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Abstract

A UDP-GalNAc: polypeptide N-acetylgalactosaminyltransferase (GalNAc-transferase), which
catalyzes the initial step of mucin-type oligosaccharide biosynthesis, consists of a large gene family,
with 15 isozyme genes cloned to date. These isozymes have specific, although partially overlapped,
substrate specificity and are expressed in a temporally and spatially distinct manner. The author in-
vestigated the biological roles of the brain-specific GalNAc-transferases in model organisms. The
author isolated a novel human ¢cDNA clone from brain, which is homologous to GalNAc-T9, by
homology-based PCR. Nucleotide sequence analysis of the ¢cDINA showed that it contained struc-
tural features characteristic of the GalNAc-transferase family. The clone was, therefore, designate a
putative GalNAc-transferase (pt-GalNAc-T). It was also found that human pt-GalNAc-T was iden-
tical to the gene WBSCR17, which is reported to be in the critical chromosome region of patients
with Williams-Beuren Syndrome, a neurodevelopmental disorder, and to be predominantly express-
ed in brain and heart. In order to investigate the expression of pt-GalNAc-T in brain in more detail,
Northern blot analysis was carried out. The 5.0-kb mRNA was most abundantly expressed in cer-
ebral cortex with somewhat less amount in cerebellum. The author expressed soluble recombinant
pt-GalNAc-T in insect cells to investigate biochemical roles of this molecule. Recombinant human
pt-GalNAc-T, however, did not glycosylate several peptides derived from mammalian mucins. The
brain-specific expression of pt-GalNAc-T may suggest that its has a narrow substrate specificity and
is involved in O-glycosylation of proteins in the brain.

The author, then, performed the knock-down studies of brain-specific GGalNAc-transferases
from zebrafish to investigate their biological function. I cloned orthologue genes of brain-specific
isozymes from zebrafish. I found through the genome database search that zebrafish contains ortho-
logue genes of all mammalian isozymes except GalNAc-T15. Among these genes, I isolated one
ubiquitous (GalNAc-T1) and three brain-specific orthologue genes (GalNAc¢-T9, -T13, and pt-GalNAc-T)
from zebrafish. The zebrafish orthologue genes were highly homologous to the corresponding hu-
man isozyme with amino acid similarity of 96, 94, 94 and 80%, respectively. I investigated the ex-
pression of zebrafish pt-GalNAc-T by whole mount in sitx hybridization (WISH). It was expressed
throughout the central nervous system including telenthephalon, midbrain, and hindbrain in the
embryos of 36 to 48 hpf. In these embryos, its strong expression in eyes was also observed. When
the expression of pt-GalNAc-T in the embryos was suppressed with morpholino antisense oligonu-

cleotides, malformation of the eyes and brain was observed during the development. In these
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embryos, the pax2.1 gene expression was lost at the hindbrain, indicating that zebrafish pt-
GalNAc-T may participate in the normal development of hindbrain. This indicates that pt-GallNAc-
T, one of possible causative genes of Williams-Beuren Syndrome, is involved in the normal de-

velopment of zebrafish hindbrain.
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1. Introduction

Glycosylation of proteins is an indispensable process for proteins to acquire correct three-
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dimensional conformation and functions, and a number of studies report specific roles of carbohy-
drate moieties of glycoproteins. Mucin-type O-glycosylation, which is characterized by the sugar-
peptide linkage GalNAcal — Ser (or Thr), is widely distributed in many secretory and membrane
glycoproteins, and is also involved in important biological functions such as cell-cell recognition,
host-pathogen interaction, and protection of proteins from proteolytic degradation [1,2]. The initial
step of mucin-type O-glycosylation is catalyzed by the UDP-GallNAc: polypeptide N-acetylgalactos-
aminyltransferase (GalNAc-transferase) (EC.2.4.1.41), which transfer GalNAc from UDP-GalNAc to
Ser and Thr residues of proteins [3]. To date, 15 GalNAc-transferase isozymes have been reported
in vertebrate [4-20]. The large number of isozymes in the family suggests that O-glycosylation in
the cell is regulated through distinctive sets of the isozymes expressed in each tissue. In fact, it is
reported that the cloned GalNAc-transferases are characteristically expressed in each tissue, and
can be classified into two groups based on their tissue expression patterns: i) house-keeping en-
zymes, and ii) tissue-specific enzymes. Apparently, GalNAc-T1, -T2, -T8, and -T15 belong to the
former group [6,12,20,21]. Their expression is ubiquitous and they are probably involved in the
general synthesis of mucin-type carbohydrate chains in many cell types. On the other hand, the
other isozymes are regarded as the latter-type isozymes. Their expression is restricted to several tis-
sues. Of these isozymes, GalNAc-T9, which was cloned by our group, is particularly interesting in
that it is specifically expressed in the brain [13]. Although several proteins in the brain are re-
ported to carry mucin-type carbohydrate chains, the involvement of the brain-specific isozymes in
the O-glycosylation has not been reported. Toba et al. previously cloned another novel brain-spe-
cific putative GalNAc-T from rat, which is highly homologous to GalNAc-T9, and its detailed ex-
pression in the brain. First, the author describes cloning and expression pattern of its human ortho-
logue.

Recent studies demonstrated that the O-glycosylation of a cell is a coordinated work by the
GalNAc-transferases expressed in it. It is, therefore, important to investigate expression and catalyt-
ic properties of each isozyme for elucidating the roles of O-glycans in the tissue. For this purpose,
knockout mice were generated in which either of GalNAc-T1, -T4, -T5, or -T13 was ablated, but
these mice are normally developed and fertile with apparently normal phenotypes [18,22,23]. It
seems that the other isozymes in the knockout mice complemented the functions of the ablated
genes.

