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Abstract

Rationale: The low-density lipoprotein receptor (LDLR) in the liver is the major determinant
of LDL-cholesterol levels in human plasma. The discovery of genes that regulate the activity
of LDLR helps to identify pathomechanisms of hypercholesterolemia and novel therapeutic
targets against atherosclerotic cardiovascular disease.

Methods and results: In a genome-wide RNA interference screen, the knock-down of 54
genes led to a significant inhibition of LDL uptake. Fifteen of these genes encode for proteins
involved in splicing, especially components or interactors of the U2-spliceosome. Knocking
down any one of 11 out of 15 genes resulted in the selective retention of intron 3 of LDLR.
The transcript is translated into an LDLR fragment, which lacks 88% of the full length LDLR
and is detectable neither in non-transfected cells nor in human plasma. Surprisingly, the intron
3 retention transcript is expressed in considerable amounts in human liver and in blood cells.
Its hepatic expression is increased in non-alcoholic fatty liver disease as well as after bariatric
surgery. Its expression in blood cells correlates with LDL-cholesterol and age. Single
nucleotide polymorphisms and three rare variants of one spliceosome gene, RBM25, are
associated with LDL-cholesterol in the population and familial hypercholesterolemia,
respectively. Compared to overexpression of wild type RBM25, overexpression of the three
rare RBM25 mutants in Huh-7 cells led to lower LDL uptake.

Conclusions: We identified a novel mechanism of post-transcriptional regulation of LDLR
activity in humans and associations of genetic variants of RBM25 with LDL-cholesterol

levels.
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Introduction

Hypercholesterolemia is a causal and treatable risk factor of atherosclerotic
cardiovascular diseases (ASCVD)*. The most important determinant of LDL-cholesterol
(LDL-C) levels in plasma is the hepatic removal of circulating LDL by binding to the LDL
receptor (LDLR) for subsequent endocytosis and degradation®. The expression of LDLR is
tightly regulated by transcription factors, proteasomal and lysosomal degradation, endosomal
recycling, and cleavage at the cell surface™. The unravelling of this complex regulation led to
the development of drugs that effectively lower plasma levels of cholesterol and, as the

consequence, risk of ASCVD".

To identify novel regulators of LDL uptake into the liver, we performed an image-based
genome-wide RNA interference (RNAI) screen in Huh-7 human hepatocarcinoma cells.
Fifteen out of 54 genes significantly reducing LDL uptake upon knockdown encode for
proteins involved in pre-mRNA splicing. The majority of them are either core components or
interactors of the U2-spliceosome®. By functionally validating this finding in vitro as well as
in human tissues, we provide evidence that a functional U2 spliceosome is needed for the

expression of full length LDLR and, hence, determining LDLR activity in humans.
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Methods

Data Availability

The authors declare that all data and methods supporting the findings of this study are

available in the Data Supplement or from the corresponding authors on reasonable request.

A detailed description of materials and methods is provided in the text and Major

Resources Table of the Online Supplement

Results

The U2-spliceosome and its interactors are rate-limiting for LDL endocytosis

For the genome wide RNAI screen of genes limiting uptake of LDL or HDL, Huh-7 human
hepatocarcinoma cells were reverse-transfected using three different sSiRNA oligonucleotides
against each of the 21,584 different human genes. To control efficacy and specificity of
transfection, each plate contained wells with cells transfected with siRNAs against PLK1
whose knockdown results in cell death, and LDLR, respectively. Based on results of time and
dose finding experiments, the cells were exposed 72 hours post transfection to 33 ug/ml each
of Atto594-labelled LDL and Atto655-HDL for 4 hours. As background controls, wells with
cells transfected with a non-targeting siRNA, were incubated in the absence of fluorescent
lipoproteins. After washing, fixation, and staining of the nuclei with Hoechst 33258, the plates
were imaged at 4x and 20x with two twin wide-field automated microscopes. Nuclei, the
relative cytoplasm, and fluorescent LDL-containing vesicles were identified through
automated image analysis (Figure 1A). Transfection efficiency was very high (Supplemental
Figure la). Analysis and validation of HDL image data will be subject of a separate report.

For the uptake of fluorescent LDL, the five best performing assay features (foci count per cell,

foci mean intensity, cytoplasm granularity 1 and 2, cytoplasm median intensity) showed a
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high degree of correlation. Therefore and because of the widest dynamic range based on Z’-
factor values from control wells, we identified gene hits by the Redundant siRNA Activity
(RSA) analysis of data from the median cytoplasm intensity feature. Z’-factor values for
median cytoplasm intensity in each assay plate for both the background (median 0.00,
interquartile range [IQR] -023 to 0.20) and positive control (median -0.56, IQR -0.99 to -0.20)
clustered mostly around the 0-line, indicating a suboptimal but analytically exploitable signal-
to-noise ratio (Supplemental Figure Ib). Dimensionality reduction of main assay features did
not significantly alter the outcome (Supplemental Figures Ic and 1d). At an RSA p-value
cutoff of p < 10°®, interference with 54 and 37 genes decreased and increased LDL uptake,
respectively (Table 1, Supplemental Table 1). By contrast to the findings of a previous
genome wide CRISPR-based screening in Huh7 cells®, our list does not include LDLR or its
modulators such as SCAP, MBTPSL1, or IDOL/MYLIP except AP2M1, which is an essential
contributor to clathrin mediated endocytosis (table 1). Gene Ontology (GO) enrichment
analysis showed significant clustering for genes whose loss of function decreased LDL uptake
(Supplemental Table I1). Functional clustering of these genes with the STRING tool revealed
four major groups: the ribosome (N = 7), the proteasome (N = 8), the spliceosome (N = 15),
and vesicular transport (N = 5) (Figure 1B). Out of the 15 spliceosome genes, six encode for
core components of the U2 spliceosome, namely SF3A1, SF3A2, SF3B1, SF3B2, SF3B5 and
SF3B6. Other proteins, interact with the U2-spliceosome either directly (AQR, ISY1 and
RBM25) or indirectly (RBM22)°.

