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Differential Expression Patterns of NDRG Family Proteins in the
Central Nervous System
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SUMMARY The N-myc downstream-regulated gene (NDRG) family consists of four
proteins: NDRG1, NDRG2, NDRG3, and NDRG4 in mammals. NDRG1 has been thoroughly
studied as an intracellular protein associated with stress response, cell growth, and
differentiation. A nonsense mutation in the NDRG1 gene causes hereditary motor and
sensory neuropathy, Charcot-Marie-Tooth disease type 4D. We previously generated Ndrg1-
deficient mice and found that they exhibited peripheral nerve degeneration caused by severe

demyelination, but that the complicated motor abilities were retained. These results implied KEY WORDS
that other NDRG family proteins may compensate for the NDRG1 deficiency in the central NDRG1
nervous system. In this study we raised specific antibodies against each member of the NDRG NDRG2
protein family and examined their cellular expression patterns in the mouse brain. In the NDRG3
cerebrum, NDRG1 and NDRG2 were localized in oligodendrocytes and astrocytes, respec- NDRG4
tively, whereas NDRG3 and NDRG4 were ubiquitous. In the cerebellum, NDRG1 and NDRG4 brain

Charcot-Marie-Tooth disease
oligodendrocyte
astrocyte

were localized in Purkinje cells and NDRG2 in Bergmann glial cells. NDRG3 was detected in
the nuclei in most cells. These expression patterns demonstrated the cell type-specific and
ubiquitous localization of the NDRG family proteins. Each NDRG may play a partially
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redundant role in specific cells in the brain. () Histochem Cytochem 56:175-182, 2008)

THe N-myc downstream-regulated gene (NDRG) fam-
ily consists of four proteins: NDRG1, NDRG2,
NDRG3, and NDRG4 in mammals. They are intracel-
lular proteins of 340 to 394 amino acids and share
53 to 65% sequence identities to each other (Okuda
and Kondoh 1999; Zhou et al. 2001; Qu et al. 2002).
Among this family of proteins, NDRG1 has been
thoroughly studied as an inducible protein by a number
of stress and pathological conditions (Kovacevic and
Richardson 2006). NDRG1 was first identified as a
stress stimuli-induced gene (Kokame et al. 1996; Zhou
et al. 1998). It was also reported as a downregulated
gene in tumors (van Belzen et al. 1997), regulated by
p53 (Kurdistani et al. 1998; Stein et al. 2004), asso-
ciated with the differentiation and malignant states of
cancers (Piquemal et al. 1999; Xu et al. 1999; Guan
et al. 2000; Bandyopadhyay et al. 2003), and regulated
by N-myc (Shimono et al. 1999).
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immunohistochemistry

NDRGT is the gene responsible for Charcot-Marie—
Tooth disease type 4D (CMT4D), also called heredi-
tary motor and sensory neuropathy-Lom (Kalaydjieva
et al. 1996,2000). Patients exhibit early-onset periph-
eral neuropathy, which progresses in adulthood to
severe disability characterized by muscle weakness, sen-
sory loss, and neural deafness. Diseases caused by defi-
ciency of NDRG2, NDRG3, or NDRG4 have not yet
been identified. Although studies about the NDRG
family proteins have been accumulating, their molecu-
lar functions are still elusive.

To clarify the physiological roles of NDRG1, we
generated Ndrgl-deficient mice and analyzed their
phenotypes (Okuda et al. 2004). They exhibited a pro-
gressive demyelinating disorder of the peripheral nerves.
Sporadic demyelination began by 5 weeks of age in
the sciatic nerve, whereas the proliferation of Schwann
cells and initial myelination were normal for 2 weeks
after birth. In wild-type mice, NDRG1 was abundantly
expressed in the cytoplasm of Schwann cells rather than
in the myelin sheaths. Therefore, NDRG1 deficiency
leads to autonomous dysfunction of Schwann cells,
resulting in demyelination in peripheral nerves. This
suggests that NDRGT1 is essential for the maintenance of
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myelin sheaths in peripheral nerves. In contrast to muscle
weakness caused by peripheral nerve degeneration, the
complicated motor abilities in Ndrg1-deficient mice were
relatively retained. These results suggest that functional
compensation for NDRG1 deficiency may exist in the
central nervous system (CNS).