Zebrafish is one of the most excellent model organisms to study a role of genes in development
for several reasons. First of all, its development is very rapid. All common vertebrate body specific
features can be seen during 2 days after the fertilization. The embryos are relatively large and their

development can be observed easily through the chorion. In addition, the method to knock-down
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the function of specific genes is available, in which antisense morpholino-modified oligonucleotides
are used to inhibit translation of a target mRNA with higher efficiency and specificity than anti-
sense RNA or DNA. In fact, there are several studies, in which the mutants such as no tail, chordin,
one-eyed-pinhead, nacre, and sparese are generated by the injection of morpholino oligonucleotides
for a targeted gene [24]. Especially, it should be noted that this method has the advantage of
knocking-down two or more genes simultaneously with the specific morpholino antisense oligo mix-
ture [25,26]. As described above, the author cloned mammalian brain-specific GalNAc-transferase.
However, their activity is not still detected in my laboratory, in spite of the assay using various
kinds of synthetic peptides and recombinant isozymes expressed in both insect and mammalian
cells. Thus, their function in the brain still remains to be elucidated. In this report, the author also
describes the study on the roles of the brain-specific isozymes in zebrafish development. For this
purpose, the author first cloned zebrafish orthologues for the mammalian brain-specific GalNAc-
transferase. The author then knocked-down the expression of these isozymes in the zebrafish
embryos using the morpholino-based knock-down approach and investigated the phenotypic
changes of the injected embryos during the development. This study indicated that zebrafish puta-
tive GalNAc-T gene (x-pt-GalNAc-T) was likely to participate in normal brain morphogenesis. A
possible involvement of pt-GalNAc-T in WBS was also described.

2. Materials and Methods

2.1 Cloning of human pt-GalNAc-T

We have previously reported the cloning of a novel brain specific clone highly similar to hu-
man GalNAc-T9 from rat, designated rat putative GalNAc-T (rpt-GalNAc-T) [27]. To isolate the
human orthologue of rpt-GalNAc-T, the NCBI database was searched by the Blastn algorithm us-
ing the full-length 7-pz-GalNAc-T sequence as a probe. A human brain double-stranded ¢cDNA was
synthesized from 1 gg of human brain total RNA (Origene) using a Marathon ¢cDNA amplification
kit (Clontech). For the amplification of human putative GalNAc-T (h-pt-GaINAc-T), PCR was car-
ried out with human brain template cDNA and the primers, hPTT-S (5-AGCCCGAGGGGGCGCAG
GTC3) and hPTT-A (5-GGGGAGGAGCCATGTCCTG-3). AmpliTag Gold™ DNA polymerase
(Applied Biosystems) was used for PCR. The conditions for PCR were as follows: 95°C, 12 min for
the activation of AmpliTaq Gold™ DNA polymerase; 94°C, 20 sec; 72°C, 3 min; 5 cycles; 94°C, 20
sec; 70°C, 3 min; 5 cycles; 94°C, 20 sec; 68°C, 3 min; 45 cycles. The amplified cDNA fragment was

ligated into pGEM-T easy vector and sequenced.
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2.2 Northern blot analysis of h-pt-GalNAc-T

Northern blot analysis for h-pt-GalNAc-T was performed with Multiple Tissue Northern blot
II (Clontech) as described previously [13]. For this analysis, an RNA probe is used, which is a 500
base fragment including cytosolic domain, transmembrane domain, stem region, and a part of puta-

tive catalytic domain sequences.

2.3 Construction of an expression vector, pFastHisGP67

The following synthetic oligonucleotides were purchased from Invitrogen. FLAG-F; 5-GAT
CCCATGGATTATAAAGATGATGATGATAAA-3, FLAGR; 5-GCCGCCTTTATCATCAT
CATCTTTATAATCCATGG-3, His-F; 5-GGCGGCCATCATCATCATCATCACGGCGGCGG
GAGCT-3, and His-R; 5-CCCGCCGCCGTGATGATGATGATGATG-3. A PolH/GP67 DNA
fragment, containing a baculovirus polyhedrin promoter and a gene coding for the signal sequence
for the insect secretory protein, glycoprotein67, was isolated from pAcGP67 plasmid vector
(Phermingen) by digesting the vector with EcoRV and BamHI and purifying the corresponding
DNA fragments. pFastBac™™1, a transfer vector for the Bac-to-Bac system (Invitrogen), was
digested with Accl and blunt-ended with Blunting High (TOYOBO), and the product was digested
with Sacl, obtaining the product, pFastBac™™1/Sacl/Accl -blunt fragment. 5 Ends of FLAGF,
FLAF-R, His-F, and His-R were phosphorylated by T4 polynucleotide kinase. Phosphorylated
FLAG-F and FLAG-R were, then, incubated together at 60°C for 2 min to obtain the duplex coding
for the FLAG epitope-tag, MDYKDDDDK. Similarly, the cDNA for the His epitope-tag consisting
of successive 6 histidine residues was obtaind by incubating His-F and His-R under the same condi-
tions. Then both ¢cDNA were mixed with the pFastBac™™1/Sacl/Accl-blunt fragment and the
PolH/GP67 fragment and ligated by the T4 ligase (Promega). DH5« was transformed with the li-
gated product and screened by PCR. The isolated clone, designated pFastHisGP67, was sequenced

to confirm that cDNA for the GP67 secretion signal and the FLAG/His tags was correctly inserted.

2.4 Constructoin of pFastHisGP67/h-pt-T

h-pt-GalNAc-T ¢cDNA deleted with a sequence for the cytosolic domain and the transmem-
brane region was obtained by PCR using a primer pair, hPTT-Not (5~ATAAGAATGCGGCCGCCA
TCGCGGTGCGCAGCGGAGACGCCTTCC-3) and hPTT-Xba (5-GCTCTAGAGACTACTTGATGGA
GTTCTT-3). The nucleotides underlined in the primers are Nozl and Xbal restriction sites intro-
duced into the amplified ¢cDNA, respectively. The amplified fragment was digested with No#l and
Xbal, inserted into pFastHisGP67 digested with Nofl and Xbal, and then ligated DHba was

transformed with the ligated product and screened by PCR. The isolated clone, designated
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pFastHisGP67/h pt- T, was sequenced and used for transformation of the DH10Bac™ E. coli host
strain, which harbors a baculovirus shuttle vector and a helper plasmid. The recombination between
pFastHisGP67hpt-T and the baculovirus shuttle vector in DH10Bac™ produced a bacmid DNA
that contains cDNA for h-pt-GalNAc-T. The bacmid DNA was obtained from DH10Bac host cells,
and introduced into Sf9 insect cells with Cellfectin™ and incubated for 3 days. Recombinant bacu-
loviruses secreted into the medium were recovered and was amplified for the expression of the re-
combinant h-pt-GalNAc-T isozyme. Expression of the recombinant proteins was carried out accord-
ing to the instructions described in the Bac-to-Bac® Baculovirus expression system manual

(Invitrogen).

