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In the present study, we have identified a novel gene, NDRP (for neuronal differentia-
tion-related protein), which is predominantly expressed in developing and regenerating
neurons. The predicted NDRP comprises 1,019 amino acid residues and has 6 WD re-
peats in the N-terminal half and multiple potential nuclear localization signals (NLSs) at
the C-terminal part. This molecule shows no significant structural similarity with any
other molecules in available databases. In situ hybridization and immunochistochemis-
try revealed the highest expression of NRDP in sensory neurons, for instance, olfactory
epithelia and neural layer of retina during embryonic development, as well as in perina-
tal dorsal root ganglions. The expression of this gene in intact motor neurons such as in
the hypoglossal nerve was undetectable but became obvious after axotomy. These re-
sults suggest that the product of this gene might be involved in the development of sen-
sory neurons as well as the regeneration of motor neurons.
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repeats.

The mechanisms regulating neuronal development and
maintenance during development, and regeneration upon
injury may involve a variety of genes. A useful approach to
understand such mechanisms is to identify and character-
ize genes whose expression is restricted to a defined class of
neurons or to a pathological condition. In an attempt to
identify new genes from this viewpoint, we have tried to
isolate genes whose expression is upregulated or downregu-
lated in Wobbler mouse, a model of inherited motor neuron
disease. We here report the isolation of a new gene encod-
ing WD repeat—containing protein, NDRP (for neuronal dif-
ferentiation-related protein), which has no significant
similarity with any known molecules except WD motifs. We
will discuss the functional property of this molecule based
on our findings that NDRP (i) has multiple nuclear local-
ization signals, (ii) shows predominant expression in neu-
rons in retina and olfactory epithelia during embryonic de-
velopment, (iii) exhibits upregulated expression in hypo-
glossal motor neurons after injury, and also based on the
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Abbreviations: DRG, dorsal root ganglion; ELISA, enzyme-linked
immunosorbent assay; GCL, ganglion cell layer; GFAP, glial fibril-
lary acidic protein; GST, glutathione S-transferase; IGL, inner
granular layer; IPL, inner plexiform layer; NDRP, neuronal differ-
entiation—related protein; MAP2, microtubule-associated protein 2;
OGL, outer granular layer; OMP, olfactory marker protein; OPL,
outer plexiform layer; NLS, nuclear localization signal; NVL, neuro-
blastic ventricular layer; PB, phosphate buffer; PL, pigment layer;
UTR, untranslated sequence.
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previous notion that WD repeat-containing proteins are
generally regulatory proteins and versatile for diverse func-
tions such as signal transduction (Z), RNA processing (2),
gene regulation (3, 4), vesicular traffic (5), and regulation of
cytoskeletal assembly (6) and/or cell cycle (7).

EXPERIMENTAL PROCEDURES

Subtractive PCR Cloning of NDRP—NDRP cDNA was
isolated from Wobbler mouse, which is an experimental
animal model of motor neuron disease relevant to amyo-
trophic lateral sclerosis and spinal muscular atrophy (8, 9).
Total RNA prepared from the cervical spinal cord of Wob-
bler mouse when the animals began to display forelimb
weakness and paralysis, was subjected to cDNA synthesis
and PCR amplification by using a SMART PCR cDNA Syn-
thesis Kit (Clonetech) according to the user’s manual. Sub-
tractive PCR cloning was performed by using a PCR-Select
c¢DNA Subtraction Kit (Clonetech). Briefly, total RNA (one
microgram) from Wobbler or control mouse was reverse-
transcribed, and amplified by long distance PCR for 22
cycles with PCR primer and Advantage Klen Taq Poly-
merase. Double-strand ¢cDNA was purified by chromatogra-
phy with CHROMA SPIN-1000 (Clonetech) and used for
Rsal digestion. The subtraction was performed with a
“tester” cDNA from Wobbler mouse and a “driver” cDNA
from control mouse. By screening of 200 clones of the
library with the subtracted tester cDNA and unsubtracted
driver cDNA, 8 positive clones were obtained. A 1,038-bp
fragment of NDRP ¢cDNA was one of the clones obtained by
these procedures. This fragment (558-1595 of NDRP ¢cDNA
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in Fig. 1A) was used to screen a randomly hexamer- and
oligo-dT—primed Agt10 cDNA library from Swiss Webster/
NIH embryo (Mouse 17-day Embryo 5'-STRECH PLUS
c¢DNA, Clonetech). The inserts of positive clones were se-
quenced with a Dye Terminator Cycle Sequencing Ready
Reaction Kit and ABI PRIZM 377 DNA Sequencer (PE
Applied Biosystem), yielding a novel clone defining a 3,317-
bp sequence.

Preparation of In Situ Probes—In situ probes for NDRP
were constructed from 15.5 dpc mouse embryo by RT-PCR.
Gel-purified Xhol/Xbal fragments (Probe 1, 33-548 nt;
Probe 2, 1561-2184 nt) of NDRP were directionally sub-
cloned into pSp73 (Promega). The region encompassing the
WD repeats was not included in these probes to minimize
cross-hybridization to other WD repeat—containing genes.
%3-UTP-labeled antisense and sense probes were gener-
ated by using Riboprobe in vifro Transcription System
(Promega) according to the technical manual.

Axotomy of Rat Hypoglossal Nerve—Male Wistar rats
weighing approximately 100 g were anesthetized with pen-
tobarbital (45 mg/kg) and positioned supine. Their right
hypoglossal nerve was exposed and sectioned just proximal
to its bifurcation at the level of the hyoid bone. Animals
were decapitated under ether anesthesia on post-operative
days 1, 3, 7, 14, and 21. Their brains were rapidly removed,
frozen in powdered dry ice and stored at —80°C until sec-
tioning. In this stuuy, rats as well as mice were treated
according to the guidelines of Tokyo Medical and Dental
University.

