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Objectives: The high-mobility group A protein 1a (HMGA1a) protein is known as a
transcription factor that binds to DNA, but recent studies have shown it exerts novel
functions through RNA-binding. We were prompted to decipher the mechanism of
HMGA1a-induced alternative splicing of the estrogen receptor alpha (ERa) that we
recently reported would alter tamoxifen sensitivity in MCF-7 TAMR1 cells.

Methods: Endogenous expression of full length ERa66 and its isoform ERa46 were
evaluated in MCF-7 breast cancer cells by transient expression of HMIGA1a and an RNA
decoy (2’-O-methylated RNA of the HMGA1a RNA-binding site) that binds to HMGA1a.
RNA-binding of HMGA1a was checked by RNA-EMSA. In vitro splicing assay was
performed to check the direct involvement of HMGA1a in splicing regulation. RNA-EMSA
assay in the presence of purified U1 snRNP was performed with psoralen UV crosslinking
to check complex formation of HMGA1a-U1 snRNP at the upstream pseudo-5" splice
site of exon 1.

Results: HMGA1a induced exon skipping of a shortened exon 1 of ERa in
in vitro splicing assays that was blocked by the HMGA1a RNA decoy and
sequence-specific RNA-binding was confirmed by RNA-EMSA. RNA-EMSA combined
with psoralen UV crosslinking showed that HMGA1a trapped purified U1 snRNP at the
upstream pseudo-5' splice site.

Conclusions: Regulation of ERa alternative splicing by an HMGA1a-trapped U1 snRNP
complex at the upstream 5’ splice site of exon 1 offers novel insight on 5’ splice site
regulation by U1 snRNP as well as a promising target in breast cancer therapy where
alternative splicing of ERa is involved.
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INTRODUCTION

Cancer-associated alternative splicing has been extensively
studied in various steps from tumor initiation to progression
and metastasis (Oltean and Bates, 2014; Chen and Weiss,
2015). These cancer-associated alternative splicing events are
aberrantly regulated by multifunctional bona fide splicing
factors [serine/arginine-rich (SR) proteins and heterogeneous
nuclear ribonucleoproteins (hnRNPs)] and tissue-specific RNA-
binding proteins (David and Manley, 2010) possessing oncogenic
potential per se (Karni et al., 2007). In addition, several recent
reports have evoked attention on the importance of alternative
splicing of the clinically important biomarkers in breast cancer
(Inoue and Fry, 2015), and the deregulation and involvement
of splicing factors in breast cancer-associated alternative splicing
(Silipo et al., 2015).

Estrogen receptor alpha (ERa) is an important biomarker as
well as the key factor in estrogen-dependent growth of breast
cancer. We have recently found that high-mobility group A
protein la (HMGA1a) is involved in alternative splicing of ERa
(Oheetal., 2018). The resulting transcript, called ERa46 (Flouriot
et al., 2000), is known for its function in partially inhibiting
mitogenic activity of full length ERa (Penot et al., 2005).

HMGAI1a is originally known as HMGI (Lund et al., 1983),
a nonhistone DNA-binding protein of the UBF/HMG family,
and an oncoprotein which induces cancerous transformation
(Reeves, 2010). In addition to its DNA-binding properties exerted
by its three AT hooks, we have shown HMGA1a protein binds to
a specific RNA sequence of 5'-GC(U)GCUACAAG-3', adjacently
upstream the authentic 5 splice site of exon 5 in the Presenilin-
2 (PS2) gene, interacts with Ul-70K (Manabe et al., 2003),
and traps Ul snRNP to this 5" splice site to inhibit normal