2.5 Enzyme purification and assays

Three days after the transfection of High Five cells with the recombinant vaculoviruses, con-
ditioned medium was recovered and dialyzed against 25 mM Tris-HCI buffer (pH7.2), containing
100 mM NaCl, and 5 mM imidazole. The dialyzed medium was centrifuged at 10,000 rpm at 4°C
for 1 min. The supernatant thus obtained was mixed with Ni-NTA agarose (QIAGEN) and incu-
bated at 4°C overnight under constant rocking to make a uniform suspension. The Ni-NTA agarose
adsorbed with recombinant h-pt-GalNAc-T was washed three times with 25 mM Tris-HCI buffer
(pH7.2), containing 100 mM NaCl, and 10 mM imidazole and then with 25 mM Tris-HCIl buffer
(pH7.2), containing 100 mM NaCl, and 25 mM imidazole, three times each. Finally, recombinant h-
pt-GalNAc-T was eluted with 25 mM Tris-HCI buffer (pH 7.2), containing 100 mM NaCl, and 500
mM imidazole. The enzyme activity was determined as described previously [27] with the excep-

tion that the reaction was carried out at 37°C.

2.6 Identification of zebrafish orthologue genes in the database and their ¢cDNA cloning

The amino acid sequences of all the GalNAc-transferases identified to date were used to per-
form a tBLASTn search against the Danio rerio whole genome shotgun sequence database, the
Danio rerio EST database in NCBI, and the finished/unfinished genome sequence database in Sanger
Institute. A number of sequences homologous to each isozyme were obtained, and the zebrafish
contig sequences for each mammalian isozyme were generated by comparing the sequences found
in the database. Then, primer pairs, zGT1-f (5-GGTTTCTGTTCTCGTCTCGTGC-3), zGTl-r (5-CAT
TCGTTCGTTGTTGG-3), zGT9-f (5-GCTGAAAGAACAGCTCCCAC-3), zGT9-r (5-GCTCTCCAGCT
CAGGTTATTTAG-3), zGT13-f (5-GGTCCTCCAGTGGGATGACG-3), zGT13r (5-GGAAAGCCAAA
AAC CTG ACTCC-3), zPTT-f (5-TTACCA TCAC ATCC CTG CTTGTC-3), and zPTTr (5-CCCCTT

CGGCTTGAGTTCTTC-3), were designed from the contig and used for amplification of zebrafish
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full-length GalNAc-T1, GalNAcT9, GalNAc-T13, and pt-GalNAcT, respectively. AmpliTaq
Gold™ DNA polymerase (Applied Biosystems) and ¢DNA, which was isolated from 48 hours post
fertilization zebrafish embryos, were used for PCR. The conditions for PCR were as follows: 95°C,
12 min for the activation of AmpliTag Gold™ DNA polymerase; 94°C, 20 sec; 72°C, 3 min; 5
cycles; 94°C, 20 sec; 70°C, 3 min; 5 cycles; 94°C, 20 sec; 68°C, 3 min; 45 cycles. For the amplifica-
tion of zebrafish GalNAc-T13, nested PCR was carried out on the PCR products using primer pair,
zGT13-f2 (5" TGTCCAGTCACACTGCCCCC-3), zGT1312 (5-CCAAAAACCTGACTCCAAGTCTTG-

3). The amplified fragments were subcloned into the pGEM-T easy vector and sequenced.

2.7 Maintenance of fish
Fish was maintained at 28.5°C on a 12 hour light/dark cycle. To prevent the pigment forma-

tion, the embryos were treated with 0.2 mM 1-phenyl-2-thiourea (PTU, Sigma).

2.8 Whole-mount in situ hybridization

Whole-mount iz situ hybridization was carried out as previously described [28] with some
modifications. Briefly, embryos fixed with phosphate-bufferd saline (PBS) containing 4% parafor-
maldehyde were dehydrated with methanol and rehydrated with PBS containing 0.1% Tween 20.
They were then transferred into a hybridization mixture (5x SSC, containing 50 mg/ml of heparin, 100
mg/ml of calf thymus DNA, 10 mg/ml of tRNA, 50% formamide, and 0.1% Tween 20) and incubated for at
least 1 hour at 55°C. The hybridization mixture was then replaced with the hybridization mixture
containing 100 ng/ml of DIG-labelled RNA probe (Fig. 5) and the embryos were incubated at 57°C
overnight. After a rinse with 5x SSC, they were washed in 2x SSC containing 50% formamide at
65°C for 30 minutes, 2x SSC for 10 minutes, and soaked in RNase buffer (10 mM Tris-HCI (pH 8.0),
containing 0.5 M NaCl) for 10 minutes. Following the treatment with 20 mg/ml of RNase A at 37°C
for 1 hour, a series of washings (2x SSC for 10 minutes; 2x SSC containing 50% formamide at 65°C for 30
minutes ; 0.2x SSC at 55°C for 15 minutes) was performed. The embryos were rinsed with MAB (100
mM maleic acid (pH 7.5), containing 150 mM NaCl, and 0.1% Tween 20) and soaked in blocking solution
(MAB, containing 1% blocking reagent (Roche), 2% fetal calf serum, 0.2% Tween 20, and 0.2% TritonX-100)
for 2 hours at room temperature. The embryos were then incubated with AP-conjugated anti-DIG
Fab fragments, which were diluted 1: 6000 in the blocking solution, at 4°C overnight. After
washing three times with PBS containing 0.1% Tween 20 for 30 minutes, the embryos were rinsed
three times with AP reaction buffer (100 mM Tris- HCI (pH 9.0), containing 50 mM MgCls, 100 mM NaCl,
0.1% Tween 20, and 1 mM levamisole) for 10 minutes. Detection was performed with BM-purple

(Boehringer Mannheim). After stopping the coloring reaction, I washed the specimens three times
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with the AP reaction buffer without levamisole and stored them in PBS containing 4% paraformal-

dehyde.

2.9 Morpholinos

Morpholino oligos were purchased from Gene Tools, LLC; MO-zT9, CTTGCGTGCCACAGC
CATTAAAGCC; MO-zT13, CTTACAGTACACGAAGCGTCTCATG; MO-zPTT, CCATCTT
CTCATCACAAAGGCCATG. A morpholino oligo stock solution was prepared by dissolving mor-
pholino oligos in 1 x Danieau buffer (5.0 mM HEPES (pH 7.6), containing 58 mM NaCl, 0.7 mM KC],
0.4 mM MgSO,, and 0.6 mM Ca (NO3)2) at the concentration of 67.2 mg/ml. The working solution

prepared by diluting the stock solution was injected into one to two-cell stage zebrafish embryos.

