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Abstract
The aberrant splicing isoform (PS2V), generated by exon 5
skipping of the Presenilin-2 (PS2) gene transcript, is a
diagnostic feature of sporadic Alzheimer’s disease (AD). We
found PS2V is hypoxia-inducible in human neuroblastoma
SK-N-SH cells. We purified a responsible trans-acting factor
based on its binding to an exon 5 fragment. The factor was
identified as the high mobility group A1a protein (HMGA1a;
formerly HMG-I). HMGA1a bound to a specific sequence on
exon 5, located upstream of the 50 splice site. HMGA1a
expression was induced by hypoxia and the protein was
accumulated in the nuclear speckles with the endogenous
splicing factor SC35. Overexpression of HMGA1a generated
PS2V, but PS2V was repressed by cotransfection with the U1
snRNP 70K protein that has a strong affinity to HMGA1a.
HMGA1a could interfere with U1 snRNP binding to the 50

splice site and caused exon 5 skipping. HMGA1a levels were
significantly increased in the brain tissue from sporadic AD
patients. We propose a novel mechanism of sporadic AD that
involves HMGA1a-induced aberrant splicing of PS2 pre-
mRNA in the absence of any mutations.
Cell Death and Differentiation (2003) 10, 698–708. doi:10.1038/
sj.cdd.4401221
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder
associated with pathological changes in nervous tissue such
as severe neuron loss, glial proliferation, extracellular
deposition of senile plaques composed of b-amyloid (Ab)
and intraneural neurofibrillary tangles (reviewed in Selkoe1).
Mutations in the genes for amyloid-precursor-protein (APP),
Presenilin-1 (PS1), and Presenilin-2 (PS2) are known causes
for familial AD.2,3 Despite extensive research, however, little
is known about the causative mechanisms of sporadic AD,
which accounts for over 90% of AD cases.

Alternative splicing of precursor mRNA transcripts, or pre-
mRNA, is a potent strategy for the regulation of gene
expression in eucaryotes.4–6 Variation in the selection of the
alternative splice sites and/or alternative exons results in the
production of different protein isoforms from the same gene,
often in response to tissue-specific, physiologically, or
developmentally regulated states. The alternative spliced
isoforms may have a distinct function, but occasionally they
lack proper function altogether. Recently, isoforms with
aberrant function have been reported to be associated with
certain degenerative disorders. For example, splicing mutants
with four-repeat isoforms containing exon 10 of tau gene have
been found in frontotemporal dementia and Parkinsonism
linked to chromosome 17 (FTDP-17).7 Cases of complex
cystic fibrosis were reported to be associated with the
production of inactive cystic fibrosis transmembrane con-
ductance regulator (CFTR) protein, which is generated by
aberrant exon 9 skipping of the coding pre-mRNA.8

Previously, two mutant transcripts lacking exons 4 and 9 of
the PS1 gene have been identified in familial AD.9,10 We
reported the preferential expression of a characteristic
splicing variant of the PS2 gene that lacks exon 5 (isoform
termed PS2V) in the sporadic AD brain, which is not caused by
a mutation of the gene but possibly by a trans-acting factor.11

We showed that PS2V protein impaired the signaling pathway
of the unfolded protein response, in a manner similar
to familial AD-linked PS1 mutant proteins, and caused
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significant increases in the production of Ab protein.12

Intriguingly, we observed PS2V-encoded aberrant proteins
in fragile pyramidal cells of the hippocampal CA1 region and in
cells of the cerebral cortex of sporadic AD brains.12,13

To elucidate the mechanism of the PS2V isoform genera-
tion, we searched for the factor that specifically binds to the
exon 5 sequence of PS2 pre-mRNA. The aberrant splicing
resulting in the PS2V isoform is hypoxia-inducible in cultured
neuroblastoma cells.11 We identified a protein that binds to the
exon 5 region, and demonstrated that it causes aberrant
splicing of the PS2 transcript. The identified protein was a high
mobility group protein A1a (HMGA1a, also known as HMG-I
formerly), which is a member of the AT-hook protein (HMGA)
family.14 The HMGA protein family is distinct from HMG-box
protein family (includes HMGB and SOX protein groups).

Members of the HMGA protein family participate in many
cellular processes, including regulation of inducible gene
transcription, integration of retroviruses into chromosomes,
and the metastatic progression of cancer cells (reviewed in
Reeves.15) HMGA protein contains three copies of a
conserved DNA-binding peptide motif called the ‘AT-hook’
that preferentially binds to the minor groove AT-rich sequence
in DNA, and specifically interacts in vivowith a large number of
other proteins, which are often transcription factors.

This is the first report identifying HMGA1a as a pre-mRNA-
binding protein that induces aberrant alternative splicing of
PS2 pre-mRNA. Here we show evidence of a correlation
between the expression of HMGA1a and the etiology of
sporadic AD.

Results

Hypoxia causes PS2V production in
neuroblastoma SK-N-SH cells

We determined the cell types and stress conditions optimized
for producing an aberrant splice variant of PS2 gene transcript
by reverse transcription-polymerase chain reaction (RT-PCR)
as previously described.11,12 In sporadic AD brains, a unique
shorter product PS2V, which lacked exon 5, was detected
along with a major RT-PCR product corresponding to the full-
length PS2 mRNA (Figure 1a). We found that SK-N-SH
neuroblastoma cell line also produced a shorter PS2V isoform
besides the PS2 product by hypoxia (Figure 1b). In contrast,

only the full-length PS2 product was detected in both HeLa
and HEK 293T cells by hypoxia. The shorter PS2V isoform
was not detected when cells were subjected to other AD-
related stresses, including exposure to tunicamycin (TM), Ab,
or H2O2 (Figure 1b; data not shown; Sato et al.11)