To confirm the role of the U2 spliceosome in LDL endocytosis in vitro, we performed *#I-
LDL cell association assays in Huh-7 and HepG2 cells. SF3B4 was also included in these
experiments as it is part of the U2 spliceosome and barely missed the RSA p-value cut-off (p
= 1.4*107®). Knockdown was achieved using 4 pooled siRNA molecules against each hit gene
acquired from vendors other than that of the sSiRNAscreening library, namely Dharmacon or

Sigma instead of Ambion. (see Major Resource Table). For RBM25 we replaced
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Dharmacon’s siRNAs with those from Sigma because of their presumable off-target effects
on LDLR protein expression (Supplemental Figures I11d and Ille). Knockdown of each of
these genes significantly decreased the specific cell association of **I-LDL with both Huh-7
and HepG2 cells (Figure 1C, Supplemental Figure I1b). The association of °I-LDL was
equally decreased by knockdown of SF3B1 (-45+5%), SF3A2 (-47+6%), AQR (-45£6%), and
LDLR (-43+8%) (Figure 1C). RNA interference with RBM25 reduced the specific cellular
association of **°I-LDL and fluorescent LDL by 27% +8% and 52%5%, respectively (Figure
1D and Supplemental Figure 111f). Of note, the specific cell association of **I-HDL was
unaltered or even increased upon knockdowns of AQR and SF3AL1 in either Huh-7 or HepG2

cells (Supplemental Figures lic and I1d).

Loss of U2-spliceosome genes and their interactors causes selective retention of LDLR

intron 3 (1VS3)

To unravel the mechanism through which the U2-spliceosome and its interactors
regulate LDL endocytosis, we applied RNA sequencing to Huh-7 cells, which were
transfected with either SiIRNAs against eleven U2-spliceosome genes or a non-targeting
control siRNA. Sequences can be accessed by codes PRIEB46899 and PRJEB46898 in the

data bank of the European Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/support)

72h after transfection, we measured both expression at the gene level and alternative exon
usage in polyA-selected transcripts. Knockdown of all eleven genes except RBM25 induced a
marked increase in the retention of intron 3 of LDLR in mature transcripts without altering the
expression of the LDLR full length transcript (Figure 2A, Supplemental Figure 1V). This
effect was confirmed in Huh-7 cells by RT-PCR upon knockdown of AQR, SF3B1, or
RBM25 by employing a primer set that was previously used to study the effects of the rare

LDLR ¢.313+1, G>A intronic variant, which leads to LDLR loss of function by constitutively
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promoting intron 3 retention® (Supplemental Figure Va). By contrast to the RNA sequencing
(Supplemental Figure 1V), RT-PCR unravelled increased expression of the LDLR IVS3
retention transcript upon knock-down of RBM25, albeit not as much as with knock-down of
SF3B1 and AQR (Supplemental Figures Vb and Vc¢).

Among all intronic or exonic sequences in the transcriptome, the expression of the
intron 3 retaining LDLR transcript was altered most strongly. Upon knockdown of SF3B1,
AQR, or SF3A2, the retained intronic sequence of LDLR ranked at the top of each respective
dataset when the exon-level expression data was plotted against each other (Figure 2B). The
degree of intron 3 retention upon knocking down U2-spliceosome genes was significantly
correlated with the decrease in *°I-LDL cell association, (r = -0.73, p = 1.4*10°%, Figure 2C).

To investigate reasons for intron 3 retention in LDLR, we transfected HEK293T cells
with two minigenes containing different portions of the LDLR genomic sequence flanked by
two artificial exons (Figure 3A). The first minigene (MG;) encoding only for exon 3 of LDLR
and the adjacent intronic regions cloned between two artificial exons (SD6 and SA2),
displayed very low if any RNA sequencing reads mapping to the first ~130bp of intron 3. On
the contrary, upon expression of the whole genomic sequence between the 3°-end of intron 2
and the 5’-end of intron 4 of LDLR (MG) an increased number of reads mapped to the first
section of intron 3. This indicates incomplete splicing of intron 3 when the physiological exon
4 acceptor site and the branch point site (BPS) were present in the larger minigene MG,
(Figure 3B). The acceptor splice site of exon 4 of LDLR hence appears to be poorly defined.
The bioinformatic analysis of the portion of intron 3 neighbouring exon 4 by the U2
branchpoint prediction algorithm SVM-BP-finder
(http://regulatorygenomics.upf.edu/Software/SVM_BP/)® identified one plausible U2-
spliceosome dependent BPS located 30 bp upstream of the acceptor site (Supplemental Table
[11). The gtgat pentamer in the centre of the cggtgatgg branchpoint sequence was associated

with very low U2 binding energy and occurs at low frequency in the branchpoint database®.
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We discarded another predicted branchpoint 124bp upstream of the acceptor site as the
subsequent AG-exclusion zone does not reach up to the acceptor. Contrary to exon 4 of
human LDLR, exon 4 of murine LdIr contains a strong and frequently recurring branchpoint
33 bp upstream of the acceptor site (Figure 3C). This finding is in accordance with intron 3 of
Ldlr being barely detectable at the RNA level by RT-PCR in mouse liver (data not shown).
Taken together, these data suggest that the BPS of intron 3 in human LDLR is poorly defined

and therefore very sensitive to alternative splicing.

