic) Mus musculus 5E-07
cihA3P11 ci0100139554 sphingomyelin phosphodiesierase 1, acid lysosomal Mus musculus E-118
cihA4H9 ci0100150084 Adenylate cyclase, typa VI Canis familiaris E-121
cihASG13 ci0100154282 D-2-hydroxy-acid dehydrogenase Homo sapiens E-23

. cihA11Ce ci0100149204 N-acetylated alpha-linked acidic dipeplidase 2 Homo sapiens 8E-27

AVI cihABF23 ci0100138088 Glulalhione-requiring prostaglandin D synthase Cryctolagus cuniculus 5E-30

A VI ¢ihASE23 ci0100150284 Dcp-1-P1; caspase; caspase-1 Gallus gallus E-23
cihABE14 ci0100131776 zZine melalloprotease Caenorhabdilis elagans E-08

AlIX cihABE11 ci0100143947 similar to Type Il membrane prolein of ER Mus musculus BE-BY
cihAINS ¢i0100146822 brain secretory prolein SEC10P Hormo sapiens 3E-66

Bl cihATN4 ci0100149595 glycoprolain 330 Raltus norvegicus 3E-18
cihAZK11 ci0100136887 EDG-3 Takifugu rubripes 7E-25
cihA3C10 bA351K23.6 (ectodermal dysplasia 1, anhidrotic) Home sapiens 4E-05
cihrA3IB ci0100144783 Tol-7 Drosophila melanogaster 3E-22
cihAdF14 ci?100141150 interleukin 17 receptor Mus muscuius E-11
cihASH2 ci0100143261 kappa apioid receptor Rallus norvegicus 2E-25
cihA7ET cid100137028 leclomedin-1 alpha Homo sapiens BE-86
cihABH19 candidate lumor suppressar prolein Homo sapiens E-D5
cihA11J14 ci0100145358 G-protein coupled receplor GRL101 precursor Lymnaea slagnalis 3E-19
cihA12M13  ¢i0100131463 receplot {yrosing phosphalase Hirudo medicinalis E-68

Bl cihAZF13 ci0100147545 similar lo ALS2CR17 Mus musculus 3E-66
cihA3K23 cid100131253 calmodulin Oryctolagus cuniculus E-36

Bl cihAZN21 60100152017 integrin alpha Hr1 precursor Halocynthia roretzi 2E-11
cihAdl. 16 €UB domain, ven Willebrand faclor type A domain Caenorhabilis elegans 0.021
cihAGE2 ¢i0100137830 L-selectin pracursor Ponqgo pygmaeus 5E-05
cihABL 19 ci0100131884 cortical granule leclin Xeropus laevis 6E-31
cihABM21 similar 1o polydom prolein Homo sapierns 0.071
cihASGEH caspr5 protein isoform 1 Homo sapiens 2E-13
cihASP2 ci0100140978 HTT-1 Halocynthia roretzi 3E-65
cihAt0E1 brevican soluble core prolein precursor Xenopus laevis 0.002
cihA10G11 ¢i0100140962 similar to hemicentin Haro sapians 3E-H
cihA1M21 ciQ100130565 polydomain prolein Mus muscuius 2E-66

c cihA1CS ¢i0t100131764 sirtuin 3 Homo sapiens 2E-28

ol cihA1020 hypothetical protein Thermoplasma acidophitum 0.019
cihA1P10 ci0100148292 similar 1o Hypolhellcal protein KIAA0233 Mus musculus E-B1
cihA2G5 €i0100130724 KIAAQ701 protein Homo sapiens 4E.47
clhA3N23 ¢i0100131699 hypothalical protein FL.J14454 Homo sapiens 7E-22
cihASDT ¢i0100G138753 HSPC300 Homo sapiens 3E-14
cihASH10 unknown prolein Oryza saliva E-25
¢ihATM17 similar lo hypothetical prolein BCO18147 Mus musculus BE-17
cihABF16 unnamed protein product Homo sapiens 0.086
cihASGSE ci0100131233 unnamed protein product Homo sapiens 9E-38
cihA9G14 ¢i0100137578 RIKEN ¢DNA 2810405J04 Mus musculus 4E-50
cihA10L19 ci0100153635 RIKEN cDNA 2810439F02 Mus musculus 2E-57
cihA11MA1 cit100153995 GH09970p Droscophila melanogaster 3E-90

For several ¢cDNA clones, the corresponding gene could not be assigned in the drafl Cione genome®™ either due Lo the lack of
gene prediclion on the genome sequence or due to the lack of genome sequence itsell. A p value less than E-05 was considered
Lo represent a significant homology. Note that live cDNA clones whose p values were more than B-05 were tentatively a.‘ns]g!l(‘d
to the indicaled class., Thc‘y corresponded to cihA4L16G, cihASM2L, cihAI0EL, ¢ihA1020, and ¢ihASF16.

noteworthy that the average sa identity of known Ciona

preferentially in hemocytes.