Site-specific binding to exon 5 of PS2 pre-mRNA is
observed by hypoxia

Since the PS2V isoform was detected in SK-N-SH cells only
by hypoxia, we assumed that a PS2 pre-mRNA-binding factor,
which leads to skipping of exon 5 of the PS2 transcript, exists
in nuclear extracts from the hypoxic SK-N-SH cells. To detect
the PS2 pre-mRNA-binding factor, we performed a pre-
mRNA-binding assay by ultraviolet (UV) crosslinking to
various 35S-labeled probes derived from PS2 pre-mRNA
(Figure 2a and b). When using mini-PS2 pre-mRNA No. 0 as a
probe, the binding activity was clearly demonstrated in nuclear
extracts from SK-N-SH cells subjected to hypoxia but not from
cells subjected to normoxia, that is, a discrete crosslinked
product of B18 kDa was observed almost exclusively (Figure
2c, arrow). This binding activity was almost fully destroyed by
heating the nuclear extracts prior to the assay (data not
shown), suggesting that the binding factor is a protein rather
than a nucleic acid or lipid. Furthermore, this binding factor
bound to the 3’ end of exon 5 specifically by hypoxia (Figure
2d, No. 5). The strong binding activity of the No. 0 probe was
competed by the addition of unlabeled No. 5 probe, but not by
the addition of other unlabeled probes (Figure 2e, Nos. 1–4).

Figure 1 Detection of normal PS2 transcript and aberrant isoform PS2V in the
brain of sporadic AD patient and various cell lines. (a) Total RNA was extracted
from a representative sporadic AD patient brain or an age-matched control brain
(C). RT-PCR-amplified products were separated on a polyacrylamide gel and
visualized by ethidium bromide staining. Arrows indicate the positions of the
normal PS2 transcript and the aberrant PS2V transcript (lacking exon 5). (b) Total
RNA was extracted from various cell lines subjected to different stresses (see
text) and RT-PCR was performed to detect corresponding PS2 and PS2V
transcripts same as in (a). Identity of PS2V was verified by cDNA sequencing

Figure 2 UV crosslinking assays of PS2 exon 5-binding protein. (a)
Experimental scheme of pre-mRNA binding assays by UV crosslinking. See
Materials and Methods in detail. (b) Schematic representations of the seven RNA
probes used (drawn not to scale). Boxes and solid lines represent exons and
introns, respectively. The black shading indicates the detected binding site. All
probes were uniformly 35S-labeled by in vitro transcription as described in
Materials and Methods. (c and d) Nuclear extracts (NE) from SK-N-SH cells in
normoxia (N) or hypoxia (H) were analyzed in UV crosslinking assays with each
of the 35S-labeled probes and subjected to SDS-PAGE (10–20% gradient gel).
Arrow indicates the position of HMGA1a protein (B18 kDa). (e) Nuclear extracts
(NE) from SK-N-SH cells in normoxia (N) or hypoxia (H) were pre-incubated with
100-fold excess of the indicated nonradioactive (Cold) probes. The pre-incubated
reactions were used for the UV crosslinking assay with 35S-labeled probe (Hot),
and subjected to SDS-PAGE (15% gel). Arrow indicates the position of HMGA1a
protein
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This binding activity is site specific since the deletion mutant of
No. 0 that lacks the sequence of No. 5 did not bind (Figure 2b
and d, No. 0D5). We analyzed the time course of UV
crosslinking with No. 5 probe in nuclear extracts from cells
under either normoxia or hypoxia. Increased binding activity to
the probe was observed in the nuclear extracts from cells
subjected to hypoxia, but not normoxia, during 16–21 h after
induction, and this binding activity lasted for at least another
24 h (data not shown). We conclude that the site-specific
binding of an unknown B18 kDa protein to PS2 pre-mRNA is
specifically induced by hypoxia.

HMGA1a is a specific exon 5-binding factor

The factor that specifically binds to No. 5 probe was purified
from nuclear extracts derived from SK-N-SH cells subjected to
hypoxic stress (Figure 3a and b). Partially purified fractions II
and III that show strong activity were obtained by ammonium
sulfate precipitation followed by ion-exchange chromatogra-
phy on a DEAE column (Figure 3c). Further purification on a
short RNA-affinity column, using probe No. 5, yielded a
fraction with a higher specific activity (Figure 3c, fraction IV),
albeit the protein was not yet homogeneous (Figure 3b,
fraction IV). Finally, reversed-phase chromatography was
employed to purify this fraction to near homogeneity (fraction
V, arrow). The lower specific activity in fraction V may be
because of the partial denaturation by the organic solvents
used (Figure 3c, fraction V; see Materials and Methods).

We obtained partial amino-acid sequence of the polypep-
tide isolated in the fraction V, and compared it with known
proteins and predicted proteins from cDNA sequences in the
databases (see Materials and Methods). This search resulted
in a perfect match to the human HMGA1a (also known as
HMG-I formerly), but not to HMGA1b (also known as HMG-Y
formerly), which is a splice variant of HMGA1 gene.16

To determine whether HMGA1a is sufficient to explain the
observed specific B18 kDa UV crosslinked signal, immuno-
depletion of HMGA1a from the nuclear extracts of hypoxic SK-
N-SH cells was performed. Immunoblotting analysis revealed
B81% depletion of HMGA1a, and the depleted extracts
showed significant loss in binding to No. 5 probe (data not
shown). The specific binding activity observed by UV cross-
linking was also verified by electrophoretic mobility shift
assays. We observed much stronger shifted complex using
nuclear extracts from hypoxia-exposed SK-N-SH cells than
that from normoxia-conditioned cells, and furthermore, the
mobility of this complex was supershifted by pretreatment with
anti-HMGA1 antibody in a concentration-dependent manner
(data not shown). Taken together, we conclude that HMGA1a
is the bona fide protein factor responsible for the specific
binding to probe No. 5.