Selective intron 3 retention limits LDLR cell surface abundance

The transcript with intron 3 retention encodes for a prematurely truncated proteoform
of LDLR because the 5’-end of intron 3 encodes for 12 novel amino acids followed by a stop
codon. Including the signal peptide, this theoretical 116 amino acid residues long and 12.7
kDa large ‘LDLRret fragment’ encompasses the complete first and large part of the second
class A domains (labelled as L1 and L2 in Figure 4A") but lacks all other domains, including
the transmembrane portion of LDLR. Western blots probed with an antibody against the C-
terminus of LDLR revealed 60+30% and 61+13% lower LDLR protein levels upon
knockdown of AQR and SF3B1, respectively (Figures 4B and 4C). A similar decrease in
LDLR protein was seen upon knock-down of RBM25 with siRNAs from Sigma (-68%+10%),
whereas the knock-down of RBM25 with the sSiRNA of Dharmacon led to an increase in
LDLR protein (+122%+109%), presumably due to off target effects (Supplemental Figures
I11d and Ille). Flow cytometry experiments on alive Huh-7 cells after SF3B1 and AQR
knockdown showed a -87%+1% and —61%+4%, respectively, lower cell surface abundance
of LDLR (Figure 4D). The knock-down of RBM25 with siRNAs from Sigma and Dharmacon
decreased the cell surface abundance of LDLR by 53%+6% and 21%+5% , respectively, as

compared to scrambled siRNAs from the same manufacturers (Supplemental Figure 111g).
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To investigate whether cells produce and secrete the LDLRret fragment, we
overexpressed a C-terminally HA-tagged version of the LDLRret fragment in HEK293T cells.
48 hours after transfection, the HA-tagged LDLRret fragment was detectable in the cell
lysates (Figure 4E) as well as in undiluted cell culture media (Figure 4F). The proteasomal
inhibitor MG-132 decreased cellular LDLRret protein levels (Figure 4E) suggesting that the
LDLRret fragment is not catabolized through the proteasome. We also overexpressed an
untagged version of the LDLRret fragment in HEK293T cells. Targeted mass spectrometry
recorded a peptide, which is present in both the full-length protein and in LDLRret, over its
basal endogenous level in HEK293T cell lysates (Supplemental Figure V1) but not in human

plasma (data not shown).

A large proportion of LDLR transcripts in human liver and blood cells retains intron 3

To investigate its physiological or pathological relevance, we quantified LDLR intron
3 retention in liver biopsies as well as in peripheral blood cells by three different methods, and
explored associations with non alcoholic fatty liver disease (NAFLD), demographic measures,
lipid traits, and therapeutic interventions.

RT-PCR of mRNAs of liver tissue from 17 patients with benign liver tumours and
nine patients with suspected NAFLD, found the LDLR intron 3 retention transcript expressed
at considerable and interindividually variable amounts (Figure 5A). Taking the sum of the full
length and intron 3 retention transcripts of LDLR as the reference, 43 % (range 23% to 85%)
of the transcripts retained intron 3 (Figure 5A).

The bioinformatics analysis of RNA sequencing data on liver samples of 13 healthy
non-obese subjects,, 12 obese subjects without NAFLD, 15 patients with NAFLD, and 15
patients with non-alcoholic steatophepatitis (NASH ) (Gene Expression Omnibus, accession
number GSE126848)® found 14 different LDLR transcripts (Supplemental Figure VII). Four

transcripts showed the largest interindividual variation, namely LDLR-201 and LDLR-208,
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encoding full length LDLR as well as LDLR-206, which corresponds to the retained intron 3
transcript, and the likewise futile LDR-214. Interestingly, the median concentration of LDLR-
206 was substantially higher in patients with NAFLD or NASH than in normal weight or
obese subjects without NAFLD. The median percentages of LDLR-206 reads relative to total
reads from all transcripts of LDLR gene increased significantly from 1.8% (range 0.7% to
4.2%) and 1.7% (0.4% to 3.7%) in normal weight and obese subjects without NAFLD,
respectively, to 5.8% (1.1 to 26.7%) and 5.0% (0.9% to 29.0%) in patients with NAFLD and
NASH, respectively (figure 5B). Of the two most abundant full length encoding LDLR
transcripts, LDLR-208 decreased significantly (figure 5C) while the expression of LDLR-201
did not change (supplemental figure VII).

We also investigated the expression of LDLR transcripts in liver biopsies of 155 obese
non-diabetic subjects® by using Affymetrix Human Gene 2.0 ST arrays (see Supplemental
Table 1V for clinical and biochemical characteristics). The signal intensities from a probe
located in intron 3 of LDLR were significantly higher than the other intronic LDLR probes
located in introns 2, 4 and 15 and comparable to probes located in coding exons (Figure 5D).
The percent intensities of the 1\VS3 probe relative to the sum of all LDLR probes ranged from
7.5% to 82%. Intron 3 retention correlated significantly only with SF3B1 (r =0.26, p=1.5*10"
2), while no U2-spliceosome gene showed any significant correlation with overall LDLR
expression ( Supplemental Table V). Relative intensities of neither the intron 3 probe nor any
other of the 24 LDLR probes showed significant correlations with plasma levels of total,
HDL- or LDL-cholesterol (Supplemental Figures VIlla, VIlIb and Vllic, Supplemental Table
VI). Correlations with histological NAFLD stages were inverse by trend but significant only
for ballooning, a marker of apoptosis or degeneration of hepatocytes (Spearmanr =0.15p =
6.0*107%) (Supplemental Figure V111d). Intron 3 relative probe intensity did not correlate with
BMI (Supplemental Figure VIlle) .However, in a subgroup of 21 patients who underwent a

second liver biopsy after bariatric surgery (median follow-up time = 13 months, IQR =[12,
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15]),the proportion of the intron 3 retention transcript relative to the full length LDLR
transcript increased significantly after surgery (p = 4.9*10°°) (Supplemental Figure VIIIf;
supplemental table 1V). This increase was even more pronounced in eleven patients with
NASH at baseline but no NASH at follow-up (p = 1.8*102, Supplemental Figure VIIIg)..
Finally, we analyzed the RNA-sequencing data in whole blood samples from 2,462
subjects of the Dutch BIOS consortium'®. The LDLR ENST00000557958 transcript, predicted
to retain intron 3, was detectable in all subjects and represented 21%+7% of the total LDLR
transcripts. The ENST00000557958 transcript levels significantly correlated with age (r =
0.25, p = 2.3*10%, Figure 6A) and less strongly with LDL-C (r = 0.089, p = 9.8*10°, Figure
6B). The latter correlation lost its statistical significance after adjusting for age, suggesting
age itself as the main driver of the association between ENST00000557958 levels and LDL-
C. ENST00000252444, the only transcript encoding for full length LDLR and expressed in
blood cells in all subjects in this dataset , was also positively correlated with age (r =0.19, p =
2.2*10"%, Figure 6C) but not with LDL-C (r = -0.033, p = 1.0*10™, Figure 6D). Correlation of

neither transcript with BMI was statistically significant.

