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Abstract Down syndrome (DS) is one of the most common
genetic diseases. Patients with DS display growth delay and
intellectual disabilities and develop Alzheimer’s disease (AD)
neuropathology after middle age, including neuritic plaques
and neurofibrillary tangles. Beta-site amyloid β precursor pro-
tein (APP) cleaving enzyme 1 (BACE1), essential for Aβ
production and neuritic plaque formation, is elevated in DS
patients. However, its homolog, β-site APP cleaving enzyme 2
(BACE2), functions as θ-secretase and plays a differential role
in plaque formation. In this study, by using Two-dimensional
sodium dodecyl sulfate polyacrylamide gel electrophoresis (2D
SDS-PAGE) and LC-MS/MS proteomic profiling analysis, we
found that the SET oncogene protein (SET) expression was
associated with BACE1 but not BACE2. SET protein was
increased in BACE1 overexpressing cells and was markedly
reduced in the BACE1 knockout mice. We found that the

overexpression of BACE1 or SET significantly inhibited cell
proliferation. Moreover, knockdown of SET in BACE1 over-
expression cells significantly rescued BACE1-induced cell
growth suppression. Furthermore, both BACE1 and SET pro-
tein levels were increased in Down syndrome patients. It sug-
gests that BACE1 overexpression-induced SET upregulation
may contribute to growth delay and cognitive impairment in
DS patients. Our work provides a new insight that BACE1
overexpression not only promotes neuritic plaque formation
but may also potentiate neurodegeneration mediated by SET
elevation in Alzheimer-associated dementia in DS.
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Introduction

Down syndrome (DS) is one of the most common genetic
diseases. Most of the patients carry an extra copy of chromo-
some 21 (Trisomy-21 syndrome). It affects one in 800 new
births [1]. Patients with DS develop characteristic Alzheimer’s
disease (AD) neuropathology after middle age, including am-
yloid plaques, neurofibrillary tangles, and neuronal loss [2, 3].
The mechanism underlying AD pathogenesis in DS remains
elusive. Studies have shown that several genes on chromo-
some 21, such as amyloid β precursor protein (APP) and
regulator of calcineurin 1 (RCAN1) contribute to the overpro-
duction of amyloid β protein (Aβ), the key component of
amyloid plaques, and neuronal loss detected in the brain of
AD patients and implicated in AD pathogenesis in DS patients
[4-8].

Beta-site APP cleaving enzyme 1 (BACE1) plays a critical
role in AD pathogenesis. BACE1 is theβ-secretase in vivo for
Aβ production [9-12]. BACE1 cleaves APP at two β-
secretase sites, the Asp1 site to generate C99 fragment and
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the Glu11 site to generate C89 [13, 14]. Subsequent cleavage
of C99 and C89 by γ-secretase results in full-length Aβ and
truncated Aβ generation, respectively. Cleavage of APP at the
Asp1β site by BACE1 is required for generating Aβ. How-
ever, the Aβ Glu11 is the predominant β-secretase site of
BACE1 to process APP under normal conditions [14]. Aβ
production and deposition initiate the cascade of neuronal cell
stress and neuronal cell death, and it is believed to be the
driving force for AD development. Our lab reported that
BACE1 expression and maturation are upregulated in DS
patients and increased APP processing by BACE1 contributes
to AD development in DS [7].

BACE1 is essential for Aβ production in AD pathogenesis,
and suppression of BACE1 expression or activity significantly
reduces APP processing and Aβ generation in vivo and
in vitro [15-20]. Knockout of BACE1 rescues the memory
deficit present in AD mouse model [21]. Furthermore, inhibi-
tion of GSK3β-mediated BACE1 expression reduces
Alzheimer-associated phenotypes [20]. These studies suggest
that specific inhibition of BACE1 enzymatic activity is a
direct and effective way to reduce Aβ production and to
prevent the development of AD. However, studies have
shown that inhibition of BACE1 could result in many unwant-
ed negat ive biologica l consequences inc luding
hypomyelination, retinal pathology, impaired movement co-
ordination by affecting the formation and maturation of the
muscle spindle; and schizophrenic behaviors in BACE1-
deficient mice [22-26]. Nevertheless, BACE1 modulators that
reduce Aβ generation without significantly affecting
neuregulin and other substrates could be valid candidates for
AD drug development.

