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Down syndrome, the most frequent genetic disorder, is char-
acterized by an extra copy of all or part of chromosome 21. Down
syndrome candidate region 1 (DSCR1) gene, which is located on
chromosome 21, is highly expressed in the brain of Down syn-
drome patients. Although its cellular function remains
unknown, DSCR1 expression is linked to inflammation, angio-
genesis, and cardiac development. To explore the functional
role of DSCR1 and the regulation of its expression, we searched
for novel DSCR1-interacting proteins using a yeast two-hybrid
assay. Using a human fetal brain library, we found that DSCR1
interacts with NF-kB-inducing kinase (NIK). Furthermore, we
demonstrate that NIK specifically interacts with and phospho-
rylates the C-terminal region of DSCR1 in immortalized hip-
pocampal cells as well as in primary cortical neurons. This NIK-
mediated phosphorylation of DSCRI1 increases its protein
stability and blocks its proteasomal degradation, the effects of
which lead to an increase in soluble and insoluble DSCR1 levels.
We show that an increase in insoluble DSCR1 levels results in
the formation of cytosolic aggregates. Interestingly, we found
that whereas the formation of these inclusions does not signifi-
cantly alter the viability of neuronal cells, the overexpression of
DSCR1 without the formation of aggregates is cytotoxic.

Down syndrome (DS),? the most common genetic disorder,
occurs in one of every 700 — 800 births. Patients with DS display
many typical phenotypes, such as immune deficiency, charac-
teristic facial features, mental retardation, congenital heart dis-
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ease, and early onset Alzheimer disease-like symptoms (1, 2).
DS is associated with having three copies of chromosome 21,
also known as trisomy 21 (3, 4), and the overexpression of a
number of genes located on this chromosome is thought either
directly or indirectly to be responsible for these clinical
features.

Down syndrome candidate region 1 (DSCR1, also called as
Adapt78, MCIP1, calcipressin 1, or RCAN1) gene is located
near the Down syndrome critical region of chromosome 21 (5,
6). It is highly expressed in the brain, heart, and skeletal muscles
of DS fetuses (7), and it is known to interact physically and
functionally with Ca*>*/calmodulin-dependent protein phos-
phatase 2B (also known as calcineurin A; see Ref. 8). DSCR1 has
been proposed to be a feedback inhibitor of calcineurin based
on two controversial findings. First, the overexpression of
DSCR1 suppresses calcineurin signaling, and second, cal-
cineurin activity in the hearts of DSCR1 knock-out mice is
greatly diminished (9, 10). Moreover, the proper expression of
DSCRI appears to be linked to inflammation, angiogenesis, and
cardiac development (11-14).

NF-kB-inducing kinase (NIK), a Ser/Thr kinase, is a member
of mitogen-activated protein kinase (MAPK) kinase kinase
family. It preferentially phosphorylates and therefore activates
IkB kinase a (IKKa) (15, 16). NIK and IKKa are known to
induce the processing of pl00 and the generation of p52,
thereby activating the alternative NF-kB pathway (17).
Although the physiological role of NIK in NF-«B signaling is
unclear, gene knock-out studies have suggested that NIK regu-
lates the transcriptional activity of NF-kB in a receptor-re-
stricted manner, such as by both tumor necrosis factor-a and
interleukin-18 (18). NIK ™/~ cells are also unable to induce
NEF-kB-dependent gene transcription in response to treatment
with lymphotoxin-B despite IkBa degradation (18). NIK has
both functional nuclear import and export signals that result in
its continuous shuttling between the cytoplasm and the
nucleus, which suggests that NIK, like KK, has an intranu-
clear function (19).

The nuclear factors of activated T cells (NF-ATs) are a family
of transcription factors that transduce calcium signals in the
immune, cardiac, muscular, and nervous systems (20). Like
their distant relatives the Rel family, which includes NF-«B,
NEF-ATs are located in the cytoplasm of resting cells and are
activated by their induced nuclear import (21). Calcium signal-
ing activates calcineurin and induces the movement of NF-AT
proteins into the nucleus, where they cooperate with other pro-
teins to form complexes on DNA. Some NF-ATs are character-
ized by a highly conserved DNA-binding domain as well as a
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calcineurin-binding domain (22). The binding of calcineurin to
the latter domain controls the nuclear transport of these NF-
ATs (22). Although many reports have suggested a physiologi-
cal link between the NF-«kB and NF-AT pathways, the func-
tional linkage between these two signaling pathways has yet to
be determined.

In the study presented here, we investigated the cellular func-
tion of DSCR1 by searching for novel binding partner(s). We
found that NIK selectively binds to and phosphorylates the
C-terminal region of DSCRI1. Furthermore, we demonstrate
that this phosphorylation of DSCR1 enhances its stability,
which in turn leads to an increase in the levels of soluble and
insoluble DSCRI1.