Single Nucleotide Polymorphisms in RBM25 are associated with lower LDL-Cholesterol
The analysis of whole exome sequencing (WES) data of 40,468 UK Biobank
subjects™ did not unravel any significant association between our spliceosome hit genes and
LDL-C or any other clinical lipid trait (Supplemental Table VII). However, constraints data
from the gnomAD database indicate a strong intolerance to functional genetic variation for
our U2-spliceosome genes, with a probability of intolerance to loss of function (pLI)* of
0.91£0.17 (meanx SD) (Supplemental Table VIII). The analysis of SNPs of 11 U2-

spliceosome hit genes in 361,194 participants of UK Biobank found 24 SNPs of RBM25
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significantly associated with lower levels of LDL-C (Figure 7A) and apoB (Supplemental
Figure IXa).

In Europeans, four SNPs in introns or downstream of the RBM25 coding sequence
including the lead SNP rs17570658 and two upstream SNPs are in almost complete LD
(Supplemental Figure 1Xb). , With R? > 0.8 no other SNP of RBM25 is in strong LD (i.e.). A
meta-analysis of eight studies with 455’537 samples

(https://cvd.hugeamp.org/variant.html?variant=rs17570658) and data of the Copenhagen City

Heart and General Population Studies*® according to METAL™ showed the association of
rs17570658 with LDL-C (Z Score = -41.81, P = 2.9%10”°, supplemental table IX).
RBM25 is widely expressed in many tissues, but expression is relatively low in liver

(GTeX https://gtexportal.org/home/, data not shown). rs17570658 shows strong association

with RBM25 expression in 15 different tissues including skeletal muscle and arteries (Figure
7B) as well as adipose and mammary tissue, lung, oesophagus, kidney, and skin. Carriers of
the rare allele have higher mean RBM25 mRNA concentration, which is compatible with

higher LDLR activity and lower LDL-C levels.

Impaired LDL uptake by cells expressing rare RBM25 mutants found in patients
with familial hypercholesterolemia

In the UK10K study, RBM25 was also among the genes identified to harbour an
excess of rare novel variants in 71 patients with familial hypercholesterolemia who are
negative for mutations in LDLR, APOB and PCSK9, the known FH-causing genes™. We re-
analyzed the burden of variants in the RBM25 gene, using previously published WES data
from 71 FH patients negative for mutations in LDLR, APOB and PCSK9, and 56,352
European data provided by the gnomAD study™?. Missense, splice site, frameshift, and stop-
gained variants identified by WES in both FH cases and gnomAD were filtered to select those

with MAF<1.0*10™, After filtering, three RBM25 variants were found in the FH cohort and


https://cvd.hugeamp.org/variant.html?variant=rs17570658
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163 in the gnomAD Europeans cohort. (Supplemental Table X). Two variants, p.1152F
(c.454A>T) and p.A455D (c.1364C>A), were not found in any publicly available sequencing
database and hence appear unique to the FH cohort. The third variant, p.L17P (c.50T>C)
(rs1167173761), was found in one European individual in the gnomAD cohort (MAF=9 *10°®,
allele count = 1/251402). The comparison of variant numbers in FH cases vs. gnomAD using
a binomial test demonstrated the enrichment of rare variants in RBM25 in the FH cohort (p =
1.0*10°®). Within the UK10K cohort, no other U2-spliceosome gene was found to carry a rare
presumable LOF mutation.

We investigated the functional consequences of overexpressing the three FH-associated
RBM25 mutants in Huh7 cells. Overexpression of all constructs RBM25 was confirmed by
gPCR (Supplemental Figures Xa and Xla) and - for wild type RBM25 - Western blotting
(Supplemental Figure Xb). The overexpression of neither wild type RBM25 nor any RBM25
mutant in Huh7 cells caused significant changes in the expression of full length or 1VS3
retention transcripts of LDLR (Supplemental Figures Xc, Xd, XlIb, and Xlc). Compared to
empty vector, overexpression of wild type RBM25 in Huh7 cells changed neither the cell
surface abundance of LDLR nor LDL uptake significantly (Supplemental Figures Xe and Xf).
Comparisons with cells overexpressing wild type RBM25 revealed minor decreases of LDLR
cell surface levels but more pronounced or even significant decreases of Atto655-LDL-uptake
of cells overexpressing the RBM25 mutants p.L17P (-15%+16%), 1152F (-23%+12%), or

p.A455D (-28%+12%, p = 2.6*10?) (Supplemental Figure Xle).

Discussion

Through genome-wide siRNA screening, we discovered that the U2-spliceosome as
well as some interacting proteins, control LDLR levels and LDL uptake in liver cells by
modulating the selective retention of intron 3 of LDLR. The intron 3 retaining LDLR transcript

encodes a truncated and most probably non-functional receptor. In several cohorts of healthy
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individuals and patients, we observed considerable interindividual variation of LDLR’s 1VS3
retention in liver as well as in peripheral blood cells. Finally, we obtained initial evidence that
rare genetic variants as well as SNPs associated with its expression levels in the U2-
spliceosome-associated gene RBM25 are related to LDL-C levels in humans. Taken together,
our findings suggest intron 3 retention of LDLR as a novel mechanism regulating LDLR
activity and thereby plasma levels of LDL-C.

