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Abstract

NDRGTI is a member of the N-myc downstream-regulated gene (NDRG) family and is involved in cellular differentiation, ac-
tivation of p53, cell cycle arrest, metastasis, and hypoxia. Expression of NDRGI is repressed by the proto-oncogene, N-myc during
mouse development, although the exact functional role of NDRGI in development remains unknown. Here, we report the char-
acterization of Xenopus laevis NDRG1 (xXNDRG1) during X. laevis development. Expression of xXNDRGI1 transcript was first
detected at stage 15, and was localized to the presumptive pronephric anlagen at stage 26 and to pronephros, eye, branchial arches,
and tail-bud at stage 32. Overexpression of XNDRGI results in a reduced pronephros and disorganized somites. Depletion of
xNDRGI, using morpholinos, causes failure of pronephros development. These results suggest that xXNDRGI is required for

pronephros development in X. laevis.
© 2003 Elsevier Inc. All rights reserved.
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N-myc downstream-regulated gene 1 (NDRGI) is
one of the four members of a new gene family con-
taining no protein motifs with a known function [1,2].
NDRGI1 was independently reported with the different
names of Ndrl [3], Drgl [4], Cap43 [5], rit43 [6], RTP
[7], and TDDS5 [8]. NDRG1 mRNA and protein levels
are modulated under various conditions such as cellular
differentiation [4,9,10], activation of p53 [6,11], cell cycle
arrest [6,12], metastasis [13], and hypoxia [14-16]. Var-
ious chemical agents including synthetic ligands of the
PPARY/RXR transcriptional pathway [12], histone de-
acetylase and DNA methylation inhibitors [13], nickel
compounds [5], and calcium ionophores [5,17] can ac-
tivate NDRGI expression in several cell types. Resto-
ration of NDRGI expression in neoplastic cells results
in a growth inhibitory effect [6] and overexpression in
metastatic colon cancer cells causes morphological
changes [13].
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Expression of NDRGI1 is repressed by N-myc and
c-myc, and up-regulated in N-myc-deficient mouse em-
bryos [3], which show abnormalities in many organs
[18-20]. However, a functional role for NDRGI1 in de-
velopment has yet to be defined. We isolated Xenopus
laevis NDRG1 (xXNDRG1) as a candidate gene respon-
dent to vector-averaged gravity (clinostat rotation) in
A6 cells derived from the kidney of X. laevis. In this
study, we aimed to characterize xXNDRGI1 during de-
velopment by examining the temporal and spatial ex-
pression patterns of xXNDRG1 transcripts in embryos
and using morpholino oligonucleotides to inhibit the
translation of xNDRGI1. Although the function of
xNDRGI remains unclear, our results suggest that
xNDRGI is necessary for pronephros development in
X. laevis.

Materials and methods

Eggs and embryos. Xenopus eggs were obtained by injecting adult
males with 300 U of human chorionic gonadotropin (Gestron; Denka
Seiyaku) and fertilized in vitro. Staging of embryos was according to
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Fig. 1. Alignment of the xXNDRGI1 amino acid sequence with mouse NDRG1 (mNDRG1) and human NDRG1 (h(NDRG1). The xXNDRG1 protein
has 75.9% identity to ANDRG1 and 75.0% identity to mNDRG]. Black boxes represent identical amino acids. The dotted line indicates a tandem

repeat of a homologous sequence comprising 10 amino acids.

Nieuwkoop and Faber [21]. The jelly coat was removed with Stein-
berg’s solution containing 4% cysteine hydrochloride (pH 7.8).

RT-PCR. Five hundred nanograms of total RNA isolated from
embryos was used to generate first-strand cDNA. RT-PCR was done
in the exponential phase of amplification. Primers used in this study
were as follows: xNDRGI1 (5-CTTAATGATGCATGTAGTCTTGC
TA-3 and 5-TATACATACGCTGTGTTTGC-3'), ornithine decar-
boxylase (ODC) (5-GAACAGCTTCAGCAATGACG-3' and 5-GG
AGAGAGTCTTCACAATGGC-3).