Preparation of Tissue Sections—Adult mouse brains
(ICR, 8 weeks old) and whole embryos (at various stages)
were frozen in powdered dry ice or embedded with cryoma-
trix (Tissue-Tek O.C.T. Compound) and frozen in isopropyl
alcohol (-80°C). Coronal and sagittal sections of 10 pm
thickness were prepared with a cryostat (LEICA CM1900),
thaw-mounted on (3-aminopropyltriethoxy)silane-coated
microslide glasses, air-dried and stored at -80°C until in
situ hybridization analysis. For immunchistochemistry 6-
pm sections were prepared.

In Situ Hybridization—In situ hybridization was per-
formed essentially as described by Kiryu et al. (10). Sec-
tions prepared above were fixed in 4% (w/v) para-
formaldehyde/0.1 M phosphate buffer (PB) for 20 min at
room temperature, washed twice with 0.1 M PB (5 min
each). The brain sections were further treated with 10 pg/
ml of proteinase K for 5 min, washed with 0.1 M PB, and
fixed in 4% (w/v) paraformaldehyde/0.1 M PB for 5 min at
room temperature. The embryo and brain sections were
then placed in freshly mixed 0.25% acetic anhydride in 0.1
M triethanolamine for 10 min at room temperature,
washed with 0.1 M PB, dehydrated serially with 70, 95,
and 100% ethanol each for 2 min, treated with chloroform
for 10 min, and washed with 100 and 95% ethanol for 2
min. ¥S-UTP labeled cRNAs (5 X 10° cpm/ml) of either
antisense or sense probes were added to hybridization
buffer (50% formamide, 10% dextran sulfate, 1X Denhardt
solution, 200 pg/ml salmon sperm DNA, 0.2% sodium N-
lauroylsarcosine, 500 pg/ml yeast t-RNA, 20 mM Tris-HCI
pH 8.0, 5 mM EDTA, 10 mM PBS, 0.3 M NaCl, 2 mM DTT)
and heated for 5 min at 100°C. The hybridization was per-
formed with cover glasses overnight at 55°C in a humidi-
fied chamber. Slides were placed vertically in slide racks
and immersed in a container of 5X SSC, 1% B-mercapto-
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ethanol at 55°C until the cover glasses were released from
the slides. The slides were washed in 50% formamide, 2X
SSC, 10% PB-mercaptoethanol at 65°C for 30 min (high
stringency wash). After washing the slides 3 times with 10
mM Tris-HCI pH 7.5, 1 mM EDTA, 0.5 M NaCl (RNase
buffer) for 10 min, the sections were treated with 1 pg/ml
RNase A in RNase buffer for 30 min at 37°C. The slides
were then washed at 37°C with RNase buffer for 10 min,
followed by serial washes with high stringency wash (65°C,
30 min), 2X SSC (room temperature, 10 min), 0.1X SSC
(room temperature, 10 min). The sections were dehydrated
with 70, 95, and 100% ethanol, dried at room temperature,
then exposed to films (X-OMAT AR, Eastman Kodak) for 4
days to determine the exposure period required for emul-
sion autoradiography. The slides were dipped in Kodak
NTB-2 emulsion (Eastman Kodak) diluted 2:3 with dis-
tilled water, air-dried, stored in a light-tight box and
exposed at 4°C for 2-3 weeks. They were developed with
Kodak D-19, fixed with Fuyji-Fix (Fuji-Film), counter-
stained with cresyl violet, dehydrated in a graded series of
ethanol to xylen, and coverslipped for observation, which
was performed under a light microscope with dark-filed
condensers.

Generation of Antibody against NDRP—Rabbits were
immunized with NDRP fused to glutathione S-transferase
(GST-NDRP fusion protein translated in E. coli BL-21 from
pGEX4T-3/NDRP constructs; amino acid residues between
696 to 863). Two hundred micrograms of the fusion protein
was mixed with 800 pg of N-acetyl-d-glucosaminyl{(p1-4)-
acetyl--alanyl-d-isoglutamin (GMDP) (11) in 1 ml of phos-
phate-buffered saline (PBS; 10 mM PB, 0.137 M NaCl, 2.7
mM KCl, pH 7.4) and emulsified with 1 ml of incomplete
Freund’s adjuvant. After four subcutaneous injections at
intervals of 10 days, antiserum was preadsorbed onto a
GST-coupled Sepharose 4B column, then purified with Se-
pharose 4B immobilized with GST-NDRP fusion protein.
Anti-NDRP immunoreactivity of purified antiserum and
removal of anti-GST antibody from purified antiserum
were confirmed by ELISA, using GST and GST-NDRP as
coating antigen.

Immunohistochemistry—Sections rinsed in PBS to wash
out the cryomatrix were fixed in 4% (w/v) paraformalde-
hyde/PBS for 20 min at room temperature and washed
twice with PBS (5 min each). Nonspecific binding was
blocked by incubating the sections for 1 h at room tempera-
ture in PBS/0.1% Triton X-100 containing 1% bovine serum
albumin (blocking buffer). Sections were then incubated
overnight at 4°C with affinity-purified anti-NDRP (3 pg/ml
in blocking buffer). After three washes in PBS (10 min
each), sections were reacted with rhodamine-conjugated
donkey anti-rabbit immunoglobulin (IgG; Chemicon; di-
luted 1:300 in 5% normal donkey serum/PBS) at room tem-
perature for 30 min. After three washes in PBS (10 min
each), sections were incubated for nuclear staining in PBS
containing Hoechst 33258 (1 pg/ml) for 15 min.

