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BSTRACT 

ranscriptomic diversity in primates was consider- 
bl y e xpanded by e xonizations of intronic Alu ele- 
ents. To better understand their cellular mecha- 

isms we have used structure-based mutagenesis 

oupled with functional and pr oteomic assa ys to 

tudy the impact of successive primate mutations 

nd their combinations on inclusion of a sense- 
riented Alu J exon in the human F8 gene. We show 

hat the splicing outcome was better predicted by 

onsecutive RNA conformation changes than by 

omputationally derived splicing regulatory motifs. 
e also demonstrate an involvement of SRP9 / 14 

 s ignal r ecognition p artic le) heter odimer in splicing 

egulation of Alu -derived exons. Nucleotide substitu- 
ions that accumulated during primate evolution re- 
axed the conserved left-arm Alu J structure including 

elix H1 and reduced the capacity of SRP9 / 14 to sta- 
ilize the closed Alu conformation. RNA secondary 

tructure-constrained mutations that promoted open 

-shaped conformations of the Alu made the Alu 

xon inclusion reliant on DHX9. Finally, we identi- 
ed additional SRP9 / 14 sensitive Alu exons and pre- 
icted their functional roles in the cell. Together, 

hese results pr o vide unique insights into ar chitec- 
ural elements required for sense Alu exonization, 
dentify conserved pre-mRNA structures involved in 

xon selection and point to a possible chaperone 

ctivity of SRP9 / 14 outside the mammalian signal 
ecognition par ticle . 
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RAPHICAL ABSTRACT 

NTRODUCTION 

lu s are non-autonomous retrotransposons that occupy 

11% of the human genome in more than one million 

opies ( 1 , 2 ). Alu elements e volv ed from the 7SL RNA,
hich encodes the RNA moiety of the signal recognition 

article (SRP) ( 3 ), a cytoplasmic ribonucleoprotein (RNP) 
hat interacts with the ribosome to control co-translational 
ranslocation of proteins into the endoplasmic reticulum 

 4 ). The elongation arrest activity of mammalian SRP de- 
ends both on the S domain, which binds SRP19, SRP54, 
nd SRP68 / 72 proteins, and the Alu domain, which inter- 
cts with the SRP9 / 14 heterodimer ( 5 , 6 ). SRP9 / 14 binds
ith high specificity both to 7SL and Alu RNAs transcribed 

rom various loci ( 7 ). This interaction supports formation 

f conserved structural elements in Alu RNA and the closed 

onformation of the SRP Alu domain ( 8–10 ), which en- 
ers the ribosomal transla tion elonga tion factor binding 

ites ( 11 ). The Alu consensus is about 300 nucleotides (nts) 
ong and consists of left and right monomers separated by 

denine stretches and terminating with a long poly(A) tail 
f variable length ( 12 ). The left arms harbour the A and 
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B boxes of RN A pol ymerase III (Pol III) promoters ( 13 ),
which permit transcription of new repeat units that can
be inserted at new genomic locations by retrotransposition
( 14 ). The maximum amplifica tion ra te of Alu retrotranspo-
sitions was detected around 30 million years ago ( 15 ). Dur-
ing primate evolution Alu s accumulated numerous base mu-
ta tions tha t serve as a basis for their classifica tion into three
main families, termed J, S and Y. The most ancient family
is Alu J while the youngest family is Alu Y ( 16 , 17 ). 

Although previously regarded as junk DNA, Alu re-
peats play a fundamental role in the regulation of gene
expression ( 18 ). Under physiological conditions, Alu ele-
ments are epigenetically silenced ( 19–21 ) but their expres-
sion can be dramatically increased following various types
of stress ( 22 ), virus infection ( 23 ), heat shock ( 24 , 25 ), and
malignant transformation ( 26 , 27 ). Alu RNAs transcribed
by Pol III can block transcription by binding RN A pol y-
merase II ( 24 ). Dimeric Alu transcripts can be processed
into more stable cytoplasmic Alu s (sc Alu ) ( 28 ) that inter-
fere with translation initiation and stress granules forma-
tion ( 29–31 ). The sc Alu consists of the left arm with a half-
life of about 3 h ( 28 , 32 ) and maintains interactions with
SRP9 / 14 ( 33 , 34 ). Alu RNAs transcribed by RNA poly-
merase II can influence mRNA nuclear export ( 35 ), af-
fect translation ( 29 ), and induce ADAR-dependent RNA
editing ( 36 ). Alu s embedded in the 3’ untranslated regions
(UTRs) can alter transla tion ef ficiency by base pairing sense
and antisense sequences ( 37 ), activate Staufen 1-mediated
mRNA decay ( 37 ), act as micro RNA targets ( 38 ), stim-
ulate circular RN A bio genesis by backsplicing ( 39 ), and
contribute to formation of long noncoding RNAs in ver-
tebrates ( 40 ). Upon transcription intronic Alu s become im-
portant parts of pre-mRNAs and a source of new coding
sequences in a process known as exonization ( 41 , 42 ). Over
90% of the youngest cassette exons in primates originated
from repetiti v e sequences, with Alu s comprising about 62%
of these e v ents ( 43 , 44 ). Most of the newly born exons are
genera ted via muta tions tha t crea te splice sites ( 41 , 42 , 45 )
or splicing enhancer elements ( 46 , 47 ). Exonizations greatly
enhance transcriptomic and proteomic di v ersity but can
also lead to genetic disease ( 48 ). Activation of such cryp-
tic exons may introduce pr ematur e stop codons and cre-
ate fr ameshifts ( 43 ), y et lo w-inclusion ex ons can be toler-
ated. They ar e fr equently associa ted with alterna ti v e splic-
ing (AS) that allows them to be evolutionarily tested with-
out compromising original proteomic r epertoir es ( 49 , 50 ).
Alu exons are most often deri v ed from antisense right arms,
employing poly(U) signals in the pre-mRNA as polypyrim-
idine tracts (PPT), critical exon recognition motifs in verte-
brates ( 42 , 43 , 47 , 48 , 51 ), and r equir e only one or a few muta-
tions for activation ( 41 , 42 , 47 ). The vast exonization poten-
tial of Alu s thus provides a useful model for studying how
small exons are recognized by the cell in the sea of long in-
trons, an unresolved problem in biology, and which trans -
acting factors are required for Alu exon adaptation. 

Recognition of exon-intron boundaries r equir es multi-
ple pre-mRNAs motifs, including branch points , PPTs , 3’
and 5’ splice sites (3’ ss, 5’ ss) and auxiliary splicing signals
known as exonic or intronic splicing enhancers (ESE, ISE)
and silencers (ESS, ISS) ( 52 , 53 ). These cis -acting regula-
tory elements provide interaction platforms for small nu-
clear ribonucleoprotein particles (snRNPs) ( 54 ) and trans -
acting factors, typically various families of RNA-binding
proteins ( 55 ). Their accessibility is influenced by sequence
context, regional variations in GC content, and by pre-
mRNA structure and folding dynamics ( 56–58 ). As with
splicing, pre-mRNA folding is largely co-transcriptional
wher e the dir ection of transcription dictates the order of
structure formation ( 59 ). RNA molecules can be trapped in
lo w ener gy-inacti v e conformations and their conversion to
functional structures may require specific RN A cha perones
( 60 ). Despite the de v elopment of transcriptome-wide RNA
structural probing ( 61–64 ), it remains elusi v e how exactly
pr e-mRNA structur es influence dynamic rearrangements of
spliceosome assemblies and which Alu structural motifs are
r equir ed for exon selection. 

In this study, we hav e inv estigated molecular mechanisms
that control a previously described disease-causing exoniza-
tion of the sense-oriented left arm Alu J in intron 18 of the
human F8 gene ( 45 , 65 ). We have identified mutations in the
conserved core of its 5’ segment that accumulated during
evolution and were essential for exon inclusion in mature
transcripts. We found that the evolutionary pr essur e to con-
serve the RNA secondary structure was accompanied by a
loss of SRP9 / 14-mediated closed conformation in exoniza-
tion of the sense Alu . Our work also uncovered additional
SRP9 / 14-sensiti v e Alu e x ons and a role for DEAD-bo x he-
licase DHX9 in this process. 

