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Abstract SET is elevated and mislocalized in the neuronal
cytoplasm in brains of Alzheimer’s disease (AD) and Down
syndrome (DS) patients. Cytoplasm SET leads to inhibition of
protein phosphatase 2A and is involved in the tau pathology.
However, the regulation of SET gene expression remains elu-
sive. In the present study, we cloned a 1399-bp segment of the
5" flanking region of the human SET gene and identified that
the transcription start site (TSS) of SET transcript 1 is located
at 123 bp upstream of the translation start site ATG in exon 1.
Sequence analysis reveals several putative regulatory ele-
ments including NFkB, Sp1, and HSE. Luciferase assay and
electrophoretic mobility shift assay (EMSA) identified a func-
tional cis-acting NFkB-responsive element in the SET gene
promoter. Overexpression and activation of NFkB upregulate
transcription of SET isoform 1 but not isoform 2, indicating
that the expression of these two isoforms is differentially
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regulated. The results demonstrate that NFkB plays an impor-
tant role in regulation of the human SET gene expression. Our
findings suggest that oxidative stress and inflammatory re-
sponses could result in abnormal SET gene expression, con-
tributing to the tauopathy in AD pathogenesis.

Keywords Alzheimer’s disease - SET - NFkB - Spl -
Transcription

Introduction

Alzheimer’s disease (AD) is the most common neurodegener-
ative disease that causes progressive memory loss and cogni-
tive impairment. The key hallmark pathologies of AD are the
extracellular neuritic plaques and intracellular neurofibrillary
tangles (NFTs). NFTs mainly consist of abnormally
hyperphosphorylated tau and neritic plaques are formed by
amyloid {3 protein (A) deposition.

SET gene, firstly identified as a fusion gene to oncogene
CAN of the patient with acute undifferentiated leukemia, is
located on chromosome 9q34 [1]. It contains 11 exons and 10
introns. Four isoforms differed in the first exon and identical
in the last seven exons are generated from the SET gene
through alternative splicing. SET gene has a tissue-specific
expression pattern. Isoform 1, known as template-activating
factor-I & (TAF-Ix), is absent from some early-stage hemo-
poietic cell lines. However, isoform 2 (TAF-If3) is ubiquitous-
ly present among different tissues and remains a relatively
constant expression level [2]. These two isoforms consist of
290 and 277 amino acids, respectively. They have common
structure with a blocked N-terminal region, an earmuff do-
main, and a long acidic tail in the C-terminal region. Both
isoforms predominantly express in the nuclei and the cytosol
and are associated with the endoplasmic reticulum [2—4]. The
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difference in the N-terminal region of isoforms 1 and 2 is
responsible for their dimerization [5].

SET protein has multiple functions. The long acidic region
is essential for the TAF-I activity involved in the cell-free
adenovirus (Ad) core replication system and histone chaper-
one activity [6, 7]. As a subunit of inhibitor of acetyltransfer-
ases (INHAT), it helps to regulate both histone acetylation and
transcription [8, 9]. Furthermore, SET is also identified as
inhibitor 2 of protein phosphatase 2A, a family of major
serine/threonine phosphatases involved in regulating cell pro-
liferation and differentiation [10]. Thus, the crucial role is
implied in renal development and the early ontogenesis of
the nervous system [11, 12]. SET itself can work as a DNA
binding protein and transcriptional activator of cytochrome
P450c17, a key enzyme for the synthesis of dehydroepian-
drosterone (DHEA) in the brain. Activation of P450c¢17 tran-
scription leading an increased DHEA production could be an
important signal for modulating neurotransmission to trigger
formation of neuronal circuits [12]. SET can also specifically
bind Jcasp, a pro-apoptotic domain of the amyloid 3 precursor
protein (APP), leading to neuronal apoptosis [13]. Moreover,
recent studies revealed that the abnormal localization of SET
promotes abnormal tau hyperphosphorylation by affecting
PP2A signaling [14—18]. Our recent report also found that
overexpression beta-site APP cleaving enzyme 1 (BACE1)
significantly upregulated the level of SET, resulting in neuro-
degeneration in Alzheimer-associated dementia in Down syn-
drome (DS) patients [19]. These studies strongly demonstrate
that SET plays a critical role in AD pathogenesis, and abnor-
mal regulation of SET may contribute to the development of
AD. However, the regulatory mechanism of SET gene expres-
sion remains elusive.

