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Abstract

NDRG2, a member of N-Myc downstream regulated gene family, exerts the important functions in cell differentiation and tumor sup-
pression. Although the ectopic expressed Ndrg2 inhibits the proliferation of tumor cells, its intracellular signal transduction pathway is
hardly known. Here, we identified MSP58, a 58-kDa microspherule protein, as an interacting partner of human Ndrg2 by using yeast
two-hybrid screening. The interaction was confirmed by glutathione S-transferase pull-down assay in vitro and by co-immune-precipi-
tation assay in vivo. The forkhead associated domain of MSP58 is essential for its interaction with Ndrg2. Ndrg2 could co-localize with
MSP58 in nuclear of HeLa cell during cell stress. Furthermore, the modulation of Ndrg2 level influences the cell cycle process together
with MSP58. In conclusion, the findings offered a novel insight into the physiological roles of Ndrg2.
� 2006 Published by Elsevier Inc.
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N-Myc down regulated gene (NDRG) 2, which was first
identified from a normal human brain cDNA library in
1999 (GenBank Accession No. AF159092), belongs to a
new family of differentiation-related genes, the NDRG fam-
ily [1,2]. This family includes four members, NDRG1,
NDRG2, NDRG3, and NDRG4. The currently available bio-
informatic analysis does not indicate any known motif or
domain in NDRG2 and other members of NDRG family [3].

The previous studies suggest that NDRG gene family
may play a role in cell function regulation. Indeed, expres-
sion of NDRG1 is induced by hypoxia and has been impli-
cated in Schwann cell signaling for axonal survival [4,5]. In
addition, Ndrg1 is up regulated by differentiation-related
retinoid and Vitamin D3 in human leukemia cells [6].
Ndrg2 is highly related to Ndrg1 both in structure and
function. It was reported that Ndrg2 level was regulated
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by the agents including mineralocorticoid, androgen, and
glucocorticoid [7–9]. NDRG2 gene expression was also
induced during cell differentiation as well as embryo devel-
opment [10–12]. Ndrg2 mRNA and protein levels were
down regulated in tumors [1,13]. Stable ectopical expres-
sion of human Ndrg2 in glioblastoma cell lines decreases
cell growth rates [1]. Recently, Ndrg2 is proved to be a nov-
el target for Akt and may represent a site for PKC-medi-
ated inhibition of insulin signal transduction [14]. These
findings suggest that Ndrg2 seems to be broadly involved
in stress responses, cell proliferation, and differentiation.

To identify Ndrg2, interacted proteins may provide
important information for understanding its precise molec-
ular and cellular functions. Therefore, we applied yeast
two-hybrid system to screen an adult brain cDNA library
using Ndrg2 as the bait. A cell cycle-dependent transcrip-
tion factor MSP58 (58-kDa microspherule protein)/
MCRS1 (microspherule protein 1) was picked up as the
binding partner of Ndrg2.
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MSP58/MCRS1 has been reported to interact with sev-
eral proteins, such as nucleolar protein p120, Mi-2b; tran-
scription factors Daxx, STRA13, and also RNA-binding
protein FMR [15–18]. These findings suggest that MSP58
may have functions of transcriptional regulation in the
nucleus and nucleolus. In addition, TOJ3, a protein with
high structural similarity to MSP58, exhibits transforming
activity, whereas phosphatase and tensin homologue
(PTEN) suppresses its transforming activity [19,20].

In the present study, we identified MSP58 as an Ndrg2-
interacting protein by yeast two-hybrid screening. The
physical association of Ndrg2 with MSP58 was shown both
in vitro and in vivo. The co-localization of two proteins was
confirmed and the functional significance of the interaction
is discussed here.
Materials and methods

Plasmid construction. The full-length of coding regions of NDRG1,
NDRG2, NDRG3, and NDRG4 as well as five truncated NDRG2 cDNA
fragments was inserted in-frame into the multiple cloning sites of pGBKT7
(Clontech, Palo Alto, CA) to generate different bait plasmids. The prey
plasmids were constructed by subcloning the full-length MCRS2 or
MSP58 cDNA into pACT2 (Clontech) and named as pACT2-MCRS2 and
pACT2-MSP58, respectively. MSP58 cDNA was further truncated into
five fragments (shown in Fig. 1A) and inserted into pACT2 vector.

