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ABSTRACT

The OLR1 gene encodes the oxidized low-density lipoprotein receptor (LOX-1), which is responsible for the cellular uptake of
oxidized LDL (Ox-LDL), foam cell formation in atheroma plaques and atherosclerotic plaque rupture. Alternative splicing (AS)
of OLR1 exon 5 generates two protein isoforms with antagonistic functions in Ox-LDL uptake. Previous work identified six
single nucleotide polymorphisms (SNPs) in linkage disequilibrium that influence the inclusion levels of OLR1 exon 5 and
correlate with the risk of cardiovascular disease. Here we use minigenes to recapitulate the effects of two allelic series (Low-
and High-Risk) on OLR1 AS and identify one SNP in intron 4 (rs3736234) as the main contributor to the differences in exon 5
inclusion, while the other SNPs in the allelic series attenuate the drastic effects of this key SNP. Bioinformatic, proteomic,
mutational and functional high-throughput analyses allowed us to define regulatory sequence motifs and identify SR protein
family members (SRSF1, SRSF2) and HMGA1 as factors involved in the regulation of OLR1 AS. Our results suggest that
antagonism between SRSF1 and SRSF2/HMGA1, and differential recognition of their regulatory motifs depending on the
identity of the rs3736234 polymorphism, influence OLR1 exon 5 inclusion and the efficiency of Ox-LDL uptake, with potential
implications for atherosclerosis and coronary disease.
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INTRODUCTION

The process of intron removal from mRNA precursors (pre-
mRNA splicing) is mediated by the spliceosome, one of the
most complex ribonucleoprotein machineries within the
cell (Wahl et al. 2009), and represents an essential and versa-
tile step for the regulation of gene expression in multicellular
organisms (Jangi and Sharp 2014). Alternative patterns of in-
tron removal (alternative splicing, AS) expand the coding po-
tential of the genome (Nilsen and Graveley 2010) and
alterations of cis and trans-acting elements involved in splice
site recognition are frequently associated with the establish-
ment and progression of disease states (Wang and Cooper
2007; Cooper et al. 2009, Tazi et al. 2009).
A major hallmark of the initiation of atherosclerotic le-

sions is the uptake and accumulation of low-density lipopro-
teins (LDLs and Ox-LDLs), resulting in foam cell formation
in atheroma plaques (Vohra et al. 2006). Oxidized LDL (Ox-
LDL) is considered a key initial event in atherosclerosis and
also in atherosclerotic plaque rupture by promoting lipid ac-
cumulation, pro-inflammatory responses, and apoptotic cell

death (Mehta et al. 2006; Chen et al. 2007).OLR1 encodes the
scavenger lectin-like oxidized low-density lipoprotein recep-
tor (LOX-1), which is responsible for the uptake of Ox-LDL
(Aoyama et al. 1999; Ohki et al. 2005). LOX-1 depletion re-
duces atherogenesis in mice subject to high cholesterol diets
(Mehta et al. 2007) and protects against plaque instability in
conditions of hypercholesterolemia (Ishino et al. 2007). In
addition, OLR1 is up-regulated in cancer tissues and has
been proposed to play an active role in cell transformation
(Hirsch et al. 2010; Khaidakov et al. 2011), suggesting molec-
ular links between atherosclerosis and cancer.
OLR1 exon 5 alternative splicing leads to the generation of

mRNAs encoding two protein isoforms with antagonistic
functions in programed cell death. Exon 5 inclusion gener-
ates full-length LOX-1 protein harboring an Ox-LDL binding
domain that promotes Ox-LDL uptake (Chen et al. 2001;
Ohki et al. 2005) and activation of inflammatory and apopto-
tic responses (Chen et al. 2007). Skipping of exon 5 generates
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a truncated protein isoform (LOXIN) that lacks the Ox-LDL
binding domain and protects against Ox-LDL uptake
(Mango et al. 2005; Ohki et al. 2005).

Six single nucleotide polymorphisms (SNPs) in linkage
disequilibrium have been identified within introns 4, 5 and
the 3′ UTR of OLR1, which correlate with the risk of cardio-
vascular disease (Chen et al. 2003; Mango et al. 2003;
Tatsuguchi et al. 2003). Carriers of the Low-Risk allele series
show equilibrated levels of both AS isoforms, while carriers of
the High-Risk allele series display higher exon 5 inclusion
(Mango et al. 2005). Understanding the mechanisms behind
AS regulation and the role of genetic variation in OLR1 exon
5 AS is therefore of significant biomedical interest.

Here we have characterized in detail the contributions of
individual SNP sequence variations to OLR1 exon 5 AS and
applied computational, biochemical, mutational and high-
throughput screening technologies to identify relevant regu-
latory sequence motifs and factors. Our results reveal antag-
onistic effects between SR proteins and other regulators as
well as long-range functional interactions between SNPs
thatmodulate the ratio between alternatively spliced isoforms
and consequently the efficiency of Ox-LDL uptake.

RESULTS

OLR1 minigenes reproduce the splicing phenotype
of the SNP allelic series

To study the role of the different OLR1 alleles in AS regula-
tion, we generated minigenes corresponding to the Low-
Risk or High-Risk allelic series in which the corresponding
full genomic sequences from exon 4 to exon 6 (including
the 3′ UTR), obtained from cell lines of the HapMap project
(Table 1; Supplemental Table S1; Supplemental Fig. S1;
International HapMap Consortium 2005), were cloned into
a pCDNA3.1 backbone under the control of Cytomegalovi-
rus (CMV) promoter and Simian Virus 40 (SV40) polyade-
nylation signal (Fig. 1A). The minigenes were transfected in
HeLa (Human Cervix Adenocarcinoma), HEK293-T (Hu-
man Embryonic Kidney) and SK-N-SH (Human Neuroblas-
toma) cells. Twenty-four hours post-transfection, total
cellular RNAs were isolated and the ratio between exon 5 in-
clusion and skipping isoforms analyzed by reverse transcrip-
tion and quantitative real-time PCR (RT-qPCR) using splice
junction oligonucleotides and a minigene-specific primer
(Fig. 1A). Higher inclusion/skipping ratios were consistently
detected in transcripts from the High-Risk construct in the
three cell lines (Fig. 1B), qualitatively and quantitatively con-
sistent with previous analysis of endogenous OLR1 tran-
scripts in patients bearing Low-Risk or High-Risk allele
series (Mango et al. 2005). Thus, our minigenes reproduce
the endogenous splicing phenotype of the SNP allelic series
and thus provide useful tools to study OLR1 AS (see also
Supplemental Fig. S2A).

Intronic SNPs rs3736234 and rs13306593 modulate
OLR1 AS in both allelic series

To dissect the contribution of each intronic SNP in the reg-
ulation of OLR1 AS, we generated two series of mutant mini-
genes constructs containing single point substitutions in each
of the six SNPs previously described to be part of the linkage
disequilibrium block (Table 1). In each of the series, we indi-
vidually replaced each SNP in the Low- or High-Risk mini-
genes by the nucleotide present in the other allelic series
(Fig. 1C). Each construct was transfected in HeLa cells and
24 h post-transfection, cellular RNAs were isolated and ana-
lyzed as described above. Mutation of SNPs rs3736234 (con-
structs 2 and 8) and rs13306593 (construct 5) displayed
the most significant effects on OLR1 AS regulation (Fig.
1D–E). Mutation of rs3736234 in the Low-Risk series to
the nucleotide present in the High-Risk series (C- to T-
rs3736234) caused a very significant increase in exon 5 inclu-
sion (Fig. 1D, construct 2), while the reciprocal change in the
High-Risk series caused the strongest decrease in exon 5 in-
clusion (Fig. 1E, construct 8). In contrast, mutation of
rs13306593 in the Low-Risk series to the nucleotide present
in the High-Risk series (G to T) reduced exon 5 inclusion
(Fig. 1D, construct 5), while the reciprocal change did not af-
fect significantly the splicing pattern of the High-Risk series.
These results reveal the prominent effects on AS regulation of
specific SNPs (particularly rs3736234) within the linkage dis-
equilibrium block.
To evaluate the specificity of these effects, we generated an-

other series of mutants in which each SNP in the Low-Risk
allelic series was mutated to a nucleotide different from the