The specificity of NDRP labeling was tested in various
control conditions including (a) omission of anti-NDRP
antibody from the staining procedures, (b) substitution of
anti-NDRP antibody with normal mouse IgG at a 3-fold
higher concentration (9 pg/ml), and (c) use of anti-NDRP
antibody preparation adsorbed with 100-fold excess (weight
ratio) of GST-NDRP fusion protein.
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RESULTS =117 GAGCCQAGGCTICGECT ACTOACAICT, COCCTCCCTTCOOCOGE
~ 38 GOOCTCTOCCUCTURCORCCCCGAMITGACCCACAAML
*. ATG TCT CUT GAG AGC AAA GEC CTC TCG QAO CTG CGA TCG GAG CTC TAC TTC CTC ATC GCC
Structural Feature of NDRP—A full-length NDRP was " £ X E R K G L § E L R S E L Y F L L A
41 CCC TTC CTG GAA GAT COA CCC TGT CAS CAS OCO GCT CAG OTG CTQ ATC CUC GAA GTG GCC

cloned from Agtl0 mouse embryo ¢cDNA library and found 1% r L X D G P C oo @ A AQ Y L I X E VoA

121 GAG AMC GAG CTG CTG COCC CGG COC ACC GAC TOG ACC GGG AAG GAS CAC CCC AGG ACC TAC

to contain an open reading frame of 3,057 nucleotides Wr x r L L P R R T D ®WT oK E E P OR T ¥

. . . . . . 18 TAT T
(encoding 1,019 amino acid residues) which is flanked by a s Ty TN T YT YT T TYaT TS
117-nt long 5' untranslated sequence (UTR) and a 140-nt B 5 T % T T T xS owTTaoer™
long3lU11\'R(F\ig ].A) TheS'unl latedsequenced 301 CTA GGA GCT GGA AGA CAGC TCC TTG CTA CGA ACA AAT AAA AGC TGC AAG CAT GTG GTA TGO

. . OES 101 L (- A G n Q ] L L R T x 1 § < E § " v v w
not contain a polyadenylation signal, indicating the exist- 15y MR CoA TIT G0C 70 GOT GFA CTC CAS TST 030 MG €00 CCA GA3 TUT CIA OTT MC TAC
ence of more 3'UTR at a C-terminal site. 121 GIT ACC CTA CTT ASC ATT O0O GAT ACT CTG TTT TCA ASG MG CTC ANT GOC AMA TAC AdA

A search for proteins homologous with the isolated clone 491 CTT GAA CEA CTT OTT CCA ACT GCA GTT TAT CAG CAC ATO MG ATG CAT AMG CGA ATT CTT
1 L 3 R L v b4 T A v Y Q . " K n -} 3 1 3 1 L

in the DNA Data Bank of Japan revealed the presence of 34 o= cac T voa 100 076 7ac 77 GTa ACT 7T GAT COA ACT GoC 430 €3G ATA TIT ACT
181 o _R_L S 8 ¥V I C Vv T 'y D R I _OG R R I F T

six short sequences known as WD-repeats (or Gf-repeats) 401 ST T G oA TUT 7 0T A ATC T G0 ACK GAC GAT GGA AR TG CTA 6T ACT
at pOSlt[OI]_S 181—211, 223—253, 265—299, 353—393, 417- 661 TTA AGA GGA CAT GCT GCT GAA ATA TCA GAC ATG OCT GTA AAC TAT GAG AAT ACT ATG ATA

221 L R 3 H_A A E X L] D__M A Y | T 3 N T N 1

452, and 464495 (Flg lA,bold-faoed and underlined; Flg 721 GCA GCT G@A AGT TGT GAT AAA ATG ATT CUT GTC TGG TUT CTT CGA ACC TGT GCA CCT TTG
1B, numbered from 1 to 6). One WD-unit perfectly matches 701 oFT GTT orF CAG SGn CAT AGT oth O ATT AGA TCh CTA £Aa TIC TEA CeA TR TGC AGT

the consensus (unit 6), and the other five contain one (in 101 nc TeA AAD AGA ToT O T T A 0 O o o A T T Ty 7ea e e
units 1 and 2) or two (in units 3-5) mismatches (Fig. 1C). 201 GaT GeT Gt Aec ST AR TR ANT Gk Aok O Ach A 17 MA oA co7 crT ceg cor

This result fits the criteria that proteins in the WD-repeat B o e A Ao ot ot T e Ay o e O A T T O0C AT Goa Anc
family should contain at least one unit that matches the 1€ v e M I € 8 € T 8 A G 9 M T L A T G €

1021 ACT GAC CAT ATT ATT AGA GTT TAT TTT TTT QGA TCA GOT CAG CCA GAA AAA ATA TCA GAA

expression with no or one mismatch, and one or more addi- 17 p ® 1 I R V Y F F G 8 O 0 P K K I_6_I

1081 TTG GAG TTT CAT ACT GAC AAA GTT GAC AGT ATC CAG TTT TCC AAC ACT ACT AAC AGG TTT

tional units that have fewer than three mismatches (12). %1 L X F_ M T D X VvV D 8 1 0 F B M T 8 N R F

1141 GTG AGT GGT AGT COT GAT GAG ACA GCA CGA ATT TGG CAG TTT AAA CGA AOG GAA TGU AAA

NDRP thus qualifies as a member of the WD-repeat family. WY s G_#_A_D_O_T A_M_I_u_ @ F E R R L ¥ X

1201 AGC ATT TTG TTA GAT ATG GCT ACT COUT CCA GCA GGC CAA AAT CTT CAA GOC ATA GAA GAC

OneWDunit(oore—region)ischaracterizedby27i2 40 8 1 L L D M A T R P A G Q@ W L Q O_I__T_ D0
1261 AAA ATC ACA AAA ATG AAA GTA ACT ATU GTA GCT TUG GAT CGA CAT GAC AAC ACA GTT ATA

amino acids (aa), usually beglnmng with glycme-h.lshdlne 421 X__1__® X __M__X_ ¥ T _M__Y A_W D R _K_D_W_T VvV I
(GH) and ending with tryptophane-aspartic acid (WD) (12, o % o 7w e s e v e s v e Ty

13). In NDRP protein, the number of aa in each unit was "t 7 T "% %o x foh 1 v B v L Emx e e
relatively constant in units 1, 2, and 6 (31-32), but was i T T T T T T T O T T e Y T
greater in units 3 to 5 (3541). As shown schematically in 1301 AMA CTT CGA TCT TAT TTC AMT ATC ATT GAA OGA CAA GOA CAT CCT CCA CTG TTT Ghe TCC
. 501 K v } ! 3 Y r » L4 1 4 < Q 3 x -} A v D (-4