Beta-site APP cleaving enzyme 2 (BACE2) is a homolog
of BACE1. BACE2 gene is located on chromosome 21q22.3,
encodings for a 518 amino acid single transmembrane domain
protein [27-30]. BACE2 protein degradation is mediated by
the macroautophagy-lysosome pathway [31]. BACE2 shares
75 % homologous amino acids sequences with BACE1 [32].
However, expression of BACE2 and BACE1 are regulated
distinctly at transcription and translation levels, and BACE2 is
not a β-secretase but functions as a novel θ-secretase, mainly
processing APP at the θ site between Aβ-Phe+19 and -Phe+20,
resulting in inhibition of Aβ generation [6, 32]. These studies
suggested that BACE2 and BACE1 could have distinct down-
stream targets and modulates different signaling pathways in
pathological conditions. Nevertheless, both of them can serve
as valid therapeutic targets for AD drug development.

SET nuclear oncogene (SET), also known as template-
activating factor-I (TAF-1), is a multifunctional nuclear
phosphor-protein. It was first discovered in 1992 as part of a
fusion protein with nucleoporin Nup214 (CAN) in a patient
with acute undifferentiated leukemia [33]. The SET gene is
located on chromosome 9q34, and its transcription is con-
trolled by two different promoters [34], resulting in expression

of two distinct isoforms of protein designated as SET/TAF-1α
(290 amino acids) and SET/TAF-1β (277 amino acids) [35].
The two isoforms only differ in the first 30 amino acid
sequence in the N-terminal [35].

SET is widely expressed in a variety of tissues in human
[36] and mouse [37] and is involved in many biological
functions. SET is a potent inhibitor of the protein phosphatase
2A (PP2A) [38]. Recombinant human SET exhibits strong
and specific inhibitory effect on the phosphatase activity of
PP2A in vitro [39], and the N-terminal region appears essen-
tial for its inhibitory activity [40]. Set/TAF-1β is also involved
in forming the complex of endogenous inhibitor of histone
acetyltransferases (INHAT), which binds to histone, blocks
histone acetylation, and inhibits gene transcription [41].More-
over, SET is actively involved in cell death mediated by both
caspase-cleaved APP fragment and SET mislocalization from
the nuclear to the cytoplasm [42, 43]. Recently, studies
showed that SET potentiates Tau hyperphosphorylation for
neurofibrillary tangle formation, a neuropathological hallmark
of AD [44-47].

In this study, by analyzing the protein expression profiles
using BACE1 and BACE2 overexpression cell models by
two-dimensional gel electrophoresis, we found that the ex-
pression of SET, a potent phosphatase inhibitor, was signifi-
cantly associated with BACE1 expression. Overexpression of
BACE1 significantly upregulated the level of SET. The in-
crease in SET level was associated with cell growth inhibition.
Moreover, the protein level of SETwas significantly higher in
the brain tissue of DS patients compared to the controls. Since
SET is implicated in AD pathogenesis by regulating Aβ
production and tau accumulation, the upregulated SETexpres-
sion in DS patients could play a critical role in the develop-
ment of AD among these patients.

Materials and Methods

Cell Culture and Protein Extraction The cell lines 20E2,
2 EB2, and 4 EB2 were analyzed in this study. 20E2 is a
human embryonic kidney (HEK) cell line which stably
overexpresses Swedish APP695. 2 EB2 cells stably overex-
press Swedish APP695 and mycHis-tagged BACE1. 4 EB2
cells stably overexpress Swedish APP695 and mycHis-tagged
BACE2. 293B2 and 4B25 cells are HEK cell line stably
overexpressing human BACE1 and BACE2, respectively.
The stable cell lines were maintained in complete Dulbecco’s
modified Eagle’s medium (DMEM) containing antibiotics
neomycin and/or zeocin at 37 °C in an incubator containing
5 % CO2. Harvested cel l pel le ts were lysed in
radioimmunoprecipitation assay (RIPA)-deoxycholate
(DOC) buffer supplemented with protease inhibitor cocktail
(Roche). The cell lysate was quantified using Bio-Rad DC
Protein Assay Kit (Bio-Rad).
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Plasmid Constructs and Generation of SET Stable Cell
Lines Plasmid pzBACE1-mycHis was used to express human
BACE1 protein [48]. To construct SET expression plasmid,
RNAwas extracted from SH-SY5Y cells. Human SETcDNA
was amplified by RT-PCR using following primers 5′-
c cg a ag c t t g c c a c c a t g t c gg cgc cggcggcc a a and 5 ′
aagtctagagtcatcttctccttcatcct. The PCR fragments were
cloned into pcDNA4-mycHis vector (Invitrogen) at
HindIII and XbaI sites to generate SET expression plas-
mid termed pzSET-mycHis. The plasmids were con-
firmed by restriction enzyme digestion and sequencing.
To generate SET stably transfected cell lines in HEK293
and N2A cells, plasmid pzSET-mycHis was transiently
transfected into these two cell lines and selected with
Zeocin. SM3 and NSM were the two clones with stable
SET overexpression in HEK293 and in N2A cells, re-
spectively. All the stable cell lines were maintained with
50 mg/L of Zeocin.

