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ONLINE METHODS

Preparation of the recombinant proteins for SUP-12 RRM and ASD-1 RRM.
The cDNAs encoding the RRM domains of SUP-12 (SUP-12 RRM; Ser20-Gln121,
NCBI accession number NP_508674.1) and ASD-1 (ASD-1 RRM; Asp97-Gly190,
NCBI accession number NP_497841.1) were cloned into pET-15b (Novagen) and
pGEX6P-1 (GE Healthcare), respectively. In both constructs, a TEV protease-
cleavage site was placed between the tag and the protein sequences. Point mutants
were introduced into ASD-1 RRM and SUP-12 RRM by PrimeSTAR Mutagenesis
Basal Kit (TaKaRa) according to the manufacturer’s instructions.

Escherichia coli strain BL21 (DE3) was transformed with the recombinant
plasmids and grown at 37 °C, in LB medium supplemented with 50 mg/I
ampicillin for the nonlabeled samples, and in modified minimal medium?’
supplemented with 50 mg/l ampicillin for the 1’N-13C -labeled samples. IPTG
was added to the culture to a final concentration of 1 mM, to induce protein
expression. After 3-4 h of cultivation, the cells were harvested.

In order to prepare SUP-12 RRM, the harvested cells were lysed by sonication
in 20 mM Tris-HCl buffer, pH 7.0, containing 300 mM NaCl, 20 mM imidazole,
1 mM B-mercaptoethanol and protease-inhibitor cocktail (Nacalai Tesque). The
lysate was applied to an Ni**-NTA SuperFlow column (Qiagen) eluted with an
imidazole gradient from 20 mM to 250 mM, and the tag was removed by incu-
bation with TEV protease overnight at room temperature. The tag-free SUP-12
RRM was further purified by RESOURCE S column chromatography according
to the manufacturer’s instructions (GE Healthcare).

In order to prepare ASD-1 RRM, the harvested cells were lysed by sonication in
phosphate-buffered saline containing 1 mM DTT and protease-inhibitor cocktail
(Nacalai Tesque). The lysate was applied to a glutathione Sepharose 4 Fast Flow
column (GE Healthcare) eluted by the addition of glutathione, and the tag was
removed by incubation with TEV protease overnight at room temperature. The
tag-free ASD-1 RRM was further purified by RESOURCE S column chromato-
graphy according to the manufacturer’s instructions (GE Healthcare).

NMR spectroscopy. For NMR measurements, the samples were concentrated
t0 0.1-1 mM in 20 mM d-Tris-HCl buffer, pH 7.0 or pH 5.0, containing 100 mM
NaCl, 1 mM 1,4-pr-dithiothreitol-d,, (d-DTT), 1 pL of RNase inhibitor
SIN-101 (TOYOBO) and 0.02% NaNj (in 90% H,0/10% D,0 and 99.99% D,0),
with an Amicon Ultra-15 filter (3,000 MWCO, Millipore). NMR experiments
were performed at 298 K for SUP-12 RRM and at 288 K, 298 K and 303 K for
the SUP-12-RNAg and ASD-1-SUP-12-RNA |, complexes on Bruker 600, 700,
800 and 900 MHz spectrometers (Bruker AV600 and AV700 equipped with
cryoprobes and Bruker AV800 and AV900 equipped with normal probes). The
RNA oligomers were purchased from Dharmacon. The 'H, !°N, and *C chemi-
cal shifts were referenced relative to the frequency of the H lock resonance of
water. Backbone and side chain assignments of the proteins were obtained with
a combination of standard triple-resonance experiments. 2D 'H-1N HSQC and
3D HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH
spectra were used for the 'H, 1°N, and 13C assignments of the protein backbone.
The 'H and °C assignments of the nonaromatic side chains including all prolines
were obtained with 2D 'H-13C HSQC, and 3D HBHA(CO)NH, H(CCCO)NH,
(H)CC(CO)NH, HCCH-COSY, HCCH-TOCSY and (H)CCH-TOCSY spectra.
Assignments were checked for consistency with 3D 1°N-edited 'H-'H NOESY
and 13C -edited 'H-'"H NOESY spectra. The 'H and *C spin systems of the aro-
matic rings of phenylalanine, tryptophan, histidine and tyrosine were identified
with 3D HCCH-COSY and HCCH-TOCSY experiments, and 3D !*C-edited
'H-'H NOESY was used for the sequence-specific resonance assignment of the
aromatic side chains. NOESY spectra were recorded with mixing times of 80 ms
and 150 ms. For the assignments of the RNA molecules, 2D filtered NOESY
(mixing times of 150 and 400 ms) and 2D filtered TOCSY (mixing time of 45 ms)
spectra were used. The sugar-ring conformation was identified by the intensity of
the cross-peaks between H1”and H2” in the 2D TOCSY spectra. The NMR data
were processed with NMRPipe®®. Analyses of the processed data were performed
with NMRView?® and KUJIRA0,

Structure calculations. The three-dimensional structures of the SUP-12-RNA¢
and the ASD-1-SUP-12-RNA |, complexes were determined by a combination
of automated NOESY cross-peak assignment and structure calculations with
torsion-angle dynamics, implemented in CYANA 2.1 (ref. 41). Dihedral-angle
restraints for ¢ and  were obtained from the main chain and '3CP chemical-shift

values with TALOS*?, and by analysis of the NOESY and HNHA spectra. The
x! angles of the protein side chains were estimated by inspection of the patterns
of inter- and intra-NOE intensities in conjunction with the 3D HNHB and
HN(CO)HB spectra. For the determination of the three-dimensional structures
of the RNA molecules, the intermolecular protein-RNA NOEs were manually
assigned with 2D NOESY spectra, with mixing times of 150 and 400 ms. The
distance restraints for the protein-RNA NOEs were set as follows: the NOEs
derived from the RNA molecule in the 2D NOESY spectra with a mixing time
of 80 ms were divided into four groups with upper distance restraints of 3.5, 4.0,
4.5 and 5.0 A, according to their intensity. Upper distance restraints of 6.0 A
were applied for the intermolecular NOEs that could be identified from only 2D
NOESY spectra with a mixing time of 400 ms. The information about the 2’- or
3’-end configuration of RNA sugars and syn-anti configuration of bases included
in the structural calculation, were derived from the 1’-2’ cross-peak intensities
in TOCSY experiments and from the intra-residue NOE pattern between the
bases and the sugars.

The structure calculations started from 200 randomized conformers, and the
standard CYANA simulated annealing schedule was used, with 40,000 torsion-
angle dynamics steps per conformer. We select the calculated structure with the
reasonable relative intensities of intra-residue NOEs for main chain resonances to
reduce the number of amino acid residues appearing in the disallowed region in the
final structures. The 40 conformers with the lowest final CYANA target-function
values were further refined with AMBERY (ref. 43), with a generalized Born
solvation model and an AMBER 2003 force field, as described previously*+45,
RDC information was incorporated into the Amber calculation as restraints.
RDC restraints for the protein backbone were applied with the force constant of
0.1 kcal/mol/Hz 2 for the calculation of the ASD-1-SUP-12-RNA |, complex. An
error restraint of 1.0 Hz was used for all RDCs. From the 40 refined structures,
the 20 conformers with the lowest AMBER energy and violation were selected,
to form the final ensemble of structures. From the structures determined by
the AMBER calculation, we calculated the 'H-'>N RDC values for this ordered
region with PALES*®. Supplementary Figure 7 shows a comparison between
the calculated and experimental RDC values. The 20 conformers that were most
consistent with the experimental restraints were then used for further analyses.
PROCHECK-NMR*” and MOLMOL*® were used to validate and to visualize the
final structures, respectively.