However, taking into con-

and Fugu genes in the homologous region in groups A-C
was as low as 39%. "This suggests that Ciona and verte-
brates are evolutionarily distant.

Another characteristic feature seen from Table 2 is
that most of the genes in groups A-C did not appear
to be immediately related to Lost defense.  This was
unexpected, since we speculated inltially that the genes
mvolved in immunity would be expressed more or less

sidleration the preseut situation whereby the molecilar
markers of ascidian hemocytes are not known, the genes
listed in Table 2 can serve as a basis to search for molec-
ular dingnostic probes of Ciona hemocytes.
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Table 3. Prediction of coding sequence for each clone.

D. Terajlma et al,

Accession  ¢DNA  CDS protein  upsiream Inittat, lerm. ofiga(A)
Class Clone 1D Number slze lerm. Met
__(NCBl/GenBank)__ {nf) (nt) [aa) __ codon codan codon tail
Al dhATE1D AY251844 679 2-439 146 - - + +
chA11H14 AY2618H 1,422 1-885 295 . . + +
chA114 AY261835 1,219 31,217 405 - - - .
AV chASI18 AY261871 1,284 21,088 365 . B + -
chABO10 AY26187% 300 2-298 99 - . - -
chAOCY AY2BI827 1,428 1-1,149 383 - - + +
chA11J9 AY261837 2,319 11,7585 586 - - + +
AV chA7I AY2RIETT 2,839 1-1.845 6515 . - * .
AV chAIG13 AY261856 1,456  15-1,454 480 + + - .
chAJPT1 AY261860 2,155 21,81 600 - . + +
chAdHY AY261863 2,527  3-1,322 440 . . + -
¢hASG13 AY261568 906  1-480 114 . - + +
. ©hA11CY AYZ61833 §37  1-447 149 - - + -
A VI chA8F23 AY261862 933 1.597 199 - . + -
A VIl GhASEZ) AYZ261867 1,491 3-767 255 . B + +
GhABE14 AY261872 835 1-705 235 - - + +
AlX dhABET AY261880 817 3-716 236 . - + .
GhABNS AY261897 731 3-587 195 . - + +
BI chATNg AY261848 4,259  1,098-2,537 480 + + + +
GhA2K11 AY261853 1,293 241,156 385 . - + +
GhA3CID AY261855 1,348 63-983 307 + + + +
chA3I8 AY261857 3,564 462,847 934 + + + -
clhAdF 14 AY261862 2,938 6223M 770 + + + .
chASHZ AY261870 1,685 13-1,500 496 + - + +
dhATET AY261876 2,499  148-2,187 680 + + + -
chABH19 AY261884 513 1-414 138 - - + +
chAT1Ji4 AY261836 2,318  21B-1,963 ga2 + + + -
dhA12M13 AY2610842 3,144 1,308-2,645 446 - - + +
Bl chA2F13 AY261850 1,770 3-926 o7 - . + +
chA3K23 AY261858 935 126-638 171 + + + -
am dhAZN21 AY261854 2,024 2-1669 556 . - + .
' dhAdL 18 AY261885 284 3-209 69 - - + B
dhAGE2 AY261873 1,426 2-994 N . - + +
chABL1S AY261886 2,018 79-1.818 580 + + + -
dhAgM21 AYZ61887 647 2-616 205 . . + +
GhADGH AY261885 1,304  24-950 309 - + + +
dhASP2 AY261898 1,514 31514 504 - . - -
HhAI0E AY261828 1,413 1705 235 - - + +
dhA10G11 AY261829 1,110 2-T18 239 - . + +
ahAtM21 AY261899 6,075 1-5810 1,970 . - + +
[o} chA1CY AY261843 895 1-831 271 - . + .
Dt chA1020 AY261847 5§87  150-435 76 + + + .
chalP10 AY261848 2,576  270-1,941 557 + + + -
chA2GS AY261852 4,162 3-3,506 1,168 - - + *
GhAIN23 AY261859 1,809 3-1697 565 - - + -
dhASD? AY261866 434  1-185 65 - - + +
dhASH10 AY261869 942  1.506 302 - - + +
GhATMIT AY261878 1,637 553-948 132 + + + +
GhABF16 AY261881 746 3.407 135 - - + +
GhASGS AY261883 2,935 1.413-2,726 438 + + + +
chASG14 AYZ61B94 1,555  84-1,304 407 + + + +
chA10L19 AYZ61831 1,304  3-704 234 . - * *
chATIM] AY261838 1,806 1-810 270 - . + +
on chABL18 AYZ61885 2,896 112-2,481 790 + + + -
chABB16 AY261879 2,075 97-1,443 449 + + - .
dhAgB2 AY2618H 1,295 21,144 381 . - + +
chA2F15 AY261851 1,350  135-1,127 n + + + .
ahATHZ2 AY261845 1,356 31,139 326 . - + +
chASATS AY261888 1,031 871,031 318 + * . -
chASK16 AY261896 1,635  430-1,377 313 + + + -
dhA10P13 AY261832 1,199  39-968 310 +* - + -
dhA12KZ AY261841 879 1-879 293 - . - -
chASB11 AY261890 1,311 1678 226 - . + -
chAt0G7 AY261830 1173 1-624 208 - - + +
chAI106 AY261840 616 2.514 171 - . + -
dha3Pe AY261861 636 1-498 166 . - + -
ohASDZ2 AY261832 1,234 2-460 153 - - + .
chAdI22 AY261864 953 6-452 149 + + + +
ahaZD1 AY261849 443 2-442 146 . - - .
GhATINY AY261839 1,070 1.369 123 - - + +
chASAZ AY261889 §22 171-51 117 + + - -
chA9D8 AY261893 514 2-340 113 . - + +
chABKI3 AY261874 524 2-31 100 - . + +
HhAZK12 CB556142 932 +
hAS[3 £B556151 794 +
chASATI CB556153 730 -
dhagC11 CB556154 2,072 -
dhATOC11 CB556181 1,751 +
ghATIMI4 CBS56139, 1,020 . -