dissociation of Ul snRNP from the spliceosome and induces
aberrant splicing of PS2 exon 5 (Ohe and Mayeda, 2010). This
effect was also found in HIV-1 splice site regulation (Tsuruno
et al., 2011). A report of an aptamer search for the second AT
hook motif of HMGA1 proteins shows binding to a G-rich motif
of 5-GGGGNGNGGNUGGGGNGG-3" (Maasch et al., 2010).
Another study shows HMGAIa binds the second loop of 7SK
RNA (5-UGCGC-3') (Eilebrecht et al., 2011b). Recently, it has
been reported that AT hook proteins such as HMGA1la bind RNA
with one order higher affinity than DNA (Filarsky et al., 2015).
Proteomics studies have reported that HMGA1la interacts with
mRNA processing proteins by GST pull-down and farwestern
experiments (Sgarra et al.,, 2005, 2008; Pierantoni et al., 2007).
Thus, the recent description of the role of HMGAla in RNA
metabolism in addition to its role as a DNA-binding transcription
factor make it more multi-functional protein than previously
believed.

MATERIALS AND METHODS

Plasmids, Antisense Oligonucleotides,
2’-0-Methyl RNAs, Recombinant Protein,
Purified U1 snRNP

Plasmids were constructed as indicated below.

Plasmid for CDC-ERa pre-mRNA was constructed by nearby
exon and intron sequences of the splice sites of ERa exon 1
attached to the 5’ ends of the primers which were used to amplify
CDC14-15 (chicken delta crystallin exon 14-15) (Sawa et al.,
1988; Kataoka et al., 2000) by PCR. The primers used for this PCR
reaction were 3ESRexonl_FW and 3ESRexonl_RV. The PCR
fragment was digested with Hind III and self-ligated resulting
in pSP64-CDC-ERa with shortened ERa exon 1 (58 bp) and

TABLE 1 | Oligonucleotides used in this study.

SESRexon1_FW
SESRexon1_RV
FW:forward, RV:reverse

lower case

5'- CGCAAGCTTGCGGCTACACGGTGCGCGAGGCCGGCCCGCCGGCATTCTACAGGTACCCGCgtccccagggageagcaaa-3'
5'- CGCAAGCTTGCGGGCCACCTGGAAAAAGAGCACAGCCCGAGGTTAGAGGCtgtcctccaaccacattaaataatgagaa-3
Shortened ERa exon 1 (bold) and flanking intron sequence in upper case (Hind Il is italicized) and CDC14-15 intron sequence is in

ERoEx1-6SS_wt_FW
TAGCTG—-3

ERoEx1-6SS_HMGBSmut_FW
TAGCTG—3

ERaEX1-6SS_A5SSmut_FW
TAGCTG—3

ERoEx1-6SS_P5SSmut_FW
TAGCTG—-3

ERaEX1-5SS_RV
FW:forward, RV:reverse
bold, mutated nucleotides are in red.

5/- ATACAAGCTTCCCAGCGGCTACACGGTGCGCGAGGCCGGCCCGCCGGCATTCTACAGgtacccgcgGAATTCGTAATCATGGTCA

5/- ATACAAGCTTCCCAGCCGAGATACGGTGCGCGAGGCCGGCCCGCCGGCATTCTACAGgtacccgcgGAATTCGTAATCATGGTCA

5/- ATACAAGCTTCCCAGCGGCTACACGGTGCGCGAGGCCGGCCCGCCGGCATTCTACT CetacccgcgGAATTCGTAATCATGGTCA

5/- ATACAAGCTTCCCAGCGGCTACACTCCGCGCGAGGCCGGCCCGCCGGCATTCTACAGgtacccgcgGAATTCGTAATCATGGTCA

5'-CCCAAGCTTGTATTCTATAGTGTCACCTAAATCGTATGT-3/

Hind Ill site is italicized, HMGA1a binding sequence is underlined, intron sequence in lower case, GU of pseudo 5’ splice site is in

aP5’'SS 5'-CTCGCGCACCGT-3

aA5'SS 5/-CGCGGGTACCTG-3

aU1 5/-CTGCCAGGTAAGTAT-3/

al2 5/-AGGCCGAGAAGCGAT-3/
cont 5/-AGGGAGTATGTGAATGCC-3
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flanking intron sequence placed in the intron of CDC14-15.
pSP64-CDC-ERa plasmid was linearized using Smal for RNA
synthesis.