NMR titration experiments. For the amide chemical-shift titration experiments,
the RNA oligonucleotide 5-GUGUGC-3" (Dharmacon) was dissolved in 20 mM
d-Tris-HCl buffer, pH 7.0, containing 100 mM NaCland 1 mM d-DTT, to make a
6 mM solution. 2D 'H-15N HSQC spectra were recorded while the concentration
of the RNA was increased relative to that of the SUP-12 RRM solution (200 uM),
to a final 1:2 ratio of SUP-12 RRM/RNA. The perturbation values were obtained
from the 'H-1N HSQC spectrum. The absolute values of the chemical-shift
change A8(!°N + 'Hy) were calculated as follows: AS(*N + 'Hy) = ((8;5y x
0.15)% + (8,14)2)"/2. The baseline of the amide perturbation was defined as the
average of the smallest 75% (0.10 p.p.m.).

RDC measurements. The 1’N-'H RDC measurement of the ASD-1-SUP-12-
RNA,, complex was performed by comparison of coupled two-dimensional
'H-5N IPAP HSQC spectra, obtained in the absence of orienting medium,
against spectra obtained in the presence of acrylamide gel medium (9%), with
a Bruker 700 MHz spectrometer equipped with cryoprobes. The RDC values
were measured at the probe temperature of 298 K. All data were normalized to
the !5N-'H data. On the basis of the final ASD-1-SUP-12-RNA, structure, the
RDC values were calculated with the PALES program*6.

Measurements of dynamic parameters. Measurements of the nitrogen relaxation
times T and T, and the proton-nitrogen heteronuclear NOEs were performed
on a Bruker 600 MHz spectrometer with cryoprobe (Bruker AV 600) at 25 °C,
with the 15N, 13C -labeled ASD-1 RRM and SUP-12 RRM in a 1:1:1 complex of
ASD-1-SUP-12-RNA |, at a 500 uM concentration. Eight different values for the
relaxation time were recorded for the >N T, (T delays = 5, 65, 145, 246, 366,
527,757 and 1,148 ms) and 1°N T, (T, delays = 32, 48, 64, 80, 96, 112, 128 and
144 ms) relaxation experiments. The >N T and >N T, values were extracted
with a curve-fitting subroutine included in Sparky (SPARKY 3, http://www.cgl.
ucsf.edu/home/sparky/). The proton-nitrogen heteronuclear NOE values were
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calculated as the ratio between the cross-peak intensities with () and without (Iy)
H saturation (I/I). The errors were estimated from the root mean square of the
baseline noise in the two spectra. The overall correlation time (t.) was obtained by
fitting the experimental data, with a model-free approach. Residues that exhibited
overlapped resonance peaks and slightly insufficient resonance qualities for the
magnetic decay analyses are not shown except for the following residues in ASD-1
RRM (T1: Tyrlll, Gly137, Gln147, Alal55, Glul58, Glyl61, Thr163, Asnl72,
Thr175 and His179; T2: Ser105, Phe120, Val123, Glu130, Ile132, Asn134, Argl36,
Ser138, Gly142, Val144, GIn147, Alal55, Glu158, Thr163, Asn172 and Thr175;
NOEs: Asn106, Tyr111, Ala118, Glul21, Gly124, Val127, Arg136, Gly137, Ser138,
Lys139, Phe143, Thr145, GIn147, Alal55, Glu158, Asn160, Gly161, Thr163 and
Thr175), SUP-12 RRM (T1: Thr32, Ser47, Leu51, Glu53, Glu56, Val81 and Lys84;
T2: Phe34,1le37, Gly41, Leu42, Ser47, Glu53, Glu56, Thr68, Asp69, Gly77, Lys84,
1199, Alal05, Asn106, Val107 and Leul12; NOEs: Thr32, Ser47, Lys49, Leu51,
Glu53, Glu56, Phe58, Val81,11e99, Val107 and Leul09), ASD-1 RRM (T1: Met119,
Phe120, Asp128, Ile131, Glu135, Glu170 and Argl77; T2: Leul02, His103, Lys110,
Val123, Asp128, Glu135, Arg136, Lys139, Asp151, Arg156, Glul58 and Thr175;
NOEs: Argl101, His103, Lys110, Phe120, Val123, Val126, Asp128, Glu135, Arg136,
Gln147, Asp151, Argl56 and Glu170), and SUP-12 RRM (T1: Va26, Ser29, Arg30,
Lys36, Ile37 and His45; T2: Val26, Ser29, Arg30, Phe34, His45, His52, Arg91,
Asn97, 1le99 and Leull2; NOEs: Val26, Ser29, Arg30, Met33, Phe34, Tyr44,
His45, Glu56, Arg91, Leul09, Leul12 and Lys115).

ITC measurements. [TC measurements were performed at 25 °C, with a MicroCal
VP-ITC and Auto-iTCyyp calorimeter. Samples were buffered with 20 mM
Tris, pH 7.0, containing 100 mM NaCl, and were thoroughly degassed before use.
At first, 2.0-ml portions of the SUP-12 RRM solution (5 uM) and the ASD-1 RRM
solution (20 or 25 uM) were prepared. Then 20-fold higher-concentrated RNA
solutions (RNAg, 5-CUUUGUUUCAG-3, 5-CUUUGUU-3" and RNA, for
SUP-12 RRM, and RNA¢ and 5-CUUUGUUUCAG-3’ for ASD-1 RRM) were
injected into the protein solutions. In the case of 5-UGCAUGG-3’, 2 mL RNA
solutions (0.5 pM for ASD-1 RRM and 40 uM for SUP-12 RRM) were prepared
in the cell chamber. The 20-fold higher-concentrated ASD-1 RRM and SUP-12
RRM solutions were then injected into the RNA solutions. For the ITC meas-
urements of the ASD-1-RNA |, binary complexes titrated with SUP-12 RRM or
SUP-12(R103E) RRM, the ASD-1-RNA,;, binary complexes were purified by
gel filtration after mixing of ASD-1 RRM or ASD-1(E130R) RRM with the with
RNA; or RNA,(G7A). The data were analyzed with MicroCal ORIGIN, with a
binding model assuming a single site of interaction.

Electrophoretic mobility shift assays. For the EMSA experiments, RNA |,
and RNA |,(G7A) were subjected to the kinase reaction with [*2P]ATP, and
the 32P-labeled RNA oligonucleotides were purified with spin columns. The
32p_labeled RNA oligonucleotides (10 nM) were mixed with proteins in 20 mM
Tris-HCl buffer, pH 7.0, containing 60.7 mM NaCl, 1 mM DTT and 1 mg/mL
yeast tRNA at 25 °C for 30 min and were applied to 8% PAGE gels under non-
denaturing conditions with 0.5 Tris-borate-EDTA buffer (8.9 mM Tris base,
8.9 mM boric acid, and 0.25 mM EDTA).