In this paper, we cloned the promoter of SET and identified
its transcription regulation. We mapped that the transcription
start site (TSS) of SET transcript 1 and identified the NFkB
cis-acting element in the SET promoter region as a positive
regulator for SET gene transcription.

Materials and Methods
Plasmids

The 5’ flanking region of the human SET gene exon 1 was
firstly amplified by PCR from the genome DNA extracted
from human embryonic kidney 293 (HEK293) cells. Nine
fragments covering the 5’ flanking region of the SET from -
1276 bp upstream to +123 bp downstream of the transcription
start site at +1 (cytosine) were amplified by PCR and inserted
upstream of the luciferase reporter gene (Luc) in the pGL3-
basic expression vector (Promega). Primers were designed to
include restriction enzyme digestion sequence at the 5'-end
that is the same as the cloning sites of pGL3-basic. A series
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of deletion mutations (pSET-A, pSET-B, pSET-C, pSET-D,
pSET-E, pSET-F, pSET-G, pSET-H, pSET-I) of SET promoter
were constructed using primers listed as the following: -
1276fXhol: 5'-ccgacgegtccaaaccetgtgectact, -680fXhol: 5'-cc
gacgcgtcaagegattctectgecte, -483fXhol: 5'-ccgacgeg
tttttaaagcaggcatcta, -399fXhol: 5'-ccgacgcgtaagg
gaggtcaggaagga, -197fXhol: 5'-ccgacgcgttcacgtg
aaaccaggagg, +123rMlul: 5'-ccgctcgaggcetgttagggaagtecca,
+108rMlul: 5'-ccgctcgagecagaaccagaccacgag, +40rMlul: 5'-
ccgetcgagecageggcettaaatcgea, -48rMlul: 5'-ccget
cgagagcctcatcccacccaccet, -136rMlul: 5'-ccgetcgag
ggggcaagttcttecttg. A series of substitution mutations of
pSET-C nuclear factor binding sites were constructed accord-
ing to the protocol of KOD-Plus-Mutagenesis Kit (TOYOBO)
with primers listed as the following: fMA: 5'-gcgaaac
caaatccaaaaggtgtggt, rMA: 5'-taactccttcctgaccteccttgte, fMB:
5'-aaaaatttactgaggaatgttccaagctta, rMB: 5'-tttttact
gcccggtttcgetaactcette, fMC: S5'-aaaaaagcttag
gtgaggcaacagcacgtg, tMC: 5'-gggggctcagtaa
accacacccccactgee, fMD: 5'-tgaggcaaggctgaaacgttaaatc,
rMD: 5'-cctaagcttggaacattcctcagta, fME: 5'-aaaa
aaaagccaagagtgcccctgcagagega, rME: 5'-ttttttc
aagttcttccttgaggagaggat, fMF: 5'-aaaaact
ccagtgcagatttaagccgetggeca, rMF: 5'-ttttttggaag
ggatatttacatgacagtggga, fMG: 5'-aaaaaactcgtgg
tctggttctgggacttcccta, tMG: 5'-tttttgtccggaagcea
ggctgaacactgaga, fTMH: 5'-aaaaataacagcctcgagatctgegatceta,
rMH: 5'-tttttagaaccagaccacgagtctcctcgecegt. Plasmid pSET-
C was used as a template.

5’ RACE

Following the manufacturer’s instructions (FirstChoice®
RLM-RACE Kit, Invitrogen), 10 pg total RNA extracted
from HEK293 cells with the TRI reagent (Sigma) was used
to generate the 5" RACE complementary DNA (cDNA). With
the cDNA as a template, two nested PCR reactions were car-
ried out to generate specific 5’ RACE products. Forward
primers are adapter primers provided in the kit. Specifically
designed reverse primers are 5'-ggtttcttcttttgaggcgggagt (outer
primer) and 5'-ccggaattcgaagtcccagaaccagaccacgagt (inner
primer). After the inner PCR products were generated, they
were digested and inserted into the pcDNA4/myc-HisA vector
using the BamHI and EcoRI sites. The generated plasmids
were sequenced to map the TSS.