The riboprobe template plasmids for ERaEx1-5SS_wt,
ERaEx1-5SS_HMGBSmut, ERaEx1-5SS_A5SSmut, ERaEx1-
58S_P5SSmut were constructed by PCR using pSP64 as
template and digested by HindIII. The forward primers were
ERaEx1-5SS_wt_FW, ERaEx1-5SS_HMGBSmut FW, oExI-
58S_A5SSmut_FW, ERaEx1-5SS_P5SSmut_FW, and the reverse
primer is ERaEx1-5SS_RV (Table1). The HindIII-digested
PCR products were self-ligated at the Hind III site to obtain
the pSP64-ERaEx1-5SS_wt, pSP64-ERaEx1-5SS_HMGBSmut,
pSP64-ERaEx1-585_A5SSmut,  pSP64-ERaEx1-5SS_P5SSmut
plasmids. These plasmids were linearized using EcoRI.

All of the linearized plasmids were transcribed with SP6 RNA
polymerase in the presence of [a->?P]JUTP. The sequences for
antisense oligonucleotides used for RNase H cleavage of the
upstream pseudo-5" splice site (aP5’'SS) and authentic-5" splice
site (0 A5’SS) and the ones used for digesting 5" ends of U1 (aU1)
and U2 (aU2) snRNA, as well as the control oligonucleotide
(cont), are shown in Table 1. The sequences for 2'-O-methyl
RNA_HMGAla_mut and 2’-O-methyl RNA_HMGAla_wt that
were purchased from Fasmac Co., Ltd. are also shown in Table 2.
Recombinant HMGA1la was a kind gift from K. Kanameki and
Y. Muto (Musashino, Tokyo, Japan) purified from E. coli and
microdialyzed in buffer D (Mayeda and Krainer, 1999b) for in
vitro splicing analyses. Purified U1 snRNP was kindly provided
by the laboratory of R. Lithrmann (G6ttingen, Germany).

Electrophoretic Mobility Shift Assays

(EMSA)

EMSA was performed as previously described (Ohe and
Mayeda, 2010) with the following minor modifications. Each
reaction mixture was incubated at 30°C for 15min and RNA-
protein complexes were analyzed by 5% polyacrylamide gel
electrophoresis (PAGE) (acrylamide: bisacrylamide ratio 30:1
[wt/wt]) at 4°C.

In Vitro Splicing, Psoralen UV Crosslinking
Assay

In vitro splicing was performed as described (Ohe and Mayeda,
2010), with minor modifications. 32P-labeled pre-mRNA (~20
fmol) was incubated at 30°C for 2h in a 12.5 pl reaction
mixture containing 3mM ATP, 20mM creatine phosphate,
20mM HEPES-NaOH (pH 7.3), 3.5mM MgCl,, 2% (wt/vol)
low-molecular-weight polyvinyl alcohol (Sigma), and 3.5 pl of
HeLa cell nuclear extract (CilBiotech). Recombinant protein was
added first to the probe prior adding nuclear extract. Where
indicated 20 pmol of SRSF1 was added. Psoralen-mediated UV
crosslinking assay was performed as previously described fixing
the incubation time at 5 min (Ohe and Mayeda, 2010).

Immunoblot Assays

MCEF-7 cells were washed twice with PBS and resuspended in 1 ml
TRIzol reagent (Invitrogen). After passing through a 25 G needle
five times, protein was purified from the interphase and organic
phase by precipitating with 6 V of a solution for precipitating

TABLE 2 | 2’-O-methyl RNA used in this studly.

2’-O-methyl RNA_HMGA1a_mut 5'-CGCCGAGAUCAG-3

2/-O-methyl RNA_HMGA1a_wt 5'-CGCUGCUACAAG-3'

protein (50% Ethanol, 24.5% Acetone, 24.5% Methanol, 1%
distilled water). Twenty micrograms of protein was boiled in
sample buffer and separated by 10% sodium dodecyl sulfate-
PAGE (SDS-PAGE), transferred to nitrocellulose membrane and
analyzed by an ERa antibody (HC-20) (Santa-Cruz, sc-543)
which recognizes the C-terminus of the protein or HMGA1la
antibody (FL95; Santa Cruz). Anti-rabbit immunoglobulin G
conjugated to alkaline phosphatase (Promega) was used as
secondary antibody and detected by BCIP (5-bromo-4-chloro-3-
indolylphosphate) (Promega).

