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ABSTRACT

The human proinsulin genENS) contains a thymine-to-adenine variars689) located in the 3’

splice site (3'ss) recognition motif of the firation. Adenine ats689 is strongly associated with type
1 diabetes. By weakening the polypyrimidine trwe, adenine allele reduces the efficiency of intron
1 splicing, which can be ameliorated by antiserig@oucleotides blocking a splicing silencer
located upstream of the 3'ss. The silencer is sudted by guanine-rich tracts that may form guanine
quadruplexes (G4s) and modulate accessibility @stlencer. Here, we employed thioflavin T (ThT)
to monitor G4 formation in synthetic DNAsS/RNAs dexd fromINSintron 1. We show that the
antisense target is surrounded by ThT-positive segsnin each direction, with oligoribonucleotides
exhibiting consistently higher fluorescence thagintbNA counterparts. The signal was reduced for
ThT-positive oligonucleotides that were extenddd the silencer, indicating that flanking G4s have
a potential to mask target accessibility. Real-tm@nitoring of ThT fluorescence durihiyS
transcriptionn vitro revealed a negative correlation wahvivo splicing activities of corresponding
INS constructs. Together, these results provide beli@racterization of antisense targettNg

primary transcripts for restorative strategies giesd to improve theNSsplicing defect associated

with type 1 diabetes.
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INTRODUCTION

Guanine quadruplexes (G4s) are noncanonical segosttactures formed by G-rich nucleic
acids stabilized by the stacking interactions détgads held together by Hoogsteen base pdifing
They are formed in sequences containing repettirgtches of two or more contiguous Gs (G-tracts),
typically interrupted with 1-7 nucleotide (nt)-losggments that comprise intramolecular G4 1d6ps
Their topologies can be influenced by a numberofdrs, including the loop length and the type of
metal coordinating ions, but rules governing thi@mation are not completely understdoti RNA
G4s are more stable than DNA G4 structures and feadilyin vitro, but the extent to which they
affect gene expression pathwagnivo such as processing of messenger RNA precursa@s (pr
MRNAS) or translation has remained doubtful, palédy in higher eukaryotes that are protein-rich
and display global RNA G4 unfolding.

G-tracts in exons and introns have been showrfligeimce the efficiency of pre-mRNA
splicing for many year$™. These motifs play a particularly important roielie accurate removal of
short vertebrate introris'®. For example, each of the seven G triplets ptéaehe 179-nt longNS
intron 1 incrementally enhanced its spliciigA systematic deletion analysis of this intronealed a
potent splicing silencer surrounded by G-tractslandted just over 100 nt upstream of the ¥ss
Targeting the silencer with antisense oligonuctéstiincreased the splicing efficiency of intronthwi
the adenine allele at a single nucleotide polymisrinss89 (also known as INS-27 or Hphl+/-) to
the levels observed for the thymine all&leApart from the cluster of genes encoding the majo
histocompatibility complex (MHC), adeninera689 shows the strongest genome-wide allelic
association with type 1 diabetes and is more peswah Caucasians than in African populatibhs
The polymorphism resides 6 nt upstream oflitd@intron 1-exon 2 junction and alters a key
vertebrate pre-mRNA splicing signal known as thiypgrimidine tract, leading to higher intron 1
retention levels in exogenous transcripts withré@89 adenine as compared to #6889 uridine™”.

The increased intron retention was found in sewaghtitypes, including those derived from pancieati
B-cells, and was proposed to result from impairgeractions of the adenine allele with one or more
uridine-binding splicing factors that recognize gdypyrimidine tract and are important for selenti

of intron-lariat branch points and 3'¥s'> rs689 may therefore represent a causal disease vagant b
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reducing proinsulin expression from the adeningdaioing chromosomes in the developing thymus.
This reduction was proposed to result from a dighiad intron-mediated enhancement of translation,
from an upstream open reading frame within themethintron that curtails canoniddStranslation,
from stable RNA secondary structures within theeeged, G-rich 5’ untranslated sequence (5’'UTR)
of intron 1-containing transcripts that leave tlelaus, or from a combination of these factdrs.
Collectively, these studies show that antisensgegiies could modulate human proinsulin expression
in ars689-dependent manner through the intronic splicingnsiér surrounded by G4s. However, it is
unclear how G4 formation affects function of tHerster in transcripts that retain intron 1.