TABLE 1. Location of exons, introns, and SNPs in OLR1 genomic
sequences analyzed in this study

Element

Genomic position
Position in pre-

mRNA

Start End Start End

Exon 4 chr12:10204791 chr12:10204652 11,366 11,506
Intron 4 chr12:10204651 chr12:10204329 11,507 11,830

rs3736232 chr12:10204625 chr12:10204625 11,533 11,533
rs3736234 chr12:10204401 chr12:10204401 11,757 11,757
rs3736235 chr12:10204342 chr12:10204342 11,816 11,816
Exon 5 chr12:10204328 chr12:10204213 11,831 11,947
Intron 5 chr12:10204212 chr12:10203888 11,948 12,273

rs17174597 chr12:10203958 chr12:10203958 12,200 12,200
rs13306593 chr12:10203915 chr12:10203915 12,244 12,244
Exon 6 chr12:10203887 chr12:10203748 12,274 12,413
3′ UTR chr12:10203747 chr12:10202166 12,414 13,997

rs1050283 chr12:10203556 chr12:10203556 12,602 12,602
PolyA chr12:10202172 chr12:10202172 13,991 13,991

Numbers represent genomic coordinates in the human genome
(hg18 of NCBI genome browser dsSNP 130) or in the pre-mRNA.
Shadowed rows indicate SNPs in linkage disequilibrium analyzed
in this study.
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one present in the High-Risk series (Fig.
2A, upper panel). Interestingly, the
prominent effects of substitutions C→T
in SNP rs3736234 and of G→T in SNP
rs13306593 were not observed with the
different nucleotide substitutions (C→G
and G→A, respectively) arguing for spe-
cific effects of the natural sequence vari-
ants on OLR1 AS.

Attenuating effects of other
nucleotides in the linkage
disequilibrium block

The AS changes caused by swapping
rs3736234 SNP variants were more dra-
matic than the differences in inclusion/
skipping ratio observed between the two
allelic series (either in patient cells or in
our minigenes system) (Fig. 1D–E, com-
pare lanes 2 or 8 with Low- and High-
Risk). To test whether the presence of
other SNPs could modulate the effect ex-
erted by SNP rs3736234, we progressively
introduced nucleotide changes in the
Low-Risk construct until we reconstruct-
ed the SNP composition of the High-Risk
allele (Fig. 2B). Remarkably, the strong
increase in exon 5 inclusion caused by
the natural variant of rs3736234 (Low-
Risk mut 2) was progressively attenuated
by the presence of additional nucleotide
variants present in the linkage disequili-
brium block, until the ratio of inclu-
sion/skipping resembled that observed
in the High-Risk minigene (Fig. 2C).
Reciprocal effects were observed when
progressive substitutions were intro-
duced in the High-Risk minigene to reas-
semble the SNP configuration of the
Low-Risk allelic series (data not shown).
It is important to point out that addition-
al nucleotide differences (not in linkage
disequilibrium) are present in our Low-
and High-Risk minigene constructs.
These results suggest that the difference
in exon 5 inclusion/skipping ratio be-
tween the Low- and High-Risk allelic se-
ries observed in human populations
(Mango et al. 2005) is the result of the
balance between the strong effects of var-
iations in SNP rs3736234 and compensa-
tory effects of (at least some of) the other
sequence variants present in the linkage
disequilibrium block.

FIGURE 1. SNP rs3736234 affects OLR1 AS pattern in both allelic series. (A) Schematic repre-
sentation of the Low- and High-Risk minigenes used in this study, including the nucleotide iden-
tities and the relative position to the closest 3′ss (in base pairs) of the 6 SNPs in linkage
disequilibrium in the two allelic series. pCMV indicates Cytomegalovirus promoter, SV40 refers
to Simian Virus 40 polyadenylation signal, AMPr indicates ampicillin resistance cassette included
in the vector backbone, coding exons are represented as rectangles, intronic sequences as thin lines,
and 3′ UTR as thick line. Length in base pairs (bp) of exons, introns, and 3′ UTR is indicated by the
numbers below. Arrows represent forward (splice junction) and reverse (vector-specific PT1 se-
quence) primers used for real-time PCR quantification of the exon 5 inclusion (INC) or skipping
(SKIP) isoforms. (B) Exon 5 inclusion/skipping ratios of transcripts generated upon transfection
of Low- andHigh-Riskminigenes inHeLa, HEK293-T, or SK-N-SK cells, andmeasured 24 h post-
transfection. RT-qPCR values represent mean and standard deviations of 10 independent biolog-
ical replicas. (C) Schematic representation of single point mutations introduced by site-directed
mutagenesis in the OLR1 Low- and High-Risk minigenes to dissect the effect of each SNP in AS
regulation. Nucleotide identities in the High-Risk series are indicated in bold, those in the Low-
Risk series in normal lettering. (D,E) Quantification of inclusion/skipping ratios for the different
mutants in C. Data represent mean and standard deviation of exon 5 inclusion/skipping ratios
after normalization against Low-Risk (D) or High-Risk (E) minigenes for eight independent bi-
ological replicas. P-values obtained from Student’s two-tailed heteroscedastic t-test comparing to
Low- or High-Risk minigenes are indicated: (∗) <0.05, (∗∗) <0.01, (∗∗∗) <0.001.
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Bioinformatic identification
of putative regulators of OLR1
AS regulation

To identify sequence motifs relevant for
OLR1 AS regulation, we developed a soft-
ware that compiles potential binding sites
for splicing regulatory factors derived
from in vitro SELEX and other high-
throughput RNA binding techniques, as
well as potential splicing regulatory mo-
tifs identified by various in silico ap-
proaches (see Materials and Methods
section). We focused our attention in
the region of intron 4 containing the
key rs3736234 SNP. A variety of potential
regulatory elements were identified in
this region (Fig. 3A) and the identity of
rs3736234 (C or T) was predicted to sig-
nificantly influence the presence or not
of various motifs. In particular, several
elements with predicted splicing enhanc-
er function, including a potential binding
site for the SR protein SRSF2 (SC35),
partially overlapping with the SRSF1-
binding site, were no longer predicted
when C-rs3736234 (Low-Risk allele)
was replaced by T-rs3736234 (High-
Risk allele). Of potential interest, a pre-
dicted SRSF1 (ASF/SF2) high score motif
(AACACTA) was maintained in both
alleles. Therefore, a possible scenario
emerging from these in silico analysis is
that an intronic enhancer element (such
as a SRSF1-binding site) promotes exon
5 inclusion in the High-Risk allele, while
regulatory motifs in adjacent sequences
act as dominant silencer motifs. Such
motifs would be sensitive to the presence
of T or C at rs3736234 and somehow pre-
vent, in the case of the Low-Risk C-
rs3736234 allele, the function of the
SRSF1 enhancer.
A comparative analysis of the sequenc-

es around SNP rs3736234 across various
vertebrate species revealed conservation
of the overlapping human SRSF1 and
SRSF2 regulatory elements in different
primate species, but not in other verte-
brates, including mouse or rat (Fig. 3B).
Interestingly, this comparative study
identified the High-Risk allele as the an-
cestor sequence, suggesting that the
emergence of the Low-Risk allele is re-
stricted to humans, in line with recent