Statistical Analysis
Data are presented as mean £ SD. Group differences were
analyzed by Students ¢-test using Microsoft Excel.

RESULTS

HMGA1a Binds a Sequence in ERa Exon 1
In our previous reports, we showed that HMGA1a binds to RNA
in sequence-specific manner (Manabe et al., 2003, 2007; Ohe and
Mayeda, 2010). Here, we searched for other binding sites in other
diseases. Since HMGA1la has been intensely studied in breast
cancer as a transcription factor and that its expression correlates
with its malignant potential, we were motivated to seek whether
its RNA-binding characteristics have any involvement in the
development of the disease. Accordingly, we found a candidate
HMGA1a RNA-binding site in the estrogen receptor alpha (ERw)
gene. It functioned in MCF-7 cells, induced estrogen-dependent
growth in these cells as well as nude mice, and tamoxifen-
resistant MCF-7 TAMRI cells were sensitized to tamoxifen (Ohe
et al., 2018). Here we show the in vitro analyses of HMGAla-
trapped U1 snRNP at the upstream pseudo 5 splice site adjacent
the HMGA1la RNA-binding site in ERa exonl, which is located
downstream of several non-coding exons.

The candidate HMGA1la RNA-binding site was located 33
nucleotides upstream the authentic 5" splice site (Figure 1A:
HMGA1aBS-wt) of ERa exon 1. The 5’ splice site score of the
adjacent pseudo-5" splice site (MaxEnt: 8.67; Yeo and Burge,
2004) is comparable to the authentic 5 splice site (MaxEnt: 8.63)
of this exon. The HMGAla RNA-binding candidate sequence
is 5-GCGGCUACACG-3/, a two-base mismatch of the original
one we found previously, 5-GCUGCUACAAG-3’ (Manabe et al.,
2003, 2007; Ohe and Mayeda, 2010) (mismatch underlined). RNA
electrophoretic mobility shift assay (EMSA) (Figure 1B).

HMGA1a Induces Exon Skipping of a

Shortened ER« Exon 1 in Vitro

ERa46 has been reported to be expressed through differential
regulation of translation (Barraille et al., 1999), thus we needed
to exclude this possibility by testing HMGAla in an in vitro
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A
HMGA1aBS-wt

HMGA1a RNA-binding site

pseudo-5’ splice site

I —
5 -GAAUACAAGCUUCCCAGCGGCUACACGGUGCGCGAGGCCGGCCCGCCGGCAUUCUACAGguaccegeggaauu-3'
HMGA1aBS-mut & -GAAUACAAGCUUCCCAGCQGAQAQACG’GUGCGCGAGGCCGGCCCGCCGGCAUUCUACAG’guacccgcggaauu-S’

authentic-5’ splice site

B
HMGA1a HMGA1a
& =1 () 1
£
free RNA
1 §2: '3 4 5 6

HMGA1aBS-wt

triangles. The shifted HMGA1a bound 32p_|gbeled RNA is indicated by arrowhead.

HMGA1aBS-mut

FIGURE 1 | HMGA1a regulates alternative splicing of the ERa gene in MCF-7 cells. (A) Sequences of the HMGA1a RNA-binding sequence in ERa exon 1ais
indicated (HMGA1a_BSwt). Arrows show the pseudo-5’ splice site and authentic 5’ splice site. Mutated bases are underlined (HMGA1a_BSmut). (B) HMGA1a
binding to 32p_jabeled RNAs were analyzed by RNA-EMSA. Increasing amounts of recombinant HMGA1a (0, 191, 383 ng in 15 pl) are indicated by minus signs and