Cell Culture, Transfection, and Luciferase Assays

HEK?293 cells and SH-SYS5Y cells were cultured in complete
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) con-
taining 10 % fetal bovine serum (FBS, Gibco). All cells were
maintained at 37 °C in an incubator containing 5 % CO,.
HEK293 cells were transfected with 300 ng plasmid DNA
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per well of 48-well plate for luciferase assay, 10 pg plasmid
DNA of 10-cm plate for nuclear extraction, and 2 pg plasmid
DNA per well of 6-well plate for RNA extraction. All trans-
fections were carried out with Lipofectamine™ 2000 transfec-
tion reagent (Invitrogen). The Renilla luciferase vector pRIuc
was cotransfected as an internal control to normalize the trans-
fection efficiency in the luciferase assays. Cells were harvest-
ed at 24 h after transfection and lysed with 100 pl passive lysis
buffer (Promega) per well. Firefly luciferase activities and
Renilla luciferase activities were measured sequentially by
the Dual-Luciferase Reporter Assay System (Promega). The
firefly luciferase activity was normalized according to Renilla
luciferase activity and expressed as relative luciferase units to
reflect the promoter activity.

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay (EMSA) was performed
as previously described [20]. HEK293 cells were transfected
with the pMTF-P65 expression vector for 24 h to obtain
NFkB-enriched nuclear extract [21]. Nuclear extraction was
collected using NE-PER™ Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific) according the manu-
facturer’s instructions. Two oligonucleotides probes (wild-
type NFkB consensus-forward and SET 3XNFkB-forward)
were labeled with IR700 dye (Bioneer Corporation) and
annealed with corresponding anti-sense oligos to generate
double-stranded probes at a final concentration of
0.01 pmol/ul. For competition experiments, 2 pl of nuclear
extract was incubated with the 0.01 pmol of labeled probe and
100x (1 pmol) unlabeled competition probe for 20 min at
room temperature. For supershifting assay, monoclonal anti-
p65 (Cell Signaling) was added. The reaction mixtures were
separated on a 4 % Tris-glycine-EDTA gel for 70 min at 70 V
in darkness. The gel was scanned using the LI-COR Odyssey
(LI-COR Biosciences) at a wavelength of 700 nm. The se-
quences of the oligonucleotides were as follows: wild-type
NFkB consensus oligonucleotides (forward: agtt
gaggggactttcccagge, reverse: gectgggaaagtcecctcaact), mutant
NFkB consensus oligonucleotides (forward: agttgaggc
cactttcccaggce, reverse: gcctgggaaagtggcctcaact), SET
3XNFkB oligonucleotides (forward: gttctgggacttccctactgg
gacttccctactgggacttcectaaca, reverse: tgttagggaagtcccag
tagggaagtcccagtagggaagteccagaac), SET NFkB oligonucleo-
tides (forward: gttctgggacttccctaaca, reverse: tgttagggaa
gtcccagaac), mutant SET NFkB oligonucleotides (forward:
gttctgecacttcectaaca, reverse: tgttagggaagtggcagaac).

Quantitative RT-PCR
Cells transfected with empty vector (p)MTF or pCGN) or nu-

clear factor plasmids (pMTF-P65 or pCGN-Spl) were har-
vested 24 h after the transfection, and total RNA was extracted