Transcripts of NDRG1, NDRG2, NDRG3, and
NDRG#4 have been detected in the brain (Zhou et al.
2001; Okuda et al. 2004). In the present study we
raised specific antibodies against each member of
NDRGs and examined their expression patterns in
the mouse CNS by immunohistochemical analysis. We
found the cell type-specific and ubiquitous localization
of NDRGs.

Materials and Methods

Animals

Adult male mice (C57BL/6 Cr Slc) aged 8 to 12 weeks (Japan
SLCInc.; Hamamatsu, Japan) were used in this study. Adult or
4-week-old Ndrgl-deficient male mice (Okuda et al. 2004)
were also used. Mice were bred at a controlled temperature
(22C) and lighting (lights on at 8 amM and off at 8 pm) for at least
1 week. Animal experiments were conducted in accordance
with the guidelines for the care and use of experimental
animals of the National Cardiovascular Center in Japan.

Antibodies and Vectors

Rabbit polyclonal anti-human NDRG1 and anti-human
NDRG#4 antibodies were raised against bacterial recombinant
glutathione S-transferase-fusion proteins of NDRG1 and
NDRGH4, respectively, and purified by the fusion protein-
immobilized affinity column chromatography (Agarwala et al.
20005 Zhou et al. 2001). Rabbit polyclonal anti-NDRG2 and
anti-NDRG3 antibodies were raised against the following
synthetic peptides conjugated with keyhole limpet hemocyanin
and purified by peptide-immobilized affinity column chroma-
tography: Q*'SSESGTLPSGPPGH?®’ for mouse NDRG2 and
F3*3SRSVTSNQSDGTQE?®” for mouse NDRG3. The mouse
monoclonal anti-2’,3"-cyclic nucleotide 3’-phosphodiesterase
(CNPase) antibody (clone 11-5B) was purchased from Sigma-
Aldrich (St Louis, MO). Mouse monoclonal anti-glial fibrillary
acidic protein (GFAP) antibody and mouse monoclonal anti-
neuronal nuclei (NeuN) antibody were purchased from
Chemicon (Temecula, CA).

Expression vectors for the green fluorescent protein (GFP)-
fusion proteins of mouse NDRG1, NDRG2, NDRG3, and
NDRG4 were constructed with the pEGFP-N1 vector
(Clontech; Mountain View, CA). COS-1 cells were trans-
fected with these vectors using the FuGENE6 transfection
reagent (Roche Diagnostics; Indianapolis, IN). Two days
later, cells were collected and lysed with lysis buffer (10 mM
Tris—=HCI, 2 mM EDTA, 50 mM dithiothreitol, 2% SDS, 6%
glycerol, pH 6.8).

Western Blotting Analysis

The excised whole brain was homogenized in the lysis buffer.
Protein lysates were subjected to SDS-PAGE (10-20%
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gradient gel; Daiichi Pure Chemicals, Tokyo, Japan) and
transferred to a polyvinylidene difluoride membrane (Bio-
Rad;Hercules, CA). An equal amount of loading of the protein
samples was confirmed by using the RC DC protein assay
kit (Bio-Rad). After blocking with 3% skim milk in PBS
with 0.05% Tween-20, the membrane was incubated with
0.5-pg/ml antibodies and then with a 1:1000 dilution of
peroxidase-conjugated goat anti-rabbit IgG (Zymed; South
San Francisco, CA). Chemiluminescent signals were developed
using Western Lightning Chemiluminescence Reagent Plus
(PerkinElmer Life Sciences; Wellesley, MA) and detected by
an image analyzer LAS-1000plus (Fuji Film; Tokyo, Japan).