splicing assay where translational regulation is not observed.
A heterologous pre-RNA transcript with the splice sites and
flanking sequences of ERx exon 1 were inserted in the intron
of a conventional splicing substrate, CDC14-15 (Sawa et al,
1988; Kataoka et al, 2000), designated CDC-ERa. Exon 1
was shortened for the limitations of length in splicing RNA
in vitro (Mayeda and Krainer, 1999a). The RNA transcribed from
CDC-ERa includes the HMGAla RNA-binding sequence in a
shortened ERa exonl with flanking intron sequences inserted
in intron between CDC exon 14 and 15 (Figure2A). The
splicing recapitulated that of cultured MCF-7 cells (Ohe et al.,
2018), except that CDC-ERa showed exon skipping using HeLa
nuclear extract in our in vitro splicing assay (Figure 2B, lane
2), thus we added SRSF1 and exon inclusion was observed
(Figure 2B, lane 3). When HMGA 1a was added to this reaction,
an increase of exon exclusion was observed (Figure 2B, lane 4).
Since HMGA1a is known to be highly expressed in HeLa cells,
it is possible that the endogenous HMGA1la in HeLa nuclear
extract induced exon skipping in our in vitro splicing assays
before SRSF1 was added (Figure 2B, lane 2). Next, in order to
observe the decoy effect of PS2 HMGA1a RNA-binding sequence,
we extended the splicing reaction to 3 h without adding SRSF1.
In this condition, no exon inclusion of CDC-ER«a was observed
(Figure 2B, lane 6). To confirm whether this exon skipping
event was due to RNA-binding of HMGA1a, 2’-O-methyl RNA
of the PS2 HMGA1la RNA-binding sequence (Manabe et al.,
2007) was added to the reaction. While 2’-O-methyl RNA
of mutant HMGAla RNA-binding sequence showed no exon
inclusion at 8 and 16 uM (Figure 2B, lane 7,8), 2'-O-methyl
RNA of wild-type sequence showed clear exon inclusion at
the same concentration (Figure 2B, lane 9,10). We believe that

this induction of exon inclusion is significant in such limited
exon inclusion conditions of this pre-mRNA substrate in vitro.
The decoy effect of PS2 HMGA1la RNA-binding sequence was
observed to inhibit alternative splicing induced by endogenous
HMGAI1a protein of MCF-7 cells (Ohe et al., 2018). Here we
focus on HMGAIla-induced exon skipping of CDC-ERa and
conducted further experiments to decipher the mechanism.

HMGA1a Anchors U1 snRNP to the
Upstream Pseudo-5’ Splice Site of ERx

Exon 1

In our previous report, we showed HMGAIla prevents normal
dissociation of Ul snRNP from the 5 splice site only when
the 5’ splice site is adjacently downstream the HMGAla RNA-
binding sequence (Ohe and Mayeda, 2010). In the case of ERx
exon 1, HMGAla binds adjacently upstream a pseudo-5" splice
site located 33 nucleotides upstream of the authentic splice site
(Figure 1). We tested whether HMGA1la could trap Ul snRNP
to the pseudo-5' splice site and block Ul snRNP-binding to
the authentic 5’ splice site of ERe exon 1 by psoralen-mediated
UV crosslinking assay (Figure 3B). We used the same RNA
(HMGA1aBS-wt) in the RNA-EMSA experiments (Figure 1A),
which contains the pseudo-5’ splice site and authentic 5 splice
site of ERa exon 1. Mutants of each 5 splice site (Figure 3,
A5’'SSmut: mutant of authentic 5" splice site, P5’SSmut: mutant
of pseudo-5’ splice site) were used to define each Ul snRNP/5
splice site crosslink. When purified Ul snRNP was added (5-
min incubation), two crosslinks with fast and slow mobility
were detected using HMGAlaBS-wt RNA (Figure 3B, lane 3).
In the presence of HMGAIa, the fast mobility band increased
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A CDC14-15 ERa exon1

5.5 % PAGE/Urea gel

RNA-binding sequence 2’-O-methyl RNA.