FIGURE 2. Additional nucleotide identities in the allelic series attenuate the effect of SNP
rs3736234 on OLR1 AS. (A) Nucleotide-specific effect of rs3736234 and rs13306593 SNP substi-
tutions. The scheme indicates the individual substitutions from Low- to High-Risk allelic series
and from Low to a different nucleotide. Data represent mean and standard deviation of exon 5
inclusion/skipping ratios of the different constructs after normalization to Low-Risk minigenes
for six independent biological replicas. Significant P-values obtained from Student’s two-tailed
heteroscedastic t-test are indicated: (∗) <0.05, (∗∗) <0.01. (B) The table indicates the accumulative
series mutations introduced in the Low-Risk minigene to reconstruct the genotype of the High-
Risk allele series (in bold). (C) Ratio of exon 5 inclusion/skipping for the constructs indicated in
B, normalized to the values of the Low-Risk minigene. Values represent mean and standard devi-
ation for eight independent biological replicas. P-values for each of the conditions are indicated.
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studies reporting frequent gain of novel regulatory elements
and increased complexity in AS in particular evolutionary
lineages (Barbosa-Morais et al. 2012; Merkin et al. 2012).

Spliceosome-wide screen identifies regulators
of OLR1 AS

A second, unbiased approach to study OLR1 AS was under-
taken, using automatized screening methods recently devel-
oped by our laboratory to identify AS regulators by high-
throughput RNAi (Papasaikas et al. 2015; Tejedor et al.
2015). Briefly, HeLa cells were transfected with a customized
siRNA library individually targeting ∼250 spliceosome com-
ponents, splicing regulators, and chromatin remodeling fac-
tors and 72 h post-transfection mRNAs were isolated using
oligo-dT-coated plates. PCR amplificationwithOLR1 specific
primers located in exons 4 and 6, coupled with high-through-
put capillary electrophoresis, allowed us to detect changes in
the relative levels of endogenous OLR1 splicing isoforms
upon each individual knockdown condition, quantified using
a robust Z-score (Table 2; Supplemental Table S2; Supple-
mental Fig. S2B). The difference in the levels of exon inclusion

between endogenous andminigene-derivedOLR1 transcripts
is likely due to differences in expression levels, chromatin or-
ganization, and topology of RNAs expressed from episomal
DNA (see also Fig. 2A). Table 2 lists the most significant reg-
ulators identified, including U2 snRNP and U2 snRNP-asso-
ciated factors (possibly indicating that intron 4 3′ splice site
recognition by U2 is rate-limiting for exon 5 inclusion). Sig-
nificantly, SRSF1 was also found to regulate OLR1 exon 5 in-
clusion, consistent with the bioinformatic prediction of a
binding site for this SR protein near rs3736234. Other regula-
tors identified include PTBP1 as well as a number of factors
acting late in spliceosome assembly, in conformational rear-
rangements of spliceosome complexes or even in catalysis,
consistent with extensive potential of core spliceosome com-
ponents in the regulation of AS (Park et al. 2004; Saltzman
et al. 2011; Papasaikas et al. 2015; Tejedor et al. 2015).

Biochemical identification of regulatory factors
associated with rs3736234 polymorphism
and adjacent motifs

To directly identify factors interacting with the region of the
RNA comprising SNP rs3736234 and adjacent sequences, we

FIGURE 3. Bioinformatic identification of putative sequence regulatory elements in the vicinity of SNP rs3736234. (A) Potential sequence regulatory
elements identified in silico in the sequences of Low-Risk (upper) or High-Risk (lower) RNAs around rs3736234. The identity of the nucleotide in each
allelic series is indicated by bold bigger case. Light gray indicates sequence motifs common in both alleles, bold indicates motifs identified in the Low-
Risk but not in the High-Risk allele, shadowed motif corresponds to a high score putative binding site for the SR protein SRSF1, the italicized motif
indicates putative binding site for the SR protein SRSF2. The tables on the right indicate the putative regulatory motifs identified: their source, original
classification ([ESS] exonic splicing silencer, [ESE] exonic splicing enhancer, [ISRE] intronic splicing regulatory element), location of the first nucle-
otide of the motif in the sequence analyzed (left), and description of the regulatory element. (B) Sequence alignment ofOLR1 intron 4 3′ region across
different vertebrate species. Potential overlapping SRSF2- and SRSF1-binding sites around SNP rs3736234 are indicated by light and dark shadowed
boxes, respectively.
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used an efficient RNAse-assisted RNA chromatography pro-
tocol (Michlewski and Cáceres 2010) followed by identifi-
cation of associated proteins by mass spectrometry. RNA
pull-downs were carried out using RNA oligonucleotides
corresponding to 31 nucleotides of intron 4 centered around
rs3736234, in the Low- and High-Risk versions (Fig. 4A),

incubated with nuclear extracts from
HeLa (three different preparations) or
Human Microvascular Endothelial
(HMVEC) cells. Proteins retained after
extensive washing were analyzed (in du-
plicates for each condition) by SDS elec-
trophoresis and mass spectrometry (Fig.
4B,C; Supplemental Table S3). After
lane-based normalization by overall pro-
tein levels, the relative abundance and
enrichment score of proteins differen-
tially present in the precipitates of Low-
Risk (C-rs3736234) or High-Risk (T-
rs3736234) RNAs was assessed (Table 3;
Fig. 4D). The splicing factor SRSF1 was
clearly enriched in association with the
High-Risk RNA oligonucleotide, while
the RNA helicase DDX17 and factors
corresponding to the family of High-Mo-
bility Group proteins (HMGA1 and
HMGN1), previously involved in chro-
matin remodeling and DNA compaction
(Cleynen and Van de Ven 2008), were
enriched in association with the Low-
Risk RNA oligonucleotide.
The association of SRSF1 with RNA

sequences involved in OLR1 AS regula-
tion is in line with the results of both
the bioinformatic predictions (Fig. 3)
and the functional knockdown screen
(Table 2). Furthermore, the enrichment
of SRSF1 in the High-Risk RNA is consis-
tent with a function for this factor in pro-
moting exon 5 inclusion. Also consistent
with the enrichment of HMG proteins
in the Low-Risk RNA, knock down of
HMGA1 increased exon 5 inclusion of
the Low-Risk allele, but did not affect
the inclusion/skipping ratio of the High-
Risk allele (Fig. 4E). Knock down of other
factors that did not reach the same enrich-
ment significance in the RNA pull-down
experiments (PSIP1 and NONO) did
not alter OLR1 AS, while knock down of
another such factor (SFPQ) reduced
exon 5 inclusion in the two alleles (Fig.
4E), suggesting that additional regulatory
factors not identified by our combined
approaches remain to be discovered.