MATERIALS AND METHODS 

Plasmid pr epar ations 

The human wild-type F8 reporter (F8wt) was pre-
pared by cloning F8 intron 18 with adjacent exons be-
tween HindIII / ApaI sites of pcDNA3.1 / myc-His A (Ther-
moFisher) (Figure 1 A and Supplementary Figure S1). The
mutated reporter (F8 Alu) was created by overlap exten-
sion PCR, introducing e xon-acti va ting muta tion F8 c.5998
+ 530 C > T into F8wt. F8 constructs r epr esenting main
Alu families wer e pr epar ed by replacing a 113-nt segment
of F8 Alu by Alu J, Alu S, and Alu Y sequences ( uppercase
in Figure 1 A). The Alu 5´con minigene was created by re-
placing 56 nts of the Alu segment of the F8 Alu exon with
a conserved sequence common to the consensus of three
Alu families ( gr een bo x in Figure 1 A). The hybrid PKP2 re-
porter was pr epar ed by subcloning PCR amplicons contain-
ing PKP2 exon 6 and portions of its nati v e flanking introns
into XhoI / XbaI sites of the U2AF1 reporter (Figure 2 E)
( 66 ). SRP14 cDNA was subcloned between BamHI / XbaI
sites of pcDNA3.1 / myc-His A (ThermoFisher) with the
m y c tag at the C termin us, emplo ying the p14-9VN con-
struct (Addgene cat. # 50930) as a template. Cloning PCR
primers are in Supplementary Table S1. All reporters were
propagated in E. coli DH5 �. Plasmid DNA was isolated us-
ing the GeneJET Plasmid Miniprep Kit (ThermoFisher).
All constructs were sequenced prior to transfections to ex-
clude undesired mutations. 

Cell cultures and transfections 

Human embryonal kidney (HEK) 293 cells (DSMZ, cat.#
ACC305) were grown under standard conditions in DMEM
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Figure 1. Evolutionary history of sense Alu J exonization in F8 . ( A ) Schematics and sequences of minigene reporters. Introns are shown as horizontal lines, 
canonical exons as black boxes and the Alu J exon as a red box. Spliced products are denoted by hairlines above the transcript. Dark grey arrows r epr esent 
left (L) and right (R) Alu J arms. Black arrows denote PCR primers. The lower panel shows alignment of the splicing-proficient F8 Alu construct, which 
has mutation C > T (asterisk) that optimized the 5’ss (Supplementary Figure S1) and led to cryptic Alu exon activation and haemophilia A ( 45 , 65 ), with 
consensus sequences of main Alu families and with PKP2 exon 6 deri v ed from the left arm of sense Alu S (Figure 2 E). Alu 5’con, the splicing-deficient 
construct deri v ed from F8 Alu where the 5’ segment of Alu J exon was replaced with the Alu consensus ( gr een bo x ). Alu sequences are in uppercase; the 
remaining exonic sequences are in lower case. The 3’ss and 5’ss are in red. The numbering starts from the first nucleotide of the F8 Alu exon and is used 
consistently throughout the text and all figures. F8Alu -specific substitutions and mismatches between Alu families are highlighted in grey; two RNA Pol III 
promoters are underlined. ( B ) Splicing of Alu exons in wt and mutated minigenes; F8wt, construct with the GC 5’ss. Alu S(+5A > G), the Alu S construct 
that carries the 5’ss of PKP2 exon 6 shown in panel C. Spliced RNA products are to the right; ns, nonspecific PCR product; MW, 100-bp size marker. ( C ) 
The intrinsic 5’ss strength of Alu exons from panels A and B. ( D ) Sums of ESR counts (left panel) and ESR scores (right panel) across the 5’ segment of 
splicing-proficient F8 Alu and splicing-deficient Alu 5’con constructs. Higher values predict higher exon inclusion levels in mature transcripts. 
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upplemented with 10% (v / v) bovine calf serum (Biosera). 
ransfections were carried out in 12-well plates using 150 ng 

f reporter plasmids and jetPRIME (Polyplus) according to 

anufactur er’s r ecommendations. Cells wer e harvested for 
NA isolation 24 h after transfection. For depletion exper- 

ments, the cells were treated with small interfering RNAs 
siRNA) to a final concentration of 80 nM (Supplementary 

able S1). After 24 h, the cells were split into 12-well plates 
nd transfected with the indicated plasmid reporters. For 
RP9 / 14 rescue experiments the cells recei v ed the first hit
ith siRNA SRP14(1) at a final concentration of 80 nM and 

he second hit at a final concentration of 50 nM together 
ith 50 ng of reporters and 100 ng of SRP14 plasmids. Cells 
ere harvested for RNA and protein lysate preparations 
4 h later. 

NA isolation and RT-PCR 

otal RNA was isolated using TRI Reagent (Molecular 
esearch Center) according to the manufacturer’s proto- 

ol and treated with DNase I (Promega). Complementary 

NA was synthetised with oligo d(T) primers using the 
oloney Murine Leukaemia Virus Re v erse Transcriptase 

R T, Promega). R T-PCRs were carried out using a combi- 
ation of gene- (F8F) and vector- (Pl4) specific primers, ex- 
ept for PKP2 constructs where we used primers U2AF35e 

art/gkad500_f1.eps
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Figur e 2. Phylo genetic changes in sense Alu J exon that promote or r epr ess splicing. ( A ) F8 Alu J phylogeny. Genomic alignments of primate species ar e in 
Supplementary Figure S2. Lineage-specific haplotypes shown to the right were reconstructed in panel B plasmids.The exact assignment of substitution 
27C > T was precluded by a LINE1 element retroposition in Cercopithecoidea . ( B ) Alu exon inclusion (EI) induced by Alu 5’con substitutions created to 
mimick succession of phylogenetic changes. Apart from the indicated mutation(s), each minigene contains additional substitutions that accumulated during 
earlier primate evolution, reflecting lineage-specific haplotypes (coloured in panel A). Their approximate evolutionary span is shown at the bottom. Mya, 
million years ago. ( C ) RT-PCR of HEK293 cells transfected with reporters carrying various combinations of F8 Alu substitutions that accumulated during 
evolution. Mutations were introduced into F8 Alu (red) and Alu 5’con (black) minigenes. Red line denotes 

∑ 

ESRscores for exon positions 5 to 58, columns 
show corresponding EI le v els (%). ( D ) Negati v e correlation between the 

∑ 

ESRscores and EI for constructs in panel C. ( E ) The impact of evolutionary 
changes in F8Alu J exon on exonization of PKP2 Alu S. Heterologous splicing PKP2 reporter with an Alu S-deri v ed e x on is in the upper panel. Grey arro w 

r epr esents the left arm of sense Alu S. The lower panel shows EI of mutated PKP2 reporters with F8Alu -specific changes. Mutations are numbered as in 
panel A and Figure 1 A. 
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nd Pl4 (Supplementary Table S1). PCR products were sep- 
rated on 1.5% agarose gels with addition of ethidium bro- 
ide (Promega) for visualisation. Signal intensities of the 

pliced products were measured using the Amersham Im- 
ger 600 (GE Healthcare). Amplifications of endogenous 
ranscripts were carried out using primers shown in Sup- 
lementary Table S1. 

mmunoblotting 

ells were washed with PBS and lysed in the RIPA buffer 
ThermoFisher). Protein concentrations were determined 

y the Pierce BCA protein assay kit (ThermoFisher). 
ysa tes were fractiona ted on 10% SDS-PAGE, transferred 

nto nitrocellulose membranes and incubated with anti- 
odies against SRP9 (ProteinTech, 11195-1-AP), SRP14 

Pr oteinTech, 11528-1-AP), DHX9 (Pr oteinTech, 17721–1- 
P), DHX36 (Abcam, ab70269), GAPDH (Novus, NB300- 

22) and secondary antibodies (Abcam, ab205718). Mem- 
ranes were visualised using the Pierce ECL Western Blot- 
ing Substrate (ThermoFisher) according to the manufac- 
urer’s instructions. Chemiluminescent signals were mea- 
ured with the Amersham Imager 600 (GE Healthcare). 