Two-Dimensional Sodium Dodecyl Sulfate Polyacrylamide
Gel Electrophoresis (2D SDS-PAGE) and Sypro Ruby
Staining. The 2D SDS-PAGE was performed to compare
the protein composition between BACE1 and BACE2 over-
expressing cell lines. Briefly, cell lysate of 2 EB2 and 4 EB2
were first cleaned up using ReadyPre 2-D Cleanup Kit (Bio-
Rad). The purified protein pellets were resuspended in 2D-
rehydration buffer 1 (Bio-Rad). The protein concentration was
measured using fluorescent-based EZQ protein quantification
kit (Invitrogen). A total of 150 μg of protein in 135 μl 2D
rehydration buffer was loaded onto 17 cm immobilized pH 3–
10 gradient (IPG) strips with linear pH gradient and
rehydrated overnight. Isoelectric focusing electrophoresis
(IEF) was performed at 250 V for 30 min and 4,000–
10,000 V h at 20 °C using Protean IEF cell (Bio-Rad). Sep-
aration in the second dimension was performed on 12 %
glycine gel using the MiniProtean II Electrophoresis system
(Bio-Rad). The SDS-PAGE gel was then stained with
Sypro Ruby (Invitrogen) overnight and visualized and
documented using GelDoc-It imaging system. Three
replicates were performed independently. Dots consis-
tently showing different staining intensity between cell
lines were excised manually and subject to liquid chro-
matography (LC)-mass spectrometry (MS)/MS analysis.

Immunoblotting and Immunoprecipitation Brain tissues of
DS patients were obtained fromUniversity of Maryland Brain
and Tissue Bank for Developmental Disorders (Baltimore,
MD, USA). The average ages of 12 controls and 15 DS
patients were 34.8±38.1 years and 26.2±27.3 years, respec-
tively. The causes of death in control cases were not related to
brain diseases. BACE1 knockout mice were purchased from
JAX lab. Brain tissue or cells were lysed in RIPA-DOC lysis
buffer (1 % Triton X100, 1 % sodium deoxycholate, 0.1–4 %

SDS, 0.15 M NaCl, 0.05 M Tris-HCl, pH 7.2) supplemented
with protease inhibitors (Complete, Boehringer Mannheim).
The lysate were separated by SDS-PAGE and transferred to a
PVDF membrane. Following blocking of the membranes was
incubated in primary and IRDye infrared secondary antibody.
Finally, the blots were scanned and analyzed using LI-COR
imaging system. Quantification was based on at least three
independent experiments. β-actin was used as an internal
control for normalization. The following primary antibodies
were used: anti-SET (Cell Signaling Technology), anti-
RCAN1 (DCT3) [4], anti-BACE1 (208) [49] and anti-myc
(9E10). To investigate the interaction between SET and
BACE1 and BACE2, immunoprecipitation was performed
using Pierce crosslink immunoprecipitation kit (Thermo Sci-
entific). The immunoprecipitates were separated on 12%Tris-
Glycine gel and detected using antibodies for co-
immunoprecipitation.

Cell Growth and BrdU Proliferation Assay To monitor the
growth rate of SET overexpression stable cell line, 2.5×105

cells were seeded on 35-mm dishes, and the cell number was
counted and recorded after 3 days. The cells were continuous-
ly seeded and counted every 3 to 4 days. For the BrdU assay,
the cells were incubated with 10 μM BrdU for 6 h. After
incubation, the cells were washed with PBS and fixed with
4 % paraformaldehyde for 20 min at room temperature. Two
molar HCl was applied for 30 min at 37 °C and followed by
neutralization for 30 min with 0.1 M sodium borate. The cells
were permeabilized in 0.2 % Triton solution for 15 min at
room temperature. Fixed cells were blocked with goat serum
and then incubated at room temperature for 2 h with goat anti-
BrdU antibody (Sigma). Following the incubation, cells were
washed with PBS and incubated with Cy3-conjugated anti-
goat IgG (Thermo Scientific) for 1 h. After washing with PBS,
cells were stained with 4,6-diamidino-2-phenylindole (DAPI)
(Sigma). Cell images were recorded by fluorescent micro-
scope (Axiovert200, Carl Zeiss Inc.).