SRSF2 and SRSF1 display opposite roles
in the regulation of OLR1 AS

To further investigate the involvement of SRSF1 and SRSF2
in OLR1 exon 5 AS, we generated mutants containing

TABLE 2. Splicing factors involved in the regulation of endogenous OLR1 alternative
splicing

Gene symbol
Percent spliced in

(PSI control = 92.64) P-value Z-score

SR protein
SRSF1a 79.82 5.88 × 10−6 −5.1

hnRNP proteins
PTBP1 79.22 2.88 × 10−6 −5.34

U2 snRNP related RRM containing proteins
U2AF1 76.71 1.13 × 10−6 −6.34
aRNPC2 75.76 5.48 × 10−8 −6.72

U2 snRNP proteins
SF3B1 31.08 5.78 × 10−16 −24.49
SF3B2 62.99 7.77 × 10−11 −11.8
SF3B3 63.19 5.56 × 10−8 −11.72
SF3B4 71.6 1.31 × 10−9 −8.37
SNRPA1 72.22 5.50 × 10−9 −8.13
SNRPB2 65.07 3.29 × 10−10 −10.97
SF3A1 70.38 1.03 × 10−9 −8.86
SF3A3 76.81 5.05 × 10−7 −6.3

Sm proteins
SNRPB 78.65 5.82 × 10−6 −5.57
SNRPD1 60.87 2.50 × 10−11 −12.64
SNRPD2 58.6 4.51 × 10−10 −13.54
SNRPD3 56.24 7.20 × 10−13 −14.48
SNRPF 60.22 4.30 × 10−12 −12.9
SNRPG 77.44 1.15 × 10−6 −6.05

U5 snRNP proteins
PRPF8 74.64 1.92 × 10−5 −7.16
U5-200KD 79.34 1.49 × 10−2 −5.29

U4/U6 snRNP proteins
PPIH 75.66 1.18 × 10−6 −6.76
PRPF31 81.13 9.93 × 10−6 −4.58

Complex B proteins
IK 71.15 8.72 × 10−8 −8.55
MFAP1 79.3 1.10 × 10−4 −5.31

hPRP19/CDC5L complex
CDC5L 81.7 1.50 × 10−4 −4.35
XAB2 74.44 3.73 × 10−3 −7.24
WBP11 73.55 1.18 × 10−5 −7.6

Complex C proteins
CDC40 79.3 5.55 × 10−6 −5.31

Other previously reported splicing factors/SAPs
DDX5 82.99 4.02 × 10−5 −3.84

Genes whose knock down causes changes in the ratio between exon 5 inclusion and skip-
ping using an automatized platform for siRNA transfection, RNA isolation, and RT-PCR anal-
ysis by high-throughput capillary electrophoresis are indicated, together with the Percent
Spliced In (PSI) and statistical significance. P-values obtained from heteroscedastic Welch T-
test (a measure of experimental variability) and Z-scores (the number of standard deviations
in which a value—median of a given knockdown condition—is above the mean of the
control, a measure of overall effects, which penalizes outliers) of the observed changes
between control and knockdown samples (18 control versus 3 knock downs for each condi-
tion). Analyses were carried out as in Papasaikas et al. (2015). Regulatory factors are
grouped in functional categories related to subcomplexes or stages of spliceosome assem-
bly. Additional information and raw data are supplied in Supplemental Table S2.
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deletions in their putative cognate sites in the vicinity of
rs3736234, in both the Low- and High-Risk versions of the
minigenes (Fig. 5A). Deletion of the SRSF2-binding site led
to a significant increase in exon 5 inclusion in the context

of the Low-Risk minigene, but not in
the context of the High-Risk minigene
(Fig. 5B). These results are consistent
with the prediction of a SRSF2-binding
site in the Low-Risk allele, which is dis-
rupted by the C→T transition in the
High-Risk allele (Fig. 3), and with a hy-
pothetical repressive effect of SRSF2
binding to this site on exon 5 inclusion.
Consistent with this possibility, SRSF2
overexpression led to a decrease in exon
5 inclusion, while SRSF2 knock down
by RNAi led to an increase in exon 5 in-
clusion (Fig. 5D,F). These effects, howev-
er, were observed in both the Low- and
High-Risk minigenes (albeit less signifi-
cantly for the High-Risk minigene under
conditions of SRSF2 knock down), sug-
gesting that the repressive effects of
SRSF2 on exon 5 inclusion are not limit-
ed to its function through the putative
binding site at rs3736234 and may rather
be mediated by multiple cognate sites.
Consistent with this notion, SRSF2 over-
expression led to decreased exon 5 inclu-
sion when its putative binding site was
deleted from either the Low- or the
High-Risk minigene (Fig. 6B,D).

Surprisingly, deletion of the SRSF1-
binding site had no significant effect on
exon 5 inclusion in transcripts from
either the High- or the Low-Risk mini-
genes (Fig. 5C), although SRSF1 overex-
pression led, as expected, to increased
exon 5 inclusion and SRSF1 knock down
led to reduced exon 5 inclusion—con-
firming the results of the high-through-
put RNAi screen—in both minigene
alleles (Fig. 5E,G). Significantly, deletion
of the SRSF1-binding site adjacent to
rs3736234 eliminated the effects of
SRSF1 overexpression on both the Low-
and High-Risk minigenes (Fig. 6C,E),
consistent with the idea that this putative
SRSF1-binding site, predicted bioinfor-
matically and confirmed by RNA pull-
down experiments, functionally mediates
the effects of SRSF1. In contrast, deletion
of the SRSF2-binding site did not affect
the response to SRSF1 (Fig. 6C,E).

Although we cannot rule out con-
founding effects of generating regulatory motifs upon dele-
tion of predicted binding sites, the results of Figures 5 and
6 collectively reveal antagonistic roles of SRSF1 and SRSF2
on OLR1 exon 5 AS, with SRSF1 promoting exon 5 inclusion

FIGURE 4. RNA affinity selection of potentialOLR1 AS regulators. (A) RNA oligonucleotide se-
quences corresponding to the Low-Risk or High-Risk alleles used for RNA pull down experi-
ments. (B) Proteins isolated after RNase-assisted RNA pull down using Low- or High-Risk
RNA oligonucleotides or beads alone, incubated with nuclear extracts from different cell lines
([HeLa com] commercial nuclear extracts, [HeLa#1 and HeLa#2] HeLa nuclear extracts prepared
in our laboratory, [HMVEC] human microvascular vein endothelial cells nuclear extracts, [NE]
nuclear extracts) were fractionated by electrophoresis in SDS-polyacrylamide gels detected by sil-
ver staining. The experiment was performed in duplicate for each of the conditions. (C) Venn
diagram indicating the number of overlapping mass spectrometry-determined proteins between
the different nuclear extract conditions and replicates. Proteins bound to both alleles as well as
proteins present across the different conditions were considered for further analysis. (D) Mass
spectrometry analysis of protein abundance and ratio between Low- and High-Risk affinity chro-
matography results. Enrichment P-value is indicated, together with the ratio between Low and
High binding enrichment. (E) Functional hit validation. HeLa cells were co-transfected for 48
h with Low- or High-Risk minigenes and siRNAs against the indicated factors ([0] scramble
siRNA 100 nM, [+] siRNA 50 nM, [++] siRNA 100 nM). Values represent mean and standard
deviations of exon 5 inclusion/skipping ratios for four independent biological replicas.
Significant P-values obtained from Student’s two-tailed heteroscedastic t-test are indicated: (∗)
<0.05, (∗∗) <0.01.
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at least partly through its binding site adjacent to rs3736234,
and SRSF2 promoting exon 5 skipping most likely through
multiple binding sites.

Both RNA recognition motifs of SRSF1 are necessary
for OLR1 AS regulation

SRSF1 is a classical member of the family of the SR proteins
harboring a modular structure composed of two RNA recog-
nition motifs (RRMs) and one carboxy-terminal arginine/
serine-rich domain (RS) involved in protein–protein and in
mediating RNA–RNA interactions during spliceosome as-
sembly (Wu and Maniatis 1993; Shen et al. 2004). To dissect
the domain requirements for SRSF1-mediated OLR1 AS reg-
ulation, a panel of SRSF1 domain mutants (Fig. 7A) were co-
transfected with the Low- or High-Risk OLR1minigenes and

their effects on exon 5 inclusion analyzed as before (Fig. 5E).
The results indicated that deletion of RRM1 or RRM2 com-
promises the function of SRSF1 on OLR1 AS (Fig. 7B,D),
while the RS domain was dispensable (Fig. 7F), consistent
with previous dissection of domain requirements for SRSF1
function in AS (Cáceres and Krainer 1993). Interestingly,
while expression of RRM1 or RRM2 alone was not sufficient
to induce exon 5 inclusion, expression of the RS domain
alone caused significant increase in exon 5 skipping in both
Low- and High-Risk minigenes (Fig. 7C,E,G), suggesting
some form of squelching or dominant negative effect of the
expression of the RS in isolation.