207

In this Table, a termination codon is included in the CDS as well as in the number of aa in the predicted protein. The annotated
sequences are registered to NCBI/GenBank as an AY series, whereas those registered in a dbEST section of NCBI/GenBank
have a heading of CB.
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Table 4. Gomparison of the Cione genes with the Fugu genes.

Ciong inteslinalis Fugu rubripes

Class Clonap  Homologeus |geq, 1p Homolegous to Haomolagous - progapiliy
fegion (aa) region (aa} idenlilies

Al chATE1Q No

cihA11H14 2.277) FRUPD0Q00156327 PGE1 transporier 357-626 2.00E.28 27%

clhA1114 4-377| FRUPQ0000128936 Organic callon/carniling Iransporier 2 17-382 4.00E-48 0%
AlV cihAS5118 41.260| FRUP00000150913 similar lo ankyrin-like protein 1 585-801 2.00E-31 5%

cihAGO10 7-87| FRUFP00D00148290 MHunlinglin interacting protein 1 B676-756 2.00E-24 T0%

clhA10C1 1-382| FRUP00Q00145498 Gelsolln precurser, plasma 337-716 1.00E-104 49%

cihA11J9 4-584| FRUPOQQ00145191  Flighttess-| pratein homolog 609-1230  1.00E-175 51%
AV clhATIt 71-539{ FRUP00000144195  Eukaryolic Iranslalion Initiation faclor 2-alpha kinase 3 precursor 338-765 6.00E-67 4%
AV clhA3G13 No

cihA3P11 197-590] FRUPO00D0157529 Acid aphingomyellnase.like phosphodiesterase 3a precursor 8-395 2.00E-50 33%

clhAdHY 20-434] FRUPODDDD143873  adenylyl cyclase lype VI 395827  1.00E-118 54%

cihASG13 3-109] FRUPO0O00144676  Similar lo glyoxylate reduclase/mydroxypyruvate reductasa 189-294 3,00E-17 50%

¢cihA11C9 2-142| FRUPGO000165024  hypothelical protein 220-366 2.00E-21 42%
AV clhABF23 No
A VI clhASE23 59-184 FRUPO0000131803 CASPASE 8 precursor 13-98 2.00E-11 34%

cihAGE14 No
AlX clhABE1 1-229] FRUPG0D00147251 EDEM protein 366-628 1.00E-76 53%

clhASNS 3-194] FRUPOOD00162759 Brain secretory prolein h§eci0p 416-609 3.00E-85 59%
Bl cihAiINg 9-275| FRUP00000162326 Ensembl_localions{Chr-bp):8-34701068 70-334 4.00E.21 27%

chhaZK19 34-343] FRUPDOGO0154122 EDG-3 25-315 4.00E-29 28%

¢ihAJCT) No

cihA3IE 239-766] FRUPQODO00156964 GARP prolein pracursor 23.427 1.00E-18 25%

cthA4F 14 No .