Whole-mount in situ hybridization. Whole-mount in situ hybrid-
ization was carried out as described elsewhere [22]. Digoxigenin (DIG)-
labeled RNA probe was synthesized from cDNA corresponding to
full-length xXNDRG1. The probe was hybridized to a developmental
series of whole albino Xenopus embryos. The color reaction was per-
formed using BM purple (Roche Diagnostics GmbH, Mannheim,
Germany).

Immunohistochemistry and histological examination. For X-gal and
Red-gal staining, embryos were fixed in MEMFA for 1h at 4°C,
washed in phosphate-buffered saline (PBS), and incubated in X-gal or
Red-gal buffer (1 mg/ml X-gal or Red-gal, 10 mM K;Fe(CN)s, 10 mM
K4Fe(CN)g, I mM MgCl,, and 0.1% Tween 20 in PBS) at 37°C. For
immunohistochemistry, samples fixed with MEMFA were washed in
PBS and dehydrated in methanol overnight. Embryos were then re-
hydrated in PBS, blocked with 20% FBS in PBS containing 0.2% BSA
and 0.1% Triton X-100, and then incubated in primary antibody
overnight at 4°C. Monoclonal antibodies 3G8 and 4A6 were used as
primary antibodies to recognize pronephric tubules and ducts, re-
spectively [23,24]. After washing in PBS, embryos were blocked again
and incubated in alkaline phosphatase-conjugated secondary antibody
overnight at 4°C. Finally, the embryos were washed in PBS and
stained using NBT/BCIP. For histological examination, embryos were
fixed in Bouin’s solution for 3 h. They were then dehydrated through a
graded series of ethanol, transferred to xylene for embedding in par-
affin, and sectioned at 8 um. Sections were stained with Delafield’s
hematoxylin and eosin.

Construction of expression vector and microinjections. The open
reading frame of xXNDRG1 was PCR-amplified using the primers, 5'-
CAGAATTCTATGTGTGGGACGCCCCAAGCTG-3 and 5-ATG
AATTCTAACTTAGCAGGAGACTTCCAT-3. The PCR product
was digested with EcoRI and cloned in-frame into pCS2-myc (pCS2-
myc-xNDRGI). The pCS2-myc-xNDRG1 construct was linearized by
Notl and transcribed with the mMESSAGE mMACHINE SP6 Kit
(Ambion, Texas, USA). Two nanograms of myc-xNDRG1 mRNA
was co-injected with 200 pg of lacZ mRNA, as a lineage tracer, into the
lateral marginal zone of 4-cell stage embryos.

Morpholino oligonucleotides. All morpholino oligonucleotides
(MOs) were designed and supplied by Gene Tools, LLC (Oregon,
USA). MOs used in this study were as follows: XNDRGI-MO (5'-
GTTCAGCTTGGGCGTCCCACACATA-3'), Control-MO (5-CCT
CTTACCTCAGTTACAATTTATA-3').

Results and discussion
Sequence analysis of X. laevis NDRGI

Xenopus laevis N-myc downstream-regulated gene 1
(xXNDRGI) was obtained as a clone of 2533 nucleotides,
containing a complete open reading frame of 1047 bases,
a 5 UTR of 253 bases and a 3' UTR of 1233 bases.
Conceptual translation of xXNDRG1 yielded a predicted
protein sequence of 348 amino acid residues, which
displays approximately 75% identity with NDRGI
proteins in other vertebrate species. XNDRG1 is unique
among the NDRG family in that it lacks 47 amino acids
at the N-terminus and has a tandem repeat of a ho-
mologous sequence comprising 10 amino acids (Fig. 1).