HMGA1a binding is sequence specific

There are two repeated homologous sequences in the 3’
terminal of PS2 exon 5, which are included in probe No. 5
(Figure 3d, No. 5, highlighted with pink). To examine whether
HMGA1a actually recognizes these tandem sequences, we
prepared six more short RNA probes (Figure 3d, Nos. 6–11)
for the UV crosslinking assays as before (Figure 3e). In
contrast to the strong binding activity to probe No. 5, we could
not detect significant binding to probe No. 6, which is
upstream of the tandem sequences. Strong binding signals
were also obtained with probes that consist of only two
tandem sequences, regardless of UACC spacer found in the
original pre-mRNA (Nos. 7 and 10). Importantly, the binding
was abolished when a point mutation (C to A) was introduced
into each of the tandem sequences (No. 8). The binding
activities were retained with probes that include either
upstream or downstream tandem sequence (Nos. 9 and 11).

Figure 3 Purification and characterization of human HMGA1a. (a) The purification profile of the specific binding activity to No. 5 probe from nuclear extracts of hypoxia-
induced SK-N-SH cells. The methods of purification are indicated in italics. Individual fractions are designated with Roman numerals. (b) Protein analysis of each fraction
(25 ml/fraction) on 15% SDS-PAGE followed by silver staining. M: molecular weight (kDa) markers. (c) UV crosslinking assays (with No. 5 probe) to evaluate binding
activity of each purified fraction (15 ml/fraction). (d) Sequences of the RNA probes (Nos. 5–11). Exons and introns are shown in uppercase and lowercase, respectively.
The homologous tandem sequences are shaded in pink boxes. (e) UV crosslinking assay with the seven RNA probes shown in (d). See Figure 2c for the abbreviations.
Arrow indicates the position of HMGA1a protein
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These results demonstrate that either one of these two
tandem sequences is sufficient for HMGA1a binding to the
PS2 pre-mRNA.

The expression of HMGA1a is induced by hypoxia

To examine whether the binding activity induced by hypoxia is
dependent on HMGA1a expression in vivo, we analyzed its
expression at both the message and the protein product level.
Northern blotting analyses showed that mRNA levels of
HMGA1a are gradually increased (maximum B220% of the
normoxia) in SK-N-SH cells expressing PS2V by hypoxia
(Figure 4a, left panel). However, in hypoxia-exposed HEK
293T cells (middle panel) or tunicamycin-treated SK-N-SH
cells (right panel), where PS2V was not induced, no significant
increase of HMGA1a mRNA levels was observed. Immuno-
blotting analyses using anti-HMGA1 antibody detected higher
levels of HMGA1a protein in nuclear extracts of SK-N-SH cells
under hypoxia compared to those cultured under normoxia
(Figure 4b, left panel, arrow). HMGA1a protein was barely
detected in HEK 293T cells exposed to hypoxia (middle
panel), and very low levels in tunicamycin-treated SK-N-SH
cells (right panel). We confirmed that there was no difference
in the induction of HSP70, as a positive control, in each cell
lines (data not shown).

HMGA1a colocalizes with an authentic splicing
factor by hypoxia

To determine the subcellular localization of HMGA1 proteins,
we exposed SK-N-SH cell cultures in hypoxia for 21 h and
detected the presence of endogenous HMGA1 protein by
immunofluorescent microscopy with anti-HMGA1 antibody.
To indicate the presence and location of authentic splicing
factors, an antibody against SR protein SC35, which shows
typical nuclear speckle localization, was used as a standard.17

In the normal conditions, HMGA1 localized mainly to nuclei of
SK-N-SH cells together with weak and diffuse immunoreac-
tivity in the cytoplasm, and it did not well colocalize with SC35
in the nuclear speckles (Figure 4c, ‘Normoxia’). However, in
hypoxia-exposed SK-N-SH cells, strong immunoreactivity
was clearly observed in the nuclear speckles that colocalized
with SC35, while its cytoplasmic distribution was decreased
(Figure 4c, ‘Hypoxia’). We conclude that induced HMGA1
accumulated in the nuclear speckles in hypoxic SK-N-SH
cells – which are storage or assemble sites for splicing
components (reviewed in Misteli and Spector18).

PS2V is produced by the overexpression of
HMGA1a

To investigate whether the skipping of exon 5 of the PS2
transcript in hypoxia-exposed SK-N-SH cells is because of the
action of HMGA1a, we transiently overexpressed HMGA1a in
the cultured cells and analyzed the splicing of PS2 pre-mRNA
in vivo.

Markedly higher levels of HMGA1a protein expression were
observed in nuclear extracts from HMGA1a-transfected SK-
N-SH and HEK 293T cells compared to mock-transfected

cells (Figure 5a). By RT-PCR assays of total RNA from
mock-transfected SK-N-SH cells, the product corresponding
to the full-length PS2 mRNA could be detected (Figure 5b, left
panel). In contrast, when using total RNA from HMGA1a-
transfected cells, RT-PCR produced a shorter product in
addition to the full-length product. The amount of the shorter
product detected was proportional to the amount of trans-
fected-HMGA1a cDNA (left panel). Direct DNA sequence
analysis of the shorter RT-PCR product identified it as PS2V
isoform that lacks exon 5. In contrast, weak induction of PS2V
was observed in SK-N-SH cells transiently transfected with
HMGA1b (left panel). By overexpression of HMGA1a, PS2V
was also detected in non-neuronal HEK 293T cells (Figure 5b,
right panel), even though PS2V could not be induced in this
cell line by hypoxia (Figure 1b). These results suggest that the
production of PS2V is solely controlled through the induction