Reporter minigene construction. The mutant egl-I5BGAR splicing-reporter
minigenes were constructed as described previously*®. The sequences of the
primers used in plasmid construction are available from H.K. upon request.

Worm culture and microscopy. Worms were cultured with standard methods.
The C. elegans strains used were N2 (wild type), KH1234: asd-1 (yb978) III; fox-1
(e2643) X and KH1667: sup-12 (yb1253) X. Transgenic worms were generated as
described previously?”#°. Images of desynchronized fluorescence-reporter worms
were captured with a fluorescence stereoscope (M205FA, Leica) equipped with
a color, cooled CCD camera (DFC310FX, Leica). No randomization or blinding
was used; images of many worms were captured instead. The color images are
processed with Photoshop (Adobe).

RT-PCR. Total RNA was extracted from synchronized L1 larvae of N2, the asd-1;
fox-1double mutant and the sup-12 mutant, with an RNeasy Mini kitand DNase I
(Qiagen). RT-PCR of the cle-1 and egl-15 mRNAs was performed essentially
as described previously?”#%. RT-PCR products were analyzed with BioAnalyzer
(Agilent), and the sequences of the RT-PCR products were confirmed by direct
sequencing. The primers used for cle-1 were 5-GGTGCTGAAGGTTCGGG
TAC-3" and 5'-CATGAAGTCCTGGAGCACCA-3".
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Familial dysautonomia (FD), a hereditary sensory and autonomic
neuropathy, is caused by missplicing of exon 20, resulting from an
intronic mutation in the inhibitor of kappa light polypeptide gene
enhancer in B cells, kinase complex-associated protein (IKBKAP)
gene encoding IKK complex-associated protein (IKAP)/elongator
protein 1 (ELP1). A newly established splicing reporter assay allowed
us to visualize pathogenic splicing in cells and to screen small chem-
icals for the ability to correct the aberrant splicing of IKBKAP. Using
this splicing reporter, we screened our chemical libraries and iden-
tified a compound, rectifier of aberrant splicing (RECTAS), that
rectifies the aberrant IKBKAP splicing in cells from patients with
FD. Here, we found that the levels of modified uridine at the wob-
ble position in cytoplasmic tRNAs are reduced in cells from patients
with FD and that treatment with RECTAS increases the expression
of IKAP and recovers the tRNA modifications. These findings sug-
gest that the missplicing of IKBKAP results in reduced tRNA mod-
ifications in patients with FD and that RECTAS is a promising
therapeutic drug candidate for FD.

RNA disease | splicing | small molecules | tRNA modification |
neurodegenerative disease

he inhibitor of kappa light polypeptide gene enhancer in

B cells, kinase complex-associated protein (IKBKAP) gene
encodes the 150-kDa IKK complex-associated protein (IKAP).
IKAP is currently known as elongator protein 1 (ELP1), an in-
tegral component of the human Elongator complex, which was
originally identified in Saccharomyces cerevisiae and shown to be
well conserved among species (1). Although multiple functions
of IKAP/ELP1 in JNK signaling, neuronal development during
embryogenesis, exocytosis, and actin cytoskeleton regulation have
been reported (reviewed in refs. 2, 3), yeast genetic analyses have
shown that the Elongator complex is also required for the forma-
tion of the CS-substituent of 5-carbamoylmethyl (ncm®), 5-
methoxycarbonylmethyl (mem®), and its derivatives at the wobble
uridine in tRNAs recognizing purine-ending codons (4, 5). Most
recently, it was demonstrated that conditional IKAP/Elpl KO in
mouse testes results in male infertility by disrupting meiotic
progression, along with the reduction of modified nucleosides
[5-methoxycarbonylmethyl uridine (mem>U), 5-carbamoylmethyl
uridine (ncm’U), and 5-methoxycarbonylmethyl-2-thiouridine
(mem’s?U)] of total tRNAs in the testes (6). These modifications
are highly likely to play critical roles in the maintenance of trans-
lational fidelity, suggesting that the defects in these modifications
lead to the mistranslation of various proteins.

Familial dysautonomia (FD; Riley-Day syndrome), an auto-
somal recessive neurodegenerative disease, is characterized by
impaired development and progressive degeneration of the
sensory and autonomic nerves. Patients who have FD exhibit
various symptoms, including cardiovascular instability, recurrent

2764-2769 | PNAS | March 3,2015 | vol. 112 | no.9

pneumonia, vomiting/dysautonomic crisis, gastrointestinal dys-
function, decreased sensitivity to pain and temperature, and
defective lacrimation. FD is a very common disorder in the
Ashkenazi Jewish population, with a carrier frequency of 1 in 27.
More than 99% of patients who have FD harbor a homozygous
mutation in intron 20 (IVS20 + 6T > C: FD mutation) of
IKBKAP (7). This mutation reduces base pairing with U1 small
nuclear ribonucleic protein (snRNP), resulting in the skipping of
exon 20 (8, 9), which, in turn, causes a frameshift and the gen-
eration of a premature termination codon (PTC) in exon 21 of
IKBKAP mRNA (10). Interestingly, this mutation does not
completely abolish the inclusion of exon 20 in pre-mRNA
splicing; indeed, WT mRNA is expressed in patients who have
FD. The skipping ratio of exon 20 varies among different tissues
in patients with FD, with the lowest production of exon 20-
containing /KBKAP mRNA observed in neuronal tissues, which
is a likely cause of FD (10). These findings suggest that splicing

Significance

Familial dysautonomia (FD) is caused by missplicing of the IxB
kinase complex-associated protein (IKAP) gene, which results in
the skipping of exon 20, especially in neurons. FD would be
treatable if exon 20 inclusion were increased correctly to rees-
tablish correct splicing. Here, we have established a dual-color
splicing reporter that recapitulates FD-type splicing. By using
this reporter, we have identified a small chemical compound,
named rectifier of aberrant splicing (RECTAS), that rectifies the
aberrant splicing of FD. RECTAS promotes both exon 20 in-
clusion and the product IKAP expression in cells of patients with
FD. Furthermore, we have demonstrated that modification levels
of wobble uridine residues of several tRNAs are reduced in FD
cells and that RECTAS can recover not only tRNA modifications
but also cell viability of FD cells.
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of IKBKAP and IKAP expression could potentially be manipulated,
offering the promise of therapeutic approaches. Several attempts
have been made to search for therapeutic chemical compounds
that promote exon 20 inclusion in patients with FD by quanti-
fying RT-PCR analysis in patient cells or reporter-transfected
cells (11-16). Even with the most potent splicing modifier, the
previously identified plant cytokinin kinetin, however, the effect
is not sufficiently strong or specific to promote exon 20 inclusion
in IKBKAP (15, 16).