Temporal and spatial distribution of xNDRGI during
X. laevis development

A functional analysis of NDRGI in development has
yet to be reported despite N-myc being reported to re-
press NDRG1 expression during mouse ontogenesis [4].
To address this, we analyzed the temporal expression
profile of xXNDRGT transcripts by RT-PCR (Fig. 2).
Maternal expression of xXNDRG1 was not detected.
Zygotic expression was first detected at a low level at

Fig. 2. Temporal expression pattern of XNDRGI during development
detected by RT-PCR. RNA was extracted from embryos at the stage
indicated over each lane. RT-PCR using an ornithine decarboxylase
(ODC)-specific primer was carried out in parallel to control the
amount of input RNA [ODC (RT+)]. RT-PCR without reverse
transcriptase showed no contamination of genomic DNA [ODC
(RT-)].
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Fig. 3. Spatial expression pattern of XNDRG! during development detected by whole-mount in situ hybridization. (A,B) Lateral view of a stage-26
embryo hybridized with xXNDRGI1 antisense (A) and sense probes (B). (C) Transverse section of the embryo in A. (D,E) Lateral view of a stage-32
embryo hybridized with antisense (D) and sense probes (E). (F) Transverse section of the embryo in D. Insets in A and D indicate higher magni-
fications of the pronephric region. The antisense probe hybridized with the presumptive pronephric anlagen (pa) at stage 26 (arrowheads in A and C).
At stage 32, XNDRGTH transcripts were clearly detected in pronephros (pn) (arrowheads in D and F), eye (e), branchial arches (ba), and tail-bud (tb).
A sense xXNDRG1 control probe showed no staining (B,E).

uninjecte : injected
side side

Fig. 4. Overexpression of xXNDRGI by injecting myc-xXNDRGI1 mRNA. Synthesized myc-xNDRG1 mRNA (2ng) and lacZ mRNA (200 pg) were
hemilaterally co-injected into the lateral marginal zone of 4-cell stage embryos. (A) Embryos stained with X-gal. Blue color shows the localization of
co-injected lacZ (white arrow). (B) Section through the pronephros of injected embryos at stage 45. (C) Higher magnification of B. Notchord (nc),
neural tube (nt), pronephric tubule (pt), pronephric duct (pn), and somite (s) are indicated. (D,E) Uninjected side (D) and injected side (E) of an
embryo stained with pronephric duct-specific antibody 4A6 (arrowhead marks the pronephric ducts). (F,G) Uninjected (F) and injected sides (G) of
an embryo stained with pronephric tubule-specific antibody 3G8 (arrow marks the pronephric tubules). Insets in D-G indicate higher magnification
images of the pronephric region. Co-injected lacZ mRNA was detected by Red-gal staining only at the injected side (E,G).
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stage 15 and markedly increased up to stage 20 after
which time the level of expression remained stable.

The spatial expression pattern of XNDRGI1 was ex-
amined by whole-mount in situ hybridization (Figs. 3A,
C, D, and F). The xNDRG1 mRNA was detected in the
presumptive pronephric anlagen at stage 26 (Fig. 3A),
and in the early tadpole stage (stage 32), xNDRGI
transcripts were predominantly expressed in proneph-
ros, with lower levels of expression detected in eye,
branchial arches, and tail-bud (Fig. 3D). The sections
through the pronephros showed high levels of expres-
sion (arrowheads in Figs. 3C and F). Since specification
of the pronephros is established between stages 12.5 and
14 in X. laevis embryogenesis [25,26], our temporal and
spatial expression analyses suggested that xNDRGI
might play a role in pronephros development after
specification of the pronephros.