Figure 4 Effects of various stresses on the expression of HMGA1a mRNA and
protein in cultured cell lines. (a) Each cell line was exposed to normoxia or
hypoxia and then harvested at the indicated time (left and middle panels). TM-
treated SK-N-SH cells were recovered at the indicated times after the treatment
(right panel). Total RNAs were separated by formaldehyde–formamide–agarose
gel electrophoresis and subjected to Northern blotting assays using a 32P-labeled
HMGA1a cDNA probe. Detection of rRNAs by denaturing PAGE is shown (lower
panel) as an internal control. Arrows show the positions of the indicated RNAs.
(b) Nuclear fractions from normoxia or hypoxia were separated by SDS-PAGE
and subjected to the immunoblotting assays using an anti-HMGA1 antibody.
Expression levels of a-actin were used as an internal control (lower panel). Arrow
indicates the positions of the HMGA1a (upper panel) and a-actin (lower panel).
(c) Effects of hypoxia on the subcellular localization of endogenous HMGA1
protein in SK-N-SH cells. SK-N-SH cells were exposed to normoxia or hypoxia for
21 h. Cells were double-immunostained with anti-SC35 antibody and anti-
HMGA1, followed by staining with Cy3- and FITC-conjugated secondary
antibodies, respectively, and analyzed by immunofluorescence microscopy.
Endogenous HMGA1 (green color) and SC35 (red color) images were
superimposed and the yellow–green color indicates colocalization of the two
proteins in nuclear speckles
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of HMGA1a regardless of cell type. This observation is
consistent with the fact that the induction of HMGA1a protein
by hypoxia occurs only in neuronal SK-N-SH cell lines (Figure
4b). Indeed, we confirmed that the PS2V protein product was
induced in nuclear extracts from HMGA1a-transfected SK-N-
SH cells in a dose-dependent manner (Figure 5c). Finally,
cells overexpressing HMGA1a were more sensitive to
endoplasmic reticulum (ER) stress (Figure 5d), as observed
in the cells expressing PS2V.12

HMGA1a binds U1 snRNP via direct interaction
with the U1-70K protein

The functional binding of U1 snRNP to the 50 splice site is
essential in an early step of splicing (reviewed in Kramer,19

Will and Lührmann,20 and Burge et al.21). It was demonstrated
that protein interactions between U1-70K, an integral protein
component, and SR protein SF2/ASF enhances the binding of
U1 snRNP to the 50 splice site.22 SR protein was also shown to
interact with both U1-70K protein and the 35 kDa subunit of
the splicing factor U2AF (U2AF35), which binds to the 30 splice

site, and is suggested to function in correct splice site
selection by bridging between components bound to the 50

and 30 splice sites.23

By immunoprecipitation with either anti-U1-70K or anti-
HMGA1 antibody, we found that HMGA1a has a strong affinity
to U1-70K protein in hypoxia-induced SK-N-SH cells, but not
in normoxia-conditioned cells in which HMGA1a was not
expressed much (Figure 6a, left panels, N and H lanes). This
immunoprecipitation was because of a direct protein interac-
tion between U1-70K and HMGA1a, since U1-70K and
HMGA1a were also coimmunoprecipitated after micrococcal
nuclease treatment (left panels, H+M). Other U1 snRNP
proteins A and C were also immunoprecipitated with anti-
HMGA1; however, these interactions were abolished by
nuclease treatment, and thus they are nonspecific or indirect
interactions mediated by the RNA (data not shown). The
levels of these U1 snRNP proteins were not altered by hypoxia
(right panels).

To prove anti-HMGA1a antibody immunoprecipitated ma-
jority of intact U1 snRNP, but not free U1-70K protein, snRNA
moiety of the immunoprecipitate was analyzed by denaturing
PAGE (Figure 6b). The discrete U1 snRNA (165 nt) was
observed in the immunoprecipitate with anti-HMGA1 antibody
in hypoxia-induced cells (arrow), and the amount of U1
snRNA is equivalent as control precipitate with anti-U1-70K
antibody (both in normoxia and hypoxia cells).

HMGA1a may interfere with U1 snRNP binding to 50

splice site

To investigate the effect of binding between HMGA1a and U1-
70K proteins, splicing of PS2 pre-mRNA was analyzed in vivo
under conditions of U1-70K overexpression. The production
of either HMGA1a-induced or hypoxia-induced PS2V isoform
in SK-N-SH cells was clearly repressed by cotransfection of
U1-70K cDNA in a dose-dependent manner, but not by
cotransfection of another U1 snRNP protein cDNA, U1-A
(Figure 6c). The expression of HMGA1a protein itself was not
altered by cotransfection of either U1-70K or U1-A cDNA
(lower panels). We demonstrated that the HMGA1a binding
site of PS2 pre-mRNA exists upstream from the 50 splice of
exon 5. Therefore, it is plausible that the strong HMGA1a
affinity to U1-70K tethers U1 snRNP to a site upstream from
the 50 splice site and interferes with proper binding of U1
snRNP to the 50 splice site (Figure 6d, middle scheme).
Overexpressed U1-70K, which is trapped by HMGA1a, could
release U1 snRNP allowing proper U1 snRNP binding to the 50

splice site (lower scheme). Since 50 splice site recognition of
an internal exon is an important determinant for its inclusion in
the spliced mRNA (reviewed in Berget24), the perturbed
binding of U1 snRNP could inactivate the 50 splice site and
caused exon 5 skipping.

Increased levels of HMGA1a protein were
observed in brains of sporadic AD patients

Since HMGA1a protein is responsible for the aberrant
splicing, or exon 5 skipping, of PS2 pre-mRNA, we suppose
that there may be a higher level of HMGA1a expression in