clhAS5H2 34.437| FRUPQD0OQ0132165  Nociceplin receplor 2-285 1.00E-11 20%

clhATE? 29-662| FRUPOGOCD154051 leclomedin3 8-842  3.00E-T4 0%

¢ihASH19 No

cihA11J14 154-843| FRUPOJOOG13813¢  Retaxin recaplor 1 119-439 9.00E-20 23%

clhA12M13 1-419| FRUPQQ0001525684 prolein lyrasine phosphatass, receplor typs, sigma, isclorm 2 precursor 546-994 9.00E-51 3%
8l cihA2F13 1-302] FRUPDOODD163557  Ensembl_tucalions{Chr-bp):1-60864675 575-579 2.00E-75 44%

cihA3K23 30-161| FRUPDOO00146183 calmadulin 2130 2.00E-34 §4%
am cihAl1M2t 21-503| FRUPOD000130024  P-seleclin precursor 171-680 2.00E-58 28%

CihAZN21 No

cihAdL16 Mo

cihAGE2 No

cihABL19 No

cihABm21 Mo

cihABGE 147.305] FRUPQOG00142188 Casprs 354-513 9.00E-17 29%

clhASP2 260-498] FRUPO0G00128411  Brain-specific angiogenesis Inhibilor 1 precursor 3-267 4,00E-21 26%

clhA10E1 No

cihA10G11 6229 FRUPOODOMH48438  KIAAQDG0 protein £34-812 2.00E-15 26%
c cihA1CY 7-122( FRUPODOO0142753 SIRTUIN type 3 179-291 3.00E-28 52%
D1 ¢ihA1020 No

cihA1P10 43-498| FRUPOCO00157667 Hypolheticat prolein KIAAD233 470-935 1.00E-68 5%

clhA2GS 1-400] FRUPDOQURIEGT11  CONA FLJ20302 fis, clone HEPOG6548 239-593 1.00E-43 289,

clhA3N23 No

chhAsD? 2-55] FRUP0000(M49322 HSPC3I00 15-68 2.00E-13 54%

cihASH10 No

cihATM17 No

chABF16 No

cihABGS 269-435( FRUPQD000145559 Hypothetical 66.6 kDa proleln 5181 5.00E-24 37%

chABG14 20-317] FRUPOD000163850 DKFZP564F0522 protein 1-308 8,00E-53 38%

cihATOL19 1-189] FRUPQ0000165392 None 2810439F02RIKk prolein 208.495 2.00E-35 36%

cihATIM1 1-263] FRUP000O0150730 NIR3 823-1188 7.00E-83 58%
Dl cihASL18 No

¢IhABB16 No

cihA9B2 No

cihA2F 15 No

cihA1H22 No

clhASA1S5 No

cihASK16 No

cihA10P13 No

chA12K2 Ne

cihA9B11 No

cihA10G7 No

clhA1106 No

cihA3P§ No

¢ihA9D22 No

cihAdi22 No

cihA2D1 No

cihATING No

cihASAZ1 No

GihABDS No

chAGK13 No

For Fugu rubripes, used was the gene model v3.0 which is located at http://genome.jgi-psl.org/fugut/fugut.home html
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Figure 1. Comparison of cell-cell communication-related proteins.

TNF {4E-9)
{A) A domain analysis ol Ciena RFP105-like and [L-17R/SEF-like

polypeptides. Numbers represent amino acid residues. TM, trans-membranous; LRR-TYP, leucine-rich repeat; LRR-CT, leucine-rich
repeat carboxy terminal; SP, signal peptide. The probability values shown in parentheses were obtained from the RPS-BLAST search.
(B) Comparison of Ciona TNTF family proteins. The sequences used for the demain analysis of ectodysplasin-like, CD40-ligand-like,
Fas-ligand-like, and TNF-alpha-like proteins are derived from cibAICL0 {Lhis study), ciad38018, ciad58004, and rciad56b20 (sequence
data not shown), respectively. CC, coiled coil; TNF, tumor necrosis factor.

38.4. Genes involved in cell-cell communication

Although the genes directly implicated in host defense
were not revealed, three cDNAs-cihA3I8, cihA4F14, and
cihA3C10-encode proteins that are involved in cell-cell
communication and may reflect characteristics of Ciona
hemocytes. To analyze them further, we performed a
domain analysis for the ORF/CDS predicted for each of
these clones using the RPS-BLAST and SMART!? pro-
grams; the results are shown in Fig. 1. The possible bio-
logical significance of each of these proteins is discussed
below.