Detection of G4s has been recently facilitatedlbgrescent dyes used iawsvitro light-up
structural probes (reviewed i In particular, thioflavin T (ThT) provides a sdtive and selective
means of detecting G4s and their topolodfé& A selectivity of ThT for G4 structures has been
demonstrated by large increments in the fluoreseenussion at around 490 nm that contrasts to a
low signal in the presence of double- or singlerstied DNA sequences or water contfal§&Suanine
is the most favourable nucleobase for ThT binditigpagh ThT bound to a non-G-quadruplex
structure may also yield an elevated fluoresceigreak’™ *° Nevertheless, the ThT probe can
specifically recognize RNA G4s that adopt, in anlesive manner, all-parallel conformations
independently of their sequences and experimeatalitons® *. However, practical applications of
ThT G4 monitoring have so far been underexplored.

In this study, we have employed ThT to investighgepropensity of splicing regulatory

motifs surrounding the antisense intron retentsoget to form G4 vitro.

RESULTS

To evaluate G4 formation in previously identifigaising regulatory sequences IS intron
1, we first tested a set of overlapping short sgtitmucleic acids using a G4-sensitive fluorescent
probe, ThT (Figure 1A). The region was centredhendptimal antisense target for reduciNg
intron 1 retention that is surrounded by G-tralt&part from testediNS-derived oligonucleotides,

we examined G-rich and G-poor positive and negatirdrols, respectively, and an antisense
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oligonucleotide SSO21, which reduced intron 1 r&b@nn exogenous transcripts in several cell lines
'8 As additional negative controls, we used G-riijomucleotides (Gtr1-3 shown in orange and
GA12 and GT12 shown in purple in Figure 1A) thateveot predicted by a scoring mett8do fold

into G4 structures. As positive controls, we empbbyheir high-score counterparts (GA8 and GT8) as
well as widely used G4-formingmyc, Plas24 and 21DNADBF4B) (ref.?).

Figure 1B shows a summary of mean ThT fluorescémas for 24 oligonucleotides tested.
Repeated measurements revealed that G-runs epibigeam or downstream of the antisense intron
retention target, which is delineated by SSO21evpeone to G4 formatioim vitro. The correlation
between fluorescence levels of all oligonucleotigied G4 prediction scores tended to be significant,
with a lower correlation with the QGRS mapp&than with the G4HunteP predictions (r=0.24;
P=0.13vs. r=0.34;P=0.05, respectively). Upstream of the target, wseoled strongly positive ThT
values for Intl, but not for the overlapping Intich has four cytosines adjacent to the targe¢. Th
highest fluorescence signal downstream of the tavge found for Int7, which was higher than a
longer WT control. Positive signals for Intl andi7lias compared to controls were also observed with
N-methyl mesoporphyrin IX (NMM), which binds G&(Figure 1C), but the highest signal was
produced by Intl. With ThT, several negative cdstgenerated fluorescence significantly above an
arbitrary threshold of CLASP1, which contains oty Gs (Figure 1B). Adenine-rich negative
controls (for example, DCAF6) had higher ThT valtlean adenine-poor negative controls, with the
highest ThT fluorescence detected for GA-rich aligceotides GA8/GA12. We conclude that the
DNA segments surrounding the antisense targeeftuaingINSintron 1 retention are prone to form
G4 structuresn vitro.

To explore if G4 formation in these pre-mRNA segtsarould be influenced by the intron
retention target, we examined ThT fluorescenceafeet of oligonucleotides extending the highly
positive Intl and Int7 into the flanking targetdwt increments (Figure 2A). The extended
oligonucleotides were still prone to G4 formatioeyertheless we observed an overall reduction in
fluorescence as their length increased, with sigamt fluctuations in ThT signals between
oligonucleotides (P=0.00002 for the Intl group &a®.0006 for the Int7 group, Friedman’s test;

Figure 2B,C). The reduction was consistent withlthe ThT fluorescence of Int2-4 and a lower
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signal for WT as compared to Int7 (Figure 1B). Tlnerescence levels of extended oligonucleotides
gave significant positive correlation with G4H se®but not with QGRS scores (Figure 2D,E).
Together, these results show that the antisengettasequence has a potential to reduce formation of
G4s both upstream and downstream.