We have developed a dual-color splicing reporter system com-
bining two different fluorescent proteins. By using this system, we
have succeeded in identifying both cis-elements and trans-acting
factors of alternative splicing events in worms, mice, and cultured
cells (17, 18). Other groups have also prepared single construc-
tion-based, dual-color splicing reporters with specific genes in-
dependently (19, 20). These reports highlight the advantage of a
dual-color splicing reporter for studying splicing. In the present
study, we applied our dual-color splicing reporter system to screen
small chemicals that could affect the aberrant splicing of IKBKAP.
Our system, which we named the splicing reporter assay for dis-
ease genes with dual color (SPREADD), recapitulated and visu-
alized both normal and aberrant splicing patterns in cultured cells.
Using our newly developed SPREADD, we screened chemical
libraries and found a small molecule that corrects the abnormal
splicing of the IKBKAP gene. This molecule was also able to in-
crease IKAP expression in fibroblasts derived from patients with
FD at much lower concentrations than the concentration at
which kinetin is active. Furthermore, this molecule, named rectifier
of aberrant splicing (RECTAS), recovered the level of ncm’U,
mem’s?U, and 5-(carboxyhydroxymethyl) uridine methyl ester
(mchm’U) in wobble positions of tRNAs that are typically re-
duced in cells of patients with FD.

Results

Visualization of FD-Type Abnormal Splicing of IKBKAP Pre-mRNA in
Cultured Cells. To identify small molecules that efficiently correct
aberrant splicing in the IKBKAP gene of patients who have FD,
we constructed a dual-color fluorescence splicing reporter that
reflects the splicing of exon 20. In the WT reporter construct, the
human /KBKAP gene fragment spanning exon 19 to exon 21 was
fused upstream of the cDNAs of the fluorescent proteins mo-
nomeric red fluorescent protein (mRFP) and enhanced green
fluorescent protein (EGFP). These cDNAs encoding the fluores-
cent proteins were fused to each other in tandem with different
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Fig. 1. Visualization of disease-specific splicing using the SPREADD system.
(A) Schematic representation of the IKBKAP splicing reporter. Primers used to
amplify transcripts of the IKBKAP reporter are indicated by arrows. (B) mRNAs
derived from the reporters are shown schematically. The predicted ORFs
are indicated in green and magenta for exon 20 inclusion and exclusion, re-
spectively. (C) Microscopic analysis of cells of SH-SY5Y cells expressing either the
IKBKAP-WT reporter (Top) or IKBKAP-FD reporter (Bottom). Projection images of
19/20/21-GFP, 19/21-RFP, and merged images of the same fields are shown.
(Scale bars: 100 pm.) (D) RT-PCR analysis of mRNAs derived from SH-SY5Y
cells expressing the IKBKAP-WT reporter or IKBKAP-FD reporter. An asterisk
indicates the PCR product corresponding to a hybrid of 19/20/21 and 19/21.
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ORFs (Fig. 14). We also prepared another IKBKAP reporter
plasmid that carries a point mutation equivalent to the FD
mutation (Fig. 14). With this reporter system, the normal-type
splicing (exon 20 inclusion) leads to expression of a GFP-fusion
protein. In this case, the RFP ¢cDNA portion is translated with
a frame different from the original RFP protein without any stop
codons. On the other hand, FD-type abnormal splicing (exon 20
exclusion) results in the production of an RFP fusion protein and
the ORF is discontinuous to GFP ¢cDNA (Fig. 1B). To evaluate
whether our human IKBKAP (hIKBKAP) splicing reporter re-
capitulates abnormal splicing in patients with FD, we introduced
these reporters into human neuroblastoma SH-SYSY cells. When
the WT reporter was transfected, the GFP signal was predom-
inantly observed, whereas the RFP signal was clearly detected with
the FD-type splicing reporter as expected (Fig. 1C). We confirmed
the splicing patterns of the reporters by RT-PCR, and observed
that exon 20 was predominantly included with the WT but almost
entirely excluded with the FD type (Fig. 1D), whereas the splicing
pattern of endogenous IKBKAP pre-mRNA was the exon 20-
inclusion type in this cell line. Thus, our WT- and FD-type
reporters reflect normal- and abnormal-type splicing, respectively,
and the splicing reporter system was named the SPREADD.

Identification of a Small Molecule That Improves Exon 20 Inclusion by
the SPREADD. Using the SPREADD, we searched for chemical
compounds that promoted the inclusion of exon 20 in the pres-
ence of the FD mutation. We used HeLa cells for the screening
because the transfection efficiency was high and our splicing
reporters worked similar to their pattern observed in SH-SYSY
cells (Fig. S1). We screened 638 small molecules in our chemical
libraries for potential splicing modifiers and pharmaceuticals
approved by the US Food and Drug Administration, using ki-
netin as a positive control. In this screening, we identified a small
molecule, which we named RECTAS (Fig. 24). The potent ef-
fect of RECTAS on exon 20 inclusion was confirmed by fluo-
rescence microscopy (Fig. 2B). RECTAS potently promoted
exon 20 inclusion, and 2 pM RECTAS had an effect equivalent
to kinetin at 50 pM (Fig. 2C).

To test whether RECTAS has a direct role in splicing regu-
lation, it was directly added to HeLa nuclear extract for an in
vitro splicing assay with pre-mRNA harboring the FD mutation.
We used the chicken §-crystallin (CDC) pre-mRNA, which has
conventionally been used for in vitro splicing (21). The effect of
the FD mutation and RECTAS would be recapitulated in this
heterologous system if the potential target of RECTAS resides in
exon 20 and the flanking intron sequence. As shown in Fig. 2D,
exon inclusion of the mutant pre-mRNA was drastically reduced
(14/20/15 bands in lanes 10-12) compared with exon inclusion of
the WT pre-mRNA (lanes 2—4) when exon 20 with the flanking
sequence was placed in the intronic (int) region of the CDC
pre-mRNA (CDC-IKBKAP Ex20 pre-mRNA). Preincubation of
HeLa nuclear extracts with 20 pM RECTAS before the splicing
reaction increased inclusion of the exon upstream of the FD
mutation at a rate of approximately twice the rate of the DMSO
control [Fig. 2D, compare lane 12 with lane 16, and FD (Right)],
whereas the increase of the WT-accompanied exon was smaller
and not significant [Fig. 2D, compare lane 4 with 8, and WT
(Right)]. These results indicate that RECTAS partially restores
the splicing defect through direct regulation of the splicing re-
action. Because the mutation affects position +6 of the 5 splice
site (ss) of intron 20, we constructed a pre-mRNA with a se-
quence flanking this 5’ ss and downstream 3’ ss. These pre-
mRNAs (IKBKAP Ex20-21WT and IKBKAP Ex20-21FD), with
a shortened intron 20, also showed a partial but direct effect of
RECTAS on the mutant when assessed by in vitro splicing [Fig.
2E, compare 20/21 bands in lanes 9 and 12, and FD (Right)]. To
elucidate the target of RECTAS, active spliceosomal complexes
defined as A, B, and C were analyzed using this pre-mRNA.
The A-complex is the early, active prespliceosomal complex,
which is formed following the exon-defining E-complex by as-
sembly of U2 snRNP onto the pre-mRNA defined by Ul snRNP
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Fig. 2. RECTAS, a small molecule that corrects aberrant splicing of FD in the SPREADD. (A) Structure of RECTAS. (B) Microscopic analysis of Hela cells
expressing the IKBKAP-FD reporter treated with the indicated small molecules. (Scale bar: 100 pm.) (C) Quantification of GFP/RFP ratios in Hela cells
expressing the IKBKAP-FD reporter. After 6 h of transfection, cells were treated with each compound at the concentrations described. After a 24-h incubation,
the GFP/RFP ratio was quantified. (D) In vitro splicing of *?P-labeled CDC-IKBKAP Ex20 pre-mRNA in Hela nuclear extract with DMSO or RECTAS (20 pM). (Left)
RNAs at each time point were analyzed by denaturing PAGE and autoradiography. (Right) Identities of the pre-mRNA and mRNA are schematically shown.
Quantitation of the inclusion ratio to the sum of inclusion and exclusion is normalized with WT DMSO in each experiment. Values are the mean + SEM (n=3). P=
0.003438 for FD mutation. (E) In vitro splicing of 32P-labeled IKBKAP Ex20-21 pre-mRNA as in D. (F) Active spliceosomal complex formation on *?P-labeled IKBKAP
Ex20-21 pre-mRNA. Complexes at each time point were resolved by native gel electrophoresis. Quantitation of the A-complex ratio to the sum of the A-complex
and E-complex is normalized with WT DMSO in each experiment. Values are the mean + SEM (n = 3). (G) Exon-defining E-complex formation on *?P-labeled
IKBKAP int-Ex20-int pre-mRNA. The E-complex at each time point was resolved and quantified as in F. The arrow indicates the E-complex. In D-G, RNA substrates