Figure 5 Effects of overexpression of HMGA1 on PS2 pre-mRNA splicing and
cell death in cultured cells. (a) Overexpression of HMGA1 protein detected by
immunoblotting assay. The indicated cell lines were transiently transfected with
HMGA1 and cells were harvested 24 h after transfection. The nuclear extracts
were separated by SDS-PAGE and assayed by immunoblotting with anti-HMGA1
antibody. Arrows indicate the position of the HMGA1a protein. (b) Generation of
aberrant PS2V mRNA was detected by RT-PCR. Transient transfection was
performed as in (a) and total RNA from harvested cells was analyzed by RT-PCR
with specific primers. Amplified products were separated on a PAGE and
visualized with ethidium bromide. Arrows indicate the positions of the normal PS2
mRNA (upper) and aberrant PS2V isoform (lower). (c) Generation of PS2V
protein detected by immunoblotting analysis. Transient transfection was
performed as in (a) and PS2V protein in nuclear extracts from the transfected
cells were immunoprecipitated by using anti-PS2N antibody (against PS2 and
PS2V), followed by immunoblotting assay using PS2V-specific anti-SSMAG
antibody (SSMAG is a PS2V specific C-terminal peptide). (d) The effects of
HMGA1 expression on SK-N-SH cell viability under TM stress were evaluated by
cell death (MTS) assay. SK-N-SH cells were transfected with or without HMGA1a
(A1a), followed by treatment with or without TM. Results are expressed as
percent (%) of living cells in control (neither HMGA1a transfection nor
tunicamycin treatment). The means +/� S.E. of 5 replicates per group were
plotted on a histogram
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sporadic AD patient brains than in normal brains. We
examined the levels of HMGA1 proteins in the brain tissue
of sporadic AD patients (Figure 7a). Immunoblotting with
anti-HMGA1 antibody showed that the levels of both HMGA1a
and HMGA1b were increased in total lysates and nuclear
fractions from the hippocampus of sporadic AD patients,
compared with those of age-matched controls (left and right
panels). Only low levels of HMGA1 proteins were observed in

cytosolic fractions from the hippocampus of both sporadic AD
patients and age-matched controls (middle panel), which is
consistent with the fact that the majority of HMGA1 localizes to
the nuclei (Figure 4c).

Furthermore, immunohistochemical analysis was per-
formed to determine the region of the hippocampus where
HMGA1 is localized. HMGA1 protein was markedly accumu-
lated in the pyramidal cell layer in the hippocampal CA1 region

Figure 6 Interaction of HMGA1a and U1-70K proteins and the effect of U1-70K overexpression on PS2 pre-mRNA splicing in vivo. (a) Coimmunoprecipitation of
HMGA1a and U1-70K proteins detected with either anti-HMGA1 or anti-U1-70K antibody (left two panels). The nuclear fractions from normoxia (N)- or hypoxia (H)-
exposed SK-N-SH cells were prepared. A portion of the hypoxia-exposed nuclear fractions was treated with micrococcal nuclease (H+M). These nuclear fractions were
immunoprecipitated by an anti-HMGA1 antibody, followed by immunoblotting assay using an anti-U1-70K antibody (left top panel). The same nuclear fractions were
immunoprecipitated by an anti-U1-70K antibody, followed by immunoblotting assay using an anti-HMGA1 antibody (left bottom panel). The endogenous levels of U1-70K
and U1A proteins in the same nuclear fractions (N and H) were examined by immunoblotting with anti-U1-70K and anti-U1A antibodies, respectively (right two panels).
Arrows show the positions of the indicated proteins. (b) Detection of discrete U1 snRNA in the immunoprecipitates. SK-N-SH cell nuclear fractions (N and H) were
immunoprecipitated by an anti-HMGA1 or anti-U1-70K antibody, followed by phenol extraction and ethanol precipitation. Precipitated RNA was separated on denatured
PAGE followed by ethidium bromide staining. RNA was also extracted directly from SK-N-SH cell nuclear extract and used as a marker (M). Each of the identified RNA
species were indicated on the left. Arrow indicates the position of U1 snRNA (165 nt). (c) Effects of transient U1-70K or U1A overexpression on the generation of the
PS2V isoform. PS2V was induced either by the HMGA1 transfection (left two panels) or hypoxia (right two panels). The level of induced HMGA1a protein (arrow) was
monitored by immunoblotting (attached lower to each panel). Arrows indicate the positions of the PS2 and PS2V mRNAs. (d) The model for the mechanism of HMGA1a-
induced aberrant exon 5 skipping. Hypoxia-induced HMGA1a protein binds to the conserved HMGA1a-binding site (upstream of the 50 splice of the middle exon 5). U1
snRNP is tethered by binding between HMGA1a and U1-70K component, which interferes with proper binding of U1 snRNP to the 50 splice site. The disabled 50 splice
site causes exon 5 skipping between upstream exon 4 and downstream exon 6 (PS2V production). Overexpression of free U1-70K, which binds to HMGA1a, allows
proper U1 snRNP allocation at the 5’ splice site, and exon 5 inclusion is restored (no PS2V production)
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in sporadic AD patients compared to controls that include non-
AD patients (Figure 7b; data not shown).

Discussion

The role of aberrant PS2V protein in sporadic AD

Previously, we found that the PS2V isoform was expressed
specifically in brain tissues of sporadic AD patients. PS2V
mRNA, lacking exon 5, encodes the amino-terminal portion of
PS2, which contains residues from Met 1 through Leu 119
followed by 5 additional amino acids (SSMAG) at its C-
terminus. Although the amount of aberrant PS2V mRNA is
less than full-length PSV mRNA, the PS2V protein was
detected with PS2V-specific antibody (anti-SSMAG) in
neuropathologically affected neurons of the hippocampal
CA1 region and temporal cortex of all sporadic AD patients
tested (21 cases; data not shown). Furthermore, we have
reported that the PS2V protein indeed impaired the signaling
pathway of the unfolded-protein response, as was seen with
familial AD-linked PS1 mutants,25 and caused increases in
susceptibility to various ER stress, as well as significant
increases in the production of both amyloid b1–40 and b1–42,
which is a shared characteristic of AD patients.12 Although the
detailed mechanism of PS2V-triggered AD remains to be
elucidated, PS2V may be a diagnostic marker in the
neuropathology of sporadic AD. In fact, our previous report
indicated that PS2V protein was not detected in FAD brains
and in other disease control brains (Parkinson’s disease,
Huntington’s disease, ALS, Machado–Joseph disease,
etc.).12 It was recently reported that variant protein isoforms
in neurodegenerative diseases might either lack function or
confer novel characteristics on their cellular environ-
ment.7,9,10,26

Clinical significance of hypoxia in sporadic AD

In this report, we demonstrated that HMGA1a is a mediator of
aberrant PS2 pre-mRNA splicing, or production of deleterious
PS2V protein. Consistently, we observed increased steady-
state levels of HMGA1 in the brains of sporadic AD patients. In
our experiments, HMGA1 was hypoxia-inducible only in a
neuronal cell line. It was reported that microinfarction is
closely correlated with a history of AD patients (reviewed in
Kelaria27). Furthermore, at acute stage in cerebral infarct in
the area of middle cerebral artery, PS2V was detected in the
penumbra region around the ischemic core (personal
communication). Therefore, sustained hypoxia caused
by microinfarction in the brain could be one of the
necessary, although not sufficient, triggers to induce
HMGA1a-mediated production of aberrant PS2V isoform in
sporadic AD patients.