NA probe synthesis 

NA pr obes were pr oduced with HiScribe ™ T7 High Yield 

NA Synthesis Kit (New England BioLabs) using PCR 

r oducts as templates. Pr obe design was guided by the min- 
mal Alu domain structure identified previously ( 8 , 9 ). Probe 
’ sequences contained the first 66 nts of mutated Alu seg- 
ents, followed by an invariable 3’ stem terminating with a 

UAA tetraloop. The amplicons were prepared with PCR 

rimers in Supplementary Table S1 and the indicated mini- 
ene DNAs as templates. Forward primers included T7 pro- 
oter sequences. Synthetized RNAs were purified using 

RI Reagent and resuspended in DNase / RNase free water. 
NAs for structure mapping were 3´end-labeled using pCp- 
y5 (Jena Bioscience), and T4 RNA ligase (ThermoFisher). 
he labelling reaction was carried out at 4 

◦C overnight. 

ulldown assays 

0 �g of each in vitro transcribed RNA probe was oxi- 
ized with freshly prepared 5 mM Na-m-periodate solu- 
ion dissolved in 0.1 M NaOAc, pH 5.0. Oxidation was 
arried out in the dark at room temperature for 1 h. Oxi- 
ized RNA was precipitated with ethanol, resuspended in 

.1 M NaOAc, pH 5.0, and dena tured a t 75 

◦C for 3 min be-
ore coupling with beads. Adipic acid dihydrazide agarose 
eads (Sigma-Aldrich) were washed with the same solution 

nd incubated with RNA overnight in the dark at 4 

◦C. The 
ext day beads were washed twice with 2 M NaCl and twice 
ith buffer D (20 mM HEPES, pH 7.5, 0.2 mM EDTA, 100 

M KCl, 0.5 mM DTT, 6% v / v gl ycerol). RN A-beads com-
lex es wer e incubated in a fr eshly pr epar ed solution con-
aining Hela nuclear extract (Ipracell), heparin (1 mg per 
eaction) and buffer D for 30 min at room temperature. Fi- 
ally, the beads were washed fiv e times with buffer D. Bound 

roteins were resolved on SDS-PAGE, transferred onto ni- 
rocellulose membrane and incubated with the indicated 
ntibodies. a
NA folding 

wo microgram of probe RNAs were denatured at 95 

◦C 

or 90 s, cooled on ice and folded in a buffer containing 20 

M TrisHCl, pH 8.0, 10 mM MgCl 2 , 10 mM KCl, 200 mM 

aCl and 8% v / v glycerol at 37 

◦C for 45 min. RNA samples
ere loaded onto 6% nati v e polyacrylamide gels (1 × TBE) 
nd separated (150 V) at 4 

◦C. For denaturing gels, sam- 
les were run with a 95% formamide loading buffer on 6% 

els containing 8 M urea. The gels were stained with ethid- 
um bromide and visualized with the Amersham Imager 600 

GE Healthcare). 

r epar ation of recombinant SRP9 / 14 

RP9 / 14 expression plasmid was created by amplifica- 
ion of a coding segment of p14-9VN (Addgene plasmid 

 50930) using primers SRP14F NcoI and SRP9R XhoI 
Supplementary Table S1). The amplicon was inserted into 

coI / XhoI sites of pET-28a (Novagen). The hybrid pro- 
ein was expressed in BL21 (DE3) pLysS Competent Cells 
Promega). The cells were grown to an OD of 0.8 and pro- 
ein expression was induced by 1 mM IPTG at 37 

◦C for 3 

. Bacterial pellets were dissolved in buffer A (50 mM Tris– 

Cl, pH 8.0, 300 mM NaCl, 10% glycerol (v / v) and 3.6 mM
-mercaptoethanol) containing the cOmplete ™, an EDTA- 

ree Protease Inhibitor Cocktail (Roche) and were homog- 
nized using SONOPULS GM Mini 20 (Bandelin Elec- 
r onic). Pr oteins were purified using the Ni Sepharose 6 Fast 
low beads (GE Healthcare), washed fiv e times with buffer 
 containing 20 mM imidazole and eluted with buffer A 

ith 300 mM imidazole. The purified heterodimer was dia- 
yzed against a storage buffer (10 mM Tris–HCl, pH 8.0, 
40 mM KCl, 10 mM NaCl, 1 mM MgCl 2 , 10% glyc- 
rol (v / v) and 1 mM �-mercaptoethanol) using the Slide- 
-Lyzer ™ G2 Dialysis Cassettes (ThermoFisher) at 4 

◦C 

vernight and stored at –80 

◦C. 

NA structure mapping 

tructural probing was performed using 1.5 �g of Cy5- 
abeled probes and endonucleases RNase A or RNase T1, 
hich cleave at single-stranded pyrimidines or guanines, re- 

pecti v el y. RN As were denatured at 95 

◦C for 90 s, cooled on
ce and incubated in the folding buffer at a final concentra- 
ion of 100 mM KCl, 40 mM HEPES, pH 7.5, and 5 mM 

gCl 2 at 37 

◦C for 45 min. RNAs were mixed with 5 �g 

f yeast RNA and digested using conditions that were opti- 
ized to allow roughly a single cleavage per RNA molecule. 
eactions containing 0.001 ng RNase A or 0.5 U RNase T1 

ere incuba ted a t room tempera ture for 3 or 15 min, respec-
i v ely. Cleav ed RNAs were purified with TRI Reagent, re- 
uspended in denaturing loading buffer containing Orange 
, and fractionated on 8% gels with 8 M urea at 55 W for 3
. Samples were run in parallel with a T1 marker pr epar ed 

y a limited digestion of the denatured probe. Gels were im- 
ged using Typhoon 9210 (GE Healthcare). For structural 
robing in the presence of SRP9 / 14, the RNAs were first 

ncubated in the folding buffer to allow structure forma- 
ion as described above. Subsequently, 16.5 �g of protein 

as added to ensure a molar excess of SRP9 / 14 over RNA 

◦
nd reaction mixtures were incubated at 37 C for 10 min. 
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The endonuclease was added after protein–RNA complex
formation and products were analyzed as described above.
Intensities of RNase T1-cleavages were measured using Im-
ageQuant TL (GE Healthcare) and normalized to the in-
tensity of nucleotide 71G located in the GUAA loop. 

Bioinformatic and statistical analyses 

Sequences of Alu families were obtained from Dfam
( https://www.dfam.org ; release 3.6). Sequence alignment
of primate orthologs across of F8 introns was created
with Ensembl r efer ence sequences ( http://www.ensembl.
org ; accessed on 10 December 2021) using Clustal Omega
(v. 1.2.4). RNA secondary structures were predicted by
RNAfold 2.4.18 ( http://rna.tbi.univie.ac.at ) using default
and alternati v e folding options. The intrinsic strength of
cryptic splice sites was estimated by maximum entropy
scores ( 67 ) and by H-bond scores designed to quantify the
5’ ss complementarity to the U1 small nuclear RNA ( 68 ). 

To determine ESE / ESS profiles of the indicated Alu s we
employed ESEseq and ESSseq scores defined previously
( 69 ). ESEseq and ESSseq scores indicate the strength of
hexamer motifs, with positive values for ESE and nega-
ti v e values for ESS ( 69 ). To predict exon inclusion of mu-
tated constructs we calculated a sum of ESEseq and ESSseq
scor es ( 

∑ 

ESRscor es) for all he xamers that cov ered the an-
alyzed segments (Dataset S1). 

Endogenous transcripts for testing of Alu exons were se-
lected from previously characterized Alu exons ( 45 , 70 ) that
had a full-length sense-oriented left Alu arm expressed in
HEK293 cells ( 71 ). 