3. Results and Discussion

3.1 Cloning of human pt-GalNAc-T

To investigate the unique nature of brain-specific GalNAc-T9, we previously attempted to
clone its rat orthologue gene. However, the obtained rat clone was not an orthologue, but a highly
homologous clone of human GalNAc-T9. Since this clone had structural features conserved in the
GalNAc-transferase family, it was designated rat putative GalNAc-T (r-pt-GalNAe-T) [27]. Interest-
ingly, r-pt-GalNAc-T was also brain-specifically expressed. Northern blot analysis revealed a brain-
specific expression of 2.0 kb mRNA. In situ hybridization also showed its expression in the re-
stricted regions in the rat brain, such as cerebellum, hippocampus, hypothalamus, and the internal
layers of cerebral cortex [27]. In order to study its expression in human, I cloned the human ortho-
logue of 7-pt-GalNAc-T. Blast search analysis of the database using the nucleic acid sequence of 7
pt-GalNAc-T identified several human genomic and EST clones that contain sequences highly
homologous to the rat clone. I generated the contig from these genome clones, and obtained the hu-
man clone by PCR using the nucleotide sequence of the contig (Fig. 1). The predicted amino acid
sequence of the resultant clone was compared with human GalNAc-T9 and r-pt-GalNAc-T (Fig. 2).
The human full-length ¢cDNA clone contained an open reading frame encoding a type II membrane
protein consisting of 598 amino acid residues with a 7 amino acid N-terminal cytoplasmic domain, a
20 amino acid transmembrane domain, a 92 amino acid stem region, and a 479 amino acid putative
catalytic region. This clone had several characteristics commonly found in the GalNAc-transferase
families: 1) a glycosyltransferase 1 (GT1) motif, a conserved sequence commonly found in glycosyl-
transferases [29], 2) a DXH sequence in the GT1 motif, a putative binding site for a sugar donor

and/or a metal ion [30], 3) a Gal/GalNAc transferase motif consisting of about 40 amino acid re-
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100
AGCCCGAGGGGGCGCAGGTCCGGGGCGAGGGCCGGCCGGGCTGTTTGATGGCTTCACTGAGAAGAGTCAAAGTGCTGTTGGTGTTGAACTTGATCGCGGT
M A S L R R V KV L L V L N L I A V>
200
AGCCGGCTTCGTGCTCTTCCTGGCCAAGTGCCGGCCCATCGCGGTGCGCAGCGGAGACGCCTTCCACGAGATCCGGCCGCGCGCCGAGGTGGCCAACCTC
A G F VL F L A K CWRU©PIA AV RS G DAV FHETIRU?PIRAZEV A N L>
300
AGCGCGCACAGCGCCAGCCCCATCCAGGATGCGGTCCTGAAGCGCCTGTCGCTGCTGGAGGACATCGTGTACCGGCAGCTGAATGGCTTATCCAARATCCC
S AH S A S P I Q DAV L KURUL S L L EDTIV Y ROQUL NG L S K S>
400
TTGGGCTCATTGAAGGTTATGGTGGGCGGGGTAAAGGGGGCCTTCCGGCTACTCTTTCCCCGGCTGAAGAAGAAAAGGCTAAGGGACCCCATGAGAAGTA
L 6 L I EGY G G R G K G G L PATUL S P AZEEEI KA AI K G P H E K Y>
500
TGGCTACAATTCATACCTCAGTGAAAAAATTTCACTGGACCGTTCCATTCCGGATTATCGTCCCACCAAGTGTAAGGAGCTCAAGTACTCCAAGGACCTG
G Y NS Y L s E K I S L DR S I P DY R P TKCI K ETLIZ K Y S K D L>
600
CCCCAGATATCCATCATATTCATCTTCGTGAACGAGGCCCTGTCGGTGATCCTGCGGTCCGTGCACAGTGCCGTCAATCACACGCCCACACACCTGCTGA
P o 1 S 1 1 F I F VNEAILSV I L RSV HS AV N HT P T H L L>
700
AGGAAATCATTCTGGTGGATGACAACAGCGACGAAGAGGAGCTGAAGGTCCCCCTAGAGGAGTATGTCCACAAACGCTACCCCGGGCTGGTGAAGGTGGT
K £ I I L VvV D DN S D EEE L KV P L EE Y V HZKIRY P G L V K V V>
800
AAGAAATCAGAAGAGGGAAGGCCTGATCCGCGCTCGCATTGAGGGCTGGAAGGTGGCTACCGGGCAGGTCACTGGCTTCTTTGATGCCCACGTGGAATTC
R NQ K R E G L I RAUR I EGWI KV ATGOQUV TG F F D AHV E F>
900
ACCGCTGGCTGGGCTGAGCCGGTTCTATCCCGCATCCAGGAAAACCGGAAGCGTGTGATCCTCCCCTCCATTGACAACATCAAACAGGACAACTTTGAGG
T A G WA E P VL S R I Q ENIRI K RV I L P S I DNTI K Q D N F E>
1000
TGCAGCGGTACGAGAACTCGGCCCACGGGTACAGCTGGGAGCTGTGGTGCATGTACATCAGCCCCCCAAAAGACTGGTGGGACGCCGGAGACCCTTCTCT
vV Q R Y EN S A HGY S W EL WCMY I S P P K DWWDA G D P s L>
1100
CCCCATCAGGACCCCAGCCATGATAGGCTGCTCGTTCGTGGTCAACAGGAAGTTCTTCGGTGAARATTGGTCTTCTGGATCCTGGCATGGATGTATACGGA
P I R T PAM I G C s F V VNIRI KU FF G E I GL L D P G M DV Y G>
1200
GGAGAAAATATTGAACTGGGAATCAAGGTATGGCTCTGTGGGGGCAGCATGGAGGTCCTTCCTTGCTCACGGGTGGCCCACATTGAGCGGAAGAAGAAGC
G E NI EL G I K VWL CGG S ME VL P C S RV A H I E R K K K>
1300
CATATAATAGCAACATTGGCTTCTACACCAAGAGGAATGCTCTTCGCGTTGCTGAGGTCTGGATGGACGATTACAAGTCTCATGTGTACATAGCGTGGAA
P Y N SN I G F YT K RNAULU RV AEV WMUDD Y K S H V Y I A W N>
1400
CCTGCCGCTGGAGAATCCGGGAATTGACATCGGTGATGTCTCCGAAAGAAGAGCATTAAGGAAAAGTTTAAAGTGTAAGAATTTCCAGTGGTACCTGGAC
L P L ENUP G I DI GDV S ERIRATLIRIKS L KT CI KN F Q W Y L D>
1500
CATGTTTACCCAGAAATGAGAAGATACAATAATACCGTTGCTTACGGGGAGCTTCGCAACAACAAGGCAAAAGACGTCTGCTTGGACCAGGGGCCGCTGG
H Vv Yy P EMU RIRYNNTV A Y G ELRNNI KA AI KDV CL D Q G P L>
1600
AGAACCACACAGCAATATTGTATCCGTGCCATGGCTGGGGACCACAGCTTGCCCGCTACACCAAGGAAGGCTTCCTGCACTTGGGTGCCCTGGGGACCAC
E N H T A I L Y P CHGWG P QL AU RY T KEGU F L HULGA ATLG T T>
1700
CACACTCCTCCCTGACACCCGCTGCCTGGTGGACAACTCCAAGAGTCGGCTGCCCCAGCTCCTGGACTGCGACAAGGTCAAGAGCAGCCTGTACAAGCGC
T L L p DT R CULV DNS K S RL?POQUL L DCDI KV K S S L Y K R>
1800
TGGAACTTCATCCAGAATGGAGCCATCATGAACAAGGGCACGGGACGCTGCCTGGAGGTGGAGAACCGGGGCCTGGCTGGCATCGACCTCATCCTCCGCA
W N F I Q0 NG A I MNKGTGRCULEVENWU RGTILATGTI DL I L R>
GCTGCACAGGTCAGAGGTGGACCATTAAGAACTCCATCAAGTAGAGGGAGGGAGCTGGGGCACTGGAGCCTGGCCCCCAGGACATGGCTCCTCCCCC
s ¢ T G Q R W T I K N S I K *>