3.5. An RP105-like gene

The ORF deduced from clone c¢ihA3I8 precicts a
933-aa polypeptide that shows a significant homology
to the Drosophila Toll-like receptor (TLR} 7 (prob-
ability, 3E-22, Table2). These two proteins share
27% and 44% overall aa identity and similarity, re-
spectively. Furthermore, a domain analysis revealed
the presence of 17 Jeucine-rich repeats (LRR-TYDPs),
one LRR-carboxyl-terminal domain (LRR-CT}, and a
transmembrancus region in the cihA3I8-derived pro-
tein (Fig. 1A). However, an 80-an-long presumptive

intra-cytoplasmic region appears to lack a Toll/IL-1R
{TIR) dowain, which is a characteristic feature of TLR
family proteins and serves as a binding site for adaptor
proteins such as MyD88.2° This predicted Ciona pro-
tein is therefore more reminiscent of the mammalian
RP105 protein, which is an atypical member of the
TLR family.?® RP105 possesses seven LRR-TYP do-
mains, one LRR-CT domain, and a transmembrane do-
main, but lacks a TIR domain. It must be noted that
the GARP-like gene in Fugu (Table 4) appears to he a
homologue of Cione ¢ihA3IS. The GARP-like protein
possesses 10 LRR motils and a frans-membrane region,
hut lacks a TIR domnain again. Detection of a putative
TLR/RP105 homologue indicates that Ciona hemocytes
may play a role in pattern recognition of foreign materi-
als.

3.6. An IL-17R/SEF-like gene

The ORF found in ¢ihA4F14 encodes a polypeptide
that is 769 aa residues long. The carboxy-terminal half
of the predicted protein shows homology to the cyto-
plasmic region of mammalian IL-17R (prebability, E-11,
Table 2, Fig. 1A). Twenty-seven and 40% of the mnino

— 269 —



210

acid residues are identical and similar, respectively, be-
tween mamnalian IL-17R and ¢ihAdF14. The central
portion of the predicted protein is rich in hydropho-
bic amino acid residues and probably corresponds to a
trans-membranous region. The extreme amino-terninal
22 residues probably represent a signal peptide sequence.
Thus, this polypeptide appears to be a Ciona homo-
logue of IL-17R. In mammals, IL-17 is produced from
T lymphocytes®® whereas its receptor is expressed in
a variety of cell types, such as fibroblasts and stro-
mal cells, so IL-17 has a broad spectrum of biological
effects.®® In zebrafish, an IL-17R homologue encoded by
the sef (similar expression to FGF) gene is co-expressed
with several types of FGF and can attenuate FGF
signaling by interacting with FGF-R1 and FGF-R2.24
The tyrosine residue located just intra-cellularly of the
trans-membranous region is conserved between zebrafish
SEF and Ciona IL-17R/SEF-like and may serve as an
aclaptor-binding site via its phosphorylation. In contrast,
the amino-terminal portion of Ciona IL-17R/SEF-like
protein, which probably represents an extracellular re-
gion of the protein, shows no homology to the corre-
sponding region of mammalian IL-17R or zebrafish SEF.
A possible ligand for Ciona IL-17R/SEF-like protein can-
not currently be predicted. Nevertheless, considering the
expression patterns of mammalian IL-17R and zebrafish
SEF and the fact that the Ciona IL-17R/SEF-like tran-
script was detected in hemocytes, Ciona hiemocytes may
to some degree be mesenchymal.

3.7 An ectodysplasin-like gene

The ¢ihA3C10 clone harbors an intact ORF that is pre-
dicted to encode a 30G-aa-long polypeptide. A domain
analysis revealed a hydrophobic, trens-membranous re-
gion at the amino-terminus and a tumor necrosis fac-
tor (TNF) domain at the carboxy-terminus (Fig. 1B).
TNF domains are characteristic of TNF family pro-
teins including TNF-alpha, CD40-ligand, and Fas-ligand.
In mammals, these proteins are produced from mono-
cytes andfor T lymplocytes and are involved in in-
flammation and apoptosis. However, the protein pre-
dicted from ¢ihA3C10 shows highest homology to the
ectodysplasin/tebby gene product (probability 4E-05,
Table 2). Within the TNF domain, 24% and 45% of
the amino acid residues are identical and similar, re-
spectively, between mammalian ectodysplasin and Ciona
ectodysplasin-like proteins. In mammals, mutations in
the ectodysplasin/tabby gene cause Liypoplasticity of epi-
dermal tissues such as hair, teeth, and sweat glands,
suggesting that it is involved in epithelium-mesenchyme
interactions.?* 27 The significance of ectodysplasin-like
expression in Ciong liemocytes is not presently clear.
Perhaps Cione hemocytes retain a more primitive moes-
enchymal origin than the hematopoictic cells in mam-
mals,

Ascidian Hemocyte ¢cDNAs

{Vol. 10,
3.8, The TNF gene family
The Cione ¢DNA/EST database at Kyoto
University!213  contains transcripts  homologous to

¢ihA3C10. Figure 1B illustrates a domain comparison
between ¢ihA3C10 and those in the Kyoto database. In-
terestingly, the sequences of ciad38f18, ciad58004, and
rciad56b20 are more similar to CD40-ligand, Fas-ligand,
and TNF-alpha, respectively, based on a BLAST search.
This finding, together with the identification of the cor-
responding gene in the draft Ciona genome sequence, 2
demonstrates the existence of an ectodysplasin/TNF-like
multigene family in Ciona like that found in mammals.
Whether Cione hemocytes are involved in the interac-
tions with the epithelium, inflammation, and apoptosis
must. be elucidated in the future by functional studies.