Statistical Analysis Student’s t test and ANOVA were per-
formed. Values of P<0.05 were considered significant.

Results

Upregulated Expression of SET in BACE1 Overexpression
Cells

2D SDS-PAGE analysis was performed to examine the dif-
ference in protein composition between the Swedish mutant
APP and BACE1 overexpressing cell line 2 EB2 and the
Swedish mutant APP and BACE2 overexpressing cell line
4 EB2. A total of three independent experiments were
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performed. One dot (marked by arrow in Fig. 1a) in the acidic
area in 2 EB2 cells consistently showed stronger staining
intensity compared to that in the 4 EB2 cells. A subsequent
LC-MS/MS analysis and Mascot search of the excised dot
revealed that the protein SET was the top hit among the
several identified proteins (Fig. 1b). We next validated the
finding by Western analysis (Fig. 1c). The result confirmed
that SET was significantly upregulated in 2 EB2 cells com-
pared to the non-BACE1 overexpressing control cell 20E2
(146.93±11.03 % relative to control, p<0.05) (Fig. 1d). No
significant change in the level of SET expression was ob-
served in 4 EB2 cells.

Next, we examined the level of SET in another three cell
lines 293B2, 4B25, and HEK293. 293B2 is a HEK293 cell
line stably expressing BACE1, and 4B25 is a HEK293 cell
line stably overexpressing BACE2 [6]. The level of SET
expression was markedly increased in 293B2 cells compared
to control cell line HEK293 (145.71±6.57 % relative to con-
trol, P<0.05) (Fig. 2a, b). SETexpression was not significant-
ly changed in 4B25 cells (Fig. 2a, b). To examine whether the
increase in SET protein level was due to upregulated tran-
scription, the mRNA level of SETwas assayed. No significant
difference was observed between HEK293, 293B2, and 4B25
cell lines (Fig. 2c, d). Moreover, there was no detectable
i n t e r a c t i on be tween BACE1 and SET by co -
immunoprecipitation (data not shown). These results clearly
showed that overexpression of BACE1 but not BACE2
upregulates SET protein level.

SET Expression Was Reduced in the Brain of BACE1
Knockout Mice

We have shown SET upregulation in BACE1 overexpressing
cells lines. To examine whether inhibiting BACE1 expression
could reduce SET expression, the protein level of SET in the
brain of BACE1 knockout mice was measured by Western
blot analysis. Disruption of BACE1 gene in the BACE1
knockout mice was confirmed by PCR genotyping, and the
lack of BACE1 protein expression was further confirmed by
Western blot. Compared to the wild type mice and the BACE1
overexpressing 293B2 cells, BACE1 protein was not detected
in the brain of BACE1 knockout mice (Fig. 3a). Compared to
the wildtype mice, SET expression was dramatically reduced
in the brain of BACE1 knockout mice (70.64±8.21 % relative
to control, p<0.01) (Fig. 3b, c). It is indicated that disruption
of BACE1 expression resulted in reduced SET expression
in vivo.

Overexpression of BACE1 Inhibited Cell Proliferation
Mediated by SET Upregulation

To assess the effect of BACE1 and SET on cell proliferation,
the numbers of cell population doublings between BACE1/

SET overexpression cell line and their parental cell line were
examined. After 12 days of culture, the growth rate of the
BACE1-overexpressing 293B2 cells was 67.40 % of their
parental control cells HEK293, with an 8.17±0.09 population
doublings (PDs) versus 12.13±0.07 PDs (P<0.01) (Fig. 4a).
To study SET’s effect, a SET stable cell line SM3 was gener-
ated by stably-transfected pzSET-mycHis plasmid into
HEK293 cells. SM3 cells robustly expressed the mycHis-
tagged SET protein, as was detected by both SET-NTantibody
and anti-myc antibody 9E10 (Fig. 4b). SM3 cells exhibited
24.13 % decrease of growth rate compared to the parental cell
line HEK293, 9.17±0.11 PDs versus 12.13±0.07 PDs at day
12, respectively (P<0.01) (Fig. 4c). The rate of BrdU uptake
between SM3 cells and control HEK293 cells was measured
to further examine the effect of SETon cell proliferation. After
6 h incubation, HEK293 had significantly more cells labeled
with BrdU compared to SM3 cells (48.26±3.60 vs 31.67±
1.79 %, p<0.01) (Fig. 4d, e).