A previous siRNA screen also found U2-spliceosome genes to limit the uptake of LDL
into EA.hy926 cells but the authors excluded them from further analysis and validation™.
Basic cellular functionality of spliceosome genes may be the reason why U2- spliceosome
genes were not found by a previous CRISPR-based screen as limiting factors for LDL uptake
into Huh-7 cells®. As these authors discussed, CRISPR-based screens may overlook genes that
are essential or confer a fitness advantage in culture, since guide RNAs targeting those genes
will be progressively depleted from the pooled population®.

As a preliminary mechanistic explanation, our minigene data as well as our in silico
predictions suggest that the BPS in intron 3 of human LDLR is poorly defined and thereby
highly sensitive to alterations in the activity of U2 splice factors. In this regard it is
noteworthy that the rare ¢.313+1, G>A intronic variant leads to loss of LDLR function by
constitutively promoting 1S3 retention”.

Medina and colleagues previously found alternative splicing of HMGCR, HMGCS1, MVK,
PCSKO9, and LDLR to be mediated by the splice protein PTBP1 and regulated by cellular
cholesterol levels®’. Interestingly, PTBP1 works as an inhibitor of the U2AF splice
component, and thus inhibits the recognition of 3 splice sites by the U2-spliceosome™®.
However, the knockdown of PTBP1 resulted in very limited changes in the expression levels
of the different splice forms'’, especially when compared to the drastic changes observed in

our study.
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In our in vitro experiments, the knock-down of several U2-spliceosome genes and the
resulting 1S3 retention compromised LDLR cell surface expression and LDL uptake as
much as LDLR knockdown. The sensitivity of our mass spectrometric analysis only allowed
detection of the tagged fragment after overexpression in the immortalized kidney cell line
HEK293T. The artificial construct unlike an endogenously produced protein may have
escaped nonsense-mediated decay. Nevertheless, we cannot rule out that the theoretical 116
amino acid long aminoterminal fragment of the differentially spliced LDLR is expressed in
vivo and secreted. In fact, human plasma contains LDLR fragments, which are currently
assumed to result from shedding of LDLR at the cell surface™ but may also correspond to
secreted alternative splice variants.

The relative expression of LDLR’s IVS3 transcript in human liver varies strongly due
to both analytical and biological reasons, namely between 0.4% and 29% upon RNA
sequencing, between 7.5% and 81% upon chip array analysis, and between 23% and 85%
upon RT-PCR. Very likely, RNA sequencing yielded the most realistic data, because this
method recorded the different LDLR transcripts most comprehensively. The large
interindividual variation of 1\VS3 expression recorded by each method indicates relevant
regulatory mechanisms and consequences. We made controversial observations on the
association of 1S3 retention with NAFLD. On the one hand, the percentage of IVS3
transcripts was significantly higher in 30 patients with NAFLD or NASH than in 25 normal
weight and obese control subjects without NAFLD. On the other hand, the chip array analysis
found significant increases of 1VS3 transcripts after bariatric surgery, which rather causes
regression of NAFLD. Larger studies are hence needed to answer the question how NAFLD
influences the expression of functional and non-functional LDLR transcripts.

In peripheral blood cells but not in liver tissue, we found a significant correlation
between plasma LDL-C levels and the 1VS3 retention LDLR transcript, which was stronger

than the correlation with the full-length LDLR transcript. Smaller sample size and narrower
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range of LDL-C levels but also differences between tissues may be the reasons, why no
significant correlations of LDL-C with any hepatic LDLR transcript expression were
found..However, the associations of RBM25 SNPs with differences in RBM25 expression and
ILDL-C levels and the higher than expected prevalence of rare RBM25 loss-of-function
variants in FH patients with no mutation in canonical FH genes suggest that the regulation of
LDLR splicing by the U2-spliceosome contributes to the determination of LDL-C levels in
humans.

The lack of association of hypercholesterolemia with rare variants of any other U2-
spliceosome gene may reflect their intolerance to gross variation as suggested by pLI values
close to 1. Also of note tour analysis of WES data of UK biobank only retrieved heterozygous
mutations in U2-spliceosome genes whereas our knockdown experiments rather mimic
homozygous conditions. Opposite effects on upstream regulators of LDLR may be another
reason why the majority of SNPs and rare exome variants of the spliceosome genes do not
show any association with LDL-C levels. The exclusive association of LDL-C with RBM25
variants may also indicate that RBM25 regulates LDL-C levels by mechanisms unrelated to
the U2-spliceosome and intron 3 retention. In fact, RBM25 also partakes in other spliceosomal
subunits®. Of note, RNAi with RBM25 had the weakest effects on LDLR splicing and
overexpression of hypercholesterolemia associated RBM25 mutants in Huh7 cells resulted in
lower LDL uptake without affecting the expression of the LDLR 1VS3 transcript.

The correlation between ENST00000557958 expression in blood cells with age makes
us hypothesize that age-related changes in the activity of the U2-spliceosome contributes to
the increase in LDL-C that parallels ageing® but is not mechanistically understood. The
functionality of the splicing process changes with ageing®. Somatic mutations or decreased
expression of splice factor genes, notably SF3B1 and RBM25 have been implicated in age-
related processes, including cancer??®. The total number of alternatively spliced genes also

increases with age®*. Until recently, SIRT1 is the only known gene involved in cholesterol
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metabolism and atherosclerosis®® whose alternative splicing may be disrupted with age?’. One
may speculate that either the epigenetic dysregulation of the activity of splice factor genes or
the accumulation of somatic loss-of-function variants in liver cells may promote increases in
LDL-C with age.