Fig. 1B, the lengths of the spacers between units (WD to 35} #* 7o oc 7 Ga &0 Ao cac 77T Cea 70T ACA QMG TCT CAT G3A CAT CTT TIA ATT
downstream GH, also called non-core regions) are constant 142! TIT GOT TTT 500 TCC ACT AGC AMG TAT GAC AAG ATA OCA GAT CA3 ATS TTT TTT CAC AGT
341 F a r -] $ ] 3 Y D 9 I A D Q H r r 1 5

(11 aa) in the first, second and fifth gaps, consistent with 1641 GAT TAT GG CCT GFT ATC COT GAT GCO AKC AMT TIT GTA TTA GAT GAG CAG ACO CAG CAG

361 D Y n P L I ® =] A » r v L D 4 Q T "] Q

the regular length of 11 = 2 (12, 13), while those in the 1741 GCA CCT CAC CTC ATG CCT CCC CCT TTT CTC GTT GAT GTT GAT GGA AAT CCT CAT CCA TCA

541 A P ) | L n P P P T L v D v D Q » P u r s

third and fourth spaces are longer and of variable length 1201 s ac cas con 119 o7 co7 oar cos eas mc Toc A aas ans cas cTe aTT cot e

. . 401 R Y Q L} L v r a ] 1 4 1 ] (4 L} E 1 4 Q L I ? Q

(23-53 aa). The amino acid sequences of these five SPacers  1ss1 arc coa ata act 70T Toa caA 70 AAC CAA GTT T AGC CAG CAA GCA AAC CAG GAT ATT
.. . . v s Q

also have no similarity to any sub-family of the WD repeat— 1511 asr cor mia cac s a7 AT Cha ABA CF6 CAG ChG G8G CAG GG CTa AdG COT T0G 00T

containing protein, implying novel function in this Protein. 551 e coa cor oor ser s Goc asc CoT 076 A AS GAc ToA GTA AGT 20T Ace TOC s

- e . 3 . ¢ 1 1 n a ) v [ ] L ] T G

By sea.rchmg for protem sortlng Slgnalsy we found POtentla-l 234: a:-rc:f 'HO:A CzACZAA:'r A:AOzAT:AMYacG:MTOOCCM ATC GAA GOT GTA COG CAG
3 3 M 4 3 R a 1 4 -] v

nuclear localization signals (INLSs) in the carboxyl terminal e A it e Mo A e o e M o it iy o aer 1o A

3 dy n s L ] A 4 n 8 4 1 A T 1 4 R D L v A o 1 3

part of NDRP. There are two 4-residue patterns (called s e g e o oo on ars orr At Ao Con o aor To o

“patd”) composed of 4 basic amino acids (K or R), at posi- M o R v v v P E L 8 A G V A £ X Q0 E r W R

2221 ACT GCA AAD GGA GAA GAG GAA ATA AAG ADT TAT AGA TCA GAA OGAG AAA AGG AAA CAC TTA

tions 756 and 913, in the amino acid sequence of NDRP Mz A x 6 r E E I X 8 Y R 3 E E E_R_K X L

2281 ACT QTT OCA AAA GAG AAT AAA ATA CTT ACT OTC TCA AAG AAT CAT GCT CAT GAG CAT TTC

(Fig. 1A, underlined; Fig. 1B, dark rectangles). The other JaoTov oA R oE o moEoGoLoToVoe X owoE oA EEoRor
(called “pat7”) is a pattern starting with P followed within 3 SR N

. . .. . GAA AAC OGA ACT ADT TCT TCA GAT
residues by a basic segment containing 3 K/R residues out ‘11 » © r & T 5 A 5 L T E L T ® s 7 s 8 8 o

GAA GCT GAA GTA CTT GCT GTC AGT OGT GGG ACT TUT GAG JAA GAG QAJ CUA GCA TCU CAC

of 4 (14). Pat7 is present at pOSlthDS 870, 909, 912, and 1;;: £ ¢ r v L A VvV 3 6 & T £ £ T I E R A W H
917. Another type of NLS (called “bipartite”) is composed of v & & i o r 5 v &t 5 v 3 5 v s xS aN%
2981 ATT AAC TTG CAG CCA CCA AAC AAA OTT CCT AMG CAT AAA ACC AAG AAA CCA GAA ADT AOT

2 basic residues, a 10-residue spacer, and another basic el T T A T G e e TN

TCA GAT GAA GAA GAA GAA TCT GAA AMC CAG AMD CAA AAA CAT ATT AAA AAG GAA AGA AAA

region comprising at least 3 basic residues out of 5 residues 51 T 4T %N %A G G T GA S O M Ca A T A A Y
(15)Aprobableblpartlte-typeNLSmpresentatpomt:lons 2701 AAA OCA AAT GAA GAA AAA GAT OGA CCA ACA TCA CCA AAG AAA AAA AAD CCC AAA GAA AGA

%01 K A n I_ & K D. -3 P__T _8 P K. K Kk__K » K I_B8

1 1 ~ 74 TTG OCT OTA AT T GOC CTA ACO TTA GAA GAD TOG
900-916. The region between 900 and 923 contains over: 3741 MAA CAA A3 MM TTO GCT GTA GGA GAN CTA AT QA0 MT 0OC CTA AZ) TTA GAA 943 TS

lapping NLSs in the above three categories (pat4, pat7, and 2321 TTG CCT TCA GCT TOG ATT ACA GAC ACA CTT COC AGG AGA TUT CTA TTT GTG CCA CAS AT

941 L P £ A L4 1 T D T L r R 13 < b 4 r v r Q R

blpartlte) The presence of multlple NLS Suggests that 2831 GIT GAT GAG OTT TAT TAT TTT CGA CAA 0OG CAT GAA OCA TAT OTT GAA ATG GCC CUG AMA