HMGA1a as a sequence-specific RNA-binding
protein

Previously, it was shown that HMGA1 plays an essential role
in the assembly and function of the enhanceosome of the
human interferon-b gene.28,29 It binds to three DNA sites
within the enhancer, modulates DNA structure, and promotes
cooperative binding of transcription factors. Our results
presented in this paper, however, provide the first experi-
mental evidence that HMGA1a binds to RNA in a sequence-
specific manner. By transfection of 20-O-methyl RNA that
contains an HMGA1a-binding sequence, the generation of
PS2V mRNA was reduced in SK-N-SH cells under hypoxia,
and the reduction was dependent on the dose of the 20-O-
methyl RNA added (unpublished results). To prove whether
this sequence-specific binding of HMGA1a is required for its
splicing modulation activity, in vitro splicing analysis is
underway with heterologous model b-globin pre-mRNA, in
which the HMGA1a-binding sequence was inserted. So far,
we could not find any other genes containing sequences
homologous to these tandem HMGA1-binding sites by
database homology searches. If this is the case, it suggests
that HMGA1-binding site is a signal sequence for specific
inducible splicing, responsible for the generation of the PS2V
isoform in sporadic AD.

HMGA1a: a novel splicing modulator that is
distinct from other known factors

It was reported that SR proteins and heterogeneous ribonu-
cleoprotein (hnRNP) A1 antagonistically promote exon inclu-
sion/skipping type of alternative splicing in vitro and in vivo.30–

32 These splicing factors possess an RNA-recognition motif
(RRM) in the N-terminus and have characteristic amino-acid
sequences that are arginine–serine rich (RS domain) or
glycine-rich (G domain) in the C-terminus, respectively
(reviewed in Birney et al.33 and Fu34). Although HMGA1a
induces aberrant exon 5 skipping of PS2 pre-mRNA in vivo, its
structural features are distinct from these splicing regulators.
HMGA1 proteins possess three AT-hook DNA-binding do-
mains flanked by a serine-rich and a glutamic acid-rich region
in its N- and C-termini, respectively, and lack the RRM and

Figure 7 Expression of HMGA1 protein in the brain tissue of sporadic AD
patients. (a) Total lysates, cytosolic fractions, and nuclear fractions were
prepared from the hippocampus tissues of three different sporadic AD patients
and age-matched controls. These fractions were separated by SDS-PAGE and
assayed by immunoblotting with an anti-HMGA1 antibody. Expression levels of
GRP78 and CREB were used as a fraction marker (see Figure 4b for the
expression of a-actin as an internal control (middle panel) lower two panels).
Arrows indicate the positions of the HMGA1a and HMGA1b proteins. Quantitative
data from 10 different sporadic AD patients as percentages of controls were
obtained as follows (mean7S.E.): 100713.5 (nuclear fraction control) versus
141.6718.5 (nuclear fraction of sporadic AD patients). (b) Hippocampus tissues
from controls and sporadic AD patients were sectioned at a thickness of 10 mm
and HMGA1 proteins were immunohistochemically detected (five patients were
examined)
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other characteristic motifs found in these splicing factors16

(reviewed in Reeves15).
The 50 splice site inhibitory mechanism of HMGA1a is rather

reminiscent of the fruit fly (Drosophila melanogaster) P-
element somatic inhibitor (PSI) that specifically binds U1-70K
protein and inhibits the corresponding 50 splice site of P-
element pre-mRNA.35 However, there is neither homology
between HMGA1a and PSI (KH domain splicing factor)
proteins nor similarity in their target RNA sequences.

We found that the hypoxia-induced HMGA1 protein
markedly accumulated in the nuclear speckles, consistent
with its function as a splicing modulator. Previously, it was
reported that HMGA1 proteins are mainly localized to
heterochromatin masses in actively growing 3T3 fibroblasts,
whereas in quiescent cells, they are more diffusely distrib-
uted.36 Therefore, an important part of the splicing modulation
function of HMGA1a in SK-N-SH cells may depend on its
timely induction, triggered by hypoxic stimulation, which leads
to its functional localization in nuclei. Considering all these
features, HMGA1a appears to be a novel substrate-specific
splicing modulator rather than a general alternative splicing
factor.

In summary, we propose a novel mechanism for the
development of sporadic AD cases involving induced aberrant
splicing of a particular gene in the absence of any mutations.
We demonstrated that HMGA1a is a key factor that binds to
PS2 pre-mRNA and causes its aberrant splicing that may be
an initial trigger leading to neuronal cell death in sporadic AD.
Our mechanistic insight is likely to have a considerable impact
on the therapy and prevention of sporadic AD.

Materials and Methods

Cell culture, hypoxic stimulation, and transient
transfections

Cell culture, hypoxic stimulation, and transient transfections were
performed as previously described.11,12 Transient transfections of various
expression plasmids were carried out using LipofectAmine (Gibco BRL).
The full-length cDNAs of HMGA1a, HMGA1b, and U1-70K were amplified
by RT-PCR with attached BamHI and EcoRI sites, and subcloned into
pcDNA3(+) vector (Invitrogen) between corresponding restriction enzyme
sites. U1-A expression plasmid37 was a generous gift from Dr S
Gunderson.