EXPERIMENTAL PROCEDURES

Materials—The following materials were used. Synthetic
dropout medium (SD/T, SD/L, and SD/HLT) and yeast extract
peptone dextrose medium containing adenine were purchased
from MP Biomedicals (Solon, OH). The human fetal brain
c¢DNA library was purchased from Clontech. Peroxidase-con-
jugated anti-rabbit and anti-mouse IgGs were purchased from
Zymed Laboratories Inc.. All cell culture reagents, including
Dulbecco’s modified Eagle’s medium and fetal bovine serum,
and TRIzol reagent were purchased from Invitrogen. Protein
A-Sepharose was purchased from Amersham Biosciences, and
enhanced chemiluminescence reagents and [y->*P]ATP were
purchased from PerkinElmer Life Sciences. Polyclonal and
monoclonal anti-HA, anti-GFP, and anti-NIK antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA) and anti-
FLAG antibody and cycloheximide were purchased from
Sigma. Clasto-lactacystin B-lactone and MG132 were pur-
chased from Calbiochem. A mammalian expression vector for
HA-tagged human wild type DSCR1 was kindly provided by S.
de la Luna (Genomics Regulation Center, Barcelona, Spain),
and plasmids encoding wild type and deletions of GFP-tagged
DSCR1 and HA-tagged wild type calcineurin A were kindly
provided by B. A. Rothermel (University of Texas Southwestern
Medical Center, Dallas). GST-tagged bacterial expression vec-
tors encoding amino acids 1-197 (full length), 1-90, and
90-197 of DSCR1 were constructed by subcloning PCR prod-
ucts from HA-tagged DSCRI1 into pGEX-4T1 (Amersham Bio-
sciences) and confirmed by DNA sequencing. Mammalian
expression vectors for Myc-tagged wild type NIK and its
kinase-deficient mutants, such as Myc-NIK-KD (in which
the catalytic domain of NIK from amino acids 100-250 is
deleted) and Myc-NIK-KKAA (in which lysine residues at
position 429 and 430 are mutated to alanine), were gifts from
T. H. Lee (Yonsei University, Seoul, Korea). Rabbit poly-
clonal antibody of DSCR1 was produced commercially (Lab
Frontier, Seoul, Korea) by injecting purified GST-DSCRI.
The serum from these rabbits was then affinity-purified
using standard methods.

Yeast Two-hybrid Assay—Screening was performed using a
13-week human fetal brain Matchmaker cDNA library sub-
cloned into the activation domain of pACT2 vector, and yeast
strain carrying the pHybTrp/Zeo-plasmid that encoded for
wild type DSCR1 was used as bait. The yeast strain L40, which
contains the reporter genes lacZ and HIS3 under the control of
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LexA promoter, was sequentially transformed with bait vector
then the cDNA library vectors, and the cells were plated on a
synthetic medium containing 5 mm 3-amino-1,2,4-triazole and
lacking histidine, leucine, and tryptophan. After 10 —14 days at
30 °C, the transformants were grown on synthetic medium con-
taining 50 wg/ml of 5-bromo-4-chloro-3-indolyl-p-galactoside,
but lacking histidine, leucine, and tryptophan. After 2—3 days at
30 °C, the resulting yeast colonies displaying a blue color were
selected as positive clones. The plasmids from these positive
clones were extracted in lysis buffer containing 2% Triton
X-100, 1% SDS, 100 mMm NaCl, 10 mm Tris, pH 8.0, and 1.0 mMm
EDTA and then transformed into Escherichia coli DH5a by
electroporation. The inserts of the plasmids from the positive
library clones were analyzed using an automatic DNA
sequencer (ALF Express, Amersham Biosciences).

Cell Culture—Human embryonic kidney 293 (HEK293) cells
and rat embryonic hippocampal (H19-7) cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, penicillin, and streptomycin. These
cells were transfected with the Lipofectamine plus reagent
(Invitrogen) using the supplier’s recommended instructions.
To prepare lysates, the cells were rinsed twice with ice-cold
phosphate-buffered saline (PBS), solubilized in lysis buffer
(Tris, pH 7.9, containing 1.0% Nonidet P-40, 150 mm NaCl, 1
mM EGTA, 1 mm EDTA, 10% glycerol, 1 mm Na;VO,, 1 ug/ml
leupeptin, 1 ug/ml aprotinin, 10 mm NaF, and 0.2 mMm phenyl-
methylsulfonyl fluoride), and then scraped. Supernatant was
collected after centrifugation for 10 min at 14,000 X gat 4 °C.
Protein concentrations were determined using the Bio-Rad
detergent-compatible protein assay kit according to the manu-
facturer’s instructions.

Immunoprecipitation and Western Blot Analysis—One
microgram of antibody was incubated with 2 mg of cell extracts
in lysis buffer overnight at 4 °C. Fifty microliters of a 1:1 suspen-
sion of protein A-Sepharose beads were added, and the mixture
was incubated for 2 h at 4 °C with gentle rotation. The beads
were pelleted and washed extensively with cell lysis buffer.
Bound proteins were dissociated by boiling in SDS-PAGE sam-
ple buffer, and whole protein samples were separated on an
SDS-polyacrylamide gel and then transferred to a nitrocellulose
membrane (Millipore, Japan). The membranes were blocked in
TBST buffer (20 mm Tris, pH 7.6, 137 mm NaCl, 0.05% Tween
20, and 3% nonfat dried milk) for 3 h and then incubated over-
night at 4 °C in 3% nonfat dried milk containing the appropriate
antibodies. The membranes were washed several times in
TBST and then incubated with IgG-coupled horseradish per-
oxidase secondary antibody (Zymed Laboratories Inc.).
After 60 min, the blots were washed several times with
TBST, and resulting immunocomplexes were visualized
using enhanced chemiluminescence according to the manu-
facturer’s instructions.

Reverse Transcription-PCR—Total cellular mRNA was
extracted using the TRIzol reagent. cDNA was synthesized by
reverse transcription using random primers. Two micrograms
of cDNA were used per PCR. The primers used were as follows:
rat dscrl forward, 5'-C CGGAATTCATGCATTTTAGG-
GACTTTA-3’, and rat dscrl reverse, 5'-CCGCTCAAGGCT-
GAGGTGGATGGG-3’; human dscrl forward, 5'-GAGGAG-
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GTGGACCTGCAGGACCTG-3', and human dscrl reverse,
5'-TCAGCTGAGGTGGATCGGCGTGTAC-3'.