We then compared the ThT fluorescence of DNA andRbunterparts of selectéNS
derived sequences and a control non-G4 pair. Timessurements revealed higher fluorescence
levels for oligoribonucleotides at several equimalancentrations of nucleic acids although not
strictly statistically significant in each casediiie 3). We also examined their mutated versions
(Figure 4), which reduced (M3) or increased (M5,)Mfiron retention levels when the same
mutations were introduced in the wild-typdS splicing reporter construct. In addition, we tested
CD2, a 20-mer derived from a region upstream offtésense target that formed stable hairpin
structures rather than G4s by nuclear magnetiaiees® (NMR) spectroscopy and circular dichroism
16 Mutations in M3 reduce hairpin formation whildshaintaining some G4 potential, whereas M5
retains the hairpins but not 3% Formation of both hairpins and G4 was reducedén®, consistent
with a background ThT signal (Figure 4). The coexise of significant hairpin structures and G4
previously detected in CD3 by NMRdid not translate into a high ThT signal. A sigraft
fluorescent enhancement was observed for CD2, wianokeins 4 of 5 predicted Intl G-tracts, but
removal of a G-triplet from the 5’ end of Intlin @@iminished ThT fluorescence. Correlation
between oligoribonucleotide fluorescence sighatt@GRS (r=0.80P=0.004) or G4H (r=0.78,
P=0.005) scores was highly significant. Overall sieesults point to a critical importance of this G
triplet for G4 formation upstream of the antisetezget.

Recently, Endoh and co-workefslescribed real-time monitoring of G4s using ThT.
Applying this technique ttNSintron 1, fluorescence ThT signal was monitoredrdypin vitro
transcription ol NSWT and mutated templates (Figure 5). The templat¥e prepared using
proinsulin splicing reporter constructs describeglvpusly, which included mutations in G-runs and a
deletion (del5) of the silencer regiGh®® ThT fluorescence was measured during transcripifo
WT, del5, M3, and M5 constructs, and a control offrtranscript with several predicted G4s (Figure

5A-F). In parallel to GTP reactions, nascent trapts were also synthesized in the presence of 7-
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deazaguanine (7-dG), which eliminates Hoogsteamadntions while still permitting canonical base-
pairing®. Finally, ThT fluorescence was related to thecpdj activity of WT and mutated splicing
reporters, as previously quantified by intron Engibn levels following transient transcriptionsoin
human embryonic kidney 293 celfs'®

We observed a significant enhancement of ThT flemgace during transcription reactions in
the presence of GTP as compared to the same tisssynthesized in the presence of 7-dGTP or
no-template controls (Figure 5A-E). Importantly, TThuorescence in the transcripts tested tended to
show inverse correlation with intron 1 retentiondis at each time point (Figure 5F) and appeared to
reflect the fraction of low-mobility conformers sefor the same RNAs on native gels (Figure 5G).
The largest signal increase was observed for thetdascript (Figure 5B), which most improved
splicing following a systematic deletion analysiste whole intrort®. This RNA also showed a
reduced signal from the low-mobility conformer onative gel (Figure 5G). Collectively, these
results showed that during transcriptiarvitro, a splicing regulatory segmentI®Sintron 1 folds
into ThT-positive structures and that the ThT sidr@n these transcripts tends to correlate inugrse

with their intron retention levels.