961 G D 14 v T Y r n < e ) 4 ) 4 A h 4 v 1 4 L} A r X

NDRPmaybeanuclearprotein. 2941 AAT AAA ATT TAT AGT ATC AAT CCT AAA AAG CAG CCA TGG CAT AMG ATG GAA CTA AGS OTA

. . T sl ¥ X 1 Y $ : ¥ P K K @ P W B X M E L RV

Strong Expresswn OfNDRP in Olfactorjy EthhelLa and 3001 AAT ATT GOC ATA TTT TTT AAT GTA AAA TAT ATT TTT TGC ATT ATT AGA GAA OTT OTG TGA
. . . : : v v

Retina Of Mouse E’nbfyO—NDRP mRNA expression 1n ;‘:: MMMT@M

3140 GATTOCC ACCTTT. ACT oGCs

mice during prenatal development was examined by in situ
hybridization. In this experiments, we used two cRNA Fig 1A

probes for different parts of NDRP (probes 1 and 2 in Fig.

1B), which gave essentially the same results. The respec-

tive sense probes gave no hybridization signal. No signals  ml RNase A before hybridization.

were seen when tissue sections were pretreated with 10 pg/ In mouse embryo, signals were not significantly detect-
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Fig. 1. (A) Nucleotide and predicted B
amino acid sequences of NDRP
cDNA. Nucleotides are numbered from
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the first base of the putative initiation '

codon. The amino acid sequence, in sin-
gle-letter code, is shown below the nu-
cleotide sequence. The sequences of six [

WD repeats are bold-faced and under
lined. Three clusters of putative nuclear
localization signals are under-lined. (B)
Schematic representation of NDRP
structure. The single straight line de-
picts the 5 and 3' UTR regions of the
cDNA; protein coding sequence is L

1 NLS

>
GST-NDRP

shown as a box. Six ovals correspond to
the WD repeats, numbered 1-6. The
lengths (i.e. the numbers of amino acid C

1019 amio acids

residues) of each WD repeat and each A i t ‘: 3 N
space between the WD repeats are indi- c ¢ W coYy ¢ e
cated below and above the figure, re- ]

R MM Y {02} M CCC M M
spectively. Three clusters of NLS are D D

v, L ¥D-Rpeats |W F F F FAAA F F K
als.;o_md}cated. The probe for in situ hy- consensus | VoV v G G vTIT v v
b.ndlzat:lon and a fragment for GST-fu- regular g 1§ un 103N Nloa1 858 o| 1 en|
i;)in are siww;x below th:;lﬁgure. ©) BXPression leulyxx LxxL X L ox [PXXP] X L 666 X |M] xxtx | L wp| Miss metch

gnment oI conserved core re- i ... [oRTG[ R RIF TGS D [of cvk |1

gions of the WD repeats in NDRP. Unit t [GHILSS WVYCV T...... F GS C WA 1
The WD repeat consensus is shown in Ut 2 [GH[AAE TSDM A...... V ... |NYEN| T MIA AGS C [o| kMIR |V wc[ 1
the upper part of the ﬁgure Well con- Unit 3 |GH|SAS TITSL QFSP... L ¢S |GSK.| R YLS STG A |D]| GTIC |F WL 2
served motifs are boxed. Any amino Unit 4 loq|PEk ISEL EFHTDKVDS I QFS|NTSN| - RFV SGS R [D] GTAR |1 wo 2
acid in a vertical column may appear at Unit5 [GI|EDK ITKM KvIMvA. W |oreD| N TvI Tav N [N|MTik [v e 2
that position. X means any amino acid.
The number in curly brackets above the Umt 6 |GH|EDE VFVL EPHP... F ...[D..P| R VLF SAG H [p|GNVI [v wD| 0

symbols represents variations in the

number of amino acid residues. The number of mismatches in each WD repeat is shown to the right.

able until 12.5 dpc, when very weak signals were distrib-
uted throughout the embryo (data not shown). On 17.5 dpc,
hybridization signals became clearer, and the highest
NDRP transcripts were observed in the neural layer of the
retina and olfactory epithelia, while moderate hybridiza-
tion signals were detected in the dorsal part of the spinal
cord and trigeminal ganglion (Fig. 2B). Strong hybridiza-
tion signals were also detected in the striatum and neopal-
lial cortex (Fig. 2D). In addition, moderate signals also be-
came detectable in the mantle layer of the medulla oblon-
gata, pons, diencephalon, midbrain, cerebellar primordium,
spinal cord, and primordia of upper and lower incisor teeth
on 17.5 dpc (Fig. 2D). As it is known that the precursors of
neurons are present in the mesenchyme of developing
tooth, which originate from the cranial neural crest (16,
17), NDRP appears to be widely expressed in neural tis-
sues. Besides neural tissues, mRNA was detected in thy-
mus, lung, and submandibular gland on 17.6 dpe (Fig. 2D).
However, signals in these non-neural tissues decreased
with development and were not detected in adult mouse
(data not shown). The results from in situ hybridization
analysis of prenatal mice suggested that NDRP might play
a role in the development of neural tissues.

As strong mRNA signals were observed in olfactory epi-
thelia, we tested the distribution of NDRP in this tissue. In
olfactory epithelia of 17.5 dpc embryo, NDRP immunoreac-
tivity was detected in the nuclei of cells aligned in approxi-
mately one-third or one-half of the thickness of epithelia
from the apical surface (Fig. 2, E-F). Immunopositive mole-
cules were mainly located at the nuclei of cells (Fig. 2E) as
the locations were the same as nuclei stained by Hoechst

33258 (Fig. 2F). It is well known that developing olfactory
neurons are located in an area proximal to the apical sur-
face of olfactory epithelia (spanning approximately one-
third of the width of the olfactory epithelium) in multi-rows
(18). Since the location of NDRP immunopositive cells was
similar to that of developing olfactory neurons, we suggest
that NDRP-expressing cells in the olfactory epithelium are
olfactory neurons. It should be noted that supporting cells
were localized in a line at the most apical surface (19).
These NDRP immunopositive cells are unlikely to be stem
cells or Bowman’s gland cells, because stem cells are sug-
gested to be localized at the baseline of olfactory epithelia,
and Bowman’s gland cells are smaller (20). Interestingly,
immunoreactivity in olfactory neurons was decreased after
postnatal day 6, and mature olfactory neurons in adult
olfactory epithelia (8-week-old mouse) had no immunoreac-
tivity for NDRP (data not shown).