Preparation of Nonidet P-40-soluble/insoluble Fractions—
Cells were solubilized with 1.0% Nonidet P-40, and the result-
ing cellular suspension was fractionated by centrifugation at
15,000 X g for 30 min. The supernatants (i.e. the Nonidet P-40-
soluble fraction) were directly immunoprecipitated. The result-
ing pellet (i.e. the Nonidet P-40-insoluble fraction) was washed
three times with ice-cold lysis buffer and then solubilized in 4%
SDS sample buffer (0.5 m Tris-HCI, pH 6.8, 20% glycerol, 4%
SDS, 10% mercaptoethanol) for 1 h at 60 °C.

Immunocytochemistry—Cells were seeded overnight at 70%
confluence onto coverslips in 6-well dishes. The following day,
the cells were transfected. Twenty four hours later, the cells
were washed with PBS, fixed with neutrally buffered 4% (w/v)
paraformaldehyde, and permeabilized with 1% PBS solution
containing 0.1% Triton X-100 for 1 h. The cells were then
incubated for 24 h at 4 °C with the indicated primary anti-
body diluted in PBS containing 1% bovine serum albumin.
After washing three times with PBS, the cells were incubated
with secondary antibody for 2 h at room temperature. The
cells were then analyzed using either fluorescence (IX71,
Olympus) or confocal microscopy (LSM 510 META, Carl
Zeiss).

Preparation of Cytosolic and Nuclear Fractions—Cells were
washed with ice-cold PBS, resuspended in hypotonic buffer (10
mwm HEPES, pH 7.9, 1.5 mm MgCl,, 10 mm KCIl) supplemented
with protease inhibitors (dithiothreitol, aprotinin, and leupep-
tin), and then incubated on ice for 30 min. The cells were then
lysed using a disposable syringe, and the lysates were subjected
to centrifugation at 3,000 rpm for 15 min at 4 °C. The resulting
supernatant was used as the cytosolic fraction. The resulting
pellet, which was used as the nuclear fraction, was washed with
hypotonic buffer and lysed with 1.0% Nonidet P-40 lysis buffer.
Supernatants from each fraction were collected after centrifu-
gation at 14,000 X g for 10 min at 4 °C.

In Vitro Kinase Assay—Confluent cells were harvested using
lysis buffer. The soluble lysates were incubated with the indi-
cated antibodies for 2 h at 4 °C. Following the addition of pro-
tein A-Sepharose beads, the mixture was incubated for 2 h at
4°C and then rinsed with lysis and kinase buffers. Immuno-
complex kinase assays were performed by incubating the cell
lysates with the substrate in the reaction buffer (0.2 mm sodium
orthovanadate, 2 mm dithiothreitol, 10 mm MgCl,, 5 mCi of
[y-**P]ATP, 100 um ATP, and 20 mm HEPES, pH 7.4) for 2 h at
30 °C. The reactions were terminated, and the mixtures were
subject to SDS-PAGE. Phosphorylated substrates were visual-
ized by autoradiography.

Assessment of Cell Survival (MTT Extraction Assay)—3,(4,5-
Dimethyldiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT,
62.5 ul of a 5 mg/ml stock solution) was added to the 250 ul of
medium in each well of a 24-well plate. After a 2-h incubation at
37 °C, 250 ul of extraction buffer (20% SDS and 50% N,N-di-
methylformamide, pH 7.4) was added. After an overnight incu-
bation at 37 °C, the absorbance at 570 nm was measured using a
VERSA MAX enzyme-linked immunosorbent assay reader
(Molecular Devices, Sunnyvale, CA) with an extraction buffer
negative control.
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TUNEL Assay—Cells were seeded overnight at 70% conflu-
ence onto coverslips in 6-well dishes. The following day, the
cells were transfected with the indicated plasmids, incubated
for 24 h, and then treated with zinc for 1 h. Cell apoptosis was
analyzed using an in situ cell death detection kit (TMR red,
Roche Applied Science) that is based on the terminal TUNEL
technology.

RESULTS

Identification of Novel DSCR1-interacting Proteins Using a
Yeast Two-hybrid Assay—To identify novel DSCR1-interacting
partners, a yeast two-hybrid assay was performed using a
human fetal brain cDNA library with full-length DSCR1 as the
bait. We found several previously identified DSCR1-interacting
proteins, such as calcineurin A (8) and Raf-1 (23), which indi-
cates that the assay is a reliable method for identifying DSCR1-
interacting proteins. In addition to the known DSCR1-interact-
ing proteins, our assay identified NIK as a protein that interacts
with DSCR1 (data not shown). Based on the known physiolog-
ical substrate of NIK and the fact that DSCR1 function is regu-
lated by its protein stability, which in turn is affected by its
phosphorylation status, the functional connection between
DSCR1 and NIK was further characterized.

DSCRI Interacts with NIK in Neuronal Cells—Using an
immunoprecipitation binding assay, we examined the potential
interaction of NIK and DSCR1 in mammalian neuronal cells.
H19-7 cells were transiently transfected with HA-tagged
human wild type DSCR1 alone, or in the presence of Myc-
tagged NIK. Extracts from the transfected cells were then sub-
jected to immunoprecipitation using either anti-HA or anti-
Myc antibodies and then immunoblot analysis using anti-Myc
or anti-HA antibodies (Fig. 14). This analysis revealed that
DSCR1 associated with NIK (Fig. 1A4). The use of preimmune
IgG and empty protein A beads as negative controls (Fig. 14)
demonstrates that transiently transfected DSCR1 selectively
binds to NIK in H19-7 cells. Next we examined whether IKKq,
the only known substrate of NIK, also associates with DSCRI.
Cells were transfected with HA-tagged IKKa and/or GFP-
tagged DSCR1 and then subjected to immunoprecipitation.
The results demonstrate that IKKa does not interact with
DSCR1 (Fig. 1B). HA-tagged calcineurin A was used as a posi-
tive control in the GFP-tagged DSCR1 binding assay in H19-7
cells to demonstrate the reliability of the co-immunoprecipita-
tion assay (Fig. 1C).