To compare exon inclusion le v els of wt and mutated mini-
genes, we used one-way ANOVA with post hoc Tukey–
Kramer tests. To compare inclusion le v els of Alu ex-
ons in depletion experiments we used unpaired Student’s
t -test. Bar graphs reporting exon inclusion data show
mean ± standard deviation (SD) from at least three in-
dependent replica tes. Sta tistically significant changes rel-
ati v e to controls are shown as * P < 0.05; ** P < 0.01;
*** P < 0.001. The Spearman correla tion coef ficient (r s ) was
computed with SigmaPlot, v.11. 

RESULTS 

Exonization potential of sense left-arm Alu in F8 

We chose to study a left-arm sense Alu exon that was acti-
v ated b y a C > T mutation optimizing its 5’ss (Figure 1 A).
The exon employed a 3’ss / PPT derived from a more ancient
long terminal repeat ( 45 , 65 ). In vitro structural probing sug-
gested that the optimized GT 5’ss is more accessible than its
wt GC counterpart, possibly improving the interaction with
U1 snRNP components ( 45 ). Howe v er, a lack of correlation
between the intrinsic 5’ss strength of exonized Alu s and their
inclusion in mature transcripts pointed to the importance
of 3’ss and / or cross-exon motifs ( 45 ). To identify them and
to test whether the composite transposon can form a ’pre-
exon’ we created a minigene consisting of F8 intron 18 and
flanking exons (Figure 1 A, upper panel, and Supplementary
Figure S1). Transfection of HEK293 cells with the mutated
F8 construct (F8 Alu ) confirmed Alu e xon acti vation (Fig-
ure 1 B, lanes 1, 2). Surprisingly, replacements of the Alu left
arm with ancestral sequences of main Alu families in the
F8 Alu construct ( 72 ) (Figure 1 A, lo w er panel ) re v ealed only
transcripts lacking the Alu exon (Figure 1 B, lanes 3–5), de-
spite the presence of the C > T substitution in younger Alu S
and Alu Y (Figure 1 A). Because their decoy 5’ss differred
from the optimal consensus (A / C)A G|GT(A / G)A GT ( 73 ),
we examined transition A > G at intron position + 5, which
strengthens the 5’ss of the Alu S construct (Figure 1 C). Al-
though the same 5’ss was used by an Alu S exon in PKP2
( 74 ), it still failed to activate the F8 Alu exon (Figure 1 B,
lane 6), pointing to the importance of other substitutions in
Alu exonization. Alignment of F8 Alu and other Alu fami-
lies re v ealed that their 5’ half is almost invariant while the
human F8 Alu exon gained 8 point mutations during pri-
mate evolution (highlighted in Figure 1 A, lower panel ). To
examine how these substitutions alter ESEs / ESSs and exon
inclusion in mRNA, we replaced this F8 Alu segment with
the consensus sequence for main Alu families to create con-
struct Alu 5’con ( green box in Figure 1 A). The Alu 5’con
failed to activate the exon despite having a higher ESE den-
sity and higher 

∑ 

ESRscore than splicing proficient F8 Alu
construct (Figure 1 B, lane 7, Figure 1 D). Together, these re-
sults showed that the decoy 5’ss present in Alu J was per se
insufficient for exon selection and that the Alu J exonization
in F8 r equir ed additional alterations in its 5’ segment. 

Ev olution-driven e x onization of F8Alu and ESEs / ESSs 

Alignment of genomic sequences of F8 in 15 primates re-
vealed lineage-specificity of the 8 mutations (Figure 2 A and
Supplementary Figure S2). We therefore set out to compare
their impact on Alu exonization in the context of primate
haplotypes as opposed to individual substitutions. Tran-
sient transfections into HEK293 cells showed that the ear-
liest Alu e xon-acti va ting muta tions were 9A12T in Simi-
iformes (Figure 2 B). The Alu exon inclusion was then sup-
pressed by a more recent mutation 25A that arose before the
split into Old and New World Monkeys and was r estor ed
again by a younger mutation 27T in Cercopithecoidea . The
most recent mutation 16A, which completed the haplotype
of the 5’ segment of F8 Alu , further enhanced Alu exon in-
clusion (Figure 2 B). 

We then extended this analysis to individual mutations
and their double to quadruple combinations that were cre-
ated on both F8 Alu (Figure 2 C, lanes 1–3) and Alu 5’con
(Figure 2 C, lanes 4–24) backgrounds. Here, the most exon
promoting effect among single substitutions was observed
for 25A (Figure 2 C , lane 8 versus 4), which contrasted with
the exon r epr ession when the same mutation was introduced
into the Simiiformes haplotype 9A12T53A57T58T (Figure
2 cf. panels B and C). Mutations 53A, 57T58T, 9A, and the
Hominidae -specific mutation 16A had no effect (lanes 22–
24, 5, 7). Surprisingly, e xon inclusion le v els of these con-
structs negati v ely correlated with 

∑ 

ESRscores calculated
for each substitution in the Alu 5’con segment or their com-
binations (Figure 2 D). 

To test the importance of the 5’ segment for activation
of exons derived from other sense Alu s, we selected an
AluS exonization model in PKP2 (Figure 1 A, lower panel )
( 74 ). Examination of a heterologous PKP2 reporter (Fig-
ure 2 E) upon transfection re v ealed only marginal exon ac-

https://www.dfam.org
http://www.ensembl.org
http://rna.tbi.univie.ac.at
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ivation despite a strong 5’ss (Figur e 2 E and Figur e 1 A,
). As splicing of this exon could be tissue- / developmental 

tage-specific, we amplified a panel of cDNAs from 18 hu- 
an tissues, but we detected only transcripts lacking the 
lu S exon (data not shown). In contrast, introducing the 
’ segment-specific changes into the PKP2 reporter, such as 
6A and 27T, promoted Alu S exon. The Alu S exon was al- 
ost completely activated by mutations 25A and 25A27T 

Figure 2 E). 
Together, we identified exonic Alu variants that arose dur- 

ng evolution and activated splicing of the sense Alu ex- 
ns. Their succession in primate evolution did not gradually 

aise Alu J exon inclusion to the level observed in human F8 

ut showed a context-dependent interplay of closely linked 

ariants, involving neutral, additi v e and opposite haplotype 
f fects ( cf . Figure 2 B and C). Finally, exon inclusion did
ot correlate with their predicted ESR profiles, implicat- 

ng other regulatory factors that are distinct from simple 
SE / ESS creation or abrogation. 

econdary structure of Alu RNA is the main determinant of 
lu e x on inclusion 

lu s are folded into a conserved three-way junction struc- 
ur e, pr eserving structural featur es of 7SL RNA ( 75 ). Posi-
ioning newly identified F8 Alu- specific substitutions to the 
lu secondary structure re v ealed tha t muta tions a t posi- 

ions 9–27 were restricted to helix H1 while mutations at 
ositions 53–58 affected helix H31 (Figure 3 A). Helix mu- 
ations could explain the opposite splicing outcomes when 

resent as solitary changes vs. their combinations that accu- 
ula ted during prima te e volution. Most notab l y, m utation

5G > A activated the Alu J exon in the presence of 12C 

Figure 2 C, lane 8) but repressed the same exon in the pres-
nce of 12T (Figure 2 B, lane 4). As a solitary change, muta-
ion 12C > T would impair Watson-Crick (WC) 12–25 base 
airing which would be r estor ed by mutation 25G > A in 

he course of primate evolution. 
To test in more detail the impact of helix H1 stability 

n Alu exon inclusion, we first created constructs on the 
lu 5’con background that contained all nucleotide combi- 
a tions a t positions 12 and 25. Transient transfections re- 
ealed a gradual increase of exon inclusion with decreasing 

ase pairing (Figure 3 B). This limited initial sample size 
id not re v eal significant correlation between exon inclu- 
ion and 