Ox-LDL uptake is modulated by changes in OLR1 AS

To further validate the physiological relevance of the pro-
posed mechanisms of OLR1 AS regulation, we combined
SRSF1/2 overexpression or Antisense RNA Oligonucleotides
(AONs)-mediated splice site switching strategies (Fig. 8A)
with measurements of Ox-LDL uptake in HeLa cells. 2′-O-
methyl phosphorothioate-modified AONs have been shown
to be effective tools to modulate AS of endogenous tran-
scripts, even with therapeutic potential (Hua et al. 2011;
Kole et al. 2012; Bechara et al. 2013; Maimon et al. 2014).
AONs complementary to the 5′ and 3′ splice sites of OLR1
exon 5 promoted exon skipping, particularly when used in
combination (Fig. 8B,C). In contrast, an AON complementa-
ry to the region of the rs3736234 polymorphism led to a mild
increase in exon 5 inclusion, suggesting an overall repressive
effect of this region on exon 5 inclusion of HeLa endogenous
(Low-Risk) transcripts (Fig. 8B,C). As observed with mini-
genes, overexpression of SRSF1 and SRSF2 led to decreased
and increased levels of exon skipping, respectively, in the en-
dogenous OLR1 transcripts (Fig. 8C).
To evaluate the functional consequences of endogenous

OLR1 AS modulation, Ox-LDL uptake was traced by using
Ox-LDL labeled with 1,1′-dioctadecyl-3,3,3′,3′-tetramethy-
lindocarbocyanine fluorophore (Dil-Ox-LDL, Biomedical
Technologies Inc.). HeLa cells were transfected with AONs
or protein expression vectors for 24 h, subsequently incubat-
ed with Dil-Ox-LDL for another period of 24 h and internal
Ox-LDL levels monitored by FACS analysis. A significant
decrease of Ox-LDL uptake upon transfection with AONs
targeting the 5′ss and 3′ss was observed, while the opposite
effect was observed upon transfection with AONs targeting
SNP rs3736234 (Fig. 8D), consistent with the predicted
changes in ratio between OLR1 isoforms. Also consistent
with the RNA changes induced by SRSF1/2 overexpression
on OLR1 transcripts, higher levels of SRSF1 led to increased
Ox-LDL uptake, while the opposite was observed upon over-
expression of SRSF2 (Fig. 8D). Taken together, these results
recapitulate the antagonistic roles of SRSF1 and SRSF2 in
the modulation of OLR1 AS and argue for the physiological
relevance of the splicing regulatory mechanisms described
in this manuscript (Fig. 9).

TABLE 3. Proteins enriched by RNase-assisted RNA affinity chro-
matography from nuclear extracts, using RNA oligonucleotides
corresponding to Low-Risk (a) or High-Risk (b) alleles followed by
mass spectrometry

Gene name Σ#PSMs low/high P-value

(a) Proteins enriched in Low-Risk RNA allele

H1MGA1 286 7.11 0.0027167
HMGN1 81 6.56 0.0045691

CCDC72 28 6.3 0.196886
HMGN2 6 6.11 0.1552901

PPIA 99 5.45 0.0365511
EDF1 53 4.74 0.0160297

RCC2 104 4.11 0.1312398
SFPQ 114 3.79 0.3498638

DDX17 14 2.96 0.00005844
HDGF 84 2.95 0.0401549
PARP1 27 2.89 0.0215889

PSIP1 199 2.61 0.1920727
CCDC124 31 2.45 0.1206888
EWS 42 1.84 0.759438
SRSF3 62 1.78 0.2456546
SNRPC 17 1.35 0.7160299
NONO 155 1.27 0.1210802

(b) Proteins enriched in High-Risk RNA allele

PTBP1 100 0.71 0.4442497
EL AVI 47 0.83 0.5678441
HNRNPAB 752 0.76 0.3082146
HNRNPA2B1 1209 0.64 0.9242764
CERBP 182 0.53 0.8822522
RBMXL1 65 0.37 0.4139328
DDX1 14 0.31 0.405102

SSB 96 0.28 0.0231615
SRSF1 59 0.14 0.0009683
SRSF9 72 0 0.0238947

TIA1 71 0 0.0863248

Names of the protein-encoding genes, number of peptide spec-
trum masses, ratio between low and high peptide abundance, and
enrichment P-values are provided for each of the factors identified
across the different experimental conditions (nuclear extracts and
cell lines).
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DISCUSSION

Cardiovascular disease is a multifactorial
disorder in which both external factors
and genetic predisposition influence the
risk of developing coronary failure. Pre-
vious association studies reported a cor-
relation between intragenic OLR1 single
nucleotide polymorphisms and genetic
predisposition to cardiovascular disor-
ders (Chen et al. 2003; Mango et al.
2003; Tatsuguchi et al. 2003). In this
study, we have dissected the effect on
OLR1 AS of the different SNPs present
in a linkage disequilibrium block and in-
vestigated molecular mechanisms behind
the prominent role of SNP rs3736234 on
the regulation of exon 5 inclusion.

Bioinformatic, biochemical, function-
al, and mutational data revealed a role
for SRSF1 in promoting OLR1 exon 5
inclusion (Fig. 9). This SR protein has
been involved in the regulation of nu-
merous AS events, frequently working
as a key component of exonic splicing en-
hancers, and can play a decisive role in
cell transformation and cancer progres-
sion (Karni et al. 2007; Das and Krainer
2014). Our pull-down experiments re-
vealed that SRSF1 binds to an RNA con-
taining T-rs3736234 (associated with
higher exon inclusion and higher risk of
coronary disease), while the protein did
not associate with the same RNA con-
taining C-rs3736234 (associated with
exon skipping and lower risk of coronary
disease). This suggests that the levels of
SRSF1 could represent an additional
risk factor in cardiovascular disease for
individuals harboring the High-Risk al-
lele. Deletion of the predicted SRSF1-
binding site adjacent to rs3736234 made
a minigene refractory to the exon inclu-
sion-promoting effects of SRSF1 overex-
pression, arguing that SRSF1 indeed
functions through this sequence element.
Surprisingly, however, deletion of this
motif did not by itself increase exon skip-
ping significantly, suggesting that exon
inclusion is maintained by the function
of other factors and regulatory sequences
under these conditions. Kanopka et al.
(1996) previously reported that reloca-
tion of SRSF1 binding from an exonic
to an intronic location in adenovirus