Prokaryotic vectors expressing GST-fused MSP58, NDRG2 or their
shortened form proteins were constructed by inserting corresponding
fragments into pGEX4T-2 vector, respectively. The pCMV-Myc-NDRG2,
pCIneo-FLAG- MSP58, and pCMV-Myc-MSP58115–462, expressing the
Myc-tagged Ndg2, Myc-tagged truncated MSP58 (amino acids 115–462),
and FLAG-tagged MSP58 protein, respectively, were generated by sub-
cloning corresponding cDNA into pCMV-Myc or pCIneo-FLAG vector
separately. PDsRed2-N1-NDRG2, expressing a RFP (red fluorescent
Fig. 1. Ndrg2 interacts with the COOH-terminal of MSP58. (A)
Schematic of the full-length MSP58 and its truncated fragments. The
cDNAs encoding them were fused to Gal4-AD in pACT2 vector,and co-
transformed into yeast AH109 with full-length Ndrg2-Gal4-BD vector.
The grown clones on SD/-Trp-Leu-His-Ade/X-a-Gal dish were trans-
ferred onto nitrocellulose membrane and tested for b-galactosidase
activity. The ‘‘+’’ stands for positive interaction and ‘‘�’’ for negative
clones. (B) The Ndrg2 protein bound to GST fusions. The numbers on
each lane stand for the first and last amino acids of truncated MSP58
fused with GST.
protein) fused Ndrg2 protein, and pEGFP-C3-MSP58, expressing a GFP
(green fluorescent protein) fused MSP58 protein, were constructed by
inserting NDRG2 or MSP58 full-length cDNA into pDsRed2-N1 (Clon-
tech) or pEGFP-C3 vector (Clontech). All the newly constructed plasmids
were confirmed by sequencing.

Yeast two-hybrid assay. Human brain cDNA library was purchased
from Clontech. The yeast two-hybrid was performed according to the
manual provided by Clontech. The plasmid DNA was recovered from the
positive clones and sequenced. To test the protein–protein interaction in
yeast, the bait and prey vectors were co-transformed into yeast AH109,
reporter gene test was performed following the manual.

Cell culture and gene transfection. HHCC (human hepatocellular car-
cinoma), HeLa, and COS-7 cell lines were obtained from the American
Type Culture Collection and maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen Life Technologies, Carlsbad, CA) supplemented with
10% fetal bovine serum (Invitrogen Life Technologies) in a humidified 5%
CO2 atmosphere at 37 �C. In all of transfection experiments, the cells were
seeded in a 60- or 100-mm plate at proper density and transfected the next
day with the various plasmid DNA using Lipofectamine 2000 (Invitrogen
Life Technologies) according to the manufacturer’s instructions. The
transfected cells were collected for further experiments at indicated time.

GST pull-down assay. Various GST fusion proteins were expressed in
Escherichia coli. The fusion proteins were purified with glutathione–agarose
beads (BD Biosciences Pharmingen, San Diego, CA). Ten micrograms of
GST fusion proteins (on agarose) was incubated with cell lysate for 2 h at
room temperature in 500 lL of pull-down buffer (10 mM Tris, pH 7.4,
150 mM NaCl, and 0.5% NP-40) containing Protease Inhibitor Cocktail
(Roche, IL). The agarose beads were collected and washed four times with
the pull-down buffer. After adding 40 lL of SDS sample buffer and 3 min
heating at 95 �C, the supernatant was used for 12% SDS–PAGE, followed
by Western blotting with anti-Myc antibody (9E10, Clontech, 1:1000).