∑ 

ESRscores ( r s = 0.24, P = 0.37) or predicted 

hermodynamic stability of the 5’ segment ( r s = 0.43, P = 

.1). Ne v ertheless, RNAs with the splice-supporting substi- 
utions showed more variable motifs at loop L1 or at the 
entral three-way junction (J12) (Figure 3 B, right panel , and 

upplementary Figure S3A). Next, we extended the anal- 
sis to more constructs with F8 -specific mutations in he- 
ix H1 (Figures 2 C and 3 C, Supplementary Table S2 and 

upplementary Figure S3B) and observed a weak correla- 
ion between exon inclusion and predicted thermodynamic 
tabilities of the 5’ segment and a significant correlation 

ith the number of hydrogen bonds in helix H1, but not 
ith 

∑ 

ESRscor es (Figur e 3 D). Finally, deletion of helix H1 

rom Alu 5’con while leaving loop L1 in primary transcripts 
arkedly increased Alu exon inclusion (Figure 3 E). 
These results strongly support a concept that specific 
NA structural features play a major role in Alu exoniza- 

ion. The position and identity of complementary bases 
oupled with altered stability of helix H1 modulate splic- 
ng outcome more predictably than merely sequence-guided 

SE / ESS profiles. 

plicing-proficient substitutions impair compact folding of 
lu RNA 

o examine how Alu exon-modifying substitutions in pri- 
a tes af fect the Alu J RNA structur e, we first pr epar ed
NA probes that r epr esented splicing-deficient ( Alu 5’con) 

nd splicing-proficient (F8 Alu ) constructs (Figure 4 A and 

upplementary Figure S4). Both probes had identical mi- 
ration on denaturing gels, howe v er, in nati v e conditions 
lu 5’con displayed a faster-running compact band while 
8 Alu was slower and showed a more dif fused pa ttern (Fig- 
re 4 B), consistent with a major change in RNA confor- 
ation. To explore which structural alterations account for 

ifferent mobilities, we labeled 3’ ends of each probe with 

y5 and treated them with single strand-specific endonucle- 
ses RNase T1 and RNase A. Nuclease probing with both 

NAs showed positi v e signals at positions 71G and 72U, 
 hich ma p to the helix 32-closing GUAA tetraloop (Figure 
 A, C). F8 Alu also re v ealed RNase-accessib le guanosines 
1G, 13G and 15G of helix H1, 18G, 19G and 38G, which 

re involved in base pairing between loops L1 and L2 ( 8 , 10 ),
nd 29G at junction J12 where Alu 5’con lacked correspond- 
ng cleavage products (Figure 4 C, D). 

To determine whether splicing-proficient substitutions at 
omplementary positions 12 and 25 of helix H1 (Figure 3 B) 
nduce structural alterations similar to F8 Alu , we subjected 

hese transcripts to RNase T1 trea tment. Muta tions pre- 
icted to abrogate base pairing re v ealed cleavage products 
hat signify a variable extent of helix H1 relaxation. In con- 
rast, the cleavage products were absent in 7SL RNA that 
ontained additional helix H1-stabilizing changes, except 
or 71G in the helix H32 closing loop (Supplementary Fig- 
res S4 and S5). 
Taken together, these results demonstrate a substantial 

mpact of lineage-specific and splice-supporting mutations 
n structural assemblies of the Alu exon. They also point to 

n essential role of base pair relaxation at complementary 

osition 12–25 in the disruption of conserved Alu domain- 
ike structure and in Alu exon recognition. 

ignal recognition particle 9 / 14 heterodimer and helicase 
HX9 regulate Alu e x on splicing 

igh-resolution structural analysis of Alu RNA re v ealed 

hat its closed conformation (Figure 4 D) is stabilized by 

RP9 / 14 heterodimer, which acts like a clamp ( 8 , 10 ). As
onforma tional dif ferences between Alu RNA variants are 
ritical for SRP9 / 14 interaction ( 10 , 76 ) we tested whether
he F8 Alu RNA can bind SRP9 / 14 using pull-down assays. 

estern blotting of protein fractions bound to Alu 5’con 

nd F8 Alu re v ealed the presence of a strong SRP9 / 14 sig-
al from the former probe but the absence from the lat- 
er (Figure 5 A). Interestingly, the opposite was observed 

or the DEAD-box family helicase DHX9, which binds to 
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Figure 3. Alu exon activation is controlled by helix H1 stability. ( A ) RNA secondary structure of the left arm Alu. Nomenclature of helices, loops and 
junction is according to Ahl et al. ( 10 ). Human-specific substitutions in F8 Alu are highlighted. ( B ) Destabilization of helix H1 coupled with a release of 
junction J12 from the structure tend to increase exon inclusion (EI). EI levels ar e order ed from low to high. Mutations at complementary positions 12–25 
were introduced on the Alu 5’con background. Predicted folding of the first 48 nts of mutated Alu segments is shown to the right (see also Supplementary 
Figure S3A). Variable motifs at loop L1 and junction J12 exposed in predicted RNA conformations are coloured. ( C ) Base pairing, the number of hy- 
drogen bonds (HB) in helix H1 and EI. F8 -specific mutations are in red. Number of wobble base pairs is in parenthesis. ( D ) Correlation between EI and ∑ 

ESRscor es, pr edicted thermodynamic stability, and HB for constructs in panel C (for more details, see Supplementary Figure S3B). MFE, minimum 

free energy. ( E ) Deletion of helix H1 acti vates Alu J e xon inclusion in the splicing-deficient construct Alu 5’con. Deleted nucleotides are shown in grey ( right 
panel ) . 
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Figure 4. F8 -specific substitutions induce major structural changes of the Alu 5’con RNA. ( A ) RNA secondary structure of the Alu 5’con probe. The model 
is based on folding of the minimal Alu domain proposed previously ( 8 , 9 ). Nomenclature of helices, loops and junction is as in Figure 3 A. F8 Alu mutations 
ar e cir cled; structurally important positions ( 10 ) ar e on a squar ed background. Solid lines r epr esent canonical WC base pairs, dotted lines indicate wobble 
pairs. RNase T1 and RNase A cleavage sites identified in panel C are represented by red and green arrowheads, respecti v ely. ( B ) Electrophoretic mobility 
of the indicated RNA probes on nati v e (N) or denaturing (D) 6% gels. ( C ) Denaturing PAGE with Cy5-labeled Alu 5’con and F8 Alu . Probes were (mock)- 
digested with limiting amounts of RNase T1 and RNase A. Examples of dose-dependent cleavages (10 −4 , 10 −3 and 10 −2 ng of RNase A per reaction) are 
shown in right panels . The cleavage products ar e number ed to the right. T1, OH, ladders generated by RNase T1 cleavage and NaOH tr eatment, r especti v ely. 
( D ) The Alu 5’con probe (panel A) in closed conformation. The model is based on a complete Alu domain structure in a complex with SRP9 / 14 ( 8 , 10 ). 
Tertiary base pairs between loops L1 and L2 are shown as hairlines. Interaction of J12 with adenine in loop L31 is highlighted by a red zigzag line. 
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nverted-repeat Alu elements ( 77 ), and for DHX36 (Figure 
 A). We detected both helicases by mass spectrometry with 

re viously deri v ed RNA pr obes ( 45 ) among pr oteins most
nriched in the pull-down assay (Figure 5 A and data not 
hown). 