Fig. 1 Nucleic and amino acid sequences of human pt-GalNAc-T
The upper and lower lines indicate nucleic and putative amino acid sequences, respectively.

sidues [29], 4) conserved cysteine residues [29,31,32], and 5) a C-terminal lectin-like domain [33].
Among the known GalNAc-transferases, the cloned gene was most homologous to r-pt-GalNAc-T
with 98% amino acid similarity. It also had 77% similarity to human GalNAc-T9. Judging from the

sequence similarity to the other clones, the human clone obtained is regarded as an orthologue of
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Fig. 2 Amino acid alignment of rat and human pt-GalNAc-T, and human GalNAc-T9. Amino acid alignment
was performed using the pairwise and multiple Clustal W (1.4) method in MacVector. The parameters
for alignment were : slow alignment, open gap penalty =10, extend gap penalty =0.05, matrix =blosum 30,
delay divergence=10%, and no hydrophilic gap penalty. The DXH sequence in the glycosyltransferase 1
motif is outlined. Conserved acidic, histidine, and cysteine residues are indicated by, O, and A, respective-
ly.

rat pt-GalNAc-T. Hence, this clone was designated human putative GalNAc-T (h-pt-GalNAc-T).

3.2 Northern blot analysis of human pt-GalNAe-T

Williams-Beuren syndrome (WBS) is caused by the hemizygous deletion of a region of approx-
imately 1.6 Mb of chromosome band 7q11.23 [34] and is a rare neurodevelopmental disorder char-
acterized by cardiovascular abnormalities (particularly supravalvular aortic stenosis), transient juvenile
hypercalcemia, abnormal weight gain and growth, and unusual facial features [35]. Recently, h-pz-
GalNAc-T was found to be identical to one of the genes identified in the Williams-Beuren syn-

drome critical region (WBSCR). This gene, WBSCR17, was also most abundant in brain, with sig-
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Fig. 3 Northern blot analysis of h-pt-GalNAc-T

Adult human brain multiple tissue Northern blot II (Clontech) was hybridized with a digoxigenin-labeled
probe of h-pt-GalNAc T, and detected as previously described [19].

Table 1 Synthelic undecpeptides used [or assay

Origin Sequences
human MUCla AHGVTSAPDTR
human MUCSAC GTTPDPVPTTG
human MUC7 TTAAPPTPSAG

nificant amount in heart [36]. h-pt-GalNAc-T is, therefore, a potential candidate for the genes
causing WBS. I investigated the expression of h-pt-GalNAc-T in human brain in more detailed by
Northern blot analysis. Fig. 3 shows that h-pt-GalNAc-T was most strongly expressed in cerebral
cortex. Its expression in cerebellum, occipital pole, frontal lobe, temporal lobe, and putamen was
moderate. This is in contrast with human GalNAc-T9, which is most abundantly expressed in cere-
bellum, with the lesser amount in cerebral cortex [13]. In human, a single 5 kb mRNA of pt-
GalNAc-T was observed, and this transcript being larger than rat one (2 kb) appears to result from

difference of untranslated sequences.
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3.3 Expression of human pt-GalNAe-T in insect cells

I constructed an expression vector for a soluble recombinant protein coded by h-pt-GalNAc-T
and expressed a recombinant isozyme in High Five insect cells in order to examine the acceptor
specificities of pt-GalNAc-T. After purification of recombinant h-pt-GalNAc-T with Ni-NTA agar-
ose, an enzymatic activity of the recombinant molecule was examined using synthetic peptides de-
rived from the potential O-glycosylation sites of mammalian mucins (Table 1). However, no trans-
ferase activity has been detected so far. This may result from several causes. First of all, pt-
GalNAc-T may be a member of so-called follow-up type isozymes, which requires partial glycosyl-
ation of the acceptors in order to recognize them as substrates. In fact, prior glycosylation of the
acceptor peptides was reported to be a prerequisite for glycosylation by GalNAc-T4, -T7, and -T10
[7.10,14]. Secondly, the transmembrane region of pt-GalNAc-T may be involved in the activity.
Expression of the recombinant soluble molecules, therefore, may have generated inactive enzymes.
Thirdly, pt-GalNAc-T may belong to other glycosyltransferase families involved in transferring
different monosaccharide. It is, however, unlikely that pt-GalNAc-T catalyzes reactions other than
the GalNAc transfer, since it has motif structures of GalNAc-transferase families, exhibiting very
high homology (77%) to GalNAc-T9. Finally, judging from their restricted expression in the brain,
pt-GalNAc-T may have a narrow substrate specificity for catalyzing brain-specific glycosylation,
and may not glycosylate typical mucin-like sequences used in this study. Although I demonstrated
presence of the brain-specific GalNAc-transferases such as GalNAc-T9 and pt-GalNAc-T, the cat-
alytic activities have not been detected yet as described above. There are some examples of O-gly-
cosylated glycoproteins in the brain. Tenascin-R is a brain glycoprotein with a disialylated core-1
structure, Siaa2 = 3GalBl — 3 (Siaa2 = 6) GalNAc, as a major carbohydrate chain, and is express-
ed in the spinal cord, cerebellum, hippocampus and olfactory bulb [37,38], colocalizing with r-pt-
GalNAc-T except for in the olfactory bulb. Chromogranin A (CgA) is also found in the brain and
spinal cord, as well as in the endocrine and immune systems, such as the pituitary gland, pancreas,
spleen, and thymus [39]. In situ hybridization of CgA mRNA in rat brain sections revealed the
strongest expression in the pyramidal cell layer of the hippocampus and the subiculum [39], where
r-pt-GalNAc-T is abundantly expressed as well. 8-Amyloid precursor protein (APP) is another ex-
ample of O-glycosylation in the brain [40]. Both CgA and APP are known to accumulate in the
extracellular B-amyloid plaque in Alzheimer’s disease [39]. CgA is also reported to accumulate in
Parkinson’s disease and Pick’s disease [41-43]. O-Glycosylation of a-synuclein is also reported [44].
a-Synuclein is a major component of intracellular fibrillary aggregates and regarded as implicated
in the pathogenesis of Parkinson’s disease [45]. Aberrant O-glycosylation may cause the conforma-