To determine whether DSCR1 and NIK interact in the
absence of exogenous DNA addition, we examined the specific
binding of endogenous DSCR1 and NIK in primary neuronal
cells and transformed H19-7 cell line using co-immunoprecipi-
tation assays. As shown in Fig. 2, A and B, we found that endog-
enous NIK binds to endogenous DSCR1 in both H19-7 cells and
primary cortical neurons. Immunoprecipitation using nonspe-
cific IgG was used as a negative control. This interaction was
also observed in rat whole brain lysates (Fig. 2C), suggesting
that the specific interaction between DSCR1 and NIK is not an
artifact of DNA transfection and transformation but actually
occurs in the mammalian central nervous system.

Wild Type NIK Binds to the C-terminal Domain of DSCRI—
To determine the protein domain(s) responsible for the inter-
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FIGURE 1.DSCR1 specifically binds to NIKin H19-7 cells. A, H19-7 cells were
either mock-transfected (Con) or transiently transfected with 2 pug of HA-
DSCR1 (DSCRT1 or D) and/or 2 g of Myc-NIK (NIK or N), as indicated. Total cell
lysates were immunoprecipitated (/P) with anti-HA or anti-Myc antibodies
followed by Western blot analysis with anti-HA or -Myc antibodies. The levels
of exogenous Myc-NIK and HA-DSCR1 proteins were examined with their
respective epitope-specific antibodies. Where indicated, the cells were trans-
fected with Myc-NIK and HA-DSCR1, and the cell lysates were immunopre-
cipitated with either preimmune IgG (IgG) or empty protein A-beads (Bead).
The immunoprecipitates were examined by Western blot analysis with
anti-HA antibodies. B, H19-7 cells were mock-transfected (Con) or transfected
with HA-tagged IKKa (IKK or /) and/or GFP-tagged DSCR1 (DSCR1 or D).
Twenty four hours later, lysates from the cells were immunoprecipitated with
anti-GFP antibodies followed by Western blot analysis with anti-HA antibod-
ies. The expression of HA-tagged IKKa and GFP-tagged DSCR1 in the cell
lysates was examined by Western blotting with either anti-HA or anti-GFP
IgGs as indicated. C, H19-7 cells were mock-transfected or transfected with
GFP, GFP-tagged DSCR1, and/or HA-tagged calcineurin A (CnA). Twenty four
hours later, lysates from these cells were IP with anti-GFP antibodies followed
by Western blotting with anti-HA antibodies. The expression of exogenous
GFP, GFP-tagged DSCR1, and HA-tagged calcineurin in the cell lysates was
confirmed by immunoblotting with either anti-GFP or anti-HA 1gGs, as
indicated.

Input

action between DSCR1 and NIK, we used several deletion con-
structs encoding DSCR1 fragments fused to GFP in similar co-
immunoprecipitation assays. As shown in Fig. 34, we found
that NIK co-immunoprecipitated with the full-length DSCR1
protein as well as with the DSCR1 peptide fragments containing
amino acids 30-197 and 90-197. Interestingly, NIK did not
co-immunoprecipitate with a DSCR1 peptide fragment con-
taining the N-terminal 90 amino acids (Fig. 3), suggesting that
the DSCR1 domain critical for interacting with NIK is included
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FIGURE 2. Endogenous DSCR1 binds to NIK in rat primary neurons. Cell
extracts prepared from H19-7 cells (A) or rat primary cortical neurons (B) were
immunoprecipitated (/P) with anti-NIK or anti-DSCR1 antibodies, as indicated.
The immunocomplexes were analyzed by Western blotting with anti-DSCR1
and anti-NIK antibody. The endogenous levels of the proteins in the cell
lysates were examined by immunoblot analysis, as indicated. C, whole cell
lysates from rat brain were prepared with gentle homogenization, and immu-
noprecipitation was performed on these lysates with anti-DSCR1 antibodies,
as indicated. The resulting immunocomplexes were analyzed by immuno-
blotting with anti-NIK antibodies. Where indicated, the cell extracts were
immunoprecipitated with preimmune IgG (IgG) as a control. The expression
of NIK and DSCRT1 in the cell extracts was determined by Western blotting.
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within amino acid residues 90—197. Furthermore, when we
examined whether wild type DSCR1 binds to the kinase-defi-
cient NIK mutant, DSCR1 binds to wild type NIK but not to its
kinase-dead mutant, such as NIK-KD or NIK-KK/AA (Fig. 3B).