for the assay are illustrated with bold lines and boxes representing IKBKAP sequence (Top).

and associated factors (22). As shown in Fig. 2F, a short time
course showed that RECTAS readily increased the formation of
the A-complex, which was attenuated by the mutation [compare
the broad bands indicated as A in lanes 9 and 12, and FD (Right)].
Next, we analyzed the effect of RECTAS on E-complex for-
mation using pre-mRNAs of exon 20 with a flanking int se-
quence (IKBKAP int-Ex20-int WT and IKBKAP int-Ex20-int
FD). As shown in Fig. 2G, RECTAS also increased E-complex
formation of the mutant pre-mRNA [compare the bands indicated
as E in lanes 8 and 9, and FD (Right)], suggesting that RECTAS
promotes exon definition in the context of pre-mRNA harboring
the FD mutation. It was reported that exon 20 of the IKBKAP gene
contains two exonic splicing silencers (ESSs) and that the upstream
pyrimidine tract is weak; therefore, exon 20 is poorly recognized (9).
Taken together, these results strongly suggest that RECTAS likely
affects recognition of exon 20 through promoting Ul snRNP
association with the 5’ ss.

RECTAS Promoted Exon 20 Inclusion of Endogenous /IKBKAP Pre-mRNA
and Increased IKAP Expression in Cells of Patients with FD. We next
examined the effect of RECTAS on splicing of the endogenous
IKBKAP pre-mRNA in FD patient fibroblasts (nos. 42 and 50;
Coriell Cell Repositories). In cells from both patients, the exon
20-skipped form of IKBKAP mRNA was dominant, as detected
by RT-PCR (Fig. 34, 19/20 in lane D). When RECTAS was
added to this cell line, exon 20 inclusion was promoted in a dose-
dependent manner at concentrations ranging from 0.4 to 10 pM
(19/20/21 in lanes 0.4, 2.0, and 10), whereas the effect of ki-
netin was seen at concentrations of 10 uM. Even in the carrier
cells, RECTAS promoted the inclusion of exon 20 in a dose-
dependent manner (Fig. S2). We then examined whether RECTAS
increases IKAP expression in the two FD patient cell lines used
in Fig. 34. Immunoblotting with a specific antibody against
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TIKAP demonstrated that treatment with RECTAS increased the
level of IKAP in both patient cell lines in a dose-dependent
manner. RECTAS at 2 pM recovered the level of IKAP to levels
of IKAP in the cell line from the FD carrier who had no clinical
symptoms of FD, whereas kinetin showed no effect at 2 yM
(Fig. 3B). We then examined the kinetics after oral administra-
tion of RECTAS or kinetin to mice, and found that the blood
plasma concentration of RECTAS was higher than the blood
plasma concentration of kinetin at all of the time points examined
(Fig. S34) and that the concentration in the brain reached the
effective dose (~0.4 pM) required to correct abnormal /KBKAP
splicing (Fig. S3B, Bottom). These results indicate that RECTAS
is a promising therapeutic compound for patients with FD.

FD #50
RECTAS

FD #42
RECTAS

Kinetin

B Carrier FD #50 Carrier FD #42
RECTAS _Kinetin RECTAS _Kinetin
DO 04 20 04 20 = D 04 20 04 20

Fig. 3. Promotion of exon 20 inclusion with endogenous /KBKAP pre-mRNAs
and IKAP expression in cells of patients with FD by treatment with RECTAS. (A,
Top) RT-PCR analyses of endogenous IKBKAP mRNAs. (A, Bottom) GAPDH was
used as a control in fibroblasts from FD patients #50 (Left) and #42 (Right),
respectively. The asterisk indicates a band corresponding to a hybrid of 19/20/
21 and 19/20. (B, Top) Immunoblot analyses of endogenous IKAP expression.
(B, Bottom) GAPDH was used as a loading control in fibroblasts from FD
patients #50 and #42. D, DMSO control; -, medium change only.
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Characterization of RECTAS-Responding Exons. Next, we evaluated
the effect of RECTAS on the transcriptome by exon array. To
avoid the secondary effect, we extracted total RNAs from the
cells of patient no. 42 after a short incubation (6 h) with either
DMSO or 2 pM RECTAS. At this time point, the expression
level of IKAP was unchanged (Fig. S44). We found the in-
clusion-type alteration for 51 exons, including JKBKAP exon 20,
and the exclusion-type alteration for 199 exons. The heat map
with the relative expression values (SI Materials and Methods)
of the exons showed that the magnitude of splicing alteration
induced by RECTAS treatment was limited to certain genes
(Fig. 4A4). Indeed, scatter plots showing the expression values
of each exon of RECTAS vs. DMSO treatments indicated that
exons affected by RECTAS were a very minor fraction of the
entire exon pool (Fig. S4B and detailed in SI Results).