3.9, Erpression profiles of cell-cell communication-
related genes

As described above, ¢ihA318, ¢cihA4F14, and ¢ihA3C10
were present in a hemocyte-derived collection of ESTs
but not in ESTs that were obtained from various
stages of Ciona development. We therefore decided
to examine their expression in several different devel-
opmental stages as well as in hemocytes. RNA was
prepared from fertilized eggs (E), cleavage-stage em-
bryos (C), gastrulation-stage embryos (G), tailbud em-
bryos (T), tadpole larvae (L), and hemocytes (H).
Setni-quantitative RT-PCR analysis was performed as de-
scribed in Materials and Methods. As seen in F ig. 2,

_ the RP105-like, IL-17R /SEF-like, and ectodysplasin-like

transcripts were expressed more abundantly in lemo-
cytes than in other tissues. In addition to these three
genes, 76 additional transcripts listed in Table 1 were
also selected from hemocyte ESTs by this same proce-
dure. Thus, it is plausible that we may have identified a
substantially large number of transcripts that are prefer-
entially expressed in hemocytes.

Finally, we examined the expression profiles of
other TNF family genes (Fig. 2). As in the case
of ectodysplasin-like protein, the TNF alpha-like and
Fas ligand-like transcripts were abundantly expressed i
hemocytes, suggesting that hemocytes may be involved
in inflammation and/or apoptosis. In contrast, the CD40
ligand-like transeript was detected uniformly throughout
all developmental stages except for fertilized eggs. This
CD40 ligand-like protein may therefore function as a gen-
eral cell-cell comniunication molecule, '

3.10. Conclusions

By using ¢DNAs/ESTs derived from hemocytes, we
identified and sequenced ¢DNA clones representing
79 new transcripts. The winino acid sequence of each en-
coded polypeptide was predicted as well. Three of these
transcripts, which encode RP105-like, IL-17R /SEF-like,
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Figure 2. Expression profiles of cell-cell communication-related genes in hemocytes and in various developmental stages of Ciona.
{A) Semi-quantitative RT-PCR analysis was performed for each gene by changing the number of PCR cycles from 25 (white bar}
to 30 (dashed bar), and to 35 (black bar). RNA sources were fertilized eggs (E), cleavage-stage embryos (C), gastrulation-stage
embryos (G), tailbud-stage embryos (T), tadpole larvae (L), and hemocytes (H). The relative intensities of the amplified bands were
normalized by assuming the internal DNA marker to be 1.0. Note that the scale used for the longitudinal axis varies from panel
to panel. The calmodulin transcript was used as a reference. (B) Gel electrophoresis profiles of PCR products are shown for the
ectodysplasin-like and calmodulin transcripts as representatives of (A).

and ectodysplasin-like (TNF family) proteins, were abun-
dantly expressed in hemocytes and may possibly be in-
volved in cell-cell communication in Ciona.
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Abstract

Silica encapsulated CdSe quantum dots (QDs) have been prepared by the use of 3-mercaptopropyl trimethoxysilane (MPS) in
a weak alkaline solution in ambient atmosphere at room temperature. The average size of the multicore-shell structured CdSe/
5i0, is 28.0 nm and that of the CdSe QDs is 3.4 nm from the observation of the transmission electron micrographs (TEMs). The
enhanced photoluminescence (PL) intensity of the QDs has been observed by passivation of silica shell. The increased photo-
chemical and -physical stability of the encapsulated CdSe/Si0, QDs has also been demonstrated.

© 2004 Elsevier B.V. All rights reserved.

PACS: 820.n; 72.80.Tm; 74.25.G2

Keywords: Encapsulation; CdSe; Quantum dots; 8$iC»; Passivation; Photoluminescence (PL); Stability

1. Introduction

In recent years, interests have been greatly
increased in the scientific and technological aspects
of semiconductor quantum dots (QDs). Due to small
size, such zero-dimensional struciures demonstrate
unique chemical and physical properties which are

* Corresponding author. Tel.: +81 22 217 5758;
fux: +81 22 217 5756.
E-nail address: zhou@cir.tohoku.ac.jp (X. Zhon).

different from those of bulk solids [1,2]. That the
number of atoms on the surface becomes comparable
or even higher than inside leads to the changes in the
electronic structure, state density and optical pro-
perlies as consequence. However, semiconductor
becomes chemically active especially while the size
decreases to the quantum size range (several
nanomelers). Therefore, the specific physical and
chemical properties are eliminated and the application
is greatly limited. A way to remove the influence is a
process named as passivation, which consists of

0169-4332/§ ~ see front mater © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/.apsusc.2004.08.022
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surface atoms bonding to a different material with
inert chemical properties. W.L. Wilson and P.
Mulvaney et al. have concluded that silica is a quite
suitable material to be a coating or encapsulating inert
substance [3,4). It has been successfully applied in
passivation of Au [5], Ag [6], and CdS particles {7].