ERG:6%6i HMGA1aBSwt 5 -CGCUGCUACAAG-3'
HMGA1aBSmut 5’ -CGCCGAGAUCAG-3'
CDCex14 CDCex15
del. HMGA1a RNA-binding site
T
B =
g 2' -O-methyl RNA
I mut wt
0 2 2 ;
b HMGATa
SRSF1 (10 pmol) » & & 0 3 3 3 3 3
oo
— .
- =
e Wy e G~ —
el e S S i S | - -
o CDCex14 ERa ex1 CDCex15

/
_—[CT1

7 % PAGE/Urea gel

FIGURE 2 | HMGA1a regulates alternative splicing of ERa exon 1 in vitro. (A) Scheme shows CDC-ERa pre-mRNA: shortened [indicated as del. (deletion of
nucleotides)] ERa exon 1 and flanking intron sequence (bold line) inserted in the intron (thin line) of CDC14-15 pre-mRNA. The 2'-O-methyl RNA used in (B) are shown
on right side. (B) (left panel) HMIGA1a induces exon skipping of CDC-ERa (lane 1). SRSF1 was added as indicated (lanes 3,4). Two hundred and eighty-seven
nanograms in 12.5 pl reaction of recombinant HMGA1a was added in lane 4. (B) (right panel) 2’-O-methyl RNA of HMGA1a RNA-binding sequence increases exon
inclusion. Fifty and one hundred picomoles of 2’-O-methyl RNA are indicated as triangles. White arrowhead shows increase of exon inclusion by HMGA1a

2’ -O-methyl RNA

intensity, while the slow mobility band was almost completely
abolished (Figure 3B lane 4). The slow mobility crosslink found
in HMGA1aBS-wt could not be detected using A5'SSmut, thus
can be designated as the Ul snRNA/authentic 5 splice site-
crosslink. The fast mobility crosslink is difficult to judge because
of its similar mobility with the internal crosslinks (Figure 3B,
lane 2). This is also the case for A5’SS mut (Figure 3B, compare
lanes 8, 9 with lane7) and P5'SS mut (Figure 3B, compare lanes
13, 14 with lane 12). When using P5'SS mut, the intensity of the
slow mobility crosslink (Ul snRNA/authentic 5’ splice site) did
not decrease, but rather increased in the presence of HMGA la.
Taken together, an aberrant complex of HMGAla-mediated
trapping of Ul snRNP to the upstream 5’ splice site inhibited
binding of U1 snRNP to the authentic-5 splice site (Figure 4).

DISCUSSION

HMGAI1a is originally known as a DNA-binding transcription
factor but we found it exerts abnormal exon skipping
of the presenilin-2 gene in sporadic Alzheimer’s disease
through sequence-specific RNA binding to a sequence, 5'-
GCUGCUACAAG-3" (Manabe et al., 2003, 2007; Ohe and
Mayeda, 2010). It has also been recently reported of other RNA
targets for HMGA la: regulating Vpr mRNA expression of the
HIV gene (Tsuruno et al, 2011); and binding to 7SK snRNA
through its DNA-binding domain and thereby affecting its own

transcriptional regulation activity (Eilebrecht et al., 2011a,b,c).
HMGAIla is known to be multifunctional (Reeves, 2001), with
various functions in normal as well as pathophysiological
contexts. Indeed, it has been reported as an important component
of senescence-associated heterochromatic foci (Narita et al.,
2006). This study expands the number of RNA targets of
HMGA1a with important pathophysiological function as well as
suggesting a novel mechanism in 5 splice site choice.