Expression Profile of NDRP in Neural Layer of Retina—
In the neural layer of mouse embryonic retina, stratifica-
tion is incomplete. By 17.5 dpc, an inner plexiform layer
(IPL) has formed that separates the ganglion cell layer
(GCL) from the neuroblastic ventricular layer (NVL) (21).
NDRP immunoreactivity was present in both GCL and
NVL (Fig. 3A). NDRP immunoreactivity in the embryonic
retina is located in the nuclei of cells in GCL and both
nuclei and cytoplasm of cells in NVL (Fig. 3, B and C). In
contrast, the adult retina shows complete stratification into
the GCL, IPL, inner granular layer (IGL), outer plexiform
layer (OPL), outer granular layer (OGL), and pigment layer
(PL) (22). We found that the expression of NDRP mRNA is
high in GCL and IGL of adult retina (Fig. 3D, arrow). OGL,
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which is mainly composed of cell bodies of photoreceptor
cells, showed weak NDRP mRNA expression (Fig. 3D,
arrowhead). As for protein expression of NDRP in the ret-
ina, the nuclei of the neurons in both GCL and IGL were
strongly labeled by anti-NDRP immunohistochemistry (Fig.
3E, arrow). Although the nuclei of the photoreceptor cells in

Vol. 128, No. 6, 2000

Fig. 2. Expression of NDRP
in mouse embryo. (A-D)
Nissle staining (A, C) and in
situ hybridization of NDRP
mRNA (B, D) of the head (A, B)
and whole embryo (C, D) of 17.5
dpc mouse embryo are shown.
Highest signals were observed
in the neural layer of retina (nr)
and olfactory epithelia (oe),
while weak signals were seen in
the trigeminal ganglia (tg) and
dorsal part of the spinal cord
(sc). (C, D) Sagittal section of
whole 17.5 dpc embryo; strong
signals were observed in olfac-
tory epithelia (oe), striatum (st),
neopallial cortex (nc), thymus
gland (th), and primordium of
incisor teeth (it). Moderate hy-
bridization signals were detect-
ed in the midbrain (mb), cere-
bellar primordium (ce), pons
(po), medulla oblongata (mo),
and spinal cord (sc), while weak
signals were seen in the sub-
mandibular gland (sm), and
lung (lu). (E-G) Immunochis-
tochemistry of NDRP. Location
of NDRP (E), nuclei stained by
Hoechst 33258 (F), and double
staining of NDRP and nuclei (G)
in the olfactory epithelia of 17.5
dpc mouse embryo are shown.
Dashed line marked “as” indi-
cates the apical surface of olfac-
tory epithelia. Dashed line
marked “bm” indicates the base-
ment membrane separating re-
active olfactory epithelia from
connective tissue. Magnifica-
tions were 400X in (E-G).
NDRP immunopositive cells
were located along the apical
surface and middle region of ol-
factory epithelia (E).

OGL showed no immunoreactivity (Fig. 3E, asterisk), there
was cytoplasmic staining in these cells (Fig. 3E, arrow-
head). The presence of NDRP in both nuclei and cytoplasm
in retina suggests translocation of this molecule depending
on the stage of neuronal differentiation.

Expression Profile of NDRP in Dorsal Root Ganglia—We

2702 ‘T $0qo100 uo Aisieniun Buied e /Bio'seuinolploxo-qly:dny woly pspeojumog


http://jb.oxfordjournals.org/

928

N

il beed

g

H. Kato et al.

Fig. 3. Expression of NDRP in fetal and
adult retina. (A-C) Location of NDRP (A),
nuclei (B), and double staining of NDRP and
nuclei (C) in the retina of 17.5 dpc mouse em-
bryo. Arrowhead, NVL. (D) In situ hybridiza-
tion of adult retina from 8-week-old mouse.
Arrows, neurons of GCL and IGL. Arrow-
head, photoreceptor cells. As faint signals
over the pigment layer were not consistently
observed, they were thought to be artifacts
due to the irregular coating of autoradiogra-
phy emulsion. (E) Immunohistochemistry of
adult retina from 8-week-old mouse. Nuclei
of GCL and IGL were immunopositive (ar-
rows). Cytoplasmic regions of photoreceptor
cells were also immunopositive (arrowhead).
Abbreviations: GCL, ganglion cell layer; IPL,
inner plexiform layer; IGL, inner granular
layer; NVL, neuroblastic ventricular layer;
OPL, outer plexiform layer; OGL, outer gran-
ular layer; PL, pigment layer.

Fig. 4. Immunohistochemical location
of NDRP in DRG. Location of NDRP (A,
D), nuclei (B, E) and double staining of
NDRP and nuclei (C, F) in the cervical
DRG from 6-day (A-C) and 10-week (D-F)
mouse are shown. (A-C) Relatively large
cells were neurons in which nuclei (arrow)
and cytoplasm (arrowhead) are immuno-
positive. Dashed line depicts the boundary
between neurons and the bunch of axons.
Note that small cells with oval, hetero-
chromatic nuclei within the dashed lines
(satellite cells or Schwann cells) were im-
munonegative for NDRP. (D-F) Adult gan-
glion cells are larger than those of 6-day
mouse. Note that segregation of NDRP in
nuclei (arrow) and cytoplasms (arrowhead)
is more significant. Small cells around the
ganglion neurons were satellite cells and
were NDRP immunonegative.
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performed immunostaining of cervical dorsal root ganglion
of newborn, 6-day-old and 10-week-old mouse. On day 6
after birth, DRG is mainly composed of maturing neurons
in which cell proliferation has ceased (23). Interestingly,
NDRP immunoreactivity was found in the nuclei of large
cells and the cytoplasm of medium-size cells (Fig. 4, A-C).
As ganglion cells in DRG are relatively large (2040 pm)
(24), the nuclei do not always appear in their cell bodies on
thin (6 p.m) sections. Therefore, these NDRP positive cells
might be ganglion cells. In contrast, relatively small cells,
which had oval, heterochromatic nuclei and seemed to be
satellite cells and/or Schwann cells, were immunonegative
(Fig. 4, A and B, inside dashed lines). The location of NDRP
in adult DRG looked similar to that in 6-day-old mouse, but
the segregation of the presence in nuclei and cytoplasm
was more apparent. We noted that the large cells of strong