NIK Phosphorylates DSCRI in H19-7 Cells—Next, we exam-
ined whether DSCR1 is a substrate of NIK. We have previously
shown that zinc induces the phosphorylation and activation of
IKK in H19-7 cells (24). NIK is known to function as an
upstream activator of the NF-«B signaling pathway that ulti-
mately results in the activation of IKK« (15). Therefore, we first
examined whether NIK is also phosphorylated and activated by
zinc. H19-7 cells were either transfected with Myc-tagged NIK
plasmid or mock-transfected and then stimulated with zinc
plus the zinc ionophore, pyrithione. Lysates from the resulting
transfected cells were subjected to immunoblotting using anti-
phospho-NIK antibodies. As shown in Fig. 44, treatment with
zinc plus pyrithione induced the phosphorylation of endoge-
nous NIK. Furthermore, the cells transfected with wild type
NIK had much higher levels of phosphorylated NIK than the
mock-transfected cells (Fig. 44). To examine the effects of zinc
treatment on NIK-associated DSCR1 phosphorylation, H19-7
cells were transfected with Myc-tagged NIK and then either
untreated or treated with zinc plus pyrithione. Lysates from the
resulting transfected cells were immunoprecipitated using
anti-NIK antibodies, and these immunocomplexes were
then used in in vitro kinase assays with recombinant GST-
DSCR1 as the substrate. The results, shown in Fig. 4B, dem-
onstrate that whereas DSCR1 was phosphorylated by
anti-NIK immunocomplexes from untreated cells, the phos-
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FIGURE 3. NIK binds to the C-terminal domain of DSCR1. A, HEK293 cells
were transfected with Myc-tagged NIK alone or together with the various
GFP-fused DSCR1 deletion mutants, as indicated. Lysates from the trans-
fected cells were subjected to anti-GFP immunoprecipitation (/P) followed by
anti-Mycimmunoblotting. Total expression levels of the transfected proteins
were assessed by immunoblotting with anti-GFP or anti-Myc antibodies, as
indicated. B, cells were transfected with HA-tagged DSCR1 with Myc-tagged
wild type NIK or its kinase-dead mutants, as indicated. Lysates from the trans-
fected cells were subjected to anti-HA immunoprecipitation followed by anti-
Mycimmunoblotting. Total expression levels of the transfected proteins were
assessed by immunoblotting with anti-Myc or anti-HA antibodies, as
indicated.

phorylation was significantly higher with anti-NIK immuno-
complexes from cells treated with zinc plus pyrithione. Fur-
thermore, this increase in DSCR1 phosphorylation was not
observed in cells transfected with a kinase-inactive domi-
nant-negative NIK mutant (Fig. 4B). These results demon-
strate that wild type NIK specifically phosphorylates DSCR1,
and the phosphorylation of DSCR1 is significantly induced
by zinc treatment.

NIK Phosphorylates C-terminal Domain of DSCRI—To
determine which domain(s) of DSCR1 are specifically phospho-
rylated by NIK, three bacterially expressed DSCR1 fragments
fused with GST were purified and used as a substrate of NIK in
in vitro kinase assay. As shown in Fig. 5, full-length DSCR1 and
DSCR1 peptide fragment containing amino acid residues
90-197 could be phosphorylated by NIK following zinc plus
pyrithione treatment. However, DSCR1 peptide fragment con-
taining amino acid residues 1-90 could not be phosphorylated
by NIK (Fig. 5). These data suggest that NIK specifically phos-
phorylates DSCR1 on a domain within amino acid residues
90-197.

The NIK-mediated Phosphorylation of DSCRI Leads to an
Increased Half-life and Reduced Proteasomal Degradation—
Next, we examined the physiological consequence(s) of NIK-
mediated DSCR1 phosphorylation. First, we examined whether
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FIGURE 4. NIK phosphorylates DSCR1 in H19-7 cells. A, H19-7 cells were
mock-transfected (Mock) or transiently transfected with 5 pg of Myc-tagged
NIK. The cells were then treated with 10 um zinc and pyrithione for the indi-
cated times. Lysates from these cells were immunoblotted with either anti-
phospho-NIK or anti-NIK antibodies, as indicated. B, cells were transfected
with 5 ng Myc-tagged wild type NIK or a kinase-inactive NIK mutant (Myc-
NIK-DN or Myc-NIK-KKAA). Twenty four hours later, the cells were either
untreated or treated with 10 um zinc and pyrithione for 30 min. Lysates from
these cells were immunoprecipitated with anti-Myc antibodies followed
by in vitro kinase assays using bacterially expressed GST-DSCR1 as a sub-
strate. The kinase assay reaction products were resolved by 10% SDS-
PAGE, and the levels of phosphorylated DSCR1 were visualized by autora-
diography. The expression of NIK in cell lysates was analyzed by Western
blotting with anti-NIK antibodies, as indicated.

Zn?* + Pyrithione

Myc-NIK - - - + + +

A A
) "\9 Q '\9
GST-DSCR1 A% o ¢V A% of
32p.DSCR1 » - Autoradiography
-
GST-DSCR1 »| e Blot: GST
Myc-NIK*> m Blot: Myc

FIGURE 5. NIK phosphorylates DSCR1 in its C-terminal region spanning
amino acids 90-197. GST-tagged constructs encoding full length (FL) (resi-
dues 1-197), amino acid residues 1-90, or amino acid residues 90-197 of
DSCR1 were phosphorylated in vitro in the presence or absence of zinc-acti-
vated Myc-tagged NIKimmunocomplexes expressed in H19-7 cells. The pro-
teins were separated by 10% SDS-PAGE and visualized by autoradiography.
Total expression of the GST-tagged DSCR1 peptides and Myc-NIK were veri-
fied by immunoblotting with anti-GST or anti-Myc antibodies, as indicated.