tional change in a-synuclein, resulting in deposition of abnormal filaments. Although the relation-
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ship of h-pt-GalNAc-T with these pathological conditions is not clear, it is possible that the deposi-
tion of these proteins in the brain is related to altered O-glycosylation by pt-GalNAc-T. Some of
these glycoproteins colocalize with pt-GalNAc-T in the brain, thus raising the possibility that they
might be endogenous substrates of pt-GalNAc-T. Studies using synthetic peptides derived from the

potential O-glycosylation sites of these glycoproteins are in progress.

3.4 Detabase analysis

To investigate biological function of a GalNAc-transferase, the author attempted to clone
GalNAc-transferase orthologues from zebrafish and examine their expression and biochemical prop-
erties. First, the database of zebrafish genome and expressed sequence tags was examined to isolate
zebrafish orthologue genes for the mammalian GalNAc-transferases. The search revealed many
genome and EST sequences homologous to each human isozyme with the exception of GalNAc-
T15. These sequences were compared to generate contigs and the obtained contig sequences were
aligned with the known GallNAc-transferases using the ClustalW program. The alignment shows
that all the GallNAc-transferase cloned so far except GalNAc-T15 were conserved between human
and zebrafish (Fig. 4). It is often observed that zebrafish has two homologous sequences of the
mammalian equivalent [46], probably due to the additional genome duplication in zebrafish. In ze-
brafish, the function of ancestral genes may be allotted to two genes and each gene sometimes has
a more restricted function than the original gene. Thus, the function of a zebrafish gene is often
easier to study than mammalian ones [46]. In fact, zebrafish GaINAc-T4, -TS, and -T11 genes
appear to be duplicated, since two homologous genes for each mammalian isozyme have been iden-
tified in the database. Fig. 4 shows the phylogenetic tree generated based on the homology of ami-
no acid sequences of the putative catalytic domain of the isozymes. Presence of the GalNAc-trans-
ferase family has been reported in some model organisms, such as nematode [47], and Drosophila
[16,48,49], but it is often difficult to relate an isozyme in those organisms to those in mammals due
to the low homology. By contrast, the zebrafish isozymes are highly homologous to mammalian
ones. This indicates that zebrafish is a useful model organism to study biological roles of the

mammalian GalNAc-transferases.

3.5 Isolation of zebrafish orthologues for the mammalian brain-specific GalNAc-transferases

Zebrafish is useful in studying a gene function as well, because morpholino-oligo based gene
knock-down technique is available, in which two or more genes can be knocked-down simul-
taneously. To elucidate roles of O-glycans in brain, the author cloned orthologues of the mamma-

lian brain-specific isozymes (GalNA¢-T9, -T18, and pt-GalNAe-T) from zebrafish (Fig. 5). The ze-
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Fig. 4 Phylogenetic relationship between zebrafish and human GalNAc-transferases

A phylogenetic tree was constructed by comparing the putative catalytic sequences of the isozymes. An NJ
image method of the PAUP * version 4.0 was used for analysis. The scores outlined show amino acid similarity
of the conserved region between zebrafish and human orthologues. As described in the text, there were two zeb-
rafish orthologue genes for GalNAc-T4, -T8, and -T1l. For these isozymes, only the gene with the higher
homology to the human equivalent was included in the tree.
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Fig. 6 Amino acid alignment of zebrafish and human orthologues
Amino acid alignment was performed as described in the legend to Fig. 2. The DXH sequence in the glycosy-

ltransferase 1 motif is outlined. Conserved acidic, histidine, and cysteine residues are indicated by *, 0, and A4,
respectively. The orthologues between human and zebrafish were compared. A, GalNAc-T1, B, GalNAc-T9, C,

GalNAc-T13, and D, pt-GalNAc-T.
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zZT9 361 |[VWQCGGSMEVLPCIAIRVAHIERTEKKPYNNDIDYYAKRNALRAAEVWMDEFKSHVYMAWNIP|42
A A
hT9 420 GVDFGDVSERLAL nzm,_As‘gr_p_z_<<_.r2x<<zz_r_<nr<x2mx>m>e.nrc_$m
zT9 421 GVDFGDVSERVAL CKSFRWYLE|HIVYPEMRIYNNTITYGEVRNSKASGYCLD|480
A A
hT9 AILYPCHGMSSQLVRYS[AIDGLLQLGPLGST|A[FLPDSKCLVD 539
2T9 AILYPCHGMSS QLARYT|T/[EGLLQLGPLGST|T|[FLPDTKCLVD 540
A A
hT9 A[R[P[TQRLWDFTQ|sS[GP T VSRIA[TGRCLEVEMS KDANFGLRLVVQRCSGQKWMIRNWI K| 59
2T9 T|R[S|SQRLWDF TOQIN[GP 1 I SRIDJTGRCLEVEMSKDANFGLRLVVQRCSGQKWMIRNWI K| 600

hT9 600 [H] A 603 hT9 vs.zZT9 Aligned Length =604 Gaps =1
279 601 _M__QE 804 Tdentities = 502 (83%) Similarities = 69 (11%)