DISCUSSION

Understanding fully the role of human DNA variaimntslisease pathogenesis is a daunting
challenge. A detailed elucidation of how downstregene expression pathways are affected by each
allele is often a prerequisite for developing et therapeutic interventions, as exemplified oy t
initial promise and success of antisense-basedpiaf spinal muscular atropfy Our study
focused on a commdiNS variant that leads to a minor splicing defectdfon 1, which extends the
5'UTR in a fraction of mature transcripfs*® The adenine allele is associated with genetic
susceptibility to type 1 diabetaad this association is the strongest among anyMié@ genes”’,
consistent with proinsulin acting as a criticalaauttigen in the disease initiatibh®* By disrupting
the polypyrimidine tract, adenine @689 increases retention of this already weakly-splicgaebn in
polyadenylated transcripts, extending the 5’'UTR mmicbducing translation-inhibitory sequences in a

fraction of exported mRNAY"*° Intron 1 retention can be amelioratediivo by antisense

Page 7 of 18



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

oligonucleotides that target the splicing silerioethe same intron, a strategy not dissimilar #i th
used to correct the splicing defect in spinal migcatrophy™® * A key difference between the two
antisense applications is the G-rich context invibimity of theINSantisense target.

Our results show that the splicing silencer isainded by G-tracts prone to form RNA G4s
invitro and demonstrate the G4 formation in real-timerdpiiNS transcription. Our data also
revealed a wide range of G4 propensities for nadhtishort DNA and pre-mRNA segmeitsvitro.
This folding landscape has great potential to garex broad spectrum of dynamic pre-mRNA
conformations that may help fine-tune complex datlprocesses such as co-transcriptional splicing.
Although our results do not provide evidence fa tble of G4 in this proces$s vivo, they strengthen
the case for future pre-mRNA structural studiessulin-expressing tissues, including pancregtic
cells.

Although previous studies point towards NMM seblatyifor parallel G4 conformations,
there have been reports showing fluorescence eahwmts of NMM in the presence of anti-parallel
G4s* *and mixed-hybrid G4¥. However, it remains to be seen if the low leviéhduced NMM
fluorescence by antiparallel structures could ermaow correspondence between ThT and NMM
signal forINS-derived DNA oligonucleotides (Figure 1B,C).

Our results provide insights into the predictivéueasof G4 scores and highlight the
importance of other factors in accurate G4 preagidithan a mere presence or absence of G-tracts.
Although G-runs are essential for G4 formati6i¥, other factors are critical, including G-poor loop
sequence®*® which may contain accessible antisense targéts ability of ThT to bind to pockets
between adenine paifSwould explain the observed high ThT signal forride-rich controls,
particularly for GA8 and GA12 (Figure 1B). The cglation with predicted G scores can be further
reduced by non-homogeneous structures in solutioluding hairpins in equilibrium with G4s
(Figures 4 and 5% * Conversely, no or only a small fluorescent enbarent was found for
oligonucleotides with predicted G4 structures,udahg Int2, Int3 and GT8/GA8 (Figure 1B). Finally,
our data confirm that G-rich oligoribonucleotidedibit higher ThT fluorescence than their DNA
counterparts and a stronger correlation with Gdipt®n scores, consistent with a specificity offTh

for parallel conformation% %’
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MATERIALSAND METHODS

Synthetic nucleic acids

All oligonucleotides were purchased from Eurofiren@mics (Wolverhampton, UK). Their
sequences are shown in Figures 1, 2 and 4; sequeh@d and double stranded RNA
oligonucleotides were 5'-CGG GGA AGG GCG CGG GCGEG (Q1) and 5-AGU UCA AGG
CGC CUU GAA CU (dsRNA), respectively. Oligonuclet®s were purified by a high purity salt free
purification method and dissolved in RNase-freeewéGibco, Loughborough, UK). Concentrations
of all oligonucleotides were determined spectroptvatrically using NanoDrop (ThermoFisher
Scientific, Waltham, MA). Their aliquots were stdrat -20°C (DNA) or -80°C (RNA). Nucleic acids

were visualized by staining the gel with 1x GelRBbtium, Cambridge, UK) for 30 min.