Vol. 128, No. 6, 2000

Fig. 5. Expression of NDRP in adult
brain. (A, B) In situ hybridization of
adult brain from 8-week—mouse. Adult
brain showed the expression of mes-
sage in the granular layer of the olfac-
tory bulb (ob), hippocampus (hi), den-
tate gyrus (dg), and internal granular
layer of the cerebellum (ig). (C-E) im-
munohistochemical location of NDRP
in the CA3 region of hippocampus from
adult mouse. Note that immunopositive
cells were mainly confined to the hip-
pocampus (inside the dashed lines) and
that immunonegative cells were pre-
sent inside and outside the hippocam-
pus (arrowheads). NDRPs were located
in nuclei of pyramidal cells in adult
brain.

Fig. 6. Upregulated expres-
sion of NDRP mRNA in the
injured hypoglossal nerve
cell bodies. Expression of
NDRP mRNA was investigated
by in situ hybridization at 1 day
(A), 3 days (B), 14 days (C), and
21 days (D) after axotomy of hy-
poglossal nerve of adult rat. The
expression of NDRP in sham-
operated nerves (left side, A-D)
was under the background.

nucleic staining with anti-NDRP antibody were type-A
ganglion cells (Fig. 4D), which were also immunopositive
for microtubule associated protein 2 (MAP2) (data not
shown). These results indicate that NDRP may play a role
in the differentiation or maturation of DRG neurons.
Expression Profile of NDRP in Brain—Figure 5B depicts
the expression of NDRP mRNA in the brain of 8-week-old
mouse. Hybridization signals were observed in the granu-
lar layer of the olfactory bulb, the pyramidal cell layer of
the hippocampus, the granule cell layer of the dentate
gyrus, and the granular layer of the cerebellum. As for pro-
tein expression in the hippocampus, we found strong im-
munoreactivity in pyramidal cells in the CA3 region (Fig. 5,
C-E), while cells outside the hippocampus were mostly im-
munonegative (Fig. 5, C and D, outside the dashed lines).
As the majority of nuclei present in the CA3 region are con-
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sidered to be those of pyramidal neurons (25) and the anti-
NDRP immunoreactivity was present in almost all of these
nuclei, NDRP was likely to be expressed in the pyramidal
neurons.

Increased Expression of NDRP mRNA after Motor Neu-
ron Injury—We noted weak expression of NDRP in motor
neurons in at least the spinal motor column and hypoglos-
sal nuclei (data not shown). To explore the possible role of
NDRP in the regeneration of motor neurons, we performed
in situ hybridization of NDRP transcripts on the hypoglos-
sal nuclei after axotomy of hypoglossal nerve. As shown in
Fig. 6, NDRP mRNA signals increased in the hypoglossal
nuclei on the operated side, but not on the sham-operated
side, 3 days (Fig. 6B) to 14 days (Fig. 6C) after axotomy.
The level of mMRNA expression returned to the control level
21 days after axotomy (Fig. 6D). These results suggested
that the mRNA of NDRP in functional motor neurons was
very low, whereas the expression of NDRP was increased in
the regenerating cells, as is in the case for other neuron-
associated genes (26). We could not, however, rule out the
possibility of NDRP expression in microglia and astrocytes.

Although NDRP c¢DNA was isolated from Wobbler
mouse, and the mRNA was expected to be upregulated in
this disease model animal, the expression of NDRP was not
significantly different from that in control mouse (data not
shown).

DISCUSSION

NDRP contains six WD repeats. The family of WD repeat
proteins is characterized by the presence of series of four to
eight conserved repeating units of amino acids, usually
beginning with GH and ending with WD (core region), sep-
arated by short, variable sequences (non-core regions) (12,
13). These non-core regions are thought to be exposed on
the surface of the molecule and to be involved in the speci-
ficity of interaction with other proteins (12). From this
point of view, NDRP may have a unique function, since the
amino acid sequences of the variable regions in NDRP have
no similarity with those in any so far known WD repeat
proteins. NDRP has multiple NLSs in the C-terminal half
of the sequence and is here demonstrated to be localized in
most cases in the nuclei of neuronal cells, depending on the
stage of neural differentiation. The amino acid sequence of
NDRP exhibited the absence of any type of motif of tran-
scription factors. Proteins which contain WD repeats are
generally regulatory proteins, and none has been shown to
have an enzymatic activity (12). Thus, it is likely that the
NDRP might regulate protein—protein interaction and/or
the function of other molecules like transcription factors or
nuclear proteins. Taken together with our finding that
NDRP is expressed in developing neurons and, in particu-
lar, in regenerating motor neurons, it is interesting to note
that Groucho-like transcription factor UNC-37, a WD
repeat—containing protein, is known to specify motor neu-
ron identity and synaptic choice in Caenorhabditis elegans
@.