Our study has several strengths and limitations. First, our screening unravelled several
novel candidate genes that regulate hepatic LDL uptake but missed canonical LDL uptake
regulating genes such as MYLIP, MBTPS1, PCSK9 or SREBBP2. A general reason is the not
optimal signal to noise ratio of our screening. A specific reason for the missing of MYLIP or
PCSKQ is the optimization of our screening towards the discovery of loss of function effects.
Second, our validation studies did not only confirm the limiting effect of U2-spliceosome
genes on LDL uptake but unravelled a novel mechanism of LDL receptor regulation, namely
IVS3 retention within an LDLR transcript which is translated into a truncated and non-
functional receptor protein. In both human liver and peripheral blood cells, we demonstrate
that this process happens at considerable quantity and interindividual variability, possibly
influenced by aging and NAFLD. Third, RBM25 was the only spliceosome gene affected by
mutations associated with differences in LDL-C, perhaps because RBM25 may tolerate loss of
function better than other U2-spliceosome genes. However, we cannot rule out that RBM25
affects LDL metabolism beyond or even independently of LDLR splicing because both
knockdown of RBM25 and overexpression of loss of function mutants associated with
hypercholesterolemia exerted in Huh7 cells stronger and more consistent effects on LDL
uptake than on 1S3 retention in LDLR.

In conclusion, we identified 1S3 retention of LDLR uponloss of U2-spliceosome
activity as a novel mechanism regulating LDLR activity in cells. The importance of this
mechanism for the regulation of plasma LDL-C levels and thus determination of

cardiovascular risk remains to be established by further studies.
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Figure Legends

Figure 1. Identification and validation of U2-spliceosome genes as limiting factors for the
uptake of LDL by Huh-7 cells. A. Schematic representation of the genome-wide image-
based siRNA screening and data analysis process. B. Functional association networks for
genes decreasing LDL uptake upon siRNA-mediated knockdown. Genes with P < 1.0%10™ for
median cytoplasm intensity were selected as top hits. Spheres represent single genes. Edges
represent known and predicted gene-gene relationships such as protein-protein interactions,
co-expression and homology. The graph was produced using the STRING online tool
(http://string-db.org/). The superimposed coloured circles are used to highlight the main

functional clusters. C and D. Effects of RNA-interference with U2-spliceosome genes on

12
cell association of 5I-LDL in Huh-7 cells. 72 hours after transfection with siRNAs from

Ambion (LDLR), Sigma (RBM?25), or Dharmacon (all other genes), cells were incubated for 2

hours at 37°C in the presence of 33.3ug/ml of IZSI-LDL in the presence or absence of 40x
excess unlabelled LDL. Specific cell association was calculated as the difference between the
two conditions. Data are expressed as means =SD of 2 quadruplicate experiments; Statistical
analysis was performed using Kruskal-Wallis test with Dunn’s multiple comparisons test
between the non-targeting (scrambled) and each targeting siRNA (C) or Mann-Whitney test
(one-sided) between each vendor’s targeting and non-targeting (scrambled) siRNAs (D). The

respective p values are shown above each condition.

Figure 2. Loss of U2-spliceosome genes causes intron 3 retention in LDLR. A. LDLR
Exon level expression upon AQR knockdown.Expression of the LDLR exons was recorded
by RNA sequencing of Huh-7 cells 72 hours after knockdown of AQR. Segments represent
differential exon usage in each sector of the LDLR genomic sequence as identified by the

DEXSeq algorithm and as summarized in the linear representation below the graph. Canonical
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exons of the ENST00000252444 full-length transcript are shown below the graph.
Normalized read counts are reported on the y axis. The black arrow indicates the location of
ENSGO00000130164:E009, corresponding to the first half of intron 3. Data represent the
average of three independent experiments. B. ENSG00000130164:E009 is most strongly
upregulated upon RNA interference with spliceosome genes. Log2 fold change in gene
expression at the exon level for the whole transcriptome after knockdown of AQOR (x axis),
and SF3BI (y axis) and SF342 (z axis) in Huh-7 cells. The red circle highlights the position
of ENSGO00000130164:E009 corresponding to the first half of intron 3. C. Correlation

between LDLR intron 3 retention and LDL cell association. Correlation between the log2

fold change in ENSG00000130164:E009 expression level and the decrease in 125I-LDL cell
association (same data as in Figure 1C) upon knockdown of each U2-spliceosome hit gene.
Cells treated with a non-targeting siRNA were used as reference. Cell association is expressed

as mean+SD. r and p-value were calculated according to Spearman.

Figure 3. Determination of LDLR intron 3 splice patterns. A. Cloning strategy and
structure of the minigenes. The upper part of this panel shows the genomic location of the
two segments of the LDLR gene that were cloned in each minigene, while the lower half
shows a simplified structure of the pSPL3 minigene used to express them. Genomic
coordinates refer to the hg19 assembly. Note that, due to primer design, MG, is 1bp shorter at
its 5° end, starting at chr19:11,212,960. B. Characterization of the splice products. The
graphs represent the mean RNA sequencing coverage at the Exon3-Intron 3 junction in two
replicate samples for each condition. Coverage data were normalized to the average coverage

for exon 3. MG,/MG, = short / long minigene. C. In silico BPS predictions for the acceptor

site of LDLR exon 4. BP score: final score (svm_score) according to the SVM-BP-finder
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algorithm for the putative BPS sequence highlighted in red. A BPS is considered valid when

located close to the AG exclusion zone, with BP-score > 0 and with svm_score > 0.