using TRI reagent (Sigma). ThermoScript™ RT-PCR system
kit (Invitrogen) was used to synthesize the first-strand cDNA
using 1 pg of total RNA as a template. The human SET iso-
form 1 mRNA-specific primers (forward: 5'-gactcg
tggtctggttetg, reverse: 5'-aatcgcttcttgctgttct) were used to am-
plify a 170 bp fragment. The human SET isoform 2 mRNA
specific primers (forward: 5'-ggcggccaaagtcagtaaa, reverse:
5'-caatcgcttcttgetgttettt) were used to amplify an 86 bp frag-
ment. GAPDH gene primers (forward: 5'-aggtccacca
ctgacacgtt, reverse: 5'-gcctcaagatcatcagcaat) were used to am-
plify a 307-bp fragment as an internal control. Quantitative
real-time PCR was performed with SYBR® Premix Ex
Taq™ II (TaKaRa) and the reaction included one initial dena-
turation step at 94 °C for 3 min, then 40 cycles of 94 °C for
305,56 °C for30s, and 72 °C for 30 s (Bio-Rad CFX96). The
level of cDNA was calculated based on standard curve and
data were normalized by the level of GAPDH.

Statistical Analysis

Three or more independent experiments were performed. All
results are presented as mean=+SEM and were analyzed by
ANOVA or two-tailed Student’s ¢ test. p <0.05 was consid-
ered as statistically significant.

Results

Cloning the Human SET Promoter and Mapping Its
Transcription Initiation Site

The human SET gene spans a region of 12,964 bp on chro-
mosome 9q34. The human SET gene has four transcript var-
iants which are distinct in the first exon and share the identical
exons 5 to 11 (Fig. 1a). The human SET gene transcript 1
(NCBI Reference Sequence: NM_001122821) is 2863 bp
long and composed of eight exons. Human genomic DNA
samples were extracted from HEK293 cells, and a 1399-bp
5" flanking region of the SET exon 1 was amplified and
cloned. The DNA fragment was sequenced (Fig. 1b). To iden-
tify the transcription initiation site of the human SET gene, 5’
RACE assay was performed. The PCR product amplified with
the outer primer pairs is approximately 260 bp in length
(Fig. 1c¢). The DNA fragment amplified by the inner primers
and inserted in vector was sequenced. DNA sequencing
mapped the transcription start site at 123 bp upstream of the
translation start site ATG (Fig. 1d). This transcription start site
is designated as +1 and begins with cytosine. Further sequence
analysis and a computer-based transcription factor binding site
search using TRANSFAC, TF2 SEARCH, and Promoter Scan
revealed that the human SET gene promoter lacks typical
TATA and CAAT boxes, but contains several putative regula-
tory elements, such as HSE, Sp1, and NFkB (Fig. 1b).
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E47
—900  TCACCATGTT AGCCAGGATG GTCTCGATTT CCTGACCTCG TGATCCGCCT GCCTCAGCCT
YY1
—840  CCCAAAGTGC TGGGATTACA GGCTTGAGTC ACTGCGCCCG GCTGGGACCT TGTCTTAAAA
C—FOS
—780  AAAAAAAAAA GTCTTTTTTT GAGACAGGGT CCCGCTCTGT CGCCTAGGCT GGAGTGCAGT
SP1
—720  GGCACGATCT CAACCTCCAC CTCCCAGGTT CAAGCGATTC TCCTGCCTCA
ER
—660  GCCTCCCAAG TAGCTGGGAT TACAGGTGCC CACCACCACG CCCAGCTAAA ATAAACCCTC
—600  TTCTCTTAAC TTGTATCCCT TTCTGAAACA AGTGAAG C TCCAAGTCTC
HNF—3
—540  CAAAGTTTCC TGCTITTCCC TCTTTCTCTG TAATTCTTTC TTTCTTCTTT TTTTTTTTTT
NFKB
—480  TAAAGCAGGC ATCTAATTCC TTTGTAATTC TTGATTGGGA AATCTTTTTT TCAACATTAA
—420  TCTATCCCTT CAAGCAGAGA CAAGGGAGGT CAGGAAGGAG TTAGCGAAAC CGGGCAGTGG
SP1
—360  GGGTGTGGTT TACTGAG GC TTAGGTGAGG CAACAGCACG TGTTTAAATC
SP1 HSE—bind E4
—300  TTTTGGAGGC CAAAGGAAAA AAAAAAGAGG ATAAGTTCTC AGTAGGGGCA GGCCTGTCTA
—240  CCTGGGGGTT TGGGAACGAA CTGGGGGATA GGCTGCGGGG GTTTCACGTG AAACCAGGAG
—180  GTCTAGAAAG CACAGGGATC CTCTCCTCAA GGAAGAACTT GCCCCCTCCC CCAAAGCCAA
SP1
—120  GAGTGCCCCT GCAGAGCGAG GCAGAGAGCA ACTAAAAGAA ATTTCTCCTG ATTGGAGGGT
—60 GGGTGGGATG AGGCTGGGGG AGGGGGCCGG GGTGTGTGTC CCACTGTCAT GTAAATATCC
+1 CTTCCAGGCA_GGGCGGCTCC AGTGCAGATT TAAGCCGCTG GCACCTGGGG CAGTCTCAGT
SP1
+61 GTTCAGCCTG CTTCCGGACG GGCGAGGAGA CTCGTGGTCT GGTTCTGGGA CTTCCCTAAC
SP1 NFKB