this phosphorylation affects the half-life of DSCR1. Cells were
transfected with HA-tagged DSCR1 alone or together with
either wild type NIK or kinase-deficient mutants. The trans-
fected cells were then incubated with cycloheximide for the
indicated times. The levels of DSCRI in these cells were meas-
ured by Western blot analysis using an anti-HA antibody. The
cells transfected with DSCR1 and wild type NIK had ~2-fold
more DSCR1 than the cells transfected with DSCR1 alone (Fig.
6, A and B). Interestingly, this increase in DSCR1 protein levels
was not observed in the cells transfected with DSCR1 and the
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FIGURE 6. NIK increases the half-life of DSCR1. A, H19-7 cells were either
mock-transfected (Mock) or transfected with Myc-tagged wild type NIK (NIK-
WT) or kinase-deficient NIK mutants (NIK-KD or NIK-KK/AA), as indicated.
Twenty four hours later, the cells were treated with 100 um cycloheximide
(CHX) for the indicated times and then harvested in PBS. The endogenous
levels of soluble DSCR1 were determined by Western blot analysis with anti-
DSCR1 antiserum. The results shown are representative of three independent
experiments. B, relative levels of DSCR1 in the blots described in A were quan-
tified and plotted (n = 3).

kinase-dead NIK mutants (Fig. 6, A and B). These data suggest
that the half-life of DSCR1 is increased by its NIK-mediated
phosphorylation.

Next, we examined whether NIK alters the levels of 1% Non-
idet P-40-soluble and -insoluble DSCR1. H19-7 cells were
transfected with HA-tagged DSCR1 and/or Myc-tagged NIK.
Lysates from the resulting transfected cells were blotted using
anti-HA antibodies. As shown in Fig. 7, the levels of Nonidet
P-40-soluble and -insoluble DSCR1 were increased in the cells
co-transfected with wild type NIK. However, the levels of
DSCR1 were not markedly changed in cells co-transfected with
kinase-deficient NIK mutant, as compared with control cells
transfected with DSCR1 alone (Fig. 7, top, left panel). These
results indicate that the NIK-mediated phosphorylation of
DSCRI1 increases its stability in two different ways.

We have previously shown that the endogenous levels of
DSCR1 are modulated by protein ubiquitination and proteaso-
mal degradation in H19-7 cells (25). Based on the results
described above, we examined whether NIK affects the protea-
some-mediated degradation of DSCR1. We mock-transfected
or transiently transfected cells with DSCR1 plus NIK and then
treated the cells with the proteasomal inhibitor MG132. Lysates
from these cells were then immunoblotted using anti-HA anti-
bodies. As expected, MG132 treatment resulted in an increase
in the levels of soluble DSCR1 and no apparent reduction in the
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FIGURE 7. NIK-mediated phosphorylation reduces DSCR1 degradation by
the proteasomal pathway. H19-7 cells were either mock-transfected (Mock)
or transiently transfected with 3 ug of HA-tagged DSCR1 alone or together
with either Myc-tagged wild type NIK or a kinase-inactive NIK mutant (N/K-KD
or NIK-KKAA). Twenty four hours later, the cells were untreated or treated with
10 uM of MG132 (A) or clasto-lactacystin B-lactone (Lactacystin; B) for 6 h. The
1% Nonidet P-40-soluble and -insoluble fractions were separated. The pres-
ence of HA-tagged DSCR1 in each fraction was analyzed by immunoblotting
with anti-HA antibodies. As a control, the levels of exogenous Myc-tagged
NIK in the cell lysates were immunoanalyzed with anti-Myc antibodies, as
indicated. The numbers at the bottom of the DSCR1 panels in A indicated
quantitated values of fold induction measured using a densitometer. C, cells
were either mock-transfected (Mock) or transfected with Myc-tagged wild
type NIK (NIK-WT) or kinase-deficient NIK mutants (NIK-KD or NIK-KK/AA), as
indicated. Twenty four hours later, the cells were treated with 100 um cyclo-
heximide (CHX) for the indicated times and then harvested in PBS. The 1%
Nonidet P-40-soluble and -insoluble levels of DSCR1 were determined by
Western blotting with anti-DSCR1 antiserum. The results shown are repre-
sentative of three independent experiments.

level of insoluble DSCR1 in the absence of NIK (Fig. 7, top right
panel). This finding supports the hypothesis that DSCR1 is con-
stitutively degraded by proteasome. The increase in soluble
DSCR1 levels was not altered by the presence of NIK or its
kinase activity. Interestingly, MG132 treatment of cells trans-
fected with wild type NIK resulted in the accumulation of insol-
uble DSCRI relative to the mock-transfected control cells (Fig.
7A, middle panel). This result indicates that, in addition to the
inhibitory effect on the proteasomal targeting, NIK also affects
the stability of DSCR1 by altering its solubility. Similar results
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revealed the DSCR1 aggregates also
contain ubiquitin (Fig. 8B). To fur-
ther examine cytosolic DSCR1
inclusions, the cells were fraction-
ated into cytosolic and nuclear frac-
tions, and the presence of DSCR1 in
each fraction was determined. The
levels of DSCR1 in cytosolic fraction
of cells co-transfected with wild
type NIK was enhanced relative to
that observed in the cells trans-