Preparation of total RNA and RT-PCR

Preparation of total RNA from neuroblastoma SK-N-SH cells, HEK 293T
cells, and HeLa cells, and the RT-PCR analyses were performed as
previously described.11 Reverse transcription was carried out using
Moloney murine leukemia virus (M-MLV) reverse transcriptase (Promega).
PCR conditions used were as previously described.11 Experiments were
repeated at least four times using separate cell cultures and all gave
consistent results.

Preparation of nuclear extracts, cytosolic fractions
and nuclear fraction

Nuclear extracts from cultured cell lines, and their nuclear and cytosolic
fractions were prepared as described38 with minor modifications.39–41

Construction of plasmids

The PS2 mini-gene, including from exons 4 to 6 with two introns, was
constructed by one or more rounds of overlap-extension PCR with two
primers (No. 0a, 50-TCTGATATCAGAAGCCAGGAGAACGAGGAGGACGG-
30 No. 0b, 50-TCTGAATTCCCAAGGTAGATATAGGTGAAGAGG-30; PS2
sequence is underlined) followed by subcloning between EcoRV and
EcoRI sites of pcDNA3(�) vector (Invitrogen). DNA templates containing
each fragment of PS2 exon 5 were prepared by DNA annealing of two
complementary synthetic DNAs described as follows (PS2 sequence is
underlined):

Nos. 1a/b, 50-TCTGGATCCTGCCTTCTCCCTCAGCATCTACACGA-
CATTCACTGAGGACACGAATTCAGA-30 / 30-AGACCTAGGACGGAA-
GAGGGAGTCGTAGATGTGCTGTAAGTGACTCCTGTGCTTAAGTCT-50;
Nos.2a/b, 50-TCTGGATCCTGAGGACACACCCTCGGTGGGCCAGCG-
CCTCCTCAACTCCGTGAATTCAGA-30 / 30-AGACCTAGGACTCCTG-
TGTGGGAGCCACCCGGTCGCGGAGGAGTTGAGGCACTTAAGTCT-
50; Nos. 3a/b, 50-TCTGGATCCCAACTCCGTGCTGAACACCCTCATCAT-
GATCAGCGTCATCGTGAATTCAGA-30 / 30-AGACCTAGGGTTGAGG-
CACGACTTGTGGGAGTAGTACTAGTCGCAGTAGCACTTAAGTCT-50;
Nos. 4a/b, 50-CTCGGATCCTGATCAGCGTCATCGTGGTTATGACCAT-
CTTCTTGGTGGTGCGAATTCGAG-30 / 30-GAGCCTAGGACTAGTCG-
CAGTAGCACCAATACTGGTAGAAGAACCACCACGCTTAAGCTC-50;
Nos. 5a/b, 50-TCTGATCCTGGTGGTGCTCTACAAGTACCGCTGCTA-
CAAGGTGAGGCCCTGAATTCAGA-30 / 30-AGACCTAGGACCACCAC-
GAGATGTTCATGGCGACGATGTTCCACTCCGGGACTTAAGTCT-50;
Nos. 6a/b, 50-GATCCGACCATCTTCTTGGTGGTG-30/30-GGCTGGTA-
GAAGAACCACCACTTAA-50; Nos. 7a/b, 50-GATCCGCTCTACAAGG-
CTGCTACAAGG-30/30-GGCGAGATGTTCCGACGATGTTCCTTAA-50;
Nos. 8a/b, 50-GATCCGCTCTAAAAGTACCGCTGCTAAAAGG-30/30-
GGCGACATTTTCATGGCGACGATGTTCC-50; Nos. 9a/b, 50-TCTGGA-
TCCTGGTGGTGCTCTACAAGTAGAATTCAGA-30/30-AGACCTAGG-
ACCACCACGAGATGTTCATCTTAAGTCT-50; Nos. 10a/b, 50-TCTGG-
ATCCGCTCTACAAGTACCGCTGCTACAAGGAATTCAGA-30/30-AGACC-
TAGGCGAGATGTTCATGGCGACGATGTTCCTTAAGTCT-50; Nos. 11a/
b, 50-TCTGGATCCCCGCTGCTACAAGGTGAGGCCCTGAATTCAGA-30/
30-AGACCTAGGGGCGACGATGTTCCACTCCGGGACTTAAGTCT-5’.

Annealed DNA products were subcloned between BamHI and EcoRI
sites of the pcDNA3(+) vector (Invitrogen). DNA sequences of all
constructs were verified by automated DNA sequencing (Model 373;
Applied Biosystem).

Preparation of RNA probes

RNA probes were prepared by in vitro transcription with DNA template
constructs (including fragments of PS2) in pcDNA3 vectors (Invitrogen).
Each template plasmid, linearized with EcoRI, was incubated for 1 h at
371C in a transcription reaction (20 ml) containing 0.5 mM ATP, 0.5 mM
CTP, 0.5 mM GTP, 0.25 mM UTP, [35S] UTPaS, 40 U of RNase inhibitor
(Toyobo), and 20 U of T7 RNA polymerase with provided reaction buffer
(Promega).

UV crosslinking assays

An aliquot of nuclear extracts (5 mg estimated protein) was incubated (in
25 ml) for 30 min at 251C in the I.B. [12 mM HEPES-NaOH (pH 7.9),
60 mM KCl, 4 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 10%
glycerol, and 1 mM PMSF] with 10mg tRNA and each of the 35S-labeled
RNA probes (1 mg). This reaction mixture was UV irradiated (254 nm,
60 W) for 15 min at room temperature. Free probes were digested for 30
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min at 251C with 10 mg RNase A, followed by the addition of a four-fold
volume of SDS-PAGE sample dye mixture [10 mM Tris-HCl (pH 6.8), 10%
glycerol, 2% sodium dodecyl sulfate (SDS), 0.01% bromophenol blue, and
5% 2-mercaptoethanol]. This sample mixture was separated by SDS-
PAGE (15 or 10–20% gradient of polyacrylamide). Gels were fixed, dried,
and analyzed by Bio Imaging Analyzer (BAS-5000; Fujifilm Medical
Systems). Experiments were repeated at least four times using separate
cell cultures and we obtained consistent results.