+121  AGCATGGCCC CTAAACGCCA GTCTCCACTC
C(bp) Marker PCR d 110 120 130 140
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Fig. 1 Sequence features of the human SET gene promoter. a The
genomic organization of human SET gene on chromosome 9. E
represents exon. SET gene consists of 11 exons. ATG is the translation
start codon and TAA is the stop codon. b The nucleotide sequence of the
human SET gene from -1276 to +150 bp. The cytosine +1 represents the
transcription start site. The putative transcription factor binding sites are

Functional Analysis of the Human SET Gene Promoter
To investigate the transcriptional regulation of the human SET

gene, a series of deletions of the 5’ flanking fragments
were cloned into a promoterless luciferase reporter
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underlined in bold face. ¢ 5' RACE was performed to map the SET
transcription start site. The PCR product was run on a 2 % agarose gel.
d The PCR product was cloned into pcDNA4/myc-His A vector and
sequenced to identify the transcription start site. The arrow points to the
5"end of the 5" RACE product insert in the plasmid, which corresponds to
the transcription start site

plasmid pGL3-basic. Expression of luciferase in cells
transfected with pGL3-basic relies on insertion and proper ori-
entation of a functional promoter upstream of the luciferase
gene. The pGL3-basic vector, which lacks eukaryotic promoter
and enhancer sequences upstream of the luciferase reporter
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gene, has little luciferase expression. Eight fragments covering
various lengths from -1276 to +123 bp of the 5’ flanking region
of the human SET gene were amplified by PCR and cloned into
pGL3-basic vector according to restriction enzyme cutting sites
as described in the “Materials and Methods” section (Fig. 2a).
Plasmid DNA was transfected into HEK293 cells along with
plasmid pRLuc, and luciferase activity was measured by a
luminometer to reflect promoter activity (Fig. 2b).

Compared with cells transfected with an empty vector
pGL3-basic, pSET-A-transfected cells showed a significant lu-
ciferase activity (61.42 +5.82 RLU). This result indicated that
the 1399-bp fragment contains the functional promoter region
of the human SET gene. A deletion from -1276 to -680 shows
little impact on promoter activity, while a further deletion from -
680 to -483 (pSET-C) resulted in robust increase of promoter
activity (131.75+9.87 RLU). These results suggest that the
197-bp fragment may contain negative regulatory cis-acting
elements. In addition, different deletions from both 5’ and 3’
(pSET-D, pSET-E, pSET-F, and pSET-G) showed reduced pro-
moter activity compared with pSET-C. The sharp decrease
caused by deletion from -483 to -399 and +123 to +108 indi-
cates potential positive regulatory cis-acting elements in the
region. Deletions that lack transcription initiation site (pSET-
H and pSET-J) had no promoter activity as was expected. These
data showed that the region from -483 to +123 has the highest
promoter activity and potential positive regulatory elements.