B

HA-DSCR1
+Myc-NIK

DSCR1

Mock

FIGURE 8. NIK promotes the formation of cytosolic DSCR1 aggregates in H19-7 cells. A, H19-7 cells were
transfected with GFP or GFP-tagged DSCR1 alone or together with Myc-tagged NIK. Twenty four hours later,
the cells were fixed, permeabilized, and labeled with anti-Myc antibodies and then stained with rhodamine-
attached secondary antibodies and 4’,6-diamidino-2-phenylindole (DAPI). Immunostained preparations were
examined by fluorescence microscopy. B, H19-7 cells were mock-transfected or transiently transfected with
HA-tagged DSCR1 and Myc-tagged NIK. Twenty four hours later, the cells were immunolabeled with anti-HA,
anti-ubiquitin (Ubi), or anti-Tau antibodies followed by staining with rhodamine- or fluorescein isothiocyanate-
conjugated secondary antibodies. Immunostained preparations were examined via confocal microscopy. As a
control, the distribution of Tau and ubiquitin in mock-transfected cells was shown, as indicated. C, cells were
either mock-transfected (Mock) or transfected with 3 pg of HA-tagged DSCR1 alone or together with 3 ug of
Myc-tagged wild type NIK or a kinase-inactive NIK mutant (NIK-KD or NIK-KKAA). Twenty four hours later, the cell
lysates were fractionated into cytosolic (Cyt) and nuclear (Nu) fractions. The level of DSCR1 in each fraction was
examined by Western blotting with anti-HA antibodies. The purity of each fraction was determined with
antiserum specific for regional protein markers, such as nuclear nucleolin and cytosolic kB protein.

were observed when another proteasomal inhibitor, clasto-lac-
tacystin B-lactone, was used (Fig. 7B).

Next we tested whether NIK also affects the half-life of
DSCR1 in 1% Nonidet P-40-insoluble fraction. As shown in Fig.
7C, the cells transfected with DSCR1 and wild type NIK had
also greatly increased the stability of DSCR1 in Nonidet P-40-
insoluble pellet fraction than the cells transfected with DSCR1
alone. Furthermore, this increase was not observed in the cells
transfected with DSCR1 and the kinase-dead NIK mutants,
which is the same manner to that in Nonidet P-40-soluble
DSCRI1 fraction (Fig. 7C). These data suggest that the stability
of 1% Nonidet P-40-soluble and -insoluble DSCR1 is increased
by NIK-mediated phosphorylation.

NIK Promotes the Formation of Cytosolic DSCR1 Aggregates—
Next, we examined whether the NIK-mediated increase in the
levels of insoluble DSCR1 leads to the formation of DSCR1
aggregates. H19-7 cells were either transfected with GFP, GFP-
tagged DSCRI1, or GFP-tagged DSCR1 and Myc-tagged NIK.
GFP-mediated fluorescence was observed using a fluorescence
microscope. As shown in Fig. 84, cells transfected with GFP-
DSCR1 alone displayed an even distribution of GFP signal in
the cytosol as well as in the nucleus. In contrast, the cells trans-
fected with GFP-DSCR1 and Myc-NIK displayed marked cyto-
solic DSCR1 aggregates (Fig. 84). In addition, immunostaining
of the cells using an anti-Tau antibody revealed that the DSCR1
aggregates contain a significant amount of Tau protein (Fig.
8B), which is also found in neurofibrillary tangle structure. Fur-
thermore, immunostaining using anti-ubiquitin antibodies
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fected with DSCR1 alone or DSCR1
plus a kinase-inactive NIK mutant
(Fig. 8C). In addition, DSCR1 was
not detected in the nuclear fraction
of any cells examined (Fig. 8C). The
purities of the prepared fractions
were confirmed by Western blot
analysis with antiserum against
regional markers, such as nuclear
nucleolin and cytosolic I«B protein
(Fig. 8C). Together, these findings
suggest that the NIK-mediated
phosphorylation of DSCR1 inhibits
its degradation, which ultimately
results in its cytosolic aggregation.

The Formation of DSCRI Aggre-
gates Caused by NIK-mediated
Phosphorylation Has No Effect on
HI19-7 Cell Viability—Next, we
examined whether NIK-mediated phosphorylation of DSCR1
that ultimately leads to its cytosolic aggregation alters cell via-
bility. H19-7 cells were transfected with HA-tagged DSCR1
and/or Myc-tagged wild type or kinase-deficient NIK mutant.
Twenty four hours later, cell viability was measured by an MTT
extraction method. As shown in Fig. 94, the overexpression of
DSCR1 induced cell death. A TUNEL assay revealed that this
DSCR1-induced cell death is a result of apoptosis (Fig. 9B). In
contrast, cells were transfected with DSCR1, and either wild
type NIK or kinase-deficient mutants had no significant
changes in viability, relative to control cells transfected with
DSCR1 alone (Fig. 9A). Additional TUNEL assay demonstrated
that DSCR1 phosphorylation and the cytotoxicity induced by
its overexpression are not synergistic (Fig. 9B). These data sug-
gest that the NIK-mediated increase in soluble and insoluble
DSCR1 levels are not the cause of neuronal cell death associated
with DSCR1 overexpression.

DISCUSSION

DSCRI is known to attenuate the calcineurin-dependent sig-
naling of NF-AT, thereby inhibiting cell proliferation and
angiogenesis (8, 26). NF-AT has been shown to cooperate with
NE-kB to up-regulate the expression of many inflammatory
genes. For example, thrombin-mediated activation of endothe-
lial cells involves interplay between NF-AT and NF-«B signal-
ing pathways and their respective negative feedback inhibitors
DSCR1 and I«B (26). Additionally, many reports have impli-
cated calcineurin in the inflammatory NF-«B signaling path-
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FIGURE 9. The formation of cytosolic DSCR1 aggregates does not affect
neuronal cell viability. A, H19-7 cells were mock-transfected (Mock) or tran-
siently transfected with 3 ug of HA-tagged DSCR1 alone or together with wild
type Myc-tagged NIK (NIK-WT) or a kinase-deficient NIK mutant (NIK-DN or
NIK-KA). Twenty four hours later, cell viability was measured with the MTT
extraction assay. B, the number of TUNEL-positive apoptotic cells was meas-
ured by TUNEL assay (**, p < 0.01 vs control).

way. For example, calcineurin was shown to stimulate NF-xB
activity by enhancing the inactivation and degradation of 1B
(27,28),and in T lymphocytes, protein kinase C and calcineurin
have been shown synergistically to activate IkB kinase and
NF-kB (29). Moreover, Biswas et al. (30) showed that NF-«B/
Rel factor-bound IkBf subunit forms a ternary complex with
calcineurin in vitro and in vivo, and phosphorylated IkBp is a
substrate for calcineurin phosphatase. In neurons calcineurin
plays a role maintaining and modulating basal NF-«B activity
(31). Recently, DSCR1 was shown to inhibit the expression of
genes involved in the inflammatory response and to attenuate
NF-kB-mediated transcriptional activation by stabilizing its
inhibitory protein, IkBe (32).