Since SET is mainly expressed in the brain and its
effect could be related to Alzheimer pathogenesis, we
further determined its growth-inhibiting effect on neuro-
nal cells. We generated a stable cell line NSM which
constitutively overexpressed SET in parental neuroblas-
toma N2A cells (Fig. 4f). NSM cells showed a marked
growth rate reduction, 6.20±0.16 PDs versus 7.94±0.35
PDs at day 6 (P<0.01) (Fig. 4g). Taken together, these
data clearly demonstrate that SET overexpression
inhibited cell proliferation in both HEK293 cells and
neuronal N2A cells.

To determine whether BACE1-induced inhibition of
cell proliferation is mediated by SET, SET knockdown
experiments were performed in 293B2 cells by using
SET siRNA. Six days after SET siRNA transfection, the
expression of SET was markedly reduced compared with
cells transfected with scramble siRNA, while its expres-
sion was gradually recovered at day 9 (Fig. 4h). Mean-
while, the cell proliferation rate of 293B2 cells
transfected with scramble siRNA and SET siRNA was
monitored. We found that SET knockdown significantly
rescued BACE1-induced growth suppression, 7.89±0.08
versus 7.33±0.07 PDs at day 9 (p<0.01). It highly sug-
gests that BACE1-induced cell growth suppression is
mediated by SET upregulation.

BACE1 and SET Were Upregulated in the Brain of DS
Patients

BACE1 plays an important role in AD pathogenesis. In
BACE1 overexpression cell model, we have observed that
SET was significantly upregulated. We then examined the
expression level of SET and BACE1 in the tissue of frontal
cortex in a total of 15 DS patients and 12 controls by western
blotting (Fig. 5a). SET and BACE1 protein levels were
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Fig. 1 SET expression was upregulated in BACE1 overexpression
cells. a Cell lysates from 2 EB2 and 4 EB2 cells were separated
by 2D SDS-PAGE and stained with Sypro Ruby. The spots
indicated with an arrow were excised for MS analysis; b LC-
MS/MS analysis of the dot in a revealed that four peptides of
SET were hit; the sequences of the 4-hit peptide were numbered

with their corresponding position in SET; c The expression level
of SET in 20E2 cells, 2 EB2 cells, and 4 EB2 cells were
analyzed using Western blotting. SET was detected by SET N-
terminal antibody. β-actin was served as loading control; d SET
expression were quantified and normalized to β-actin. The values
represent mean±SEM; *p<0.05 by Student’s t test, n=3

Fig. 2 SET expression in the BACE1 or BACE2 stably-expressing
cells. a The cell lysates of HEK293 cells, 2 EB2 cells, and 4B25
cells were subjected to Western analysis. SET was detected by
SET N-terminal antibody. β-actin served as loading control. SET
expression was quantified and normalized to β-actin; b quantita-
tive analysis of the SET protein levels. Compared to HEK 293
cells, the protein level of SET in 293B2 cells was increased, and
there were no significant changes observed in 4B25. The values
represent mean±SEM. *p<0.05 by Student’s t test, n=3; c

semiquantitative RT-PCR was performed to measure mRNA level
of SET and β-actinin HEK293 cells, 293B2 cells, and 4B25 cells.
β-actin served as an internal control; the samples were analyzed
on 1 % agarose gel; d quantification of SET mRNA. Compared
to the parental cell HEK293, there was no significant difference
in the mRNA level of SET in 293B2 cells and 4B25 cells. The
values represent mean±SEM and were analyzed by Student’s t
test, n=3
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Fig. 3 SET expression was reduced in the brain of BACE1
knockout mice. a Western blot analysis was performed to examine
BACE1 level in the brain tissue of wild-type mouse (WT), the
BACE1 overexpressing cells (293B2), and the brain tissue of
BACE1 knockout mouse (KO). BACE1 was detected by BACE1
antibody 208. Compared to the wild-type mouse and cells with
BACE1 overexpression, there was no detectable BACE1 protein
in the brain tissue of BACE1 knockout mouse; b SET protein

level in the brain tissue of wild-type mice (WT) and BACE1
knockout mice (KO) was assayed by Western blotting. SET was
detected by SET N-terminal antibody. β-actin served as loading
control; c Quantification of SET protein level in the mouse brain
tissues. SET expression was significantly reduced in BACE1
knockout mice. The values represent mean±SEM and were ana-
lyzed by Student’s t test. **p<0.01, n=5 in each group