Owing to the potential and practical possibility of
cadmivm selenide (CdSe) with a suitable band gap
(1.76 eV), for applications in industrial and medical
fields, cumrently, the preparation, absorption, and
exciton luminescence processes in CdSe nanoparticles
have been extensively studied [8-11]. In particular,
CdSe semiconductor quantum dots have greatly
interested biologists and pharmaceutical scientists
[12,13]. By now, quantum dot quantum wall (QDQW)
nanocrystals heterostructurally coated with materials
with higher band gap of CdS [14,15], ZnS [16], and
even multilayers of HgSe/CdSe have been successfully
fabricated and their physical and chemical properties
have been apparently improved [17]. Moreover, CdSe
nanoparticles have been encapsulated with silica as a
film and their electronic properties can be improved
obviously [18-21]. However, there is no any report on
the preparation of core-shell structured CdSe/SiO,
quantum dots (QDs) except the work reported by
Rogach et al. [22] in which the PL intensity of CdSe Qds
dramatically decreased after the passivation of 805 in
relatively complicated conditions.

In this work a citrate-stabilized aqueous suspension
of quantum sized CdSe nanoparticles was prepared
at room temperature based on a simple chemical
precipitation in quite mild conditions. Also, these QDs
were successfully encapsulated with silica by a slow
deposition of silica solute from a silicate solution
while being transferred into ethanol. Moreover, the
valid passivation was confirmed with the absorbance
and the photoluminescence of the CdSe particles was
promoted after being coated with Si0;. Meantime,
the possible mechanisms for the passivation and the
promotion were simply discussed,

2. Experimental
2.1. Materials

Special grade reagents (Wako Pure Chemical Ind)
of sodium silicate solution (Na,0(Si04)3 4233, 52.0—

57.0%), 3-mercaptopropyl trimethoxysilane (MPS),
cadmium sulfate (CdSO4-8/3H,0, >99%), selenium
powder (Se, >99%), sodium nitrilotriacetate (Nas-
NTA:N(CH,COONa);), sodium sulfite, ethanol, and
sodium citrate were used as received. Water was
double-distilled and deionized to have an electrical
resistance higher than 18 MQ cm™".

2.2. Preparation of the stable suspension of CdSe
quantum dots

Firstly, 1.0 ml of 0.15 M CdS0O, was mixed with

Na;NTA at a mole ratio of [Cd2*):[NTA?"] = 5:4 to

form a Cd-NTA complex. Then, 1 m! of 1.6 wt.% Na-
citrate was added to the solution of the Cd-NTA
complex, Finally, .75 ml of aqueous solution of 0.2 M
sodium selenosulfate (Na;SSeQ3) with excess Na 505
that was prepared by stiming 0.79 g of Se powder in
50 ml of 0.5 M Na,SO; at 70 °C for 24 h were added to
the above solution to form a solution of 0.006 M
cadmium ion and then aged it at room temperature for 5
days. The reaction equation is shown as the following:

Cd® + 20H™ + SeS03~ — CdSe + SO~ + H,0

2.3. Preparation of silica encapsulated CdSe
nanoparticles

The established standard conditions for preparation
of silica encapsulated CdSe QDs were shown as
following.

Two milliliter of the formed CdSe siable suspension
was diluted with 17 ml water and treated ultrasonically
for 30 min. Then, 0.2 ml of freshly prepared 0.02 wt.%
MPS and 0.8 ml of 0.54% sodium silicate selution at
pH 10.5 were added to the above suspension and then
aged at room temperature for 5 days with vigorous
magnetic stirring. Hence, the silica slowly polymerizes
onto the MPS-modified CdSe QDs. Finally, the resulting
dispersion was transferred to ethano) at a volume ratio
of 1:5, and then the excessive dissolved silicate pre-
cipitates out mainly on the existing cores, which leads 1o
an increase in the thickness of the silica shell.

2.4. Electron microscopy

The products were observed with a JEM-2000EX 11
transmission electron mucroscope (TEM) with an
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acceleration voltage of 200kV and an EDMAX
- scanning electron microscope (SEM). Also, atomical
composition of the products was analyzed with energy
dispersive X-ray (EDX) measurements equipped with
the SEM.

2.5. Optical measurements

UV spectrometry of CdSe nanoparticles in suspen-
sion before and after coating silica was conducted
with an UV-vis spectrophotometer, Hitachi U-2000,
where the light path length was 1 cm. In addition, the
photoluminescence of these particles was investigated
with a JASCO FP-750 Spectrofluorometer.