The association of Alu e xon acti vation with a lack of 
RP9 / 14 binding to the F8 Alu pr obe pr ompted us to ex-
mine the effect of SRP9 / 14 and both helicases on F8 Alu 
plicing. We transfected Alu 5’con and F8 Alu into HEK293 

ells individually depleted of each protein (Figure 5 B and 

upplementary Figure S6). We also transfected mutated 

eporters F8 - 16G and 12C25C, which showed most pro- 
ounced changes in exon inclusion and RNA folding (Fig- 
res 2 C, 3 C, and Supplementary Figure S5). The reduced 

xpression of SRP9 / 14 (SRP9 / 14-) increased exon us- 
ge, with the strongest increase observed for the F8-16G 

art/gkad500_f4.eps
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Figure 5. Alu J exonization is influenced by SRP9 / 14 and DHX9. ( A ) RNA pull-down assay with Alu 5’con and F8A lu probes (Figure 4 A and Supplemen- 
tary Figure S4). Immunoblotting was carried out with antibodies to the right. NE, Hela nuclear extract; beads, RNA-free control. ( B ) Immunoblots of 
cell lysates from RNA interference-mediated depletion of SRP9 / 14, DHX9, and DHX36 in HEK293 cells. Antibodies are to the right. MW, size marker; 
control, scrambled siRNAs; 1 / 4, a quarter of the control lysate. ( C ) Exon inclusion (EI) for the indicated constructs in depleted (+) and control (–) HEK293 
cells. Depleted proteins are at the bottom. ( D ) EI le v els for a panel of 38 constructs in SRP9 / 14- and DHX9- cells. Constructs ar e order ed according to 
EI in mock-depleted cultur es (r ed diamonds). Gr ey and black asterisks show statistically significant deviations in SRP9 / 14- and DHX9- cultures from 

controls, respecti v ely. A b lack dot marks a variant in the SDCCAG8 Alu Y exon that was activated in SRP9 / 14- cells ( see also Figur e 8 ). Repr esentati v e 
gels from these experiments are in Supplementary Figure S7. ( E ) Splicing analysis of the indicated constructs in SRP9 / 14- and DHX9- cells ( upper panels ). 
Tested base pairs at position 13–24 are marked by a r ectangle. Nucleotides differ ent from the Alu 5’con sequence are in red (lo w er panels ). ( F ) Substitution 
29G > C in J12, pr eviously shown to r educe SRP9 / 14 af finity ( 10 , 76 ), did not af fect exon inclusion in SRP9 / 14- cells. + / –, SRP9 / 14- / mock-depleted 
HEK293 cells. 
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utant (Figure 5 C). Unlike SRP9 / 14-, depletion of helicase 
HX9, induced exon skipping of F8 Alu -deri v ed minigenes 

ut did not alter inclusion of Alu 5’con or 12C25C exons. Fi- 
ally, no inclusion changes were associated with diminished 

xpression of DHX36 irrespecti v e of the splicing reporter 
Figure 5 C). 

To further assess how SRP9 / 14 and DHX9 influence 
plicing of exons with alterations in helices H1 and H31, we 
ransfected a large set of Alu 5’con- and F8 Alu -deri v ed mu-
ants (Figures 2 C and 3 B) into SRP9 / 14- and DHX9- cells.
plicing analysis of 38 reporters re v ealed that SRP9 / 14 

epletion affected exon inclusion of Alu 5’con-based con- 
tructs with A-U / U-A or wobble G-U / U-G base pairs at 
osition 12–25 and the G-U pair at position 10–27 (Fig- 
re 5 D, Supplementary Figures S7 and S8). Contrary to 

RP9 / 14- cells, depletion of DHX9 induced significant 
xon skipping only in F8 Alu . This trend was also no- 
iceable for F8-based reporters F8-16G and F8-9G with 

obble pairs at the closing loop (16G-21U) and at the 
ase of helix H1 (9G-28U), respecti v ely. Howe v er, sensiti v-

ty to SRP9 / 14 was not determined solely by F8 -specific 
hanges. It was also supported by gradual base pair relax- 
 tion a t position 13–24 crea ted on the Alu 5’con background 

Figure 5 E). 
SRP9 / 14 makes contact with junction J12 of Alu RNA, 

hich contains a core motif 28U29G30U ( 8 , 10 ) (Figure 
 A). Because cytosine 29C decreased SRP9 / 14 affinity to 

lu RNA ( 10 , 76 , 78 ), we created constructs 25G29C and
5C29C by introducing 29C in Alu 5’con and splicing profi- 
ient 12C25C reporters. This muta tion af fected both splic- 
ng and RNA structure, but it did not modify responses 
o SRP9 / 14 depletion (Figure 5 F and Supplementary 

igure S5). 
Together, these data show that SRP9 / 14 heterodimer and 

HX9 helicase are involved in splicing regulation of Alu 

xon and that their effects can be modulated by changes 
n Alu structure, particularly by helix H1-stabilizing 

ubstitutions. 

ertiary contacts within Alu RNA fine-tune Alu e x on recog- 
ition 

he terminal loops L1 and L2 of the Alu ’s 5’ segment in-
eract via tertiary base pairs. The structural motif in the 5’ 
egment with AC dinucleotide in loop L31 stabilized the Alu 

NA 3’ segment in the closed conformation (Figure 4 D). 
hese contacts are guided by guanosine 6G, which fixes the 
ackbone of 53G and 54A of helix H31, and are supported 

y guanosine 5G that pairs with 52C in helix H0 ( 8 , 10 , 79 ).
o determine Alu exon regulation by the nucleotides in- 
olved in tertiary contacts, we created ancestral mutations 
n helix H31 (positions 53 and 57, 58) of F8 Alu and F8-16G 

 eporters. Wher eas F8-16G r educed splicing (Figur e 2 C), 
resumably by supporting the loop-loop interaction (Fig- 
re 4 D), the F8 -specific 16A, predicted to pair with com- 
lementary 21U in loop L1 and to restrict loops interaction, 
romoted exon inclusion regardless of the helix H31 haplo- 
ype (Figure 6 A, Structures 1–4 versus 5–8 Structures). The 
8 -specific 53A reduced exon inclusion (Structures 1 versus 
, 2 versus 4, 5 versus 7, and 6 versus 8), and combination 

f mutation 53A and the ancestral haplotype 16G57C58G 
ade the Alu exon sensitive to SRP9 / 14 depletion (Struc- 
ure 6). The role of compact structure in Alu -exon selection 

as also supported by enzymatic probing. RNAs deri v ed 

rom reporter 53G had a higher exon inclusion than F8 Alu 

nd showed increased accessibility of nucleotides G45-G47 

n helix H2. Probes with ancestral nucleotides that induced 

xon skipping (16G57C58G and F8-16G) re v ealed high ac- 
essibility of helix H31 and loop L31 (Figure 6 B and Sup- 
lementary Figure S5). 
Collecti v ely, these results showed that substitutions at po- 

itions involved in tertiary contacts within Alu RNA regu- 
ate Alu exon inclusion, influence its response to SRP9 / 14 

nd promote changes in RNA structure that predict splicing 

utcomes. 

odulation of Alu structure by SRP9 / 14 can influence 
plicing 

o determine if SRP9 / 14 could regulate splicing by restora- 
ion of the closed RNA conformation disrupted by mu- 
ations, we used recombinant SRP heterodimers in en- 
ymatic footprinting of RNAs deri v ed from SRP9 / 14- 
ensiti v e (27T) and -resistant (F8 Alu , 12C25C and 25C29C) 
eporters. As a control, we employed probe 3L1 29C based 

n Alu RNAs previously shown to reduce SRP9 / 14 affin- 
ty and impair Alu folding ( 80 ). The probe contained three 
hanges in loop L1 and mutation 29G > C (Supplementary 

igure S4). The footprinting in the presence of SRP9 / 14 

acked cleavages for probes 27T and 12C25C. The three re- 
aining RNAs showed reduced accessibility of guanosines 

panning positions 11G to 29G, pr esumably r esulting from 

r otection by pr otein binding (Figure 7 A) ( 81 ) . Pr obes
5C29C and 3L1 29C, predicted to alter SRP9 / 14 interac- 
ion, re v ealed enhanced sensitivity of guanosine 38G, which 

s involved in contacts between helices H1 and H2 (Figure 
 A,B, and 4D) ( 8 , 10 , 79 ). Additionall y, RN As deri v ed from
he splicing proficient 25C29C and F8 Alu showed enhanced 

ccessibility of sequences for helices H0 and H1, respec- 
i v ely (Figure 7 A, B). 