Regulation of 5’ splice site function by upstream 5’ splice sites
has been analyzed in previous studies and uncovered silencing
sequences (Yu et al., 2008) as well as the discovery of upstream
5’ splice sites functioning as enhancers of the authentic 5 splice
site (Hicks et al., 2010). How the intron-proximal 5’ splice site is
favored when two comparable 5’ splice sites exist, is not known
(Roca et al,, 2013). Here we showed an example of such two
competing 5" splice sites in exon 1 of the estrogen receptor alpha
(ERx) gene. The 5 splice site scores of the two 5 splice sites
are comparable both with a MAXENT score of 8.6. In normal
expression of the ERx gene the intron-proximal 5'spice site is
utilized. Regulation of Ul snRNP binding to alternative 5" splice
sites has been reported to occur during A complex formation,
with no difference of Ul snRNP binding to upstream and
downstream 5’ splice site in E complex (Hodson et al., 2012). Ul
snRNP has been reported to protect a region that is 23 nucleotides
upstream into the exon and 12 nucleotides downstream into
the intron in PTB-independent conditions (Sharma et al., 2011).
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A -5’ It it 5 ) . -
HMGA1a-binding site pseudo-5’ splice site authentic-5’ splice site
A5’ SSmut 5" -GAAUACAAGCUUCCCAGCGGCUACACGGUGCGCGAGGCCGGCCCGCCGGCAUUCUAUCUuccuacgeggaauu-3'
PS5’ SSmut 5 -GAAUACAAGCUUCCCAGCGGCUACACUCCGCGCGAGGCCGGCCCGCCGGCAUUCUACAG{guacccgcggaauu—3’
B GU1/RNaseH pE = s e g e = & = *
HMGAla - - - + + = = 5 e Pl
U1 snRNP S =~ B o E + o+ =
Psoralen/26Snm -+ + <+ + T b . .

U1snRNA/
authentic 5’ splice site[
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Since the two 5’ splice sites of ERa exon 1 are 33 nucleotides
apart, the length in-between would allow both 5’ splice sites to
bind Ul snRNP but would be in close proximity. We believe
the two 5’ splice sites found in ERx exon 1 would be a good
natural model in studying how the intron-proximal 5" splice site
is favored when the upstream 5’ splice site is in the closest range
of simultaneous binding of Ul snRNP. From RNA-EMSA and
psoralen crosslinking assays in this study, HMGA1la binded to an
upstream sequence adjacent a pseudo 5 splice site and inhibited
U1l snRNP binding to the authentic 5 splice site only in the
presence of the upstream pseudo 5’ splice site. We believe Ul
snRNP simultaneously binded to both 5’ splice sites of ERa exon
1 in the absence of HMGAla, but when HMGA1a is added, U1l
snRNP is trapped to form an aberrant complex which inhibits U1l
snRNP binding to the authentic 5’ splice site (Figure 4).

However, there is still various limitations in this study. First,
if UL snRNP protection at the upstream 5 splice site is extended
more than Ul snRNP binding in PTB independent conditions
(Sharma et al., 2011), U1 snRNP binding to authentic-5" splice
site would be inhibited. This may be the case because we
observed an increase of Ul snRNP binding to the authentic
5 splice site when the upstream 5 splice site was mutated
(Figure 3B, lane 14). An RNase H protection assay with an
antisense oligonucleotide directed to check the occupancy of the
authentic 5’ splice site would be able to answer this point. Second,
there is still a possibility of HMGA1la trapping Ul snRNP to
the authentic 5" splice site. Though we previously found that
HMGAI1a traps Ul snRNP when the HMGAla RNA-binding
site is adjacent or at least within ten nucleotides of the 5 splice
site (Ohe and Mayeda, 2010), the sequence between the two 5’
splice sites of ERx exon 1 is extremely GC-rich (24 out of 32
nucleotides; 75%) and there is a strong possibility of secondary
structure leading to close enough range of the HMGAla RNA-
binding site and 5 splice site for HMGAla-induced Ul snRNP
trapping. This also well explains the increased crosslink of Ul
snRNP and the authentic 5 splice site when the upstream 5’ splice
site was mutated (Figure 3B, lane 14).

Besides the precise mechanism of HMGA la-induced silencing
of the downstream authentic 5 splice site of ERx exon 1, this
event consequently induced exon skipping and expression of the
isoform ERa46. Using decoy RNA that binded to HMGA1la and
inhibited HMGA1a-induced exon skipping of ERa, we observed
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