3. Results and discussion

3.1, Formation of CdSe quantum dots without and
with silica encapsulating

After mixing Cd-NTA complex with Na,8e50;
solution and aging it at room temperature for 5 days, a
very stable deep red suspension was formed. This
suspension was stable kinetically at least for 1 year.
Since citrate ions act as protect agents for a variety of
inorganic colloids including CdS particles [7],
probably the citrate ions also seemed to be of the
same function for the current system. This was
confirmed simply with the fact that the suspension was
fairly unstable in the absence of Na-citrate.

Fig. la shows transmission electron micrograph
of the solid product from the stable suspension.
Obviously uniform aggregates of CdSe particles with
an average size of 22.5 nm were observed together
with several tens of primary particles. The wet
chemical analysis measurement of the solid sample
showed 1:1 stoichiometry of Cd:Se. Frem powder
XRD measurements on dried nanoparticles, the
nanoparticles were in CdSe cubic structure which
is typical for low temperature prepared CdSe
particles.

Fig. 1b shows transmission electron micrograph of
the silica encapsulated CdSe QDs. Tt obviously
revealed that plural QDs were encapsulaled comple-
tely with silica matrix. The average sizes of the
microcapsules and the QDs were 28.0 and 3.4 nm,
respectively. It should be noted that no aggregates

Fig. 1. Transmission electron micrographs of CdSe nanoparticles
before (a} and after silica encapsulating (b).

were observed in the encapsulated particles. Thus,
improvement of the particle dispersity was achieved
by encapsnlation.

It is hardly possible for silica to deposit directly on
the surface of CdSe nanoparticles because of low
affinity between them. MPS is a bifunctional coupling
agent to bind with Cd atom on the swface in its
mercaplo group as well as a silane coupling agent. It
has been successfully applied to the formation of silica
coated CdS particles [7]. The adhesion of silicate
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moieties to the particle surface can only be made
effective when a silane coupling agent is present in the
solution. Such a coupling agent acts as a surface
primer for making the colloid surface vitreophilic and
facilitating silicate deposition [11]. In the case of
CdSe, MPS was chosen since it contains a mercapto
group, which can directly bind to surface Cd** sites,
leaving the silane groups pointing toward solution
phase, from where the silicate ions approach the
particle surface. These silicate ions build up a first
silica shell which permits the transfer into ethanol
without particle coagulation and Ostwald Ripening

{4}
3.2, Stabilization against photodegradation

Since CdSe QDs are chemically active in comparison
to the bulk solid, the Se atoms on the surface are easily
oxidized to SeQ, for direct exposure to air [16]. (Se?~ +
20, + 2H,0 — Se0, + 40H ™). Such instability was also
obtained for CdS QDs [7]. However, when these QDs are
coated with some inert substance, they are expected to be
photochemically stable. It was observed that a very thin
silica shell did not prevent photodegradation, because O,
molecules diffused through the thin shell easily, While
such nanoparticles with a thin silica coaling were
transferred to methanol phase, almost all the silicate
moieties were precipitated out due to the sudden
decrease in solubility owing to the change in the polarity
of the solvent. Hence, the QDs with thick silica encap-
sulating were formed.

Fig. 2 shows the time evolution of the absorbance
of the citrate-stabilized and silica encapsulated CdSe
QDs suspensions. After coating with thick silica, the
absorbance kept constant, while the absorbance of the
QDs without coating decreased markedly with time
compared to the silica coated CdSe. These facts
indicate the silica shell was rigid enough to prevent O,
from reaching the surfaces of the QDs. Such a
protection will be of great significance in the
preparation of stable nanostructured materials with
practical applications.

Additionally, the particle size of 3.4 nm estimated
from the peak position as followed by the literature [§]
was in a good agreement with TEM observation.
Furthermore, the sharp absorption peak shown in
Fig. 2b displays another advantage of the silica
coating.
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Fig. 2. UV-vis spectra at different times after preparation of citrate
stabilized particles (a) and silica-coated particles (b).

3.3. Promotion of photoluminescence of CdSe QDs
by silica encapsulating

It is not unusual that the PL intensity could be
enhanced if the semiconductor nanoparticles are
properly modified or coated with materials of a higher
band gap. This has come true for CdyAs; modified
with N(Et)s [23], CdTe with thioglycolic acid [24] or
dodecylamine [25], CdSe with CdS [14,15], with ZnS
[16] or with ZnSe [26], etc.

In order to investigate the change in the PL
intensity of the CdSe QDs after silica encapsulating,
the PL intensity was measured for the initial CdSe
QDs before coating, the medium CdSe QDs modified
by MPS with a thin shell of silica (before being
transferred to ethanol), and the final ones with silica
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