Co-immune-precipitation and Western blot. The cell lysates were pre-
pared with lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM MgCl2,
0.5% NP-40, 0.1 mM PMSF, and Protease Inhibitor Cocktail). The cell
lysates were incubated with an anti-Myc (Clontech), anti-Flag antibody
(Sigma–Aldrich, St. Louis, MO) or anti-Ndrg2 antibody (Santa Crutz
Biotechnology, CA). The immune-complexes were precipitated with pro-
tein A- or protein G–Sepharose 4B (Amersham Biosciences, Piscataway,
NJ). After washing with the lysis buffer, the co-precipitated proteins were
separated by SDS–PAGE and transferred to Hybond ECL nitrocellulose
membrane (Amersham Biosciences). The blots were probed with various
antibodies. To visualize antibody-bound protein, the proper secondary
antibodies conjugated to horseradish peroxidase (1:4000 dilution; Santa
Cruz Biotechnology) and ECL detection solutions (Pierce, Rockford, IL)
were applied.

Fluorescence Microscopy analysis. For visualizing the localization of
GFP- or RFP-fused MSP58 or Ndrg2 in cells, pDsRed2-N1-NDRG2 and
pEGFP-C3-MSP58 were transfected into HeLa cells. Thirty hours after
transfection, cell was washed twice with PBS (20 mM potassium phos-
phate, pH 7.4, and 150 mM NaCl) and fixed with 4% paraformaldehyde,
then observed by Fluorescence microscope (Olympus, Japan).

Cell cycle assay. The cells cultured in 60-mm dishes were resuspended
in 285 lL cold PBS mixed with 15 lL fetal bovine serum and fixed with
0.7 mL ice-cold ethanol. After the ethanol was washed out, the fixed cells
were treated with 50 lg/mL RNAse A at 37 �C, incubated with 50 lg/mL
propidium iodide (PI) at 4 �C for 30 min, and then analyzed with a FACS
Calibur flow cytometer (Becton–Dickinson, San Jose, CA). Cell cycle
distribution was determined using ModFIT software (Verity Software
House, Inc., Topsham, ME).
Results and discussion

MSP58 is one of the binding partners of Ndrg2 in yeast

To identify Ndrg2-interacting proteins, the yeast two-
hybrid assay was used to screen a human brain cDNA
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library using Ndrg2 as bait. One of the positive candidates
encodes a truncated form (lacking 115 amino acids from its
N-terminus) of MSP58 protein. This sequence is the com-
mon part of MSP58, MCRS1, and MCRS2 protein family.

Then the interactions between Ndrg2 and full-length
MSP58, MCRS1, and MCRS2 were further confirmed in
yeast. The results showed that all of full-length of
MSP58, MCRS1, and MCRS2 proteins could interact with
Ndrg2 in yeast significantly, while the control plasmid,
pACT2 or PGBKT7, had no interaction with either
MSP58 or Ndrg2. Although the four members of Ndrg
family are highly homologous, only Ndrg2 was found to
interact with MSP58 in yeast (data not shown).

Among the members of NDRG family, NDRG1 is the
most studied and has been reported to involve in multiple
cellular responses [21–24]. Recently, accumulating studies
indicate that Ndrg2 also participates in cell proliferation
and differentiation regulation [1,10–13]. However, the pre-
cise molecular mechanism of Ndrg2 is unknown. We iden-
tified MSP58 as a novel Ndrg2-interacting protein. To our
knowledge, this study is the first report on Ndrg2-interact-
ing protein. It would be helpful for understanding the phys-
iological role of Ndrg2.
Mapping of Ndrg2 and MSP58 interacting domain in yeast

To map the region(s) of Ndrg2 and MSP58 involving
their interaction, various truncated mutants of Ndrg2
and MSP58 were subjected to the analysis in yeast two-hy-
brid assay. Except for the full-length of Ndrg2, any trunca-
tion of Ndrg2 could completely abolish its interaction with
MSP58 (data not shown). These results implicated the
integrity of Ndrg2 protein is necessary for stable interac-
tion with MSP58. The N-terminal-deleted MSP58 proteins
(MSP58115–462, MSP58194–462, and MSP58274–462) are keep-
ing the interaction ability with Ndrg2. In contrast, the C-
terminal truncated MSP58 proteins (MSP58115–361 and
MSP58115–310) failed to interact with Ndrg2 (Fig. 1A).
The results implicated the C-terminal region of MSP58 is
necessary for its interaction with Ndrg2.
Fig. 2. Co-localization of Ndrg2 and MSP58 in HeLa cells. The co-
localization of GFP-MSP58 and RFP-Ndrg2 in HeLa cells upon being
treated with NiCl2 for 12 h observed under fluorescence microscope.
Ndrg2 interacts with MSP58 directly in vitro