Next, we employed the pull-down assay with RNA 

robes used in the footprint. Immunoblotting with 

RP9 / SRP14 antibodies showed significant differences in 

ignal intensity between RN As, w hich corresponded to the 
RP9 / 14 sensitivity (Figures 5 D and 6 ). The only exception
as 12C25C which showed a strong SRP9 / 14 interaction 

Figure 7 C) despite high exon inclusion (Figures 3 C and 

 D). Finally, incubation with DHX9 antibody re v ealed 

inding of DHX9 not only to DHX9 sensiti v e F8 Alu but 
lso to 12C25C and 25C29C RN As, w hich did not re- 
pond to DHX9 depletion (Figure 5 D and Supplementary 

igure S7). 
Taken together, nuclease protection and RNA pull-down 

emonstra te tha t SRP9 / 14 binding and its capacity to in- 
uce RNA conformational changes ar e r eflected in splic- 

ng of Alu exons in SRP9 / 14- cells. Alu exons of SRP9 / 14-
ensiti v e constructs can be probably locked in a splice- 
isfavoring rearrangement through SRP9 / 14 binding (e.g. 
7T) while exons with splice-supporting variants form 

n alternati v e and / or SRP9 / 14-resistant structures (e.g. 
2C25C, 25C29C) or r equir e the assistance of DHX9 (e.g. 
8 Alu ) (Figure 7 D). 
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Figure 6. Alu exon inclusion is fine-tuned by substitutions at positions involved in tertiary interactions within the Alu RNA. ( A ) Exon inclusion (EI) for the 
indicated constructs in SRP9 / 14- cells. Mutated positions in the F8 Alu structur e ar e denoted by red dots. ( B ) RNase T1 cleavage products of Cy5-labeled 
RNA probes deri v ed from minigenes shown in panel A. Red rectangles indicate guanosines tha t show dif fer ential nuclease sensitivity as compar ed to 
F8 Alu . Red triangles r epr esent cleavage sites. 
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Tow ar ds a universal mode of endogenous Alu e x on recognition

To test the generality of the observed conformation-
dependent Alu J exon usage, we examined splicing of other
sense Alu -containing transcripts in SRP9 / 14- and helicases-
depleted cells. First, we examined the wt PKP2 construct
(Figure 2 E) and its mutated counterparts. As anticipated,
SRP9 / 14 depletion activated exon inclusion of the wt
and mutated PKP2 reporters while depletion of DHX9
mar ginally induced ex on skipping (Figure 8 A, B). We ob-
served no effect on Alu -exon splicing of PKP2 in DHX36-
cells (data not shown). This result suggested that the an-
tagonistic effect of SRP9 / 14 and DHX9 on exon inclu-
sion may not be limited to F8 Alu but could affect a wider
range of endogenous Alu exons. We ther efor e selected a
set of 15 human transcripts containing sense Alu left arms
in exonic sequences (Supplementary Table S3) and exam-
ined their splicing upon SRP9 / 14, DHX9 and DHX36 de-
pletion. Although six transcripts did not produce alter-
nati v e splicing outcomes in HEK293 cells and were thus
not informati v e, another 6 out of the remaining 9 tran-
scripts ( SDCCA G8, ER CC1, CC2D2A, CAPN2, BIR C5
and PKP2 ) had SRP9 / 14 and / or DHX9 sensiti v e Alu ex-
ons (Figure 8 C, D and Supplementary Figure S9). Both
in SRP9 / 14- and DHX9- cells the most pronounced ef-
fect was observed for Alu Y in SDCCAG8 intron 7 (Fig-
ure 8 C, D and Supplementary Figure S9). SDCCAG8 en-
codes a centrosome-associated protein and its deficiency
was linked to skeleton, limbs, retina and kidney abnormal-
ities ( 82 , 83 ). In SRP9 / 14- cells, activation of the Alu Y exon
induced truncated transcripts with Alu in its terminal exon,
and / or transcripts with an Alu -cassette exon introducing
a stop codon. Moreover, inclusion of the Alu Y exon was
associa ted with activa tion of cryptic e xon 7b, pre viously
reported in the Bardet-Biedl syndrome (Figure 8 D) ( 84 ) .
The SDCCAG8Alu sequence differs from the invariable 5’
segment of Alu families at positions 52T and 55A (Figure
8 C) and ancestral 52C is involved in stabilization of the
Alu closed conformation (Figure 4 D). Substitution 52C >
T at the Alu 5’con plasmid induced Alu exon inclusion in
SRP9 / 14- cultures (Figure 5 D), consistent with activation
of endogenous SDCCAG8 Alu exon upon SRP9 / 14 deple-
tion (Figure 8 D). Finally, the expression of isoform 202 of
the excision repair cross-complementation group 1 protein
(ERCC1) was suppressed in SRP9 / 14- cells at the expense
of isoform 201, which has an alternati v e, Alu s containing
3’UTR (Figure 8 D). 

Taken together, we have identified additional Alu -derived
exons regulated by SRP9 / 14 and / or DHX9 and modulated
by sequence variants that have a universal impact on Alu
exon selection. 

DISCUSSION 

In this study, we have characterized the exonization po-
tential of sense-orientated Alu s from a structural perspec-
ti v e. Substitution C > T proposed to release decoy GC 5’ss
from helix H32 ( 45 ) was sufficient for the F8 Alu J exoniza-
tion, howe v er, the corresponding substitution in evolution-
ary younger Alu S and Alu Y families ( 72 ) was not (Figure 1 ).
This permitted identification of mutations that facilitated
selection of Alu exons not only in F8 but also in other tran-
scripts (Figures 2 E, 8 D). These data imply that the left arm
Alu s can function as an independent unit through ligand in-
ter actions and / or RNA structur al rearr angements, similar
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Figure 7. Restricted capacity of SRP9 / 14 to induce folding of splicing-proficient Alu exons. ( A ) RNase T1 cleavage of the indicated RNA probes. Their 
sequences are in Supplementary Figure S4. The reactions contained 1.5 �g of Cy5-labeled RNAs in the absence (–) and presence (+) of recombinant 
SRP9 / 14 (16.5 �g). The colour scheme for probe-specific substitutions at the bottom corresponds to Figure 3 A. The marker was prepared using F8 Alu 
RNA (panels 1, 3 and 4) or Alu 5’con (panels 2 and 5) as a template. Some guanosines in helices H1, H31, and H32 of the Alu 5’con marker have not been 
completely cleaved under denaturing conditions. ( B ) Cleavage-product intensities of nuclease-treated probes in the presence (+) and absence (–) of SRP9 / 14. 
Means are shown for F8 Alu ( above ) and mutant 25C29C ( below horizontal axis ). 16G > A and 29G > C are probe-specific variants that do not permit 
cleav age b y RNase T1. ( C ) RNA pull-down assa y f ollowed by immunob lotting with the indicated antibodies. NE, Hela nuclear e xtracts; beads, RNA-free 
contr ol. The RNA pr obes ( top ) were used for structural analysis in Figur es 7 A, 4 C and Supplementary Figur e S5. ( D ) Models of Alu structur e-guided 
activation or r epr ession of the indicated Alu exons and proposed interactions between Alu , SRP9 / 14 and DHX9. 
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Figure 8. Identification of endogenous Alu -deri v ed e xons sensiti v e to SRP9 / 14 depletion . ( A ) Alu exon responses of hybrid PKP2 minigenes to SRP9 / 14 
depletion are determined by the same substitutions as in Alu 5’con reporters. ( B ) Exon inclusion le v els for transcripts in panel A. ( C ) Alignment of Alu Y in 
intron 7 of the SDCCAG8 gene and Alu 5’con. c.740 + 356C > T, a muta tion associa ted with Alu -exon activation in SDCCAG8 ( 84 ) . ( D ) Splicing patterns 
of endogenous transcripts in cells depleted of proteins indicated at the top. Control, scrambled siRNAs. Sense-oriented Alu s embedded in tested exons are 
in red. RNA products are schematically shown to the right. Amplification primers ( arrows ) are in Supplementary Table S1. Alu EI (%), the mean relati v e 
abundance of transcripts containing Alu exon calculated from two experiments. APA, alternative polyadenylation. pd, primer dimers. 
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to a stem-loop structure deri v ed from an exonic mammalian
interspersed repeat in the FGB gene ( 85 ). 