FIGURE 5. Antagonistic effects of SRSF2 and SRSF1 in the regulation of OLR1 exon 5 AS. (A)
Schematic representation of the deletion mutants of predicted binding sites for SRSF2 and SRSF1.
Predicted binding sites for SRSF2 and SRSF1 in the region of rs3736234 are indicated as gray and
black boxes, respectively. The different nucleotide variants in rs3736234, as well as the sequence
deletions introduced in the constructs, are also indicated. (B,C) Effects of deletion of putative
SRSF2/SRSF1-binding sites on OLR1 exon 5 AS. Ratio of exon 5 inclusion/skipping was deter-
mined for the indicated constructs as in previous figures. Data represent mean and standard de-
viations after normalization by the results of the Low-Risk minigene for four independent
experiments. (D,E) Quantification of splicing changes for the Low- and High-Risk minigenes
upon SRSF2 (D) or SRSF1 (E) overexpression. Cells were co-transfected for 48 h with the indi-
catedminigenes and the corresponding protein expression vector (numbers indicate ng of expres-
sion vector utilized). Total amounts of transfected plasmids were raised to 1000 ng by using
pCMV vector. Data represent mean and standard deviation for eight independent biological ex-
periments. Insets show protein levels for the control and the maximum overexpression condition
detected with anti-T7 tag antibodies. (F,G) Quantification of splicing changes for the Low- and
High-Risk minigenes upon SRSF2 (F) or SRSF1 (G) knock down by RNAi. Numbers below in-
dicate the final concentration of siRNAs used for each of the conditions. Insets show the RNA
(RT-PCR, SRSF2) or protein (western blot, SRSF1) levels in scramble siRNA and SRSF2/
SRSF1 siRNA knockdown conditions. (+) 100 µM. Values represent mean and standard devia-
tions for six independent biological replicas. P-values obtained from Student’s two-tailed hetero-
scedastic t-test used in this figure are indicated: (∗) <0.05, (∗∗) <0.01, (∗∗∗) <0.001.
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pre-mRNA results in splicing inhibition, which is in contrast
with the enhancing effect of SRSF1 proposed for OLR1. This
illustrates the context-dependent effects of classical splicing
regulators, which facilitate combinatorial regulation of splice
site selection (Pandit et al. 2013).

rs3736234 is not within the boundaries of the predicted
SRSF1-binding site, but C-rs3736234 is predicted to harbor
a binding site for SRSF2 (Liu et al. 2000), which is disrupted
by the T-rs3736234 polymorphism. Antagonism between
SRSF1 and SRSF2 through intronic enhancer sequences has
been reported before (Gallego et al. 1997). Both the results
of SRSF2 overexpression/knock down and the effect of dele-
tion of its predicted binding site argue that C-rs3736234 cre-
ates a SRSF2 silencer element, although additional sequence
motifs allow SRSF2 to exert its inhibitory effects on exon 5 in-
clusion.OurRNApull-downassaysdidnotdetect a significant
enrichment of SRSF2 onC-rs3736234, possibly due to limited

sensitivity of the assay or to transient
association of SRSF2 with the RNA in
this region, e.g., during co-transcriptional
splicing. As a matter of fact, SRSF2 is
known to play an active role in transcrip-
tional elongation by facilitating RNA po-
lymerase II pause release (Lin et al. 2008;
Ji et al. 2013) and SRSF2-mediated en-
hanced elongation rates could indeed
promote exon skipping by facilitating ki-
netic competition between alternative
sites (Dujardin et al. 2013). Nucleosome
positioning was also proposed to influ-
ence RNA polymerase II elongation rates
and AS (Schwartz and Ast 2010; Gómez
et al. 2013; Iannone and Valcárcel 2013;
Iannone et al. 2015) and it is interest-
ing, in this regard, that several members
of the family of chromatin-associated
High-Mobility Group (HMG) proteins
were identified in our proteomic analysis.
HMGA1 was enriched in C-rs3736234
RNA and knock down of HMGA1 in-
creased OLR1 exon 5 inclusion specifi-
cally in the C-rs3736234 minigene. It is
therefore conceivable that SRSF2 and
HMGA1 (and perhaps also the DEAD
box helicase DDX17, also enriched in
T-rs3736234) jointly influence co-tran-
scriptional regulation of OLR1 AS via
chromatin/kinetic effects. In addition,
the association of these proteins (and/or
additional interacting partners) with
C-rs3736234 could more directly influ-
ence AS by preventing SRSF1 binding
to its adjacent cognate site. Indeed, previ-
ous reports identified a direct role for
HMGA1a in splicing regulation in prese-

nilin-2 transcripts, based upon sequestration of U1 snRNP
on a decoy sequence through interaction of HMGA1a with
the U1 snRNP protein U1-70K (Manabe et al. 2003).
However, the most significant splicing factor category

identified by our screening approach corresponds to compo-
nents of the core splicing machinery. Our results indicate
a clear role not only for components of U2 snRNP and Sm
proteins in the modulation of OLR1 AS but also for core
components identified in different stages of spliceosome as-
sembly, including U5 snRNP or PRP19/CDC5L complexes.
Similar results were reported from a genome-wide screen
of FAS cassette exon 6 regulators (Tejedor et al. 2015) and
for 35 other events in a focused screen for spliceosomal com-
ponents (Papasikas et al. 2015). These core splicing com-
ponents could be rate-limiting for proper recognition and
processing of weak splice sites, or reveal extensive functional
flexibility and reversibility in the assembly of these complexes

FIGURE 6. Effects of SRSF1/SRSF2 overexpression on OLR1 AS regulation upon deletion of
their putative binding sites. (A) Schematic representation of wild type and mutant minigenes
used in this experiment. Nomenclature and symbols as in Figure 5A. (B–E) Splicing changes in-
duced in the indicated minigenes by overexpression of the indicated proteins, analyzed as in pre-
vious figures. Numbers below indicate nanogram of protein expression vector co-transfected in
each condition, with the total amount of transfected plasmid adjusted to 1000 ng using pCMV
empty vector. For all the panels, data represent mean and standard deviations of inclusion/skip-
ping ratio for eight independent experiments. P-values obtained from Student’s two-tailed heter-
oscedastic t-test are indicated: (∗∗) <0.01, (∗∗∗) <0.001.
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(Hoskins and Moore 2012), reinforcing
the idea of extensive potential of the
core splicing machinery to regulate splice
site choice (Park et al. 2004; Saltzman
et al. 2011; Tejedor et al. 2015; Papasaikas
et al. 2015).

Our most intriguing observation was
the progressive attenuating effect of other
SNPs present in the linkage disequili-
brium block on the strong exon inclusion
caused by T-rs3736234 when combined
with the other polymorphisms associated
with the C-rs3736234 allele (Fig. 9). It is
indeed remarkable that single nucleotide
sequence variants, hundreds of bases
away from each other in a region span-
ning two introns and a long 3′ UTR,
which have little individual effects on
their own, can work in concert to fine-
tune the levels of exon 5 inclusion. The
existence of composite splicing regulato-
ry motifs whose coordinated effects can
involve individual elements that span
long genomic distances opens interesting
mechanistic questions, perhaps involving
a particular 3D organization of the geno-
mic locus. From an evolutionary point
of view, C-rs3736234 is present in hu-
mans but not in other primate species,
suggesting that the Low-Risk block
evolved in certain human populations
as a defense against detrimental effects
of high Ox-LDL uptake on the develop-
ment of cardiovascular disorders. This
is in line with the recent proposal that
small changes in cis-acting regulatory
elements allow differential rewiring of
splicing networks in different species
(Barbosa-Morais et al. 2012; Merkin
et al. 2012). Furthermore, the attenuating
effect of other polymorphisms in the T-
rs3736234 linkage disequilibrium block
may represent another genetic solution
adopted by other populations to limit ex-
cessive Ox-LDL uptake.

Many reports have linked genetic var-
iations with altered ratios of alternatively
spliced isoforms (Coulombe-Hunting-
ton et al. 2009; Dayem Ullah et al.
2012), including associations with dis-
ease (Sterne-Weiler and Sanford 2014)
and alterations in LDL metabolism (Yu
et al. 2014a). It is therefore expected
that large-scale computational and ex-
perimental tools aimed at revealing the

FIGURE 7. SRSF1 RRM1 and RRM2 are required for OLR1 AS regulation. (A) Schematic rep-
resentation of the different SRSF1 protein expression mutants used in this experiment. OE indi-
cates overexpression, WB stands for Western blot. (B–G) Real-time PCR quantification of the
ratio of inclusion/skipping upon co-transfection of Low- or High-Risk minigenes with the indi-
cated SRSF1 constructs in HeLa cells (+, empty vector; ++, 250 ng of protein expression vector; +
++, 1000 ng of protein expression vector). In all cases, the total amount of transfected DNA was
adjusted to 1000 ng with empty vector. Data represent mean and standard deviations of the ratio
inclusion versus skipping after normalization by the ratio of the Low-Risk minigene for eight in-
dependent experiments. Protein overexpression was validated by Western blot using anti-T7 tag
antibody (+, maximal amount of expression plasmid) and tubulin was used as loading control.
Endogenous OLR1 isoforms were detected by semi-quantitative PCR. P-values obtained from
Student’s two-tailed heteroscedastic t-test are indicated: (∗∗) <0.01, (∗∗∗) <0.001.
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functional effects of genetic variants on RNA processing
(Soemedi et al. 2014; Xiong et al. 2015) will have a significant
impact on understanding disease etiology and possibly on the
design of novel therapies.