We next searched for specific sequence features in the exons
responsive to RECTAS; 51 for inclusion type and 199 for ex-
clusion type. We used SpliceAid (23) to find known splicing
regulatory cis-elements and multiple expectation-maximization
for motif elicitation (MEME) (24) algorithm to find the enrich-
ment or depletion of novel sequence motifs compared with a
control exon set (SI Materials and Methods). In the analyses
with SpliceAid, we found an enrichment of ESSs in a group of
inclusion-type RECTAS-responding exons compared with the
control set exons (Fig. 4B). In contrast, we did not find clear
differences for the exclusion-type exon set (Fig. S4D and detailed
in SI Results). These results indicate that the exon recognition
of the exons responsive to RECTAS is potentially weakened by
ESSs in the exon. For further analysis, we searched for motifs
with MEME and identified 450 motif candidates from the in-
clusion-type, the exclusion-type, and the control exon sets. We
counted exons with the motifs for each dataset and compared the
frequencies of the motifs among these datasets. We found that
three motifs have largely different frequencies (>0.25) between
the inclusion-type and control exon sets, and that two motifs
were enriched in the inclusion-type exon set (Fig. 4C). However,
we could not find motifs with clear differences in the frequencies
between the exclusion-type set and the control set (Fig. S4E).
The two motifs of the inclusion-type exons, named motif 1 and 2
in Fig. 4C, were similar to a part of the heterogeneous nuclear ri-
bonucleoprotein (hnRNP) H1 binding motif, GAUCACUGGGG-
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Fig. 4. Target exons and sequences of RECTAS. (A) Exon array analysis of
transcripts in fibroblasts from FD patient no. 42 treated with DMSO or
RECTAS. A heat map represents 250 exons differentially expressed in REC-
TAS-treated cells compared with DMSO-treated cells. The arrowhead indi-
cates /KBKAP exon 20. (B) Tukey box plots show count comparisons of ESS
per 100 bases of exon sequences. Each box represents the interquartile
range (IQR) from the top (first quartile: Q1) to the bottom (third quartile:
Q3), with the whiskers defined as Q1 + 1.5 x IQR to Q3 - 1.5 x IQR. Hori-
zontal lines on the boxes show the median values. Values outside the
regions were plotted as individual circles (@). (C) Comparisons of fractions of
exons with sequence motifs between inclusion-type exons and control
exons. The gray line shows Y = X, whereas the blue lines show Y = X + 0.25
and Y = X — 0.25, where 0.25 is the threshold to define a motif as a differ-
ential motif between the datasets. (Right) Sequence logos for motifs
enriched in inclusion-type exons are shown.
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UGGAUCAUCCAGGUGGGGCUUUU, and hnRNP H2 bind-
ing motif, GGGGGAGGUGUGGG, respectively. These results
suggest that RECTAS specifically restores the inclusion of weak
exons whose recognition is suppressed by hnRNP H1/H2, although
the detailed molecular mechanism remains to be elucidated.

Hypomodified Wobble Bases in Cytoplasmic tRNAs from FD Patient
Fibroblasts. The Elongator complex has been shown to be re-
qu1rcd for the formation of mem® and ncm® at wobble uridines
in yeast, plants, and worms (4, 5, 25-27). More recently, nucleoside
analysis of tRNA dLerCd from IKAP/Elp1 conditional KO mice
indicated that mem’U, nem®U, and mem’s*U nucleosides were
reduced in total tRNA from the testes of the mice (6). However,
tRNA modification at the wobble position of individual tRNAs
was not analyzed in Elongator-deficient mammals, and whether
tRNA modifications are altered in patients with FD has remained
elusive. To determine whether this function of IKAP/Elpl is con-
served in humans, and whether the tRNA modification in wobble
uridine is reduced in the cells of patients with FD, we took ad-
vantage of the reciprocal circulating chromatography method to
isolate individual tRNA species from total RNA (28) (Fig. 54,
Left). Using this method, various cytoplasmic tRNA species were
simultaneously isolated from a common source of RNAs under
the same conditions (Fig. S54). After the isolation of individual
tRNAs, each tRNA was digested with RNase Ty, and the frag-
ments were subsequently analyzed by liquid chromatography/MS
measurement to determine the modification status. We isolated
tRNAs containing a wobble uridine, including tRNAV“l(UAC)
tRNA”E(UCU), and tRNA ’y(UCC) from cells of patients with
FD as well as from FD carrier cells. As shown in Fig. 5B, we found
that human tRNAY*(UAC) from FD carrier cells mainly con-
tained ncm’U at the wobble position, which was confirmed by
collision-induced dissociation of the anticodon-containing frag-
ment (Fig. S5B). In cells of patients with FD, however, the
wobble uridine in tRNAY*(UAC) was hypomodified (Fig. 5B).

Similarly, we found that tRNA*®(UCU) and tRNASY(UCC)
from FD carrier cells were fully modified with mem’s® and
mchm® at their wobble uridine, respectively, but the wobble
uridine in these tRNAs from cells of patients with FD was
hypomodified (Fig. 5 C and D and detailed in SI Results). We
then tested whether the expression level of these tRNAs was
altered in cells of patients with FD by Northern blotting analyses
of individual tRNAs. We found that the level of these tRNAs
was indeed up-regulated to various extents in FD patient cells
(Fig. S5C), implicating the occurrence of dosage compensation
to overcome the low fidelity of codon recognition in FD cells.
Additionally, we analyzed tRNA™ (UGU) and found that most
of the wobble-modified uridine of tRNAT™"(UGU) seemed to be
nem®U. Consistent with Val, Arg, and Gly, the frequency of this
modification is reduced in the cells of patients with FD (Fig. S5E
and detailed in S/ Results). These results demonstrate that hu-
man IKAP/Elpl is mvolved in the _biogenesis of the wobble
uridine modification (ncm’U, mem’s*U, and mchm’U) of cyto-
plasmic tRNAs. In addition, the hypomodification at the wobble
positions was observed, at least in tRNAs for Val, Arg, Gly, and
Thr prepared from the cells of patients with FD, which express
reduced levels of IKAP/Elpl.

RECTAS Restores tRNA Modification at the Wobble Position in Cells of
Patients with FD. The observation that hypomodification at the
wobble positions of four cytoplasmic tRNAs led us to examine
whether RECTAS treatment could restore the frequency of the
tRNA modifications in cells of patients with FD. For these ex-
periments, cells from patient no. 42 were cultured for 1 d after

plating and then treated with either 0.02% DMSO as a control or’

2 pM RECTAS for 4 d before the extraction of total RNA. Those
four species of tRNA were isolated and analyzed (Fig. 6 and Fig.
S6). Under this culture condition, the frequency of wobble mod-
ifications in cells from patient no. 42 cultivated in the presence of
DMSO was lower than the frequency of wobble modlﬁcatlons of
the carrier cells, as observed in Fig. 5 B-D (i.e., 20% of nem’U in
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Fig. 5. Analysis of modifications at the first nucleotide of the anticodons in

human tRNAY2(UAC), tRNAA9(UCU), and tRNASY(UCC) from both FD carrier
and patient cells. (4, Left) Scheme for tRNA modification analysis of the
anticodon loop using reciprocal circulating chromatography (RCC) and liquid
chromatography/mass spectrometry (LC/MS) measurements. AEC, anion ex-
change chromatography. (A, Right) ELPs are likely involved in the step for
ncm®U synthesis. Modified residues are highlighted by the colors consistent
with those colors used for chromatograms and histograms shown in B-D. (B-D,
Top) Secondary structures and sequences at the anticodon stem-loop region of
indicated tRNAs are shown. The wobble uridine residue of each tRNA is indicated
with possible modifications. The reported modifications m®C and t°A near the
anticodon are also indicated. The sequences indicated in bold letters are the
RNase T, fragments harboring the anticodons. (B-D, Midd/e) LUMS analyses of
the RNase T; fragments of each tRNA from FD carrier (Carrier) and patient
(#42 and #50) cells are shown. Each arrow with the number corresponding in
Table S2 indicates the position of the peak of the mass chromatogram of each
RNase T, fragment. All sequences of RNase T; fragments analyzed by LC/MS
are listed in Table S2. (B-D, Bottom) Histograms show the percentage of
modifications in total uridine residues at the wobble position for each tRNA.

tRNAY? 47% of mem’s?U in tRNA®™, and 68% of mchm’U in
tRNA®Y), When this cell line was treated with RECTAS, the
frequency of wobble modifications for these tRNA species was
restored remarkably (Fig. 6 and Fig. S6 B-E). Dosage compen-
sation of this tRNA was also observed (Fig. S6F). These results
demonstrate that RECTAS treatment increased the steady-state
level of TKAP/ELP1 through rectifying the aberrant splicing of
IKBKAP pre-mRNAs harboring an FD-causing mutation, and
then recovered the reduced wobble modifications of cytoplasmic
tRNAs. Finally, we examined the effect of RECTAS on the growth
of FD cells because cells from patient no. 42 exhibited lower cell
growth than carrier cells. When RECTAS was added to the culture
medium at 10 pM, the growth of cells from patient no. 42 improved
to a level similar to the level of the carrier cells (Fig. 6B).