Overexpression of xNDRGI leads to pronephric and
somatic defects

To investigate the function of xXNDRGI1 in pro-
nephros development, we examined the effects of over-
expression. The myc-xNDRG1 mRNA was injected into
the lateral marginal zone of 4-cell stage embryos along
with 200 pg of mRNA encoding lacZ as a lineage tracer
(Fig. 4). In almost all cases, embryos were deformed at

the injected side (Fig. 4A). Pronephros development was
examined by immunohistochemical staining of pro-
nephric ducts (Figs. 4D and E) and tubules (Figs. 4F
and G). Compared to the uninjected side (Figs. 4D and
F), formation of the pronephric ducts on the injected
side was disrupted (Fig. 4E), and the size of pronephric
tubules was reduced (Fig. 4G). Sections through the
pronephros of injected embryos confirmed the disorga-
nized formation of pronephros and somites only at the
injected side (Figs. 4B and C).

Our results to this point suggested that appropriate
expression of xXNDRGTI is required for normal forma-
tion of the pronephros. As anterior somites are
necessary for pronephros development [27,28], the
pronephros of the injected embryos might have been
disrupted, indirectly, via disorganization of the anterior
somites. However, immunostaining of the pronephric
ducts and tubules with specific antibodies indicated the
presence of differentiation resulting in normal pro-
nephros basic structures, suggesting that inductive
activity of the anterior somites was not inhibited by the
overexpression of xNDRGI. Furthermore, NDRGI
can cause morphological changes [14] and cell cycle
arrest [7,13] in several cell types. Therefore, gain of
xNDRG1 function may affect morphological and/or
proliferative events in pronephric and somatic devel-
opment.

Fig. 5. Depletion of xXNDRGI by injecting xXNDRG1-MO. MO (17ng) and lacZ mRNA (200 pg) were hemilaterally co-injected into the lateral
marginal zone of 4-cell stage embryos. (A) xXNDRG1-MO-injected embryos at stage 45 show disorganization of gut coiling (white arrow). (B,C)
Section through the pronephros of XNDRGI1-MO-injected embryos and higher magnification of injected side of B. No pronephric tubule (pt) and
glomus (g) are seen at the injected sides. (D-G) Injections of xXNDRGI1-MO (E,G) or Cont-MO (D,F). Resulting embryos were stained with 4A6
(D,E) and 3G8 (F,G). Arrowhead and arrow marks the pronephric ducts and the pronephric tubules, respectively. Insets in D-G indicate higher
magnification images of the pronephric region. Co-injected lacZ mRNA was detected by Red-gal staining.
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Translational inhibition of xNDRGI causes failure of
pronephric development

To address whether xXNDRGT1 gene function is neces-
sary for pronephric development, we performed transla-
tional inhibition by injecting antisense morpholino
oligonucleotides (MOs). We prepared xXNDRGI1-MO to
target the translational start site (position —1 to +24) of
xNDRGT1 and standard Cont-MO as a control. Injections
of 2 pmol (17 ng) of each MO were made into the lateral
marginal zone of 4-cell stage embryos along with 200 pg of
mRNA encoding lacZ as a lineage tracer (Fig. 5). In al-
most all cases, XNDRG1-MO-injected embryos showed
disorganization of gut coiling (Fig. 5A). Sections through
the pronephros of xNDRGI1-MO-injected embryos
showed failure of pronephric development on the injected
side (Figs. 5B and C). The Cont-MO-injected embryos
developed normally. Immunohistochemical staining
showed that injection of the XNDRGI1-MO efficiently
abolished staining of the pronephric ducts and tubules
(Figs. SE and G), with normal staining detected in the
Cont-MO-injected embryos (Figs. 5D and F).

The immunostaining of the pronephric ducts and
tubules also indicated an absence of pronephric epithe-
lia. In addition, basic structures of the pronephros and
pronephric cells were not detectable in the xXNDRGI-
MO-injected embryos. These results suggest that
xNDRGTI is required for differentiation and/or survival
of pronephric cells.

Taken together, the results presented here indicate
that xXNDRGI1 function is necessary for normal devel-
opment of the pronephros and suggest that xXNDRG is
important for the differentiation, survival, proliferation,
and morphogenesis of pronephric cells. The mechanisms
of these proposed functions remain to be elucidated and
further analysis is necessary.
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