Next, we tested whether the direct association exists
between Ndrg2 and MSP58 by using GST pull-down assay.
GST-MSP58 fusion protein or GST fusions with the dele-
tion mutants of MSP58 were incubated with the COS7 cell
lysate containing Myc-tagged Ndrg2 proteins produced by
pCMV-Myc-NDRG2 transfection. The Ndrg2 binding to
the various GST fusions was detected by anti-Myc anti-
body blotting. As shown in Supplement 1and Fig. 1B,
Ndrg2 protein could be specifically pulled down by GST-
MSP58 fusion protein but not by GST alone.

In agreement with the results of yeast two-hybrid assays,
the N-terminal truncated MSP58 proteins could bind
Ndrg2, whereas the C-terminal truncated one failed to do
so. Therefore, the C-terminal region of MSP58 is sufficient
and indispensable for its interaction with Ndrg2.

The C-terminal of MSP58 contains a conserved FHA
domain and a coiled coil domain. The FHA domain is a
phosphopeptide-binding domain first identified in a group
of forkhead transcription factors. In human, many proteins
containing an FHA domain are found in the nucleus and
involved in DNA repair and cell cycle arrest [25]. It has
been proved that FHA domains are competent to bind to
phosphopeptides or to peptides in a phosphorylation-de-
pendent manner [26]. Sequence analysis has shown that
C-terminus of Ndrg2 is enriched in arginine and serine res-
idues, and thus contains a number of potential phosphory-
lation sites. Moreover, recent studies proved that Ndrg2
was a novel physiological substrate for both AKT and
SGK1 [14]. Therefore, it will clearly be of interest to further
examine the influence of Ndrg2 phosphorylation on its
binding to MSP58 in future.
Co-localization of Ndrg2 and MSP58 in cells

The data above strongly suggested that MSP58 is a
binding partner of Ndrg2. However, Ndrg2 and MSP58
have been reported to be in the different subcellular com-
partments. Transiently expressed GFP-Ndrg2 in cells
showed cytoplasmic localization, whereas MSP58 was sup-
posed to be mainly a nuclear or nucleolar protein [15–18].
To determine whether Ndrg2 is co-localizing with MSP58
in cells, GFP-MSP58 and RFP-Ndrg2 expression vectors
were co-transfected into HeLa cells. The expressed proteins
were visualized under fluorescence microscope (Fig. 2). The
most of GFP-MSP58 proteins were seen in nucleus, mean-
while the small fraction of GFP-MSP58 displayed cyto-
plasm localization. However, RFP-Ndrg2 localized
predominantly to the cytoplasm. Hence, only small frac-
tion of MSP58 and Ndrg2 are co-localized in cytoplasm
and nucleus, respectively. It is known that NiCl2 can induce
the translocation of Ndrg2 from cytoplasm to nuclear
(Wang et al., submitted paper). Therefore, we stimulated



Fig. 3. Ndrg2 interacts with MSP58 in vivo. HeLa cells co-transfected with
8 lg pCMV-Myc-NDRG2 and pCIneo-FLAG- MSP58, then treated with
1 mM of NiCl2 for 12 h. The antibodies for immunoprecipitation and
Western blot are as indicated. The location of various proteins is indicated
with arrowhead. WB, Western blot; IP, immunoprecipitation; *, Ig heavy
chain.
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the cells expressing GFP-MSP58 and RFP-Ndrg2 with
1 mM NiCl2, a mimic agent of hypoxia, for 12 h. There
was much more significant co-localization of Ndrg2 and
MSP58 in the nucleus of NiCl2 treated cells.