Discussion

In this study, we used the dual-color splicing reporter of mutated
IKBKAP to identify modulators of the aberrant splicing that
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causes the hereditary disease FD. Our dual-color reporter system,
the SPREADD, identified a small molecule named RECTAS that
promotes exon 20 inclusion of IKBKAP pre-mRNA and expression
of IKAP. A plant cytokinin, kinetin (6-furfurylaminopurine)
was shown to rescue the splicing abnormality and restore normal
IKAP levels in FD fibroblasts and transformed lymphoblast lines
(15). Animal studies showed that kinetin is well absorbed orally
and is distributed into plasma and the CNS, but the therapeutic
daily dose was estimated to be over 1 g for humans (29). The
newly identified RECTAS was shown to be ~25-fold more potent
than kinetin for the promotion of the exon 20 inclusion of IKBKAP
in FD cell lines (Fig. 34). RECTAS directly affected mRNA splic-
ing (Fig. 2 D-G), and our transcriptome analyses revealed that
RECTAS affected the splicing of only a limited set of genes, sug-
gesting it has high specificity and a direct role in correcting /KBKAP
aberrant splicing (Fig. 44 and Fig. S4). Sequence analysis of the
exons responsive to RECTAS suggests that RECTAS promotes
exon recognition through either inhibiting splicing suppressors, such
as hnRNPs, or activating splicing enhancers. Because we do not
yet know the direct target of RECTAS in splicing, we cannot
distinguish between these possibilities. Further experiments, in-
cluding identification of the direct target of RECTAS, are re-
quired. RECTAS was rapidly absorbed after oral administration,
was more stable in the blood plasma than kinetin (Fig. S34), and
was transported into the brain at sufficient levels to reach the
effective dose (Fig. S3B), suggesting that RECTAS has therapeutic
potential in FD. Artificial splicing rectification with RECTAS
may offer an unexplored direction for pharmacological interven-
tion in other hereditary diseases, such as Duchenne muscular
dystrophy (30).

tRNAs from all organisms contain modified nucleosides, and
a uridine present in the wobble position (U34) is almost uni-
versally modified (31, 32). Accumulating evidence indicates that
the Elongator complex, including ELP1, also plays a pivotal role
in the regulation of translation, in addition to participating in
transcrlptlonal regulation, through the formation of ncm® and
mem® side chains on the wobble uridines of tRNAs (5, 25-27).
These modified wobble uridines stabilize codon—anticodon in-
teractions and increase the efficiency of decoding of A- and G-
ending codons during translation, as reported in S. cerevisiae,
Schizosaccharomyces pombe, Caenorhabditis elegans, and Arabi-
dopsis thaliana (5, 25, 26, 33), and uridine modifications served
by ELPs are required for translation of specific mRNAs, which
are highly expressed upon stress conditions (34). Several studies
have shown that uridine modification is involved in some neuro-
degenerative diseases, such as ALS and mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like episodes (reviewed in refs.
35, 36). A direct link between FD pathogenesis and tRNA modi-
fication remains elusive, although a reduction in tRNA modifi-
cations was observed in the testes of IKBKAP KO mice, which led
to male infertility (6). We showed here for the first tlme to our
knowledge, that the levels of ncm®, mem’s®, and mchm® side- chain
formation of tRNAs were lower in cells of patlents with FD than in
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Fig. 6. Recovery of uridine modification of tRNAs by RECTAS in cells of
patients with FD. (A) LOUMS analyses of RNase T, fragments of tRNAs obtained
from the cells of FD patient #42 treated with either DMSO (-) or RECTAS (+).
The histograms for modification percentages obtained from the mass chro-
matograms of each tRNA are presented. (B) Cell growth of carrier cells and
cells of FD patient #42 with or without RECTAS treatment. Shown is a repre-
sentative experiment repeated two times. Values are the mean + SEM (n = 6).
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control cells (Fig. S B-D and Fig. SSE), implying that the reduced
expression of IKAP in patients who have FD results in the down-
regulation of tRNA modification. Furthermore, we succeeded in
recovering tRNA modification and cell growth by treatment with
RECTAS (Fig. 6), which rectifies the aberrant splicing of IKBKAP
pre-mRNA. Continued therapeutic research on RECTAS using
FD model mice and FD-induced pluripotent stem cells should
confirm the role of tRNA modification in the pathological phe-
notype of FD and pave the way to the first clinical drug for patients
who have FD.

Materials and Methods

Reporter Construction. We constructed the /IKBKAP splicing reporter vectors
as described in Fig. 1. A human /KBKAP genomic DNA fragment spanning
exon 19 to exon 21 was amplified and cloned into the Gateway Destination
vector (Invitrogen), carrying both EGFP (Clontech) and mRFP with different
reading frames under the control of the cytomegalovirus enhancer/chicken
p-actin hybrid (CAGGS) promoter, as previously reported (18). To adjust the
reading frame to the reading frame of RFP/GFP, we introduced a single nu-
cleotide deletion into exon 20 in the reporter. We introduced the FD mutation
using the QuikChange method (Stratagene). Sequences of primers used in the
construction are listed in Table S1.

Cell-Based Screening of Small Chemical Compounds. We reversely transfected
Hela cells with the hIKBKAP-FD reporter and plated them on a 96-well plate.
At ~4-6 h after transfection, chemical compounds were added to the cells.
After 24 h of incubation, the cells were fixed and stained with Hoechst, as
described in S/ Materials and Methods (Analysis of Transfected Cells). After
staining the nucleus, cells were kept in PBS and visualized using a Cellomics
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ArrayScan VTi (Thermo Fisher Scientific). Fluorescence quantification in cell-
based screening of small chemical compounds is described in S/ Materials
and Methods.

Liquid Chromatography/MS Analysis of tRNAs. Details about total RNA prep-
aration and isolation of each tRNA are described in S/ Materials and Methods.
One picomole of isolated tRNA was digested with RNase T4, and the digest
(0.5 pmol) was analyzed using a linear iontrap—orbitrap hybrid mass spec-
trometer equipped with a custom-made nanospray ion source, a splitless
nano-HPLC system, a C18 trap cartridge, and a C18 capillary column. More
information is provided in S/ Materials and Methods.