NFkB Upregulates the Human SET Gene Promoter
Activity

Sequence analysis revealed several putative cis-acting binding
elements from -483 to +123 (Fig. 1b). To determine whether
these putative sites are functional, mutation analysis is

performed (Fig. 3a). A mutation in the last two Sp1 (pSET-C
MF and pSET-C MG) and the NFkB binding sites (pSET-C
MH) significantly reduced SET gene promoter activity in
HEK?293 cells (p < 0.05), whereas a mutation in other putative
cis-acting elements had no significant effect on the SET gene
promoter activity (p > 0.05) (Fig. 3b). In order to further in-
vestigate the effects of transcriptional factor Sp1 and NFkB on
SET promoter, we cotransfected pMTF-P65 or pCGN-Spl
with SET promoter plasmids in HEK293 cells and SH-
SYS5Y cells. Results showed that in HEK293 cells, NFkB
and Sp1 overexpression significantly increased SET promoter
activity to 1.92-fold (p <0.0001) and 1.47-fold (p < 0.05), re-
spectively (Fig. 3c, d). In SH-SYS5Y cells, NFkB upregulates
the human SET gene promoter activity to 1.37-fold (p < 0.05)
while Spl does not (p >0.05) (Fig. 3e, f). These results indi-
cated that NFkB plays a more vital role in regulating SET gene
promoter activity in neuronal-like cells, compared with Spl.
Moreover, SET promoter which lacks the NFkB binding sites
(pSET-F and pSET-G) or contains the mutant NFkB binding
sites (pSET-C MH) could not be upregulated by cotransfection
with pMTF-P65 in SH-SYSY cells (Fig. 3g). These data fur-
ther confirmed that NFkB activates SET gene transcription.

The SET Gene Promoter Contains a Functional NFkB
Binding Site

The putative NFkB cis-acting binding elements is located at
+107 to +116 bp in the 5 untranslated region of the SET gene
promoter. To investigate whether NFkB signaling regulates
SET gene transcription by interacting with the putative NFkB
cis-acting elements, we performed EMSA. First, HEK293 cells
were transfected with plasmid pMTF-P65 to obtain NFkB-
enriched nuclear extracts. Wild-type NFkB consensus

Fig. 2 Deletion analysis of the a b
human SET gene promoter. a Relative Promoter Activity (fold)
Schematic diagram of the SET

romoter deletion constructs in
gGLS-basic vector. The arrow pGL3 Basic
shows the direction of
transcription. The numbers SV40 promoter - PGL3 Pro
represents the end points of the 1276 Luc| pSET-A
human SET inserts relative to the +123
TSS site. b The deletion plasmids -680 pSET-B
were cotransfected with pRLuc 'y
into HEK293 cells. Twenty-four -483 pSET-C
hours after the transfection, the
luciferase activity was measured -399 PSET-D
and expressed in relative
luciferell)se units (RLU). The 97 == 23 PSET-E
pRLuc was used to normalize for 483 _im pSET-F
transfection efficiency. The values +108
represent means = SEM. n =3, -483 pSET-G
*p <0.01 vs. pGL3-basic by
one-way ANOVA followed by 483 —73 Luc PSET-H
post hoc Tukey’s multiple 483 = Luc pSET-

comparisons test
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Fig. 3 NFkB upregulates the human SET gene promoter activity. a The
putative cis-acting element binding mutant plasmids were constructed by
site mutagenesis from -483 to +123. b The mutant plasmids were
cotransfected with pRLuc into HEK293 cells. Twenty-four hours after
the transfection, the luciferase activity was measured and expressed in
relative luciferase units (RLU). The values represent means + SEM, n =3,
*p < 0.05 vs. pSET-C by one-way ANOVA followed by post hoc Tukey’s
multiple comparisons test. c—f The effects of NFkB and Sp1 on the human
SET promoter in HEK293 cells (¢, d) and SH-SYSY cells (e, f) were