The case of such cytoplasm protein as Ndrg2, which
shuttles from cytoplasm to nuclear, is not rare in cells.
For instance, MDMX, a homolog of MDM2, does not
have conserved NLS sequence but can translocate to nucle-
ar upon DNA damage [27]. More important, Ndrg1 has
been characterized as a shuttle protein [28,29]. The co-lo-
calization of Ndrg2 and MSP58 does not mean that they
were transported together. The over-expressed MSP58
does not induce the translocation of Ndrg2. Hence, nuclear
translocation of Ndrg2 might result from an alternate
mechanism, perhaps by interaction with other nuclear
proteins.

Interaction of MSP58 with Ndrg2 in vivo

To establish whether MSP58 physically associates with
Ndrg2 in mammalian cells, the expression constructs
encoding FLAG-tagged MSP58 and Myc-tagged Ndrg2
were co-transfected into HeLa cells. The cell lysates were
subjected to immune-precipitation assays with anti-FLAG
antibody followed by Western blot analysis with anti-Myc
antibody. The direct association of MSP58 with Ndrg2
cannot be detected in transfected cells (data not shown).
However, consistent to the co-localization data, we do
detect the co-precipitation of Ndrg2 and MSP58 if the
transfected cells were treated with 1 mM NiCl2 for 12 h
(Fig. 3). In addition, if the expression vector encoding
Myc-tagged MSP58 fragment (MSP58115–462), which lacks
the nuclear localization signal in the N-terminal part of
MSP58, was transfected into cells, Ndrg2 could be detected
in the immune-complex of MSP58 and vice versa (shown in
Supplement 2). The result suggests that Ndrg2 transloca-
tion from the cytoplasm to the nuclear under cell stress,
such as hypoxia, is necessary for its physical association
with MSP58.

Regulation of cell cycle by interaction of Ndrg2 and MSP58

It is known that P78, a splicing alternative isoform of
MSP58, plays a role in G2/M cell cycle checkpoint control
[30]. Ndrg2 was also proved to markedly reduce the cell
proliferation. For better understanding the significance of
Ndrg2 and MSP58 interaction, we tested whether the
Ndrg2 protein level influences the effect of MSP58 on cell
cycles. The cells containing different level of Ndrg2 were
established by stably transfecting Ndrg2 cDNA or Ndrg2
SiRNA in HeLa cells (data not shown). When MSP58
cDNA expression vector was introduced into the cells,
the percentage of cells in the S phase of cell cycle increased
as expected and the extent of S phase cell increasing had no
difference in all of cells no matter Ndrg2 level was manip-
ulated or not (Fig. 4). However, if the MSP58 ectopic
expressed cells were treated with 1 mM NiCl2 for 12 h
before cell cycle analysis, the clear difference of cell number
in S phase as well as G2 phase could be observed among
the cells with different level of Ndrg2. NiCl2 itself almost
has no effects on the cell cycle, but it abolished the S phase
cell augmentation in HeLa cells caused by MSP58 overex-
pression. However, in cells with the lower level of Ndrg2,
NiCl2 was unable to affect the cells in S phase caused by
MSP58 overexpression. It is reasonable to see this phenom-
enon because the most of Ndrg2 and MSP58 interaction
occurs in nuclear and under cell stress condition. In the
case of cells with the higher level of Ndrg2, the cell cycle
change was similar to that in original HeLa cells except
for the percentage of cells in the G2/M phase was slightly
higher than other groups (Table 1).

The above data imply that the protein–protein interac-
tion between Ndrg2 and MSP58 may play an important
role in controlling cell cycle, especially in the situation of
cell stress response. This result is similar to what was
observed following RNA interference of P78, an isoform
of MSP58 [30]. In this sense, function of Ndrg2 might be
similar to PTEN tumor suppressor [20], which acts on
the upstream of MSP58 in the signaling pathway to inhibit
its oncogenicity. However, the mechanism of the cell cycle
changes caused by Ndrg2 and MSP58 interaction cannot
be elucidated with the current data yet and further study
will facilitate the functional recognition of both molecules.