Cells from patients with FD, cell culture, splicing substrate construction,
semiquantitative RT-PCR, small chemical compounds, in vitro splicing and
complex formation assay, single-dose oral administration, immunoblot, ex-
pression analysis, sequence analysis, Northern blotting, and cell viability assay
are described in detail in S/ Materials and Methods.
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S| Results

Exon Array Analysis. As discussed in the main text, scatter plots
showed that the exons affected by RECTAS were a very minor
fraction of the entire exon set examined (Fig. S4B). The exons
with statistically significant changes in relative expression num-
bered only 250, which accounted for only 0.10% of the exons
examined, and the Pearson’s correlation coefficient between pre-
and posttreatments with RECTAS was 0.9975. We also evalu-
ated the effects of RECTAS on gene expression levels. Even
when the threshold was not very strict (P < 0.01 without multiple
test corrections and a fold change of >1.3 or <1/1.3), only 55 genes
(0.16% of the total), including IKBKAP, met the criteria (Fig.
S4C). The very high Pearson’s correlation coefficient (0.9978) also
implies that the expression of only a limited number of genes was
affected by RECTAS.

Sequence Analysis of the Exons Responsive to RECTAS. As discussed
in the main text, we found that ESSs were enriched in the in-
clusion-type exons. The average ESS sites per 100 bases was 20.1
for the control set and 25.0 for the inclusion-type exon set, with
the difference being statistically significant (P = 0.035 with the
Mann-Whitney U test). The inclusion-type exons had 46.0 ESSs
on average, whereas the control exons had 33.0 ESSs on average
(Fig. 4B). We did not find clear differences in the number of
ESSs for the exclusion-type exon set; the average number of ESS
sites was 30.5, and the average number of ESSs per 100 bases was
20.2 (Fig. 4B). There were almost no differences in exonic splicing
enhancers (ESEs) in the three datasets; the average values of
ESEs per 100 bases were 17.2, 17.5, and 17.8 for the control, ex-
clusion-type, and inclusion-type exon sets, respectively (Fig. S4D).

tRNA Modification Analysis. The analyses of tRNA modification by
liquid chromatography/mass spectrometry (LC/MS) are highly
complicated because the mass of the RNase T, fragments from
isolated tRNA with or without modifications is specific but lim-
ited to very small changes. Moreover, modifications of individual
tRNAs in mammals are poorly understood. In this study, we fo-
cused on 5-methyluridine derivatives (xm°U) because several stud-
ies have suggested the involvement of IKAP/ELP1 in the formation
of the modification. We choose Val, Arg, and Gly from seven types
of tRNAs containing xm*U for analysis for the following reasons.
Technically, reciprocal circulating chromatography (RCC) isolates
not only the UNN anticodon tRNA but also the isoacceptor CNN
anticodon tRNA when the sequence of the isoacceptor tRNA
is highly homologous to the UNN anticodon tRNA. In LC/MS
analysis, unmodified UNN anticodon fragments cannot be dis-
tinguished from contaminated CNN anticodon fragments due to
the close mass proximity. In Val, Arg, and Gly tRNAs, we were
able to isolate UNN anticodon tRNA without contamination
by isoacceptor tRNAs. However, isoacceptor tRNAT(CGU) was
found to have been slightly contaminated in the tRNAT™(UGU)
preparation. For this reason, only the mass chromatograms of
tRNA™(UGU/CGU) are shown because we were not able to
calculate strictly the frequency of the modification (Fig. S5E).
The presence of mem’s”U and mehm®U at wobble positions has
been reported in bovine tRNA*®(UCU) and tRNASY(UCC),
respectively (1, 2). For tRNAY2(UAC), no such modification has
been reported in mammals, although it has been suggested that
this tRNA contains ncm’U at the wobble position (3, 4). None of
these modifications, however, have been demonstrated in hu-
man tRNAs. In addition to this evidence, we confirmed that
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modifications are involved in RNase T, fragments containing
wobble uridines by collision-induced dissociation (CID).

The frequency of ncm’U in tRNAY#(UAC) was reduced to
64% and 29% in FD patient nos. 42 and 50, respectively (Fig. 5B).
In tRNAA'g(UCU ), the modification status of mem’s?U was reduced
to 74% and 70% in FD patient nos. 42 and 50, respectively (Fig.
5C). In addition to unmodified wobble uridine, a small amount
of mem®U was detected in this tRNA. The frequency of mchm®U
in tRNASY(UCC) was also reduced to 79% and 68% in FD
patient nos. 42 and 50, respectively (Fig. 5D). The chm’U and
mem’U were detected in this tRNA.

Additionally, we analyzed tRNA™(UGU), a modification
that has not been found in mammals, although it has been re-
ported that tRNA™(UGU) contains ncm®U in yeast. We found
that the wobble uridine of tRNAT™™(UGU) is mostly modified
with a group whose mass is equal to ncm>U. CID analysis of the
anticodon loop indicates that the modification is likely to be
nem’ (Fig. S5F). In the analysis of tRNAT(UGU), isoacceptor
tRNA hr(CGU) was found to be a slight contaminant. For this
reason, the LC/MS analysis was not able to distinguish an RNase
T; fragment, UCUUGp, without m°® at C32 from an RNase T
fragment of UCUCGp derived from the contaminated iso-
acceptor because of the close mass proximity. Therefore, as
demonstrated in Fig. SSE, we showed the mass chromatograms
of the RNase T; fragments modified with (Left) or without
(Right) m® at position 32 (C32), separately. The frequency of this
modification in RNase T; fragments with m*C32 was reduced in
the cells of patients with FD (Fig. S5E, Left). On the other hand,
a fragment modified with ncm®U at the wobble position without
m® at C32 was not detected, suggesting that the formation of
nem’U requires m>C32 (Fig. SS5E, Right). These results suggested
that IKAP is also involved in the formation of the modification
in tRNAT™(UGU).

S| Materials and Methods

Cells from Patients. Fibroblast cell lines from FD patient nos. 50
and 42, as well as the heterozygous FD carrier cell line, were
obtained from the National Institute of General Medical Sciences
Human Genetic Mutant Cell Repository: the cell line of patient
no. 50 is GMO00850, the cell line of patient no. 42 is GM02342, and
the heterozygous cell line is GM04664.

Cell Culture. SH-SY5Y and HelLa cells were cultured in RPMI
medium and DMEM (Nacalai Tesque), respectively, supple-
mented with 10% (vol/vol) FBS at 37 °C in 5% (vol/vol) CO,. FD
carrier cells and cells from patients with FD were cultured in
DMEM supplemented with 15% (vol/vol) FBS. SH-SY5Y and
HeLa cells were transfected with FuGeneHD (Promega).

Splicing Substrate Construction. To construct pCDC-IKBKAP
Ex20WT and pCDC-IKBKAP Ex20FD, the WT or mutant exon
20 of the human IKBKAP gene with 150 flanking nucleotides from
both the upstream and downstream introns was amplified by
PCR and inserted between the Sacl and StyI sites of pCDC (5).
IKBKAP Ex20-21WT and IKBKAP Ex20-21FD were constructed
by PCR of the IKBKAP splicing reporter vectors. The first part
containing 48 nt of exon 20 and the second part containing 30 nt
of exon 21 were amplified by PCR. These two fragments were
subcloned into the HindIII, BamH1 site of pcDNA3.1(+)/myc-
His A (Invitrogen) to make a substrate of IJKBKAP pre-mRNA
containing 76 nt of the upstream exon, 219 nt of the shortened
intron 20, and 64 nt of the downstream exon. The resulting
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