In this study, we showed that NIK, which functions in the
alternative NF-«B signaling pathway, physically interacts with
DSCR1 in mammalian neuronal cells. We also demonstrated
that NIK can phosphorylate the C-terminal region of DSCR1,
which ultimately leads to an increase in protein stability by
attenuating the proteasome-mediated degradation of DSCR1.
These results suggest that DSCR1 may participate or play a role
in the inflammatory NF-«B signal transduction pathway.
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The phosphorylation of DSCR1 or DSCR1 homologs was pre-
viously shown to affect the regulation of calcineurin. Specifically,
the treatment of human U251 and HeLa cells with hydrogen per-
oxide and peroxynitrate results in the rapid hyperphosphorylation
of DSCR1 (at the SPP motifs within the proline-rich region cor-
responding to amino acids 96 —125), which ultimately results in
the inhibition of calcineurin (33). Additionally, GSK-3 kinase
has been shown to phosphorylate RCN1 at Ser-133, the DSCR1
homolog in Caenorhabditis elegans, which then goes on to reg-
ulate calcineurin signaling (34). Furthermore, MEK5 and
BMK1 are shown to phosphorylate DSCR1 at Ser-112 (35).
When phosphorylated, DSCR1 is dissociated from calcineurin
and binds with 14-3-3, thereby relieving its inhibitory effect on
calcineurin activity (35).

In this study, we found that the overexpression of DSCR1 in
H19-7 cells results in neurotoxicity and its subsequent phos-
phorylation results in the formation of cytosolic aggregates.
The aggregation of improperly folded peptides likely plays a key
role in the pathogenesis of many neurodegenerative diseases
(36, 37). Most DS patients develop phenotypes characteristic of
the neurodegenerative Alzheimer disease, such as the deposi-
tion of amyloid-B and neurofibrillary tangles (38) and the
severe loss of neuronal cells (39 —41). It has been suggested that
the chronic overexpression of genes located on chromosome 21
leads to the development of these Alzheimer disease pheno-
types. Interestingly, DSCR1 has been shown to be overex-
pressed in the brains of Alzheimer disease patients (42, 43).
Furthermore, the overexpression of DSCR1 decreases the
phosphatase activity of calcineurin, which consequently causes
the accumulation of hyperphosphorylated Tau protein (a major
component of tangle) and cytoskeletal changes in the hip-
pocampus, two events similar to those observed during the
development of Alzheimer disease (44—46). These findings
suggest that aberrant expression of DSCR1 may play a role in
AD pathogenesis. The data presented in this study indicate
that, whereas the aberrant expression of DSCR1 induces cyto-
toxicity in neuronal cells, the NIK-mediated phosphorylation
of DSCR1 is less prone digestion, which ultimately leads to the
formation of Tau-like aggregates.

Our current data demonstrate that DSCR1 aggregate forma-
tion does not exaggerate the neurotoxic effect associated with
its accumulation. This finding supports the hypothesis that the
formation of an intracytoplasmic DSCR1 aggresome is not itself
toxic and may not play a role in the establishment of the path-
ological degenerative changes associated with Down syndrome.
Recently, it has been hypothesized that amyloid deposits them-
selves are not the actual causes of neurodegeneration but rather
the oligomeric intermediates that eventually lead to the forma-
tion these deposits are the cause(s) (37, 47). It is believed that
the formation of amyloid deposits is a simple end product of a
detoxification process that is designed to protect the cell from
such toxic intermediates. This hypothesis is supported by
recent studies demonstrating that prefibrillar intermediates
(protofibrils) and not mature amyloid fibrils are the key toxic
species in Alzheimer disease, Parkinson disease, and Hunting-
ton disease. The toxicity of protofibrils in Alzheimer disease is
illustrated in the finding that small oligomers of A potently
inhibit long term potentiation of the hippocampus in vivo,
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whereas fibrillar and monomeric forms have no effect (48).
These results are further supported by another independent
study that demonstrated that when two proteins were incu-
bated under conditions in which amyloid fibrils were formed,
only the prefibrillar intermediates and not the mature fibrils
caused cytotoxicity (49). Therefore, further experiments will be
required, and it will be interesting to check whether these
DSCR1 aggregates contain misfolded protein components and
consequently possess the amyloid or prefibrillar structure
through in vivo and in vitro staining with Congo red or/and
thioflavin.

In summary, our study shows that NIK interacts with and
phosphorylates DSCR1. Although the overexpression of
DSCR1 decreases the viability of H19-7 cells, the NIK-mediated
phosphorylation of DSCR1 leads to the formation of its aggre-
gates, which do not to have an effect on cell viability. Further
studies are required to determine whether and how DSCR1
regulates the NIK activity and subsequently the alternative
NEF-kB signaling pathway. The results of such studies would
provide us with a greater understanding of the functional role of
DSCRI in NIK-mediated activation of the NF-kB signaling
pathway.
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