In summary, we identified MSP58 as a novel Ndrg2-
interacting protein and found that Ndrg2 could move from



Fig. 4. The regulation of cell cycle progression by the interaction of Ndrg2
and MSP58. The Ndrg2 down or up regulated transfectant was called
HeLa-Ndrg2low HeLa-Ndrg2high. The cell distributions in different cell
cycle phase were analyzed in FLAG-MSP58 expression vector transfected
HeLa-Ndrg2low, HeLa, and HeLa-Ndrg2high cells (A–C), respectively.
Some transfectants were treated with NiCl2 for 12 h before cell cycle
analysis. The values shown in the graph are the means ± SD of four
independent experiments performed in triplicate.

Table 1
The comparison of cell cycle distribution in the cells expressing MSP58
after being treated by NiCl2

Cell line Cell cycle

G0/G1 phase S phase G2 phase

HeLa-Ndrg2low 61.48 ± 1.19 22.27 ± 1.99 16.25 ± 4.32
HeLa 70.20 ± 2.19 10.80 ± 4.16 19.01 ± 1.87
HeLa-Ndrg2high 63.14 ± 3.75 11.33 ± 3.1 25.53 ± 3.3

The numbers are the means ± SD as the percentage of total cell number.
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cytosol to nucleus to form the complex with MSP58 upon
NiCl2 treatment. It was showed that the overexpression of
MSP58 increases S phase cell number. Furthermore, Ndrg2
was proved to inhibit MSP58-induced cell proliferation.
These studies give us insight into function of Ndrg2.The
role of Msp58 in cell proliferation and its interaction with
Ndrg2 might be important clue to elucidate the role of
Ndrg2 in tumor suppression.

Acknowledgements

The authors thank Dr. Frank B. Furnari for kindly pro-
viding pCIneo-p78-Flag (MSP58) vector. This work was
supported by Chinese National Key Basic Research and
Development Program (2002CB513007), Program for
Changjiang Scholars and Innovative Research Team in
University (IRT0459), the Grant from Natural Science
Foundation of China (30600314 and 30370315), and the
Grant 06G092.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bbrc.2006.10.141.

References

[1] Y. Deng, L. Yao, L. Chau, S.S. Ng, Y. Peng, X. Liu, W.S. Au, J.
Wang, F. Li, S. Ji, H. Han, X. Nie, Q. Li, H.F. Kung, S.Y. Leung,
M.C. Lin, N-Myc downstream-regulated gene 2 (NDRG2) inhibits
glioblastoma cell proliferation, Int. J. Cancer. 106 (2003) 342–347.

[2] Y.C. Deng, L.B. Yao, X.P. Liu, C.Z. Su, Exploring a new gene
containing ACP like domain in human brain and expression it in
E. coli, Shengwu Huaxue Yu Shengwu Wuli Jinzhan (Prog. Biochem.
Biophys.) 28 (2001) 72–76.

[3] X.H. Qu, Y. Zhai, H.D. Wei, C.G. Zhang, G.C. Xing, Y.T. Yu, F.C.
He, Characterization and expression of three novel differentiation-
related genes belong to the human NDRG gene family, Mol. Cell.
Biochem. 229 (2002) 35–44.

[4] L. Kalaydjieva, D. Gresham, R. Gooding, L. Heather, F. Baas, R. de
Jonge, K. Blechschmidt, D. Angelicheva, D. Chandler, P. Worsley, A.
Rosenthal, R.H. King, P.K. Thomas, N-Myc downstream-regulated
gene 1 is mutated in hereditary motor and sensory neuropathy-Lom,
Am. J. Hum. Genet. 67 (2000) 47–58.

[5] K. Salnikow, T. Kluz, M. Costa, D. Piquemal, Z.N. Demidenko, K.
Xie, M.V. Blagosklonny, The regulation of hypoxic genes by calcium
involves c-Jun/AP-1, which cooperates with hypoxia-inducible factor
1 in response to hypoxia, Mol. Cell. Biol. 22 (2002) 1734–1741.

[6] D. Piquemal, D. Joulia, P. Balaguer, A. Basset, J. Marti, T. Commes,
Differential expression of the RTP/Drg1/Ndr1 gene product in
proliferating and growth arrested cells, Biochim. Biophys. Acta
1450 (1999) 364–373.