Modified antisense oligonucleotides (AONs) have been
successfully used for the modulation of endogenous AS, in-
cluding potential therapeutic effects in Spinal Muscular
Atrophy and cancer (Hua et al. 2008, 2011; Kole et al. 2012;
Bechara et al. 2013; Maimon et al. 2014). AONs directed
against RNA regions containing splicing-altering SNPs
can also be used to modulate AS, e.g., with effects on cell dif-
ferentiation and cytokine expression (Yu et al. 2014b). Our
combined use of AONs complementary to the splice sites
flanking endogenous OLR1 exon 5 induced some exon
skipping and resulted in reduced Ox-LDL uptake in cells in
culture. The LOX-1 receptor acts as an oligomer to favor
Ox-LDL recognition and uptake (Matsunaga et al. 2007)
and changes in the abundance of OLR1 skipping isoform
(LOXIN) affect oligomer distribution and disrupt Ox-LDL
uptake (Biocca et al. 2008). Modulation of endogenous
OLR1 AS by AONs could eventually offer a potential ther-
apy to reduce Ox-LDL levels and atheroma plaque forma-
tion in patients with high susceptibility to cardiovascular
disease. Further investigation of the mechanisms of OLR1
AS may offer even more efficient and specific therapeutic
possibilities.

MATERIALS AND METHODS

siRNA transfection and mRNA isolation

Knockdown experiments were carried out in HeLa cells transfected
with siRNA pools against the indicated genes. Cells were reverse
transfected in triplicate with a siRNA library comprising 250
spliceosome related siRNAs (SMARTpool ON TARGET PLUS,
Thermo-Scientific, listed in Supplemental Table S2) or other factors
(PSIP1, NONO, SFPQ, HMGA1, SRSF2, SRSF1, SMARTpools ON
TARGET PLUS, Thermo-Scientific) and cells were added to a pre-
viously incubated mixture containing SMARTpool siRNAs (25
nM final concentration) and Lipofectamine RNAiMAX (Life
Technologies) following the manufacturer’s recommendations.
Cellular mRNAs were isolated 48 or 72 h post-transfection by an au-
tomated procedure using oligo-dT-coated 96-well plates (mRNA
catcher PLUS, Life Technologies) or with RNAeasy mRNA extrac-
tion columns (Qiagen) following the manufacturer’s instructions,
as described elsewhere (Papasaikas et al. 2015; Tejedor et al. 2015).

Reverse transcription and semi-quantitative PCR

Purified mRNAs were reverse transcribed with superscript III (Life
Technologies) in the presence of oligo-dT (Sigma-Aldrich) and ran-
dom primers (Life Technologies) following the manufacturer’s rec-
ommendations. Semi-quantitative PCR primers were designed to
amplify either endogenous or minigeneOLR1 isoforms correspond-
ing to the inclusion and skipping of OLR1 exon 5 (endogenous

FIGURE 8. Modulation of Ox-LDL uptake byOLR1 AS regulation. (A) Schematic representation of targeting sites for AONs used to modulateOLR1
AS. SNP corresponds to an AON complementary to the region if intron 4 containing rs3736234 in its Low-Risk configuration. (B) Modulation of
OLR1 AS by AONs. Exon 5 percent spliced in (PSI) values for endogenous OLR1 transcripts from HeLa cells upon transfection of the indicated
AONs, measured by capillary electrophoresis, are indicated. Values represent mean and standard deviation of nine independent biological experi-
ments. (C) RT-qPCR quantification of expression of exon 5 skipping isoform (LOXIN) normalized to HPRT1 mRNA expression upon transfection
of the indicated AONs or SRSF expression vectors. Values represent mean and standard deviation of three independent biological experiments. (D)
Measurement of Ox-LDL uptake under the same conditions as in C, monitored by FACS analysis quantification of Dil-Ox-LDL. Values correspond to
mean and standard deviation for three independent experiments. P-values of results in this figure correspond to Student’s two-tailed heteroscedastic t-
test: (∗) <0.05, (∗∗) <0.01, (∗∗∗) <0.001.

Tejedor et al.

1198 RNA, Vol. 21, No. 6

 Cold Spring Harbor Laboratory Press on November 6, 2015 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


forward primer: 5′-GGCATGGAGAAAACTGTTACCTATTTTCC
TC; endogenous reverse primer: 5′-CACTGTGCTCTTAGGTTTG
CCTTCTTCTG; minigene forward primer: 5′-GTCGACGACAC
TTGCTCAAC; minigene reverse primer: 5′-CACTGTGCTCTT
AGGTTTGCCTTCTTCTG). PCR reactions were performed in a fi-
nal reaction volume of 30 µL, containing 2 µL of previously synthe-
tized cDNA, forward and reverse OLR1 primers (0.5 µM final
concentration), dNTPs (0.2 mM each, Quimigen) and reagents pro-
vided in the GoTaq DNA polymerase kit (GoTaq, Promega). PCRs
were carried out in Tetrad 2 thermal cyclers (Bio-Rad) with the fol-
lowing parameters: 1 cycle of 95°C (1 min), 35 cycles of 95°C, 60°C,
72°C (30 sec each), and a final cycle of 72°C (1 min).

Primer design

Forward and reverse OLR1 primers (Sigma-Aldrich) used for semi-
quantitative PCR, quantitative Real-Time PCR, or site-directed mu-
tagenesis were designed using primer 3 Plus software (http://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) (Koressaar
and Remm 2007). A detailed list of primers used in this study is
available upon request.

Real-time qPCR

First strand cDNA synthesis was set up with 0.5–1 µg of RNA, 50
pmol of oligo-dT (Sigma-Aldrich), 75 ng of random primers (Life
Technologies), and superscript III reverse transcriptase (Life
Technologies) in 20 µL final volume, following the manufacturer’s
instructions. Quantitative PCR amplification was carried out using
1 µL of 1:4 diluted cDNA with 5 µL of 2X SYBR Green Master
Mix (Roche) and 4 pmol of specific primer pairs (inclusion isoform
minigene 5′-GTCGACGACACTTGCTCAAC–5′-CTTGCTGGATG
AAGTCCAGAT; skipping isoform minigene 5′-GTCGACGACA

CTTGCTCAAC–5′-GCCTCGGACTCTAAATCAGAT; expressed
transcripts minigene 5′-GTCGACGACACTTGCTCAAC–5′-GCT
GTGCTATTAATTTTCAGCAAC; inclusion isoform endogenous
OLR1 5′-GGCATGGAGAAAACTGTTACCTATTTTCCTC–5′-C
TTGCTGGATGAAGTCCAGAT; skipping isoform endogenous
OLR1 5′-GGCATGGAGAAAACTGTTACCTATTTTCCTC–5′-G
CCTCGGACTCTAAATCAGAT; expressed transcripts endogenous
OLR1 5′-GTGCTGGGCATGCAATTATCC–5′-GGTGGTGAAGTT
CCATTTGC; endogenous HPRT1 5′-CTTTGCTGACCTGCTGG
ATT–5′-CCCCTGTTGACTGGTCATTACA) in a final volume of
10 µL in 384 well-white microtiter plates, Roche). qPCR mixes
were analyzed in triplicates in a Light Cycler 480 system (Roche)
and fold change ratios between inclusion and skipping isoforms
were calculated according to the Pfaffl method (Pfaffl 2001).