Up to ∼20% of Alu sequences are made of CpG residues,
common methylation sites involved in silencing of Alu retro-
transposition activities ( 86 ). Retrotransposition can also be
reduced by weakening internal Pol III promoter ( 87 ), de-
creasing SRP9 / 14 interaction and by Alu structural changes
that disrupt their ribosome-binding conformation ( 10 , 76 ).
Fi v e out of the 8 Alu substitutions in F8 altered CpGs, with
two of them in box A of Pol III (Figure 1 A) ( 88 ), which
may reflect increased muta tion ra tes and stronger purify-
ing selection within CpGs as compared to control sequences
( 89 , 90 ). 

Evolution-dri v en splicing activation of the F8Alu J exon
was not associated with a linear increase in exon inclusion
in the primate lineage, and was coupled with a loss of ESEs
and gain of ESSs (Figure 2 B), arguing against a gradual
loss of inhibitory motifs ( 91 , 92 ) and supporting the impor-
tance of structural determinants of exon inclusion. Restora-
tion of secondary structures and WC base-pairing may oc-
cur via compensatory mutations and may involve an inter-
mediate GU wobble base pairing ( 93–95 ), as observed for
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ositions 12–25 (Figures 3 and 4 A). For example, the ances- 
ral 12C25G WC pair in helix H1 could be substituted with 

8 Alu -specific 12T25A to maintain exon skipping (Figures 
 C and 3 C). By contrast, the replacement of 12C25G with 

he wobble pair showed Alu exon activation as well as re- 
r ession (Figur e 3 B). We specula te tha t this dif ference can
e due to their non-isostericity ( 96 , 97 ) and / or their posi-
ion within the helix. Similarly, the noncanonical base ge- 
metry of the purine pair GG ( 98 ) limited exon inclusion, 

n contrast to exon activation by GA or AG pairs (Figure 
 B), which can be positioned in multiple ways through their 
ydro gen-bonding ca pabilities ( 99 ). 

The positional and context-dependent impact of primate 
lu exon substitutions were also seen for closely linked mu- 

ations 9A and 12T (Figure 2 C). Substitution 9A replaces 
he wobble pair with a WC pair at the base of helix H1 while
utation 12T replaces a WC pair with a wobble pair (Fig- 

res 3 B, C and 4). The former, but not the latter wobble pair,
s involved in fixation of the closed conformation (Figure 
 D) ( 10 ). This may explain additive effects on exon inclu-
ion for double mutation 9A12T (Figure 2 C). 

Proper formation of helix H1 and interaction between 

oops L1 and L2 are critical for the Alu closed confor- 
ation, which is further stabilized by SRP9 / 14 binding 

 8 , 10 , 79 , 80 ). We have shown that the effect of siRNA-
ediated depletion of SRP9 / 14 on splicing of Alu exons 
as mutation-dependent (Figure 5 ). The SRP9 / 14-sensiti v e 

ubstitutions may alter loop-loop interactions (mutation 

6A) and helix H1 stability (mutations 27T, 12T25A, 9A) 
Figure 5 D). The sensitivity of Alu -exon to SRP9 / 14 was 
lso associated with variants in helix H31 and with the 
DCCA G8 -specific m utation 52C > T (Figures 5 D, 6 A and
 C, D), which is at a position important for stabilization 

f the central three-way junction and the closed confor- 
ation (Figure 4 D) ( 10 ). The endonuclease resistance of 
lu 5`con RN A sharpl y contrasted with F8 Alu and RN As 
eri v ed from other splicing-proficient minigenes, which re- 
ealed cleavages at positions involved in tertiary contacts 
Figure 4 C and 6 B and Supplementary Figure S5). In the 
resence of SRP9 / 14, RNAs deri v ed from the SRP9 / 14-
ensiti v e reporter 27T showed complete nuclease protection 

hereas probes F8 Alu and 25C29C of SRP9 / 14-resistant 
xons did not (Figure 7 A, B). Ther efor e, they may not adopt
 conserved Alu structure and resemble an open conforma- 
ion, such as described for the P. falciparum SRP Alu do- 
ain, which r emains unalter ed upon the SRP9 / 14 binding 

 100 ). Thus, SRP9 / 14 directs folding of not onl y 7SL RN A
rogeny ( 80 ) but may act as an RN A cha perone of an Alu
mbedded in a pr e-mRNA and r egulate Alu exon splicing. 
peculati v ely, the conserv ed structure of Alu exon could in- 
eract with snRNPs in a mode analogous to the SRP RNA 

nd the sarcin-ricin loop of large rRNA ( 11 ). Interaction 

f Alu RNA with snRNPs may compete with binding of 
nRNP-specific proteins, similar to competition of the SRP 

lu domain with elongation factors for binding sites at ri- 
osomes ( 10 , 11 ). 
DHX9 helicase was identified in human prespliceosomes 

 101 ) and was implicated in mRN A / pre-mRN A binding 

nd coordination of RNA editing and splicing ( 102 , 103 ). 
HX9 resolves double-stranded RNA formed by Alu re- 

eats during transcription ( 77 ). Binding of DHX9 only to 

 subset of probes in our RNA pull-downs (Figure 7 C) 
oint to the Alu RN A structure-sha ped reco gnition, rem- 
niscent of DHX9 interaction with the primer binding site 
egment of HIV-1 RNA ( 104 ). It is possible that the fold-
ng landscape of the DHX9-sensiti v e pre-mRNAs may need 

ts chaperone activity to ensure splicing-proficient RNA re- 
odelling, which is supported by a distinct migration pat- 

ern of F8 Alu RNA in nati v e conditions (Figure 4 B and
upplementary Figure S5B), and diminished splicing of 
8 Alu in DHX9- cultures (Figure 5 C, D). Under physiolog- 

cal conditions, DHX9 could also compete with SRP9 / 14 

inding and RNA-protein assembly dynamics (Figure 7 D). 
owe v er, this scenario does not exclude a possibility that 
HX9 interaction with Alu exons may also stimulate struc- 

ural changes in adjacent RNA segments that help recruit 
ther proteins to RNA-protein complexes. 
Our search for other Alu exons regulated by SRP9 / 14 re- 

ealed six additional transcripts (Figure 8 ). Most of their 
lu s were embedded in UTRs, in agreement with a more 

bundant Alu exonization within UTRs than in coding re- 
ions ( 43 ). This suggests that SRP9 / 14 may play a role addi-
ional to the co-tr anslation tr anslocation, such as Alu tran- 
cript metabolism and / or splicing. While much of the Alu 

xpression is autonomous ( 105 ) and under tight epigenetic 
ontrol ( 106 ), high le v els of Alu RNAs are a common fea-
ure of cellular responses to different types of stress, such as 
iral infection ( 107–109 ). Moreover, many families of trans- 
osed elements can be upregulated in cancer, with more 
han half possibly resulting from a loss of DNA methyla- 
ion ( 110 ). The transient increase of Alu RNA could there- 
ore sequestrate SRP9 / 14, which is present in 20-fold excess 
ver SRP in primate cells ( 33 ), and modulate the expres- 
ion of Alu -containing transcripts. The concept of the fine- 
une regulation of Alu exons by SRP9 / 14-supported con- 
ormational changes can be extened to a variety of cellular 
rocesses that involve Alu RNA, such as translation inhibi- 
ion ( 30 ), stress response ( 31 ) and modulation of immune 
esponses by Alu Z-flipons ( 111 ). 

Altogether, our results show tha t RNA conforma tion 

hanges rather than an ESE / ESS evolution determine splic- 
ng outcomes of the sense Alu exons. Secondary structure- 
onstrained nucleotide substitutions that accumulated in 

lu helix H1 during primate evolution and promoted exon 

sage altered the conserved Alu conformation, reduced its 
inding by SRP9 / 14 heterodimer and increased its sensitiv- 

ty to DHX9. We have also demonstrated the involvement 
f SRP9 / 14 heterodimer in the splicing regulation of a num- 
er of endogenous Alu -containing transcripts. Finally, these 
esults highlight novel aspects of the promiscuous function 

f SRP proteins outside the mammalian signal recognition 

articles, which is reminiscent of chaperone activities of ri- 
osomal proteins ( 112 , 113 ). 
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