[7] S. Boulkroun, M. Fay, M.C. Zennaro, B. Escoubet, F. Jaisser, M.
Blot-Chabaud, N. Farman, N. Courtois-Coutry, Characterization of
rat NDRG2 (N-Myc downstream regulated gene 2), a novel early

http://dx.doi.org/10.1016/j.bbrc.2006.10.141
http://dx.doi.org/10.1016/j.bbrc.2006.10.141


J. Zhang et al. / Biochemical and Biophysical Research Communications 352 (2007) 6–11 11
mineralocorticoid-specific induced gene, J. Biol. Chem. 277 (2002)
31506–31515.

[8] N.R. Nichols, D. Agolley, M. Zieba, N. Bye, Glucocorticoid
regulation of glial responses during hippocampal neurodegeneration
and regeneration, Brain Res. Rev. 48 (2005) 287–301.

[9] K. Takahashi, M. Yamada, H. Ohata, K. Momose, T. Higuchi, K.
Honda, M. Yamada, Expression of Ndrg2 in the rat frontal cortex
after antidepressant and electroconvulsive treatment, Int. J.Neuro-
psychop. 8 (2005) 381–389.

[10] S.C. Choi, K.D. Kim, J.T. Kim, J.W. Kim, D.Y. Yoon, Y.K.
Choe, Y.S. Chang, S.G. Paik, J.S. Lim, Expression and regula-
tion of NDRG2 (N-Myc downstream regulated gene 2) during
the differentiation of dendritic cells, FEBS Lett. 553 (2003) 413–
418.

[11] K. Takahashi, M. Yamada, H. Ohata, K. Honda, M. Yamada,
Ndrg2 promotes neurite outgrowth of NGF-differentiated PC12 cells,
Neurosci. Lett. 388 (2005) 157–162.

[12] X.L. Hu, X.P. Liu, Y.C. Deng, S.X. Lin, L. Wu, J. Zhang, L.F.
Wang, X.B. Wang, X. Li, L. Shen, Y.Q. Zhang, L.B. Yao, Expression
analysis of the NDRG2 gene in mouse embryonic and adult tissues,
Cell Tissue. Res. 325 (2006) 67–76.

[13] E.A. Lusis, M.A. Watson, M.R. Chicoine, M. Lyman, P. Roerig, G.
Reifenberger, D.H. Gutmann, A. Perry, Integrative genomic analysis
identifies NDRG2 as a candidate tumor suppressor gene frequently
inactivated in clinically aggressive meningioma, Cancer Res. 65 (2005)
7121–7126.

[14] J.G. Burchfield, A.J. Lennard, S. Narasimhan, W.E. Hughes, V.C.
Wasinger, G.L. Corthals, T. Okuda, H. Kondoh, T.J. Biden, C.
Schmitz-Peiffer, Akt mediates insulin-stimulated phosphorylation of
Ndrg2: evidence for cross-talk with protein kinase C theta, J. Biol.
Chem. 279 (2004) 18623–18632.

[15] Y. Ren, R.K. Busch, L. Perlaky, H. Busch, The 58-kDa microsphe-
rule protein (MSP58), a nucleolar protein, interacts with nucleolar
protein p120, Eur. J. Biochem. 253 (1998) 734–742.

[16] D.Y. Lin, H.M. Shih, Essential role of the 58-kDa microspherule
protein in the modulation of daxx-dependent transcriptional repres-
sion as revealed by nucleolar sequestration, J. Biol. Chem. 277 (2002)
25446–25456.

[17] K. Shimono, Y. Shimono, K. Shimokata, N. Ishiguro, M. Takahashi,
Microspherule protein 1, Mi-2beta, and RET finger protein associate
in the nucleolus and up-regulate ribosomal gene transcription, J. Biol.
Chem. 280 (2005) 39436–39447.

[18] V. Ivanova, S.V. Ivanov, M.L. Lerman, Association, mutual stabil-
ization, and transcriptional activity of the STRA13 and MSP58
proteins, Cell. Mol. Life Sci. 62 (2005) 471–484.
[19] A.G. Bader, M.L. Schneider, K. Bister, M. Hartl, TOJ3, a target of
the v-Jun transcription factor, encodes a protein with transforming
activity related to human microspherule protein 1 (MCRS1), Onco-
gene 20 (2001) 7524–7535.