Cell lines

HeLa CCL-2 cells were purchased from the American Type Culture
Collection (ATCC). HEK293 and SK-N-SH cells were obtained
from the PRBB cell bank repository. For all the cell lines, cell culture
was carried out in cell culture dishes or flasks in a humidified incu-
bator at 37°C under 5% CO2 and cells were cultivated in Glutamax
Dulbecco’s modified Eagle’s medium (Life Technologies) supple-
mented with 10% fetal bovine serum (Life Technologies) and anti-
biotics (penicillin 500 units/mL; streptomycin 0.5 mg/mL, Life
Technologies).

Transient transfections, mammalian protein
expression vectors, and OLR1 minigenes

OLR1 Low- and High-Risk minigenes used for transfections were
generated by cloning a PCR amplification product obtained from
human genomic DNA spanning from exon 4 to the 3′ UTR of the
OLR1 gene in the pCMV56 expression vector (Clontech, derived
from pCDNA3.1 vector) between EcoRV and XhoI restriction sites.
PCR amplification was carried out using genomic DNA from Low-
or High-Risk carriers identified by the HapMap project (Interna-
tional HapMap Consortium 2005), using DNA oligos containing se-
quence tags (PT1, Sakamoto et al. 1992) that allow specific analysis
by qRT-PCR of transcripts derived from the expression vector.
Other OLR1 constructs were generated using the QuickChange
site-directed mutagenesis kit (Stratagene) or by performing PCR
with primers oriented in opposite orientations. T7 tag SRSF1 pro-
tein expression vectors and related constructs containing the differ-
ent RRMs or RS domain from SRSF1 were obtained from A. Krainer
(Cold Spring Harbor Laboratory). T7 tag SRSF2 protein expression
vector was a gift from J. Cáceres (MRC, Edinburgh). Cell transfec-
tions were carried out using 200 ng of Low- or High-Risk allele
minigenes and mutants, combined with Lipofectamine 2000 (Life
Technologies) following the manufacturer’s recommendations.
For co-transfection experiments, 200 ng of the previous minigenes
were combined with the indicated amounts of empty vector or
scramble siRNAs and the corresponding mammalian protein ex-
pression vector or specific siRNAs as indicated for each experimen-
tal condition.

Immunoblotting

Protein extraction was carried out in RIPA buffer (10 mM Tris–HCl
pH 8.0; 1 mM EDTA; 1% Triton X-100; 0.1% sodium deoxycholate,

FIGURE 9. Model of OLR1 AS regulation. (A) The identity of the nu-
cleotide in SNP rs3736234 has strong effects on exon 5 inclusion (in-
creased inclusion upon C→T), while the rest of the SNPs in the
linkage disequilibrium block attenuate the strong effects of this substi-
tution. (B) Association of SRSF1 to a potential binding site adjacent
to rs3736234 promotes exon 5 inclusion. The presence of a C at
rs3736234 appears to repress the association of SRSF1 with the adjacent
intronic enhancer, leading to higher levels of exon skipping. SRSF2 and
HMGA1 may mediate these repressive effects, and while HMGA1 asso-
ciates with the C-version of the rs3736234 region, SRSF2 likely acts
through additional binding sites.
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0.1% SDS; 140 mM NaCl, and 1 mM PMSF added immediately be-
fore use). Protein abundance was measured by Bradford assay. Forty
micrograms of total protein were fractionated in 10%–15% Bis–Tris
polyacrylamide gels and transferred to PVDF membranes. Primary
antibodies used for this purpose are listed below: B-Tubulin (mouse
monoclonal, Sigma-Aldrich T4026), T7 tag (rabbit T7 polyclonal
antibody novus biological NB600-372), SRSF1 (mouse monoclonal,
gift from Adrian Krainer).

Bioinformatic analysis

Motif prediction software used to scan for putative splicing regula-
tory sequences can be found at this site (http://genome.imim.es/
~htilgner/pubRegSeqs/) (login: pubregseqs; password: r3gulator).
To build this tool, we searched the literature for published exonic
splicing enhancers (ESE), silencers (ESS), exonic splicing regulators
(ESR) as well as intronic motifs. For publications that reported
word lists, we downloaded these. For publications providing posi-
tion-weight-matrices (PWMs) of length n along with a cutoff c,
we determined all n-mers that received a score ≥c. All published
n-mers (n = 3,…, 10) are loaded into a hash and upon pasting a nu-
cleotide sequence into the window, all found instances of the hashed
n-mers are highlighted on the screen using as many different lines as
necessary in order to visualize overlapping n-mers separately. Hits
can be shown in tabular-html format along with further informa-
tion (e.g., the publication[s] in which the n-mer was published, as
well as its supposed mode of action [ESS/ESE/etc.] for direct visual
inspection). To allow follow-up investigation, all hits and extra in-
formation can also be downloaded as a gtf-file.

RNAse-assisted RNA chromatography and mass
spectrometry analysis

RNA pull-down assay were carried out as described by Michlewski
and Cáceres (2010). Sodium-m-periodate and Adipic acid dehydra-
zide agarose beads were purchased from Sigma-Aldrich, and A/T1
ribonuclease cocktail (Ambion) was used for RNAse-assisted diges-
tion of RNA–protein complexes formed after incubation of the
beads with HeLa or HMVEC Nuclear Extracts. Supernatants from
duplicated experiments were subject to mass spectrometry analysis
by the CRG proteomic facility and data were normalized against to-
tal internal protein content for each of the conditions. Additional in-
formation and raw data are supplied in Supplemental Table S3.

Ox-LDL uptake and flow cytometry analysis

Ox-LDL uptake was monitored using Dil-labeled Ox-LDL
(Biomedical Technologies Inc.). HeLa cells were transfected with
AONs or protein expression vectors for 48 h. Twenty-four hours
post-transfection, cells were incubated with Dil-Ox-LDL (20 µg/
mL) for a period of 24 h. Cells were subsequently collected and
washed three times with cold PBS 1×, and samples were subject to
FACS analysis (FACSCalibur, BD).

Antisense oligonucleotides and RNA substrates

RNA oligonucleotides used for pull-down experiments and Anti-
sense RNAOligonucleotides (AONs) used for endogenous modula-
tion of OLR1 exon 5 inclusion were purchased from Sigma-Aldrich.

AONs were ordered with full Phosphothioate and 2′-O-Me modifi-
cations in the RNA backbone. RNA sequences are listed below: Low-
Risk pull-down: 5′-UUAGUUUUGUGGAUCCAACACUAACUGA
CUU; High-Risk pull-down: 5′-UUAGUUUUGUGGAUCUAACA
CUAACUGACUU; AON SNP RS3736234 OLR1: 5′-AGUCAGUU
AGUGUUGGAUCCACA; AON 3′ss OLR1: 5′-CUGGAUGAAGU
CCUGUGGGGAGUA; AON 5′ss OLR1: 5′-AUGGGAAACUUAC
AAGUGGGGCAU. Transfection experiments involving AONs
were performed in HeLa cells using Lipofectamine RNAiMAX
(Life Technologies) and a final concentration of 200 nM of AONs
RNA oligos following the manufacturer’s recommendations. Cellu-
lar mRNAs were isolated 48 h post-transfection and isoform abun-
dance was analyzed by either quantitative Real-Time PCR or
Capillary electrophoresis.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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