oligonucleotides and repetitive SET NFkB oligonucleotides
were synthesized and labeled with IR700 dye to generate six
probes: NFkBwt-IR700, NFkBwt, NFkBmu, SET3XNFkB-
IR700, SETNFkB, and SETNFkBmu. The NFkB binding
probe NFkBwt served as a positive binding probe and the mu-
tant NFkB binding probe NFkBmu which loses the NFkB
binding ability served as a negative binding probe [22]. A
shifted DNA—protein complex band was observed after incu-
bating the NFkBwt-IR700 with nuclear extract (Fig. 4a, lane 2).
This shifted band disappeared by an addition of the 100x un-
labeled consensus competition probe NFkBwt (Fig. 4a, lane 3),
while the mutant one NFkBmu had no impact (Fig. 4a, lane 4).
Similarly, the probe SETNFkB containing the putative NFkB
cis-acting site on SET promoter sharply reduced the intensity of
the shifted band while probe SETNFkBmu had no effect
(Fig. 4a, lanes 5 and 6). An addition of anti-p65 anti-
body resulted in a slower-migrating supershifted band,
which confirmed the binding between the NFkB and the
probe (Fig. 4a, lane 7).
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analyzed by luciferase reporter assays. The SET promoter reporter
plasmid pSET-C was cotransfected into cells with NFkB expression
plasmid pMTF-P65 or the empty vector pMTF (b, d), Spl
expression plasmid pCGN-Spl, or the empty vector pCGN (e,
e). ¢ SET promoter which lacks the NFkB binding sites (pSET-F
and pSET-G) or contains the mutant NFkB binding sites (pSET-
C MH) was cotransfected into SH-SYSY cells with pMTF-P65
or pMTF. Values indicate means+SEM. n=3, *»p<0.05 by
Student’s ¢ test

To further investigate the binding between SETNFkB in
the human SET promoter region and NFkB, we performed
EMSA with IR700 dye-labeled SETNFkB. An IR700 dye-
labeled probe SET3XNFkB-IR700 contained three repeats
of putative NFkB cis-acting site of SET promoter.
Consistently, 100x competition probes SETNFkB and
NFkBwt weaken the shifted band but mutant probes made
no effect (Fig. 4b, lanes 2—6). A super-shifted band was also
detected (Fig. 4b, lane 7). Taken together, these data clearly
demonstrate that the human SET promoter contains a func-
tional NFkB binding site in the region of +107 to +116 bp.

NFkB Increases Human SET Isoform 1 Transcription
in SH-SYS5Y Cells

After testing the effect of NFkB and Spl on SET gene
promoter activity, we performed a quantitative RT-PCR
to measure the mRNA level of endogenous SET isoform
1 and isoform 2. NFkB overexpression has significantly
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Fig. 4 The SET gene promoter contains a cis-acting NFkB element.
Nuclear extract was isolated from HEK293 cells transfected with NFkB
expression plasmid. a EMSA with NFkB p65 consensus probe. Lane I is
labeled human consensus NFkB probe only. Lane 2 shows a shifted
DNA-—protein complex formed between the labeled NFkB with nuclear
extracts. Competition assays were performed by further adding different
competition oligonucleotides including consensus wild-type NFkB (lane

increased the human SET isoform 1 mRNA level by
56.94 % in SH-SY5Y cells (Fig. 5a). Spl overexpres-
sion had no effect in SH-SYS5Y cells (Fig. 5a). NFkB
overexpression has no impact on SET isoform 2 mRNA
level in both SH-SY5Y cells (Fig. 5a). These data clear-
ly demonstrated SET isoform 1 as a downstream target
of the NFkB signaling, and NFkB overexpression results
in a significant upregulation of the human SET isoform
1 transcription in neuronal-like cells.
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Fig. 5 NFKkB increases the transcription of human SET gene isoform 1
but not isoform 2 in SH-SYSY cells. Cells were transfected with either
empty vector (pMTF or pCGN) or the nuclear factor expression plasmids
(pPMTE-P65 or pCGN-Spl) for 24 h. a NFkB overexpression facilitated
SET isoform 1 mRNA level in SH-SYSY cells while not in Spl
overexpression. b NFkB expression has no effect on SET isoform 2
mRNA level. RT-PCRs were performed using either primers specific to
the human SET isoform 1 or isoform 2 coding sequence or the human
GAPDH coding sequence. Values indicate means+SEM. n=3, *»<0.05
by Student’s 7 test

4483
&
b 2 &
SOSH
FHEE
F S
Competitor100 - - + + + + -
Anti-p65 - - - - - - +
Nuclearextract - + + + + + +
rSETNFkB* + + + + + + +
Antl-p65 - -
NFkB = =0 = =
Freeprobe OO G S ® & ®