, and eyes from 36 to 48 hours

mount zzn situ hybridization of z-pt-GalNAc-T indicated that this gene is expressed throughout cen-
post fertilization (hpf) (Fig. 7). The author previously reported that rodent and human orthologues
of this clone is specifically expressed in the brain as well [27]. The similar expression patterns of
these isozymes in different organisms may suggest their functional similarity in each organism.

tral nervous system including telenthephalon, midbrain, hindbrain
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GKAVVIPKEEQDKMKELFKINQFNLMASDMIALNRSLPDVRLDGCKTEK|T[YPDDLPNTS 1 V| 120
O .
I VFHNEAWSTLLRTV|Y|SVINRSP DDASERDFL
I VFHNEAWSTLLR SAINRSTP DDASERDFL
RME|[EIRS GL I RARLRGAAASKGQVITEFL|DA CECT|ILIGWLEPL|LAIRI KEDRK|T|[VVCP 11DV I| 240
RME|QIRTGL TRARLRGAAATRGOQVITEFTLIDA CECT|TIGWLEPLIMS|RI KEDRR|A[AVCP I 1DV I]240
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. . . A A O ¢
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A
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soowri T R~wTTGr sss hT13 vs.zT13 >:mwmmr.o:.m3.l.mmm Qmwmolo
soowiLRrRNMTL G|v 556 Identities =488 (87%) Similarities =44 (7%)

3.7 Knock-down analysis of zebrafish pt-GalNAe¢-T expression

The author, then, analyzed the function of z-pt-GalNAc-T in the development by the morpholino

oligo-mediated knock-down of z-pt-GalNAc-T expression. Injection of 5 ng morpholino antisense
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zptT 599 _M_o DQGQ 604 Identities = 426 (70%) Similarities = 66 (10%)

jected embryos, with characteristically smaller eyes and heads (Fig. 8A, B). Although preliminarily,
the author knocked-down the expression of zebrafish GalNAc-T9 and -T13 in the embryos. Interest-
phenotypic changes with the characteristically small eyes. Contrary to this, no phenotypic changes

oligos into the two-cell stage embryos led to a drastic change in the phenotype in 7 out of 10 in-
ingly, the knock-down of GalNAc-T9, a highly homologous clone to pt-GalNAc-T, gave the similar



Analysis of brain-specific UDP-GalNAc : polypeptide N-acetylgalactosaminyltransferases in zebrafish 95

36 hpf

48 hpf

Fig. 7 Whole-mount in sizu hybridization analysis of z-pt-GalNAc¢-T
Zebrafish embryos at the 36 hpf (A, B), 48 hpf (C, D) were hybridized with labeled RNA probes specific for
2-pt-GalNAc-T. Orientation: (A, C) lateral views, dorsal at the top; (B, D) dorsal views, anterior at the top.
Abbreviations: t, telencephalon ; ey, eye ; MD, midbrain ; MHB, midbrain-hindbrain boundary ; HB, hindbrain

were observed in the GalNAc-T13 knock-down embryos. It is reported that the knockout mice of
GalNAc-T13 also had no remarkable phenotypic changes [18]. To observe the brain structure in
detail, the embryos, injected with morpholino oligos, were depigmented by treating them with 0.2
mM PTU that inhibits melanization of the embryos (Figs. 8C-G). The transparent embryos thus
obtained clearly demonstrated the brain malformation of the z-pt-GalNAc-T morphants, with the
most manifest deformation in the hindbrain (Fig. 8D, F). Some of these morphant embryos also rep-

resented an enlarged ventricle in addition to the eye and brain disorders (Fig. 8G).

3.8 Marker analysis of zebrafish pt-GalNAc-T morphants

To examine whether z-pt-GalNAc-T is indeed implicated in the brain formation, the author in-
vestigated the expression of pax2.1 in the 36, 48 hpf embryos, which is a paired-box transcription
factor and is one of the earliest genes to be specifically activated in the development of midbrain
and midbrain-hindbrain boundary (MHB) [50,51]. After the 20 somite stage, pax2.1 is expressed in
the posterior hindbrain [52]. The author found that the z-pt-GalNAc-T knock-down zebrafish lost
the pax2.1 gene expression at the hindbrain, but with the expression in the choroid fissure un-
changed (Fig. 9). These data indicate that z-pt-GalNAc-T may be related to normal development of
hindbrain.
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wt morphants

36 hpf

36 hpf

48 hpf

Fig. 8 Morpholino-induced knock-down of z-pt-GalNAc-T
Morphological analysis of embryos injected with 5 ng of z-pt-GalNAc-T morpholino oligos was carried out.
In all embryos, anterior is towards the left and dorsal is upwards. (A, C, and E) Wild-type, (B, D, I, and G) z-
pt-GalNAc-T morpholino-injected embryos. The melanization of embryos (C to G) was inhibited by treatment
of PTU. Arrow and asterisk indicate hindbrain malformation (D, F) and the enlarged ventricle (G), respective-
ly. Abbreviations ; MB, midbrain ; MHB, hindbrain ; HB, hindbrain
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wt morphants

MHB

B MHB
HB

36 hpf

MHB

48 hpf

E F

Fig. 9 Expression of pax2.1 in the zebrafish embryos injected with the z-pt-GalNAc¢-T morpholino oligos

Expression of pax2.1 at 36 hpf and 48 hpf is shown in Wild-type (A, C, and E) and the embryos injected
with 5 ng of z-pt-GalNAc-T morpholino oligos injected embryos (B, D, and F). Expression of pax2.1 is absent
in the hindbrain of the morphant embryos. Orientation: (A-D) lateral views, dorsal at the top; (E, F) dorsal
views, anterior at the top. In all embryos, anterior is towards the left and dorsal is upwards. Abbreviations: cf,
choroid fissure ; MHB, midbrain-hindbrain boundary ; HB, hindbrain.

For normal development of vertebrate brain, partitioning of neural epithelium into domains is
essential, which involves constriction formation of the neural epithelium in the posterior forebrain,
at the midbrain-hindbrain junction, and in the hindbrain [53]. In anterior-posterior patterning, spa-
tially restricted expression of transcription factors that specify regional identity plays an important
role. For example, transcription factors such as val/Kr, Krox20, Hox, and Notch, are required for a
hierarchial segmentation of the zebrafish hindbrain [54-60]. The author will investigate whether

the knock-down of z-pt-GalNAc-T affects the expression of these molecules in the developing brain
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of the morphants.