Figure 4. Effect of loss of spliceosome function on LDLR protein expression A.
Schematic structure of the LDLR protein. (modified from’). LDLRret: intron 3 retention
fragment, LBD: Ligand binding domain; L1-L7: LDLR class A domain; EGFPH: Epidermal
growth factor precursor homology domain; P: beta propeller; O: O-linked sugar repeat;
A/B/C: EGF-type repeat; TM: transmembrane domain. The red line represents the location of
the last canonical amino acid found also in the LDLRret fragment, followed by 12 novel
amino acids and by a stop codon. B and C. Effect of SF3BI and AQR knockdown on
LDLR protein levels. LDLR protein levels in Huh-7 cells 72 hours after SF3B1 or AQOR
knockdown. B shows a representative Western blot. C, shows the relative densities of LDLR
bands normalized to TATA-binding-protein (TBP, loading control) after knockdown of AQR
or SF3BI1 relative to the non-targeting control. Data are means +SD of three independent
experiments. D. Effect of SF3BI and AQR knockdown on LDLR cell surface levels.
LDLR cell surface levels in alive Huh-7 cells were measured by flow cytometry 72 hours
after knockdown of SF3B1 or AQR. siRNAs against LDLR were used as positive controls.
The data are normalized to a non-targeting control and means=SD of 3 independent
experiments). Numbers in C and D are p-values obtained by Kruskal-Wallis test with Dunn’s
multiple comparisons test between the non-targeting (scrambled) and respective targeting
siRNA. E-F. Overexpressed LDLRret fragment is retrieved in cell lysates and cell culture
medium. 48 hours after transfection in HEK293T cells, the HA-tagged version of the
LDLRret fragment was detected-by western blot in both total cell lysates (E,F) and media (F).
Lysates after 2 and more hours of incubation were obtained after treatment with the
proteasome inhibitor MG132 as indicated by the labels in (E). EV = pcDNA3.1 empty vector.

HA-frag = hemagglutinin-tagged LDLRret fragment.
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Figure 5. LDLR intron 3 retention in human liver. A. Detection of intron 3 retention in
human liver by RT-PCR. Transcripts encoding full-length LDLR or the IVS3 retention
variant were measured by RT-PCR and normalized to GAPDH mRNA levels in healthy liver
tissue of 17 patients with benign liver tumors and in liver biopsies of 9 patients with suspected
NAFLD. Each bar shows the relative expression of the two LDLR transcripts in one subject. B
and C. Percent expression of the LDLR transcript LDLR-206 with retention of intron 3
(C) and a full length LDLR transcript LDLR-208 (D) relative to the sum of all 13 LDLR
transcripts in livers of 12 healthy subjects or 13 obese patients without non-alcoholic
fatty liver disease (NAFLD), 15 patients with NAFLD and 15 patients with non-alcoholic
steatohepatitis (NASH). Computational analysis of previously published RNA seq data
(Gene Expression Omnibus, accession number GSE126848)%. For all transcripts, see
supplemental figure VI1I. The dark and light blue lines within the violin plots represent means
and medians, respectively. Numbers indicate p-values obtained by comparisons of indicated
groups using the Kruskal-Wallis test and adjusted for multiple testing using the Bonferroni
correction.. D. Expression of LDLR exons and introns in human liver. The violin plots
show the normalized signal intensities for probes mapping to the 5’-UTR, 3°-UTR, the exons
and some introns of the LDLR gene in 155 obese non-diabetic subjects. Dots indicate median
values. Error bars span from the 2.5" to the 97.5™ percentile. Intron 3 is highlighted in red
while the other introns are shown in grey. The location of each probe is depicted in the

diagram below.

. Figure 6. Correlations of the LDLR ENST00000557958 (A, B) and ENST00000252444
transcripts (C, D) in whole blood samples with age (A, C) and LDL-C levels (B, D). Data
is from 2,462 subjects of the BIOS population’®. ENST00000557958 represents the intron 3

retention transcript (A, B). ENST00000252444 (C, D) was the only full-length LDLR
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transcript detected in all samples analysed. r-values and p-values refer to a Spearman
correlation analysis. Linear regression lines and their 95% confidence intervals are shown in

blue and gray, respectively.

Figure 7. Association between RBM?25 variants and LDL-C in the UK Biobank dataset.
A. Association of GWAS SNPs from 11 spliceosome genes with LDL-C in the UK
Biobank dataset. The dashed red horizontal line indicates the threshold for statistical

significance after Bonferroni correction for multiple testing of 1360 variants within the genes

5
of interest (p=3.7*10 ). Effect size and directionality are reported on the x axis as beta value.

B. Association between the rs17570658 genotype and RBM25 expression in different

tissues. Data shown for skeletal muscle and tibial artery (both empirical p < 1.0*10_8’

d®?"_ The horizontal

corrected for multiple testing across genes using Storey’s q value metho
white lines reflect medians; the upper and lower borders of the grey boxes reflect the 75" and

25™ percentiles, respectively.
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Table 1. Hit genes that induced upon knockdown in Huh-7 cells either a decrease (left

column) or an increase (right column) in LDL uptake.