ThT assay

2-(4-(Dimethylamino)phenyl)-3,6-dimethylbenzo[dhfapl-3-ium chloride (thioflavin T; ThT) dye

was purchased from Sigma-Aldrich (Gillingham, UKdaused without further purification. The

stock solution (5 mM) was prepared in RNase-freemyaliquots were stored at -20 °C. Fiftyail
INSintron 1-derived oligonucleotides and controlsitditl to 20 uM were heated at 90°C for 5
minutes and cooled down to room temperature fardt b rate of 1°C/min on a PeqSTAR 96
Universal Gradient thermocycler (PeqLab, Farehal), UhT was added to a final concentration of
80 uM, which was derived by assay optimizationsl Thorescence intensities were measured at 508
nm (pH 7.2) using the FLx800 Microplate FluoreseeReader (Biotek Instruments, Swindon, UK).
The assay sensitivity was set to BdS-derived oligonucleotides and negative and posttvarols

were prepared and measured three times. The avidagehnical replicates were measured for each
sample preparation. Positive controls includewsic derived from the promoter sequence of thayc-
proto-oncogene, Plas24 derived from a plasmodilmmigre and 21DNA from humdbBF4B (** and

references therein).

NMM assay
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NMM (Frontier Scientific, Logan, UT, USA) was didged in DNase/RNase-free water and kept at 4
°C at a stock concentration of 100 uM. NMM was abiteoligonucleotides to a final concentration
of 25 uM. Prior to NMM addition, G4 formation wasomoted by heating the samples at 90 °C for 5
minutes and cooling down to room temperature oagEFAR 96 Universal Gradient thermocycler
(PegLab, Fareham, UK) for 1 hr at a rate of 1°C/rNiIMM fluorescence intensity was measured
using a Varioskan multireader (ThermoFisher Sdientivaltham, MA, USA). Excitation wavelength

was at 400 nm. Spectra were collected for a rapgeden 435 and 740 nm.

ThT monitoring during transcription in vitro

Transcription was carried out using PCR-generagattates amplified from the WT and mutated
INSintron 1 minigenes described earfi&t® PCR amplification was performed with primers &-a
aat acg act cac tat aGG GCT CAG GGT TCC AGG an@dGC CAG CCACGT CCT CCCT. The
forward primer included a T7 promoter tag showthim lower case. PCR was carried out using the
Pfu DNA polymerase (Promega, Southampton, UK) at &'Mgncentration of 2.4 mM at 95°C/5 min
| 23 x (95°C/30 s | 61°C/45 s | 72°C/45 s, followgdan extension at 72°C for 2 min. To facilitate
amplification of the GC-rich templates, DMSO wasled to a final concentration of 5% (v/v). PCR
products were visualized on 1.5% agarose gelsextavith GelRed (Biotium, Cambridge, UK) and
gel-purified using the GeneJET Gel Extraction KihérmoFisher Scientific, Waltham, MA, USA).
RNA transcripts were generated using the AmpligE¥ir 7-Flasi™ Kit (Lucigen, Cambridge, UK)
according to the manufacturer’s instructions. Aggative control, we prepared transcription
reactions with 7-deaza-GTP (Trilink Biotechnologi8an Diego, CA, USA), which inhibits
Hoogsteen interactions and does not support G4dibomin nascent RNA transcripts After

addition of ThT, reactions were initiated by addihg T7 polymerase (Lucigen, Cambridge, UK).
Fluorescence intensity was measured immediatedy efta 96-well bottom plate (Sigma-Aldrich,
Gillingham, UK) by a Varioskan multireader (Thernigtker Scientific, Waltham, MA, USA) at 481
nm every 30 s. The excitation wavelength was 420After 3 hrs, RNase-free DNase | (New

England Biolabs, Ipswitch, MA, USA) was added toleaell to stop the reaction and fluorescence
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data were collected for another 15 min. RNA traipssmvere recovered by phenol/chloroform

extraction and ethanol precipitation and loaded anative 6% polyacrylamide gel.