Fig. 4 SET overexpression inhibited cell proliferation. a Growth
curve of HEK293 cells and 293B2 cells. The growth rate of
293B2 cells was 67.40 % of HEK293 cells. **p<0.01 by
ANOVA, n=3; b generation of SM3 stable cell line overexpress-
ing SET-mycHis protein. Cell lysates from HEK293 and SM3
were subjected to Western analysis. Exogenous mycHis-tagged
SET protein and endogenous SET protein were detected with
SET N-terminal antibody (SET-NT), and exogenous mycHis-
tagged SET was also detected by anti-myc antibody 9E10; c
Growth curve of HEK293 cells and SM3 cells. The growth rate
of SM3 cells was 75.59 % of HEK293 cells at day 12. **p<0.01
by ANOVA, n=3; d BrdU cell proliferation assay of HEK293 and
SM3 cells. BrdU incorporation was detected by BrdU antibody
followed by cy3-conjugated anti-goat IgG (red). Nuclei were
stained with DAPI (blue). e The percentage of BrdU-positive cells

in SM3 cells was significantly lower than that in HEK293 cells.
**p<0.01 by Student’s t test, n=4; f Western analysis of N2A
cells stably expressing SET. Myc-tagged SET was only detected
in NSM cells by 9E10, and endogenous SET was detected by the
SET-NT antibody in both N2A and NSM cells. g Growth curve of
N2A cells and NSM cells. The growth rate of NSM cells was
78.18 % of N2A cells at day 16. **p<0.01 by ANOVA, n=3. h
Western blot analysis of 293B2 cells transfected with scramble
and SET siRNA. The expression of SET was marked reduced at
day 6, while its expression was gradually recovered at day 9. i
Growth curve of 293B2 cells transfected with scramble and SET
siRNA. The growth rate of 293B2 cells transfected with SET
siRNA was significantly increased compared with scramble siRNA
transfected 293B2 cells at day 9. **p<0.01 by ANOVA, n=3
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significantly increased in DS patients by 276.29±36.50 %
(p<0.01 relative to control) (Fig. 5b) and 309.90±23.60 %
(p<0.01 relative to control) (Fig. 5c), respectively.

Discussion

AD is the most common neurodegenerative disorder leading to
dementia. Patients with DS usually develop Alzheimer-type
dementia at the middle age. The incidence rate can reach 60–
75 % when they are over 60 years old [50-52]. The mechanism
by which DS patients have high incidence of AD at early age
remains poorly understood. The presence of an extra copy of
chromosome 21 and overexpression of the genes on the chro-
mosome could be causative. APP, encode by APP gene on
chromosome 21, plays an essential role in AD pathogenesis.
The triplication of APP gene contributes significantly to the
increased prevalence of AD-like dementia in people with DS.
Overexpressed APP has been directly linked to the neuropath-
ological abnormality observed in DS with dementia [7]. A
number of studies have documented that APP was significantly
overexpressed in the brain of adult DS patients [53-55]. APP is
the precursor protein for Aβ production. APP overexpression
significantly reduced cholinergic neuron’s ability to transport
neural growth factor (NGF) in mouse model and consequently

led to neuronal cell degeneration [56]. APP overexpression is
also the driving force for the excessive production and accu-
mulation of the fibrillary Aβ42 protein, which set off a series of
processes and eventually lead to neuronal cell death and AD
[57]. Duplication of a short segment of chromosome 21 which
spans the APP locus resulted in early onset AD in otherwise
phenotypically normal individuals [58, 59]. In addition to APP,
other genes located on chromosome 21 such as RCAN1 also
contribute significantly to the pathogenesis of AD-like demen-
tia in people with DS [60].