Histological Analyses

Mice (8-12 weeks old) were anesthetized with Nembutal
(Abbott Laboratories; North Chicago, IL) and perfused with
ice-cold 4% paraformaldehyde in PBS. Brain was then excised
and fixed in 4% paraformaldehyde in PBS overnight at 4C.
For light microscopy, specimens were embedded in paraffin
by standard procedures. Four-pm-thick paraffin sections
were stained with hematoxylin—eosin or luxol-fast blue
(Kliiver-Barrera staining). Slides were examined with the
Axioplan 2 microscope (Carl Zeiss; Oberkochen, Germany).
For immunofluorescence microscopy, 4% paraformaldehyde-
fixed brain specimens were washed with PBS at 4C, immersed
in a 10-20% sucrose concentration ascending series in PBS
overnight at 4C, and embedded in optimal cutting tempera-
ture compound (OCT; Sakura Finetek Torrance, CA) on dry
ice. Five-um-thick frozen sections were cut by a cryostat
microtome and washed with PBS. After blocking with 10%
normal goat serum for 30 min at room temperature, sections
were incubated with a 1 pg/ml solution of each anti-NDRG
antibody, a 1:200 dilution of anti-CNPase, a 1:200 dilution of
anti-GFAP, and a 1:200 dilution of anti-NeuN overnight at 4C.
They were then incubated with a 1:200 dilution of AlexaFluor
488-conjugated anti-rabbit IgG antibody and/or a 1:200
dilution of AlexaFluor 546-conjugated anti-mouse IgG anti-
body (Invitrogen; Carlsbad, CA) for 1 hr at room temperature.
Fluorescence was detected with the Axiovert 200 microscope
and photographed with the AxioCam (Carl Zeiss). For negative
controls of immunostaining, normal rabbit IgG was used as a
primary antibody instead of as a specific antibody.

Results

Raising Specific Antibodies Against the
NDRG Family Proteins

We previously raised antibodies against human
NDRG1 and NDRG4 (Agarwala et al. 2000; Zhou
etal. 2001). Western blotting analysis showed that anti-
NDRGT1 and anti-NDRG#4 specifically reacted with re-
combinant mouse NDRG1-GFP and NDRG4-GFP,
respectively, and that anti-NDRG1 faintly cross-reacted
with recombinant mouse NDRG3-GFP (Figure 1). In
addition to these antibodies, in the present study we
raised antibodies against mouse NDRG2 and NDRG3.
They specifically reacted with recombinant mouse
NDRG2-GFP and NDRG3-GFP, respectively, without
any cross-reactions (Figure 1).
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Figure 1 Antibody specificity against NDRG family proteins. Lysates
of COS-1 cells transfected with green fluorescent protein (GFP) or
mouse NDRG-GFP vectors were analyzed by Western blotting. Each
antibody specifically reacted with respective NDRG-GFP fusion
proteins (closed arrowheads). Bands indicated by open arrowheads
were endogenous NDRG proteins. Each lane contained 5 pg of
total protein.

Using these antibodies, we detected all the NDRG
family proteins in the brain of wild-type mice aged 4
and 12 weeks (Figure 2). Expression amounts of
NDRG2, NDRG3, and NDRG4 proteins were not
affected in the brain of Ndrgl-deficient mice, suggest-
ing that the loss of NDRG1 did not affect expression
levels of the other NDRGs (Figure 2).