1234567

3), mutant NFkB (lane 4), putative SET NFkB, and mutant SET NFkB
(lanes 5 and 6). Lane 7 shows supershifted band with the anti-p65
antibody. b EMSA with SET NFkB probe. Lane [ is labeled
SET3XNFkB-IR700 probe only. Lanes 3 to 6 shows the competitor
homologous SET NFkB (lane 3), mutant SET NFkB (lane 4), wild-
type NFkB (lane 5), and mutant NFkB (lane 6) were added at 100-fold.
Lane 7 showed supershifted band with the anti-p65 antibody

Discussion

SET was first discovered in 1992 as part of a fusion protein
with nucleoporin Nup214 (CAN) in a patient with acute un-
differentiated leukemia [1]. Interestingly, the upregulation and
abnormal location of SET were also observed in the brain of
AD and DS patients [15, 19, 23, 24]. Neurofibrillary tangles
are formed by the hyperphosphorylated tau at over 30 serine/
threonine residues in AD brains [25]. PP2A is the major en-
zyme that accounts for 71 % of the total tau phosphatase
activity [26], and the activity of PP2A is tightly regulated by
the inhibitor protein SET/I2PP2A whose C-terminal region is
responsible for the binding to PP2A sub-unit PP2Ac [16].
Inactivation of nuclear localization signal (NLS) in the C-
terminal region or cleavage lead to N- and C-terminal peptides
causes cytoplasm retention of SET/I2PP2A and leads to ab-
normal tau pathology and neuronal death [18, 27]. Thus,
studying regulation of SET promoter activity could provide
new insights into the disease pathogenesis.

We cloned the human SET gene promoter and mapped the
transcription initiation site at 123 bp 5’ upstream of the trans-
lation start site. Our deletion analysis revealed that the frag-
ment from -483 to +123 has the highest promoter activity.
Further deletion from either 5’ end or 3’ end significantly
decreases the promoter activity. We found that NFkB overex-
pression significantly increased SET promoter activity in SH-
SYS5Y cell. Consistent with the results of SET promoter assay
in SH-SYS5Y cell, NFkB overexpression also increases the
mRNA level of endogenous SET isoform 1 in SH-SY5Y cell.
Our study showed that the regulation of SET gene expression
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by NFkB activation is mediated by the cis-acting NFkB bind-
ing elements in the SET gene promoter. All these results dem-
onstrate that NFkB plays an important role in the regulation of
human SET gene transcription of isoform 1. NFkB overex-
pression has no effect on SET isoform 2 expression. The data
showing distinct transcriptional regulation between SET gene
isoform 1 and isoform 2 is consistent with previous study of
isoform 2 being driving from a distinct promoter [28].

NFkB is a family of transcription factors and consists of
five members including p50, p52, p65 (RelA), RelB, and C-
Rel [29]. NFkB-activating stimuli include oxidative stress,
mitogens, cytokines (TNF-«), and bacterial products (LPS)
[30]. In the clinical stage of mild cognitive impairment
(MCI) due to AD, significant oxidative damage occurs with-
out the remarkable A3 plaque and NFTs [31]. Oxidative stress
causes lipid peroxidation [32, 33], protein oxidation [34],
DNA/RNA oxidation [35, 36], and downregulation of antiox-
idants [37] in AD patients. Oxidative stress could trigger the
pathological process of AD. Recently, two functional NFkB
binding elements were identified in the human BACE1 pro-
moter region [38]. We also reported that glycogen synthase
kinase-33 (GSK-33) regulates BACE1 gene expression via
NFkB signaling pathway [39]. BACELI is essential for A3
generation in the AD amyloidogenic process. Our results here
extend the mechanism linking NFkB with expression of SET,
a molecule associated with tau pathology. Oxidative stress
could activate NFkB signaling pathway, leading to upregula-
tion of the human SET gene expression in neural cells. Such
activation may contribute to abnormal tau phosphorylation in
AD pathogenesis. Further studies should explore the potential
impact of SET different isoforms on AD pathogenesis.
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