Purification and identification of HMGA1a

An outline of the purification procedure and fraction designations are
depicted in Figure 3a. Nuclear extracts from SK-N-SH cells subjected to
hypoxia (described above) were precipitated in 60% saturated-ammonium
sulfate. Pooled supernatants were dialyzed twice in 5 l of 50 mM Tris-HCl
buffer (pH 7.5) for 4 h at 41C and applied to a DEAE column
chromatography (Pharmacia). The column was washed with 10 ml of
50 mM Tris-HCl buffer (pH 7.5), and eluted with 10 ml (1 ml fraction) of 1 M
NaCl in 50 mM Tris-HCl (pH 7.5). Strong binding activity to the No. 5 RNA
probe was recovered in the third 1 ml fraction after the start of 1 M salt
elution. This fraction was dialyzed twice in 5 l of 50 mM Tris-HCl buffer (pH
7.5), and applied to an affinity column using 50-amino-20-O-methyl RNA
(50-AUCUUCUUGGUGGUGCUCUACAAGUACCGCUGCUACAAGGU-
GAGGCCCU-30) coupled with CNBr-activated Sepharose 4B (Pharma-
cia). The column was washed with 10 ml I.B., and eluted with 15 ml I.B.
containing 1 M NaCl. The eluted fraction was dialyzed twice in 5 l of Milli-Q
water. The dialysate was lyophilized, and dissolved in 1 ml Milli-Q water
containing 0.1% trifluoroacetic acid (TFA). This solution was then
separated by reverse-phase chromatography using a 5C18-MS column
(4.6 mm� 150 mm; Waters), and washed with Milli-Q water containing
0.1% TFA. Elution was performed using a 25 ml linear gradient (0–100%)
of acetonitrile in Milli-Q water containing 0.1% TFA, followed by 5 ml of
100% acetonitrile containing 0.1% TFA. Fractions containing a single peak
(eluting at 20–25% acetonitrile) were pooled (0.5 ml). After examining its
homogeneity by SDS-PAGE, the entire pooled fraction was separated by
electrophoresis on a 12% SDS-PAGE. The gel pieces of visible single
band was excised and digested with trypsin. The eluted polypeptide
fragments were separated by HPLC using a TSK gel ODS-80Ts QA
column (2.0 mm� 250 mm; Tosho) and analyzed in an automated protein
sequencing (G1005A; Hewlett Packard).

As a result of the partial peptide sequencing, we obtained a sequence
of consecutive 17 amino acids (KQPPVSPGTALVGSQKE). Based on this
sequence, database was searched for sequence homology using FASTA
and BLAST tools. This search resulted in a perfect match to human
HMGA1a (formerly HMG-I) (DDBJ/EMBL/GenBank accession No.
L17131(1)). The identified 17-amino acid fragment coincided with the
HMGA1a polypeptide sequence from Lys 31 to Glu 47. The purified
protein was not HMGA1b, an alternative spliced variant of HMGA1a,
because it lacks the sequence from Val 35 to Gln 45.

Northern blotting assays

Northern blotting assays were performed as previously described.25

Immunoblotting assays

Immunoblotting was performed as previously described42,43 with minor
modifications. Anti-HMGA1 (HMG-I(Y) (N-19)) and anti-U1-70K (U1
SnRNP 70 (C-18)) goat polyclonal antibodies were purchased (Santa Cruz
Biotechnology). Anti-U1A rabbit polyclonal antibody (#856) and anti-U1-C

mouse monoclonal antibody (#943) were generous gifts from Dr S
Gunderson.

Immunocytochemical assays

Immunocytochemical assays were performed using SK-N-SH cells as
described25 with minor modifications. Briefly, SK-N-SH cells, subjected to
normoxia or hypoxia for 21 h,11 were fixed in 4% paraformaldehyde for 2 h
at room temperature and soaked in 0.3% Triton-X100 for at least 5 min.
Fixed permeable cells were washed three times in PBS and incubated with
an anti-HMGA1 (HMG-I/Y) antibody (Santa Cruz Biotechnology) and anti-
SC35 antibody (Sigma) for 12 h at 41C. Cells were then washed three
times in PBS, followed by incubation with FITC-conjugated anti-goat IgG
and Cy3-conjugated anti-mouse IgG antibody (Jackson Laboratory) for 2 h
at room temperature. Proteins were visualized using a 488 nm excitation
filter under a PC-computer-equipped microscope (Carl Zeiss).

Immunoprecipitation and immunohistochemical
assays

Immunoprecipitations were performed as previously described.11 Briefly,
normoxia- or hypoxia-exposed SK-N-SH cells were recovered 24 h after
the stimulation. A portion (100 mg) of the hypoxia SK-N-SH cells were
treated with 30 U of micrococcal nuclease (Takara) for 30 min at 301C.
Prepared nuclear fractions and micrococcal nuclease-treated nuclear
fractions were immunoprecipitated by an anti-HMGA1 (HMG-I/Y) anti-
body, followed by immunoblotting assay using an anti-U1-70K antibody.
Same nuclear fractions were immunoprecipitated by an anti-U1-70K
antibody, followed by immunoblotting assay using an anti-HMGA1
antibody.

Immunohistochemical assays were performed using the immunoper-
oxidase method described previously.12 At least three different
hippocampus tissues from controls and sporadic AD patients were
analyzed and each gave consistent results.

Analysis of cell viability (cell death assay)

SK-N-SH cells were transfected with 5 mg HMGA1a, followed by treatment
with 1mg/ml TM for 10 h. 24 h after transfection, the cell viability were
determined using a commercial kit according to the manufacturer’s
protocol (CellTiter 96 AQueous One Solution Cell Proliferation assay;
promega).
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