Histological Assessment of the Brain of
Ndrg1-deficient Mice

We previously reported the phenotypes of Ndrgl-
deficient mice (Okuda et al. 2004). They exhibited
muscle weakness caused by peripheral nerve degen-
eration, but their complicated motor abilities were
relatively retained. These phenotypes suggest that
CNS can withstand the loss of NDRG1. According
to the analysis of conventional histological sections,
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Figure 2 Expression of NDRG family proteins in the mouse brain.
Brain lysates were prepared from the wild-type and Ndrg7-deficient
mice aged 4 or 12 weeks and analyzed by Western blotting. Each lane
contained 5 g of total protein. *'*, wild-type mice; ~/~, homozygous
Ndrg1-deficient mice; */~, heterozygous Ndrg7-deficient mice.
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no abnormalities were observed in the brain of
Ndrg1-deficient mice (Figure 3). Organization of the
cerebral cortices and other laminated regions seemed
normal (Figures 3A and 3B). The structure of the
hippocampus in the Ndrgl-deficient mice was not
different from the wild-type one (Figures 3C and
3D). Luxol-fast blue staining for the myelin sheaths
revealed that myelination was not affected in the
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brain of Ndrgl-deficient mice (Figures 3E and 3F).
Immunohistochemical analysis of the wild-type
mouse brain using anti-NDRG1 antibody exhibited
specific staining in the axon bundles of the corpus
callosum, corpus striatum, and fimbria hippocam-
pus (Figure 3G). These NDRG1-staining signals were
not detected in the Ndrgl-deficient mouse brain
(Figure 3H).

Figure 3 Histological assessment of
the brain of adult Ndrg7-deficient
mice. Transverse sections of cerebral
neocortex (A,B) and hippocampus
(C,D) of adult wild-type (*'*; A,C)
and adult Ndrgi-deficient (7'~; B,D)
mice were compared. There were no
significant differences in the structure
of the brain regardless of genotype.
Transverse sections of the forebrain at
the level of the corpus callosum (E,F)
and lateral ventricle (G,H) of adult wild-
type (E,G) and adult Ndrg7-deficient
(F,H) mice were compared. Normal
myelination was observed in wild-type
(E) and Ndrgi-deficient mice (F).
NDRG1 was detected in the axon
bundles of the corpus callosum and
corpus striatum in wild-type mice
(arrowheads in G). NDRG1 expression
was not detected in the Ndrg7-defi-
cient mice (H). HE, hematoxylin—eosin
staining; myelin, luxol-fast blue stain-
ing; NDRG1, anti-NDRG1 immunostain-
ing. Bar = 100 um.



>~
=
%
=
D)
-
O
S
—
>~
)
S
>~
=
@
=
<]
-
O
S
—
%
I
Y
o
=
c
|-
>
=
D)
e
|_

Expression of NDRG Family Protein in the Brain

Expression Patterns of NDRGs in the Brain

To investigate the expression characteristics of NDRGs
in the brain, we performed immunohistochemical
analysis using the antibodies specific for each NDRG.
First, NDRG1 was strongly detected in the cytoplasm
of oligodendrocytes in the cerebrum (Figure 4A).
Specific expression of NDRGT in the oligodendrocytes
was confirmed by double staining for NDRG1 and
CNPase. CNPase is a marker for oligodendrocytes
(Figures 4C—4E). Although the cytoplasm was a
principal site of NDRG1 localization, a fibrous stain-
ing pattern was also detected, suggesting that NDRG1
was partially localized in the processes of oligoden-
drocytes. In addition to the oligodendrocyte localiza-
tion, weaker staining of NDRG1 was detected in
Purkinje cells of the cerebellum (Figure 4B). NDRG1
was also strongly expressed in ependymal cells in the
cerebrum (data not shown).

NDRG2 was strongly detected in the astrocytes of
the cerebrum (Figure 5A), which was confirmed by
double staining for NDRG2 and GFAP (Figures 5C-
SE). GFAP is a commonly used marker for astrocytes.
In the cerebellum, NDRG2 was also detected in
Bergmann glial cells (Figure 5B). In both the cerebrum
and cerebellum, NDRG2 was moderately expressed in
most cells except neurons in the cerebral cortex and in
Purkinje cells in the cerebellum (Figures SA and 5B).
Double staining for NDRG2 and NeuN indicated that
NeuN-positive cells were NDRG2 negative in the
cerebrum (Figures SF-5H). NeuN is a marker for
neurons. NDRG2 was less expressed in oligodendro-
cytes (data not shown). In the presence of immunogen
peptides, anti-NDRG2 antibody did not give any
signals (data not shown).