Data analysis

Statistical significance was determined with t@stéuded in the GraphPad Prism (v. 7, GraphPad
Software, La Jola, USA). The means and standarhii@vs (SDs) were calculated from three
biological replicates. The P values are denoteddbgrisks in individual Figure panels. For assgssin
normal distribution, we used the Shapiro-Wilk nolityaest. To determine statistical significance
when comparing means of the fluorescence signatested oligonucleotides, we employed
ANOVA, followed by Tukey’s or Friedman'’s tests. Huair-wise comparisons of data without normal

distribution, we used the Wilcoxon-Mann-Whitneyttes
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FIGURE LEGENDS

Figurel. ThT monitoring of INSintron 1-derived DNA oligonucleotides

(A) Tested (pper panel) and control lpwer panel) oligonucleotides. Each tested oligonucleotide is
shown as a black rectangle representing the iratigadrtion of the wild-type (WT) partial sequence
of INSintron 1 (GenBank accession number AH002844.2DAS antisense oligonucleotide that
reducedNSintron 1 retentiorex vivo *°. Int7 folds into parallel G4, as shown by far-Uivcalar
dichroism and NMR®. CD3 forms a hairpin/G4 equilibrium vitro; two C>T mutations (CD4)
shifted the equilibrium towards G4 formatih The number of Gs in each oligonucleotides, QGRS
mapper score® and G4 Huntef® scores are shown in the last three columns. (B)iMekative
fluorescence intensity (RFU) of 80 uM ThT at 508 innthe presence of the indicated DNAs. Tested
oligonucleotides are in black, positive G4 contiaie in green, negative controls in blue and
additional controls (see the main text) are in geaand purple. Error bars denote standard deviation
of three independent ThT assays. Asterisks dengtdues <0.05 (*), <0.01 (**) or <0.001 (***) for
comparisons with negative controls (in blue). Treamfor CLASP1 is denoted by a dashed red line
as an arbitrary threshold. ThT-only controls aresimwn. (C) NMM spectra for a subset of INS-

derived DNA oligonucleotides and controls.

Figure 2. ThT fluorescence of INSintron 1-derived Intl and Int7 that extend into the
antisensetarget region

(A) Schematics of tested DNA oligonucleotidekatk rectangles) and their G-score. The

antisense target is underlined. (B, C) Mean fluogase intensity of ThT at 508 nm in the presence of
oligonucleotides extended from Intl (B) and Int7¥ (i@o the target region. Error bars denote stathdar
deviations from three independent fluorescenceyasgaterisks denote significant P-values (<0.05)
when comparing fluorescence intensity of the ex¢enalicleotide with the non-extended one. (D,E)

Correlation between ThT fluorescence trace and @)tbr QGRS mapper (E) scores.
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Figure 3. ThT G4 screeningin INS DNA and RNA oligonucleotides
Oligo(ribo)nucleotide concentrations were 2 (A),(B) and 20 (CuM. AV3 (ref.*®) and dT22 and

were used as negative controls. Error bars deriageff®m three independent assays. Asterisks show
P-values (<0.05 [*] or <0.01 [**]) of the Tukey’'suttiple comparison test. NS, corrected P values

>0.05.

Figure4. ThT monitoring of oligoribonucletoides derived from the antisense target region

(A) Schematics of tested oligoribonucletoides (bamtal black bars below and above the primary
transcript. Mutations (in red) altered G4/hairpguiibrium (CD4) and/or increased/reduced intron
retention (M3, M5 and M6¥. (B) Mean fluorescence intensity of 80 uM ThT @8%m in the

presence of the WT oligoribonucletoides (blackgjtimutants (red) and positive (green) and negative
(blue) controls. Error bars represent SDs fromelimdependent fluorescence assays. Asterisks

denote significant P-values (<0.01).

Figure5 Real-time ThT monitoring of RNA G4 formation during INStranscription
Fluorescence intensity of ThT was measured durangstriptionin vitro for 10 800 s and, following
DNase addition for additional 900 s (A-E). Oraniges$ denotéNS-derived sequences and a positive
control (PC), yellow lines represent their 7-dGTRmterparts, and green lines denote no template
controls (NC). PC (Ampliscrid® T7-FlasH" Kit) contained three putative G4s predicted by the
QGRS mappe?. (F) Pearson correlation coefficients betweeromtetention levels (%) and
fluorescence intensity at the indicated time poif@ Resolution of NS-derived pre-mRNAs (shown

at the bottom) on a native polyacrylamide gel.
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Fig. 1
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Label Sequence #Gs QGRS G4H
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