3.9 Relationship of pt-GalNAe¢-T with Williams-Beuren Syndrome

Merla et al. reported that human pt-GalNAc-T is expressed in heart and brain in adults [36].
In this report (Fig. 3), the author demonstrated its expression pattern in human brain in more detail
by Northern hybridization. It was most strongly expressed in cerebral cortex, with the lesser
amount in cerebellum, occipital pole, frontal lobe, and temporal lobe. As for the rat pt-GalNAc-T,
in situ hybridization of coronal sections of the adult rat brain showed the mRNA expression in hip-
pocampus, cerebral cortex, and cerebellum [27]. In embryonic day 19 mice, this gene was strongly
expressed in dienthephalon, cerebellar primordium, and dorsal root ganglion [27]. As described
above, it was recently reported that human pt-GalNAc-T is located at the WBSCR, chromosome
7ql11.23 [36]. WBS is an autosomal dominant disorder characterized by heart and vascular disease,
mental retardation, and dysmorphic facial features, called elfin face, etc [61]. The brain-specific ex-
pression of pt-GalNAc-T in mammals and zebrafish, together with the fact that the gene for h-pt-
GalNAc-T was located at the critical region of WIBS and that patients with WBS have severe
neurodevelopmental disorder, raises the possibility that h-pt-GalNAc-T may be involved in the
pathogenesis of WBS. The increased volume of cerebrospinal fluid in individuals with this syn-
drome is reported [62]. It is noticeable that the enlarged ventricle size was also observed in the z-
pt-GalNAc-T morphants (Fig. 8G). Patients with WBS have dysmorphic facial disorder called elfin
face including characteristic eye features, with a stellate pattern of iris and strabismus, which are
one of the useful diagnostic clues [63-66]. The abnormal eye formation of the z-pt-GalNAc-T mor-
phants also supports the relationship of this isozyme with WBS. Taken together, it is concluded
that z-pt-GalNAc-T is involved in the normal development of zebrafish brain and eyes. The possible

involvement of human pt-GallNAc-T in WBS was also discussed.
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Footnotes

Abbreviation: AAP, s-amyloid precursor protein; CgA, Chromogranin A; GalNAc, N-

acetylgalactosamine; hpf, hours post {fertilization; MHB, midbrain-hindbrain boundary; NJ,

neighbor-joining ; PBS, phosphate-bufferd saline; PCR, polymerase chain reaction; PTU, 1-phenyl-
2-thiourea; SSC, standard saline citrate; WBS, Williams-Beuren syndrome; WBSCR, Williams-

Beuren syndrome critical region;
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Zebrafish % H W 724 FE ) UDP-GalNAc: polypeptide
N-acetylgalactosaminyltransferase O AT

S V-

2 F

LF v BURESE O A O Bl IE RO % filt# 3 5 UDP-GalNAc: polypeptide N-acetylgalactosa-
minyltransferase (D% GalNAc InflE%) (3T F N EO L F Y RIBEHOMNE L B r e T 5
HEGBRTHS. GalNACEBBRIIKRELMEET 77 IV —2BELTBY, BHAEETITIEA
HCTISHEOT A VA LBETH 70— TENTWDE, INHDOTA VA LTHWIZER
L7an30 b HE OBRFHEZ R L, &I - ZZHIIC b R o B2 RT. 209 b,
XL, MRS LT A VYA LOEYFNEEOBHEHE LT, E7VEREH
TINHDT A VHFA LT B%E% 175 72,

EFFET, BETOMAEICESNTPCR 217\, BIFRNZT7 A4 V¥ A L Th5H GalNAc-
T LZxt LT WA 2452, #iBle N cDNA 7o — & X YVHEEL 72, 20 DNA DX Y
LA F NG Z@BH L2825, 2O5F1d GalNAc IEBEE 7 7 3 — I e ik 2 3o
HYG otz HEoT, TOZ =% pt-GalNAeT EIERFEICT S, F£72, & b pt-GalNACT
&, OB E RIS TR I L CB Y, M4 E TH 5 Williams-Beuren S5 HEE A O Gtk
BRI AFTET 5 WBSCRIT BEZTF L FA—DbDTH BHEIGD o7, WTO pt-GalNACT D5
B SHICEEMNCRRD 72012, /=% 70y MEICT pt-GalNAc-T mRNA OFEH % Ji~7- &
A, KIMEHETRDZ L, SHIT/MNIZTS.0kb ® mRNA Z#iH L7z, 2 O5FDELZER T
BN 272012, WO Z 52 RIS TR S e, L Lads, itz h
pt-GalNAC-T &, 1 FFLHD L F Y kORI O R 7 F P L IR 2 /R S b o 72,
ptGalNAcT FFFREN 2 EBMX 2RI S0 5, ZONFrRE SNIRREREL D, i
WD F X7 BAOBES DU % il L T 2 /T 2 57

R, FEFIWEFRNT A VI A 2 0EWFNEE ET/RL 72012, ETVERYOLT T T 4 v
Tl B THRERE GalNAc BRBREHO /) v 7 ¥y VY Eeir o7z, FHRETET I 7
1 v Y2 ORREFRN GalNAc ImBBEEOF — v a VBET O u— = S i RAiiz, 1 IFLET A
VAL LHIBTHET T T4 v YV alETET I N—APLMELzE 25, GalNACTIS %
B, WHEOF -V O ZB8ETERWELEL. 2095, £ OMBTHBT 5 GalNAC-TI
¢DNA 48RS % GalNAC-T9, -T13, pt-GalNAc-T ¢cDNA #¥7 571 v a2 X ) HEEL .
NS DOFEIETFE, WILHEOMFABEF I LTT 3/ BEYIT, Fh2N96, 94, 94, 80% DH] [
MERL, ER7E, N7 A VA LOFT, pt-GalNAcT DX T T 74 v 2llBIT5
783 % whole mount in situ hybridization (WISH) 12 X V) flX72. zebrafish pt-GalNAc.T @
mRNA (3 3Hi736. 48R MR CTHiMN, i, Bz & PiRsRIOECREBIL Tniz £,
BIZBT MW HERbEEINL, 851, EVRY)V T yFEyAF) TEHWT, pt
GalNAcT O A HE LK, RRPBMCHRAERESHONZ, S5, THOROZNTIE,
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pax2 IOFEBAHE L TBY, KERPET T 7 14 v ¥ 2 OBRFOFAEIZEE LT 5 W iElkA
FEE A, EEY, Williams fEBEBORMMET O 15X %2 515 prGalNACT A HR%
KD > TOWLHEEG - 77,

F-T—-R:AFHMOrI 143 b=ray, GalNAcEBER, KN, Y7774 vva