In this study, we have showed that the protein level of
BACE1 was significantly increased in DS patients compared
to the controls. BACE1, the key protease in vivo for Aβ
production, has been directly implicated in AD pathogenesis
[61]. BACE1 activity has been established as the rate-limiting
step in the process of Aβ production. The protein level of
BACE1 could be the major regulatory factor for the produc-
tion of Aβ besides APP level. Together with increased ex-
pression of APP, upregulated BACE1 could significantly lead
to overproduction of Aβ and the formation of extracellular
amyloid plaque beginning early in life in DS. Previously, we
have shown that people with DS had altered BACE1 traffick-
ing and significantly higher levels of mature BACE1 proteins,
which contributed to the formation of AD-like pathological
changes in DS [7].

In the stable cell line overexpressing BACE1, we found
that the protein level of SET was significantly upregulated.
This was first detected by 2D SDS-PAGE and then confirmed
byWestern blotting. No significant change in the mRNA level
of SET in the BACE1 overexpressing cells suggest that the
regulations of SET expression by BACE1 mainly occur at
posttranscriptional level. We also examined the interactions
between BACE1 and SET by co-immunoprecipitation. How-
ever, no direct interaction was observed (data not shown). We
found that both BACE1 and SET protein levels were signif-
icantly increased in DS patients. Alteration of SET overex-
pression could contribute to the occurrence of AD-like de-
mentia. SET, also known as TAF-1β, is a nuclear phosphor-
protein widely distributed in a variety of human tissues and
involved in various physiological activities [35, 36, 41]. First,
SET is a potent inhibitor of protein phosphatase 2A (PP2A)
[62, 63]. PP2A is one of the major serine/threonine phospha-
tases in mammalian cells and the major tau phosphatase in
human brain [64-67]. Aberrant phosphorylated Tau is insolu-
ble and more prone to form intraneuronal fibrillary tangles
which characterize the histopathological changes in the brain
of AD patients [68]. Reduced PP2A activity has been ob-
served to induce Tau hyperphosphorylation in transgenic mice
[62, 65] and in AD patients [63]. In DS brain, Tau is
hyperphosphorylated. Therefore, it is plausible that signifi-
cantly upregulated SET in DS contributes to Tau
hyperphosphorylation by suppressing PP2A activity. Further
studies are warranted to investigate the hypothesis.

Fig. 5 BACE1 and SETwere upregulated in the brain of DS patients. a
Brain lysates from Down syndrome patients and controls were resolved
on 10 % SDS-PAGE and followed byWestern blot. SETwas detected by
SET-NT antibody. BACE1 was detected by BACE1 antibody 208. β-
actin was served as loading control; b quantification of SET protein level.
The level of SET in the brain tissue of DS patients (N=15) was markedly
increased compared to the control (N=12) **p<0.01 by student t test; c
quantification of BACE1 protein level. The level of BACE1 in DS
patients was also significantly upregulated; **p<0.01 by Student’s t test

Mol Neurobiol (2015) 51:781–790 787



SET was implicated in APP-induced neuronal cell death
[42]. APP is a substrate of several caspases [69-73]. The
fragment Jcaps produced by caspase-induced proteolytic
cleavage exhibited strong cytotoxic effect on neuronal cells
in AD [73]. Immunoprecipitation and mass spectrometry
studies revealed that SET was one of the interacting proteins
to facilitate the cytotoxic activity of Jcasp. Downregulation of
SET reduced Jcasp-induced cell death [42]. In this study, we
observed increased SET expression in the brain of DS pa-
tients, which could be associated with accelerated neuronal
cell death. On the other hand, we found that SET overexpres-
sion inhibited cell proliferation in both peripheral cells and
neuronal cells. The doubling time of SET overexpressing cell
line was markedly reduced. When we used BrdU labeling as
an index of cell proliferation, the amount of BrdU incorpora-
tion was significantly less in SET overexpressing cell lines.
The growth rate in cells overexpressing BACE1 was also
significantly reduced, which could be rescued by SET knock-
down. Previous study showed the involvement of SET in
forming the endogenous IHAT complex in vivo [41], and
SET overexpression could greatly inhibit the process of his-
tone acetylation and gene transcription, and ultimately slow-
down cell growth and proliferation. In DS patients, it is
conceivable that the upregulated BACE1 and SET could
negatively affect the process of neurogenesis of the brain
and facilitate neurodegeneration, thus contributing to the early
onset of AD-like dementia.
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