Figure 4 Localization of NDRG1 in the
brain. NDRG1 was detected in the cyto-
plasm of the oligodendrocyte in the
cerebrum (arrowhead in A) and in Pur-
kinje cells in the cerebellum (open ar-
rowhead in B). Expression of NDRG1 (C)
was colocalized with an oligodendrocyte-
specific marker CNPase (D). Merged
image is shown in E. Bar = 10 pm.
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In contrast to the cytoplasmic localization of
NDRG1 and NDRG2, expression of NDRG3 was
observed in the nuclei of most cells in the cerebrum
(Figure 6A). Nuclear localization of NDRG3 was also
observed in other tissues (data not shown). Expression
of NDRG3 was relatively strong in the neurons
because most of the strong NDRG3-positive cells
were NeuN-positive neurons (Figures 6C-6E). Signif-
icant expression of NDRG3 was also seen in the nuclei
of Purkinje cells in the cerebellum, with less expression
in the granule cells (Figure 6B). In the presence of im-
munogen peptides, anti-NDRG3 antibody did not give
any signals (data not shown).

Expression of NDRG4 was detected in most brain
cells, especially in the neurons of the cerebrum (Figure 7A,
arrowhead) and Purkinje cells of the cerebellum (Fig-
ure 7B, open arrowhead). NDRG4-positive cells corre-
sponded to cells expressing a neuron marker NeulN
(Figures 7C-7E). NDRG4 was dominantly localized in
the cytoplasm of these cells. Cytoplasmic localization of
NDRG#4 in Purkinje cells (Figure 7B) was similar to that
of NDRGT1 (Figure 4B). NDRG4 was less expressed in
granule cells (Figure 7B) like NDRG1 (Figure 4B).

Discussion

Although NDRGT1 is essential for structural and
functional maintenance of myelin sheaths in the
peripheral nervous system (PNS) (Okuda et al. 2004),
the morphology of the brain was not affected by the
loss of NDRG1 (Figure 3). To understand the tissue-
and cell-specific roles of NDRGs, the localization of
each NDRG should be clarified in detail. In the present
study we developed specific antibodies and examined
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Figure 5 Localization of NDRG2 in the
brain. NDRG2 was detected in the
astrocytes in the cerebrum (arrowhead
in A) and in Bergmann glial cells in the
cerebellum (open arrowhead in B).
Expression of NDRG2 (C,F) was colocal-
ized with an astrocyte-specific marker
GFAP (D), but not with a neuron marker
NeuN (G). Merged images are shown in
E and H, respectively. Bar = 10 pm.

the expression patterns of NDRGs in the mouse CNS.  proteins. Each antibody specifically reacted with the
The expression patterns of each NDRG are summa-  corresponding protein, although the anti-NDRG1 anti-
rized in Table 1. body exhibited a weak cross-reaction to NDRG3 (Figure 1).

Antibody specificity was examined by Western  This may be caused by a relatively high identity of
blotting analysis using recombinant NDRG-GFP fusion =~ NDRG3 to NDRGT1 in amino acid sequence compared
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Figure 6 Localization of NDRG3 in the
brain. NDRG3 was detected in the
nucleus of most cells in the cerebrum,
but especially strongly in the neurons
(arrowhead in A) and nucleus of Pur-
kinje cells in the cerebellum (open
arrowhead in B). Expression of NDRG3
(C) was colocalized with a neuron
marker NeuN (D). Merged images are
shown in E. Bar = 10 um.
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Expression of NDRG Family Protein in the Brain

Figure 7 Localization of NDRG4 in the
brain. NDRG4 was detected in most cells
in the cerebrum, but especially strongly
in the neurons (arrowhead in A) and
Purkinje cells in the cerebellum (open
arrowhead in B). Strong expression of
NDRGA4 (C) was colocalized with a neuron
marker NeuN (D). Merged images are
shown in E. Bar = 10 um.