[20] K. Okumura, M. Zhao, R.A. Depinho, F.B. Furnari, W.K. Cavenee,
Cellular transformation by the MSP58 oncogene is inhibited by its
physical interaction with the PTEN tumor suppressor, Proc. Natl.
Acad. Sci. USA 102 (2005) 2703–2706.

[21] S. Bandyopadhyay, S.K. Pai, S.C. Gross, S. Hirota, S. Hosobe, K.
Miura, K. Saito, T. Commes, S. Hayashi, M. Watabe, K. Watabe,
The Drg-1 gene suppresses tumor metastasis in prostate cancer,
Cancer Res. 63 (2003) 1731–1736.

[22] Y. Taketomi, T. Sugiki, T. Saito, S. Ishii, M. Hisada, T. Suzuki-
Nishimura, M.K. Uchida, T.C. Moon, H.W. Chang, Y. Natori, S.
Miyazawa, R. Kikuchi-Yanoshita, M. Murakami, I. Kudo, Identifi-
cation of NDRG1 as an early inducible gene during in vitro
maturation of cultured mast cells, Biochem. Biophys. Res.Commun.
306 (2003) 339–346.

[23] S. Stein, E.K. Thomas, B. Herzog, M.D. Westfall, J.V. Rocheleau,
R.S. Jackson, M. Wang, P. Liang, NDRG1 is necessary for p53-
dependent apoptosis, J. Biol. Chem. 279 (2004) 48930–48940.

[24] K. Salnikow, T. Davidson, Q. Zhang, L.C. Chen, W. Su, M. Costa,
The involvement of hypoxia-inducible transcription factor-1-depen-
dent pathway in nickel carcinogenesis, Cancer Res. 63 (2003) 3524–
3530.

[25] K. Hofmann, P. Bucher, The FHA domain: a putative nuclear
signalling domain found in protein kinases and transcription factors,
Trends Biochem. Sci. 20 (1995) 347–349.

[26] J. Li, G.I. Lee, S.R. Van Doren, J.C. Walker, The FHA domain
mediates phosphoprotein interactions, J. Cell Sci. 113 (2000) 4143–
4149.

[27] A. Shvarts, W.T. Steegenga, N. Riteco, T. van Larr, P. Dekker, M.
Bazuine, R.C.A. van Ham, W.V.D.H. van Oordt, G. Hateboer, A.J.
van der Eb, A.G. Jochemsen, MDMX: a novel p53-binding protein
with some functional properties of MDM2, EMBO J. 15 (1996) 5349–
5357.

[28] T. Sugiki, M. Murakami, Y. Taketomi, R. Kikuchi-Yanoshita, I.
Kudo, Association of N-Myc downregulated gene 1 with heat-shock
cognate protein 70 in mast cells, Biol. Pharm. Bull. 27 (2004) 624–627.

[29] R.J. Guan, H.L. Ford, Y. Fu, Y. Li, L.M. Shaw, A.B. Pardee, Drg-1
as a differentiation-related, putative metastatic suppressor gene in
human colon cancer, Cancer Res. 60 (2000) 749–755.

[30] Y. Hirohashi, Q. Wang, Q. Liu, X. Du, H. Zhang, N. Sato, M.I.
Greene, p78/MCRS1 forms a complex with centrosomal protein
Nde1 and is essential for cell viability, Oncogene 25 (2006) 4937–4946.


	The physical and functional interaction of NDRG2 with MSP58 in cells
	Materials and methods
	Results and discussion
	MSP58 is one of the binding partners of Ndrg2 in yeast
	Mapping of Ndrg2 and MSP58 interacting domain in yeast
	Ndrg2 interacts with MSP58 directly in blank vitro
	Co-localization of Ndrg2 and MSP58 in cells
	Interaction of MSP58 with Ndrg2 in blank vivo
	Regulation of cell cycle by interaction of Ndrg2 and MSP58

	Acknowledgements
	Supplementary data
	References