Decreased LDL uptake

Increased LDL uptake

A

Gene | ASsay scBoreA Assay scgreA RSA . Gene | Assay scéoreA Assay score RSA ]
avg SEM p-value avg SEM p-value
AP2M1 |-3.103179681 | 0.346648222 3.36%10° PROX1 6.53057396 | 0.631260417 3.19%10°
CHMP2A | -3.130900347 | 0.359445533 2.51*107 ITGAV 7.431175355 | 1.519558432 2.96*10°®
NFKB2 | -2.59157417 | 0.136886566 8.07*107 TGFBR1 | 3.464028514 | 0.397588943 7.31%10°®
ﬁE -2.484868551 | 0.199482589 4.57%10°° CDC37 3.747034032 | 1.072191825 2.35%10°
PSMD11 |-2.557101583 | 0.239773488 4.77*10° DTNBP1 | 57.92944887 | 57.2617451 4.46%10°
SF3B2 |-2.107311389 | 0.015210399 4.81*10° CYP27C1 | 32.06817221 | 31.61438081 8.92*10°
RPL35 |-2.346954606 | 0.150946677 5.45%10° PNPLA2 | 2.279278207 | 0.266420784 1.26*10™
PSMD8 |-2.988677308 | 0.491086915 6.34*10° C220rf39 | 7.995494448 | 8.342242785 1.78*10™
SON -2.164748153 | 0.201099955 1.46*10° | TMEM133 | 3.049034762 | 1.060165442 1.84*10™
COPA |-2.307675328 | 0.213018879 1.61*10° | TMEM130 | 6.466491664 | 5.317700355 2.23*10™
RBM25 |-1.993998657 | 0.055265194 1.92*10° PM20D2 | 2.155202336 | 0.176491898 2.29*10™
RBM22 |-2.818121291 | 0.622885617 3.36%10° PET117 | 3.001069341 | 1.652765441 2.68*10™
PSMD3 | -2.21302629 | 0.224903034 3.98*10° | CWF19L2 | 3.806757511 | 4.571696977 3.12*10*
SF3B5 |-2.285064158 | 0.25878823 4.32%10° ENY2 2.420424347 | 0.514153659 3.28*10"
SE3B1 |-2.267932169 | 0.253122099 4.55*10° NME4 2.711491413 | 0.954425612 3.39*10™
SALL4 |-1.937993523 | 1.13065979 6.02*10° ZC3H4 4545156994 | 3.551478266 3.57*10™
RPL5 -2.106905493 | 0.373542859 7.40%10° WASF2 2.310874515 | 0.449202822 3.61*10™*
CCDC180-1.132459235 | 1.398333381 9.52*10° HELZ2 2.546828237 | 0.984740435 3.87*10™
SE3B6 |-2.277000896 | 0.332074616 9.83*10° RILP 1.995550072 | 0.267567916 4.23*10™
HNRNPU | -1.724036435 | 0.093847304 1.23*10* MAT2A 3.705559066 | 3.611891772 4.91*10*
RPL17 |-2.226845162 | 0.329575956 1.46*10™ NRM 1.710898743 | 0.050727817 5.02*10™
I1SY1 -2.74487386 | 0.698388989 1.55*10* |CEP295NL | 2.189792071 | 0.474598108 5.02*10*
ZNF641 |-1.034460324 | 1.453444444 2.58*10™ ACSM2A | 2.207444199 | 1.531809937 5.32*10™
COPB1 |-1.693933632 | 0.103029465 2.64*10™ RTL9 3.759306708 | 3.473297986 5.35*10™
SF3A1 |-2.225755015| 0.412106586 2.72*10* | KIAA1522 | 3.362058267 | 3.27466253 6.25%10™
SNW1 -1.76539067 | 0.142531611 2.76*10™ ZNF84 2.204388764 | 0.765657329 6.55*10™
EIF2S1 |-1.486721463 | 0.790741651 3.45*10™ TFAP4 3.032765033 | 3.340175625 6.69*10™
CCDC73 |-1.041204586 | 1.27682775 3.50*10* | TMEM182 | 3.227517874 | 1.666669492 7.29%10*
RPL9 -1.715182797 | 0.249911985 3.55*10™ WDR55 | 1.967286849 | 1.365170916 7.32*%10™
NXNL2 |[-1.199311468 | 1.135835784 3.83*10™ DYNLL1 | 2.268266743 | 0.467997927 7.72*10-*
WBP11 | -1.50591484 | 0.062444555 4.03*10* | ADPRHL2 | 2.078229013 | 0.322800093 8.51*10-*
C2CD5 |-1.097951788 | 1.954971449 4.46*10* ELAVL1 | 1.945364959 | 0.968117905 8.70*10-*
RPL21 |-1.655773242 | 0.156797718 4.72*10* CFAP298 | 1.883199038 | 0.378258022 8.87*10-*
EPOP |-1.837314819 | 0.25795876 4.80*10* PMM1 2.80926863 | 3.200260012 8.92*10-*
RMND5B | -1.523957521 | 0.076773849 5.07*10™ CASKIN2 | 1.681223061 | 0.149986926 9.07*10-*
TAPBPL | -1.52965773 | 0.154207886 5.27*10™ Clz1 3.454694336 | 2.803876145 9.37*10-*




STARD10 | -1.527795273 | 0.115135889 | 5.45*10* | BRICD5 | 1.962503862 | 0.408074057 | 9.41*10™
PSMD1 |-2.207116523 | 0.551747426 | 5.63*10™
PFDN6 |-0.881689024 | 1.740601376 | 5.80*10%
PSMA1l |-1.528976301 | 0.119805079 | 5.85*10™
RTF2 |-1.573924771| 0.169765686 | 6.14*10™
LSM2 |-1.448888015| 0.056454941 | 6.40*10™
UBD |-1.171691024 | 1.530009178 | 6.69*10*
LRRC14 |-1.258311764 | 1.067910962 | 6.84*10*
SUPT6H | -1.451332382 | 0.095214513 | 7.27*10*
COPB2 |-2.037140764 | 0.468882876 | 7.34*10™
SF3A2 |-1.347147433| 0.758462926 | 7.89*10™
ATP6VOC | -1.823918839 | 0.263639476 | 7.90*10™
EMILIN3 | -1.598631472 | 2.238859705 | 8.03*10*
DMTN |-1.559252376 | 0.142024687 | 8.20*10*
MRPL19 |-0.755460842 | 1.688052373 | 8.92*10*
MRO |[-0.986783025 | 1.102624895 | 9.14*10™
DDX59 |-1.380513222 | 1.040634076 | 9.25*10™
PSMD12 |-1.761325035 | 0.367766123 | 9.45*10*

AAssay score: normalized score for the median cytoplasm intensity assay feature. Avg =

average.

CSEM: standard error of the mean.

D p-values are not adjusted for multiple testing (p <3.5*10°° after Bonferroni adjustment for

14°000 genes with expressed transcripts)

E The 15 hit genes involved in RNA splicing and validated in this study are highlighted in

bold and underlined.
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Figure 6
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