“NDRG4

e

with NDRG2 and NDR G4. Immunohistochemical anal-
ysis, however, could fortunately discriminate NDRG1
from NDRG3: anti-NDRG1 showed a cytoplasmic stain-
ing pattern in particular cells, whereas anti-NDRG3
reacted with the nuclei in most cells of the brain.

We demonstrated here that NDRG1 was mainly
localized in the oligodendrocytes (Figure 4). Another
group (Wakisaka et al. 2003), however, has reported
immunohistochemical data inconsistent with the pres-
ent study. That report demonstrated that the localiza-
tion of NDRGT1 is changed from hippocampal neurons
to astrocytes during postnatal development in the rat
brain. Although the inconsistency may be caused by
the difference in animal species or developmental pro-
cess, the possibility of unexpected cross-reactions of
their antibody to other NDRGs (probably NDRG2)
cannot be ruled out. In fact, our observation of NDRG1
localization in oligodendrocytes is consistent with that
of another report (Berger et al. 2004).

The oligodendrocyte is a glial cell engaged in the
formation of myelin sheaths in the CNS, whereas the
Schwann cell expressing NDRGT1 plays an analogous
role in the PNS. NDRG1, therefore, may contribute to
cellular processes in the development or maintenance
of myelin sheaths. Although the loss of NDRG1 in
Schwann cells led to demyelination in the sciatic nerves
(Okuda et al. 2004), the loss in oligodendrocytes had
no effect in the brain (Figure 3). These observations
suggested that other NDRGs may compensate for
the NDRGT1 deficiency in oligodendrocytes but cannot
do so in Schwann cells. In fact, all NDRGs except
NDRGT1 were less expressed in the sciatic nerve than in
the brain (Okuda et al. 2004).

NDRG2 was localized to the astrocytes in the
cerebrum and to Bergmann glial cells in the cerebellum
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(Figure 5). NDRG3 was expressed in most cells in the
cerebrum and cerebellum, and the subcellular localiza-
tion of NDRGS3 was restricted in the nucleus (Figure 6).
These marked differences from NDRGT in the cellular
and subcellular localization suggested that NDRG2 and
NDRGS3 may not have a redundant function of NDRGT1.
In fact, NDRG2 and NDRG3 were unable to compen-
sate for the NDRG1 deficiency in sciatic nerves despite
their expression in the tissue (Okuda et al. 2004).

In contrast to NDRG2 and NDRG3, NDRG4 may
be a likely candidate of compensators for the NDRG1
deficiency in the brain. NDRG4 was abundantly
expressed in the brain, especially in the neurons and
Purkinje cells (Figure 7), the latter of which were also
rich in NDRG1. NDRG1 was originally identified as
a gene upregulated with homocysteine treatment
(Kokame et al. 1996), and expression of NDRGH4 is
also induced by homocysteine (Nishimoto et al. 2003).
These similarities between NDRG1 and NDRG4 may
signify their functional similarity. Failure in compensa-
tion for the loss of NDRG1 in the Ndrg1-deficient PNS
can be explained by the fact that there is little ex-
pression of NDRG4 in the sciatic nerves (Okuda et al.

Table 1 Summary of major expression cells of NDRG family
proteins in the brain

NDRG1 NDRG2 NDRG3 NDRG4

Cerebrum  Oligodendrocytes Astrocytes  Most cells Most cells
(nucleus)
Ependymal cells
Cerebellum Purkinje cells Bergmann  Purkinje cells Purkinje
glia (nucleus) cells
Most cells

(nucleus)
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2004). Further analysis, however, will be needed to
clarify the functional specificity and redundancy of
NDRGs in the CNS and also in other physiological
systems. Developing and analyzing knockout mice for
NDRG2, NDRG3, and NDRG4 would be the most
effective approach.
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