We have found that NDRP shows the highest expression
in olfactory epithelia, the neural layer of retina and DRG.
During late embryonic development, olfactory neurons de-
velop dramatically and complete the differentiation mostly
before birth (27, 28). During development, stem cells called
olfactory placode in epithelia migrate from the basal layer

H. Kato et al.

towards the surface, concomitantly sprouting apical and
basal processes. At this time, immature olfactory neurons
are typical bipolar-shaped cells. The apical processes even-
tually reach the epithelial surface and differentiate into cil-
iated dendrites, whereas the basal processes pass through
basal layer of epithelia and finally project axons into the
olfactory bulb. NDRP immunoreactivity was detected in the
nuclei of cells aligned along the apical surface and occupy-
ing one-third to one-half of the thickness of olfactory epithe-
Lia (Fig. 5, A and B). Olfactory marker protein (OMP) is
known to be expressed in developing olfactory neurons (29),
and OMP-positive neurons are located in an area proximal
to the apical surface of olfactory epithelia (spanning ap-
proximately one third of the width of the olfactory epithe-
lium) in multi-rows (18). The location of NDRP positive
cells is similar to that of OMP-positive cells, and just over
the immature olfactory neurons, which are type III beta
tubulin-immunoreactive (30, 31). Furthermore, we noted
by using anti-rat OMP antibody, that moest OMP-positive
cells in olfactory epithelia from rat embryo were also im-
munopositive for NDRP (data not shown). From these
results, we considered that NDRP-immunopositive cells
were developing olfactory neurons. By using antibodies to
microtubule-associated protein 2 (MAP2) and glial fibril-
lary acidic protein (GFAP), we have examined their expres-
sion in NDRP-positive cells. The results were both negative
(data not shown), which were consistent with the previous
observation that olfactory neurons were immunoreactive to
neither MAP2 (32) nor GFAP antibody. MAP2 and GFAP
immunopositive cells were located at more basal regions of
olfactory epithelia, namely, around the stem cells. Interest-
ingly, NDRP immunoreactivity in olfactory epithelia was
decreased after birth, and mature olfactory neurons in
adult olfactory epithelia had no NDRP immunoreactivity
(data not shown). Thus, it is interesting to speculate that
NDRP positive cells might be developing olfactory neurons,
which are migrating to the epithelial surface and sprouting
the ciliated dendrites and axons.

In contrast to the olfactory neuronal systems, the neu-
ronal network and stratification of retina are known to be
completed after birth (33, 34). We showed that NDRP was
expressed in both the ganglion cell layer (GCL) and the
neuroblastic ventricular layer (NVL) during embryonic de-
velopment. In these layers, NDRP was located in the nuclei
of cells in GCL or in both the nuclei and cytoplasm in cells
in NVL. In adult retina, when stratification of the neural
layer was completed, strong mRNA hybridization signals
and immunoreactivity were observed in GCL and the inter-
nal granular layer (IGL). GCL is mainly composed of gan-
glion cells whose dendrites and axons are well polarized,
whereas IGL is composed of bipolar cells, amacrine cells
and horizontal cells. NDRP in these matured neurons was
located exclusively in the nuclei, indicating that the NDRP
had been translocated to the nuclei during neural differen-
tiation.

We have analyzed DRG from 6-day-old newborn mice
and 10-week-old adult mouse, as the DRG neurons on day
6 have ceased cell division and are large enough to be
judged as neurons morphologically (24). During embryonic
development, the immature neurons are bipolar, and they
undergo a remarkable morphological change, termed
pseudo-unipolarization, to their mature form (35). On post-
natal day 6, DRG is devoid of normal dendrites, but instead
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has a single trunk that divides into central and peripheral
processes at some distance from the cell body. As the devel-
opment of mouse body is dramatic in the first few days
after birth, increase in cell size, myelination, and elonga-
tion of axons of DRG neurons may be remarkable during
this period. NDRPs are located in both nuclei and cyto-
plasm in DRG neurons when examined on day 6. In
mature DRG neurons in adult mice, we noted that large
cells which had significant NDRP immunostaining in the
nuclei were large, light, type-A ganglion cells (data not

shown) which had abundant MAP2 immunostaining (36).

In addition, ganglion cells with strong NDRP immunoreac-
tivity in only the cytoplasm showed no MAP2 expression.
Thus, it is tempting to speculate that a certain external
and/or intrinsic signal may regulate the translocation and
function of NDRP in the differentiating DRG neurons. In
this connection, it may be worth noting that well-polarized
mature neurons in retina, olfactory epithelia and brain are
immunopositive for NDRP in the nuclei.

In adult brain, NDRP immunoreactivity was found in
the nuclei of granule cells in the olfactory bulb, pyramidal
cells of the hippocampus, granule cells of the dentate gyrus,
and granular cells of the cerebellum. Granule cells of the
olfactory bulb and cerebellum are interneurons with 3 to 5
dendrites and short axons. Pyramidal cells of the hippo-
campus are well-polarized neurons with bidirectional den-
drites projecting into stratum oriens and stratum radiatum
and long efferent axons. Granule cells of dentate gyrus are
interneurons with rich dendrites and relatively short
axons, making connections from afferent axons to pyrami-
dal cells of hippocampal CA3 and CA4 regions. The func-
tion of NDRP in these well-polarized mature neurons re-
mains to be determined. However, it should be noted that
rearrangement and new formation of synapses are highly
expected in these regions with NDRP-positive cells (37-39),
suggesting a role of NDRP in these events.

We demonstrated upregulated expression of NDRP in
the hypoglossal nerve after axotomy. Injured motor neurons
are known to revert to an immature phenotype and then
regenerate to mature neurons during the period of reinner-
vation, normally between 2 and 4 weeks after axotomy (26).
Thus, it is tempting to speculate that the expression of
NDRP mRNA is induced upon injury of motor neurons, at
early stages of regeneration, presumably to promote the
elongation of axons. In this respect, it might be reasonable
that the expression of NDRP mRNA should be reduced to
control level after the recovery of neuromuscular junctions.

In summary, the present study showed the identification
of a novel gene, NDRP. Although the precise function of
NDRP remains to be tested, the strong expression of NDRP
in developing and regenerating neurons suggest its impor-
tance in neuronal differentiation.
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