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ABSTRACT

The Survival Motor Neuron (SMN) protein is essential
for survival of all animal cells. SMN harbors a nucleic
acid-binding domain and plays an important role in
RNA metabolism. However, the RNA-binding prop-
erty of SMN is poorly understood. Here we employ
iterative in vitro selection and chemical structure
probing to identify sequence and structural motif(s)
critical for RNA-SMN interactions. Our results reveal
that motifs that drive RNA-SMN interactions are di-
verse and suggest that tight RNA-SMN interaction
requires presence of multiple contact sites on the
RNA molecule. We performed UV crosslinking and
immunoprecipitation coupled with high-throughput
sequencing (HITS-CLIP) to identify cellular RNA tar-
gets of SMN in neuronal SH-SY5Y cells. Results of
HITS-CLIP identified a wide variety of targets, includ-
ing mRNAs coding for ribosome biogenesis and cy-
toskeleton dynamics. We show critical determinants
of ANXA2 mRNA for a direct SMN interaction in vitro.
Our data confirms the ability of SMN to discriminate
among close RNA sequences, and represent the first
validation of a direct interaction of SMN with a cel-
lular RNA target. Our findings suggest direct RNA-
SMN interaction as a novel mechanism to initiate the
cascade of events leading to the execution of SMN-
specific functions.

INTRODUCTION

Humans carry two nearly identical copies of Survival Motor
Neuron genes: SMNI1 and SMN2 (1). While SMN1 codes
for full-length SMN protein, SMN2 codes for a truncated
SMNA7 protein due to predominant skipping of SMN2
exon 7 (2-6). SMN A7 is less stable due to the absence of the
critical C-terminal sequences (7). Hence, low levels of SMIN
caused by deletion or mutation of SMNI leads to spinal
muscular atrophy, a neurodegenerative disease of children

and infants (8-10). Aberrant expression and/or localiza-
tion of SMN have been also linked to other pathological
conditions including amyotrophic lateral sclerosis (ALS),
osteoarthritis, and male infertility (11-14). The most well-
characterized function of SMN is the assembly of small
nuclear ribonucleoproteins (snRNPs). Other less studied
but nonetheless important functions of SMN include tran-
scription, pre-mRNA splicing, stress granule formation,
translation, mRNA trafficking, DNA repair, intracellular
trafficking, and the assembly and regulation of numerous
RNPs such as telomerase, the signal recognition particle,
snoRNPs and scaRNPs (14). Most of the implicated func-
tions of SMN involve interactions with RNA. However,
very limited studies have been done to decipher the nature
of sequence and structural motifs for a direct RNA-SMN
interaction.

SMN encompasses several functional domains, includ-
ing a nucleic acid binding region, tudor-domain, proline-
rich region and a conserved YG box (14). The N-terminus
of SMN, particularly the region encoded by exons 2A and
2B, displays a propensity for interaction with nucleic acids
in vitro (15,16). However, SMN lacks a classical RNA-
interacting motif generally present in RNA binding pro-
teins (RBPs). In fact, other than an a-helix required for in-
teraction with Gemin2 (17), the N-terminal region encom-
passing the nucleic acid-binding of SMN is predicted to be
largely disordered (18). This general lack of a defined struc-
ture is a hallmark of the arginine/glycine-rich (RGG/RG)
motifs present in other disordered RBPs including fused
in sarcoma (FUS) and fragile X mental retardation pro-
tein (FMRP), which play roles in ALS and fragile X syn-
drome, respectively (19). Interestingly, the RNA binding
region of SMN lacks RGG/RG motifs but encompasses
lysine-rich motifs. Hence, uncovering novel determinants of
RNA-SMN interactions may reveal general rules by which
specificity (of RNA interactions) is attained by disordered
proteins.

SMN exhibits a preference for poly(rG) oligonucleotides
as demonstrated by early in vitro studies (15,16). With
significance to the wide-ranging indirect interactions with
RNA, SMN associates with many RBPs including Hu-
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antigen D (HuD), heterogenous nuclear ribonucleoprotein
R (hnRNP R), FUS and TAR DNA-binding protein 43
(TDP43) (14,20). More recently, several in vivo RNA targets
of SMN were identified by UV crosslinking and pulldown
followed by microarray analysis (RIP-Chip) (21). These ex-
periments employed mouse motor neuron-like NSC-34 cells
carrying an inducible FLAG-tagged form of SMN. RIP-
Chip of FLAG-tagged SMN revealed a large number of
transcripts targeted by SMN (21). Surprisingly, the majority
of SMN targets were protein-coding mRNAs, and the inter-
action highly correlated with altered mRNA distribution in
cultured neurons upon knockdown of SMN (21). A follow
up study showed ANXA2 mRNA as one of the specific tar-
gets of SMN, although additional proteins were suggested
to facilitate SMIN interaction with this mRNA (22). Thus
far, a direct interaction between SMN and a cellular RNA
target has not been demonstrated.

Iterative in vitro selection, also known as systematic
evolution of ligands through exponential enrichment (SE-
LEX), is a powerful technique to identify high-affinity nu-
cleic acid sequences (ligands) that bind to specific proteins
(23-25). A SELEX experiment where a purified protein of
interest and RNA transcripts are used provides confirma-
tion of a direct RNA-protein interaction. Hence, SELEX
remains an unparalleled approach for deciphering critical
sequence and structural motifs for RNA-protein interac-
tions (26-29). One of the known disadvantages of SELEX
is the selection of artificial motifs that may not exist in na-
ture. Crosslinking and immunoprecipitation (CLIP) is an
alternative approach to identify in vivo interactions through
irreversible crosslinking a protein to its RNA targets (30).
High-throughput sequencing (HITS) combined with CLIP
(HITS-CLIP) has potential to generate transcriptome-wide
mapping of RNA-protein interactions (31,32). Unlike SE-
LEX, results of HITS-CLIP are impacted by several factors
including nature and number of interacting partners of the
RBP under investigation. In general, in vitro experiments
and HITS-CLIP provide complementary information to-
wards a better understanding of RNA-protein interactions.

Here, we employ SELEX, RNA structure probing, and
HITS-CLIP to identify and characterize determinants of
RNA-SMN interaction. Our results (of SELEX) showed
an unexpected diversity of sequence and structural motifs
recognized by SMN. The binding affinity of the selected
sequences was demonstrably higher than the poly(rG)
oligonucleotides previously reported to be the best SMN-
interacting RNA target. Further analysis using site-specific
mutations and RNA structure probing of a top SMN lig-
and as tested by binding assays implicated the role of both
sequence and structural motifs as contributors of high affin-
ity and specificity for RNA-SMN interaction. Our subse-
quent results of HITS-CLIP revealed diverse cellular RNA
targets including messenger RNAs (mRNAs), small nucle-
olar RNAs (snoRNAs), long noncoding RNAs (IncRNAs),
and snRNAs. We observed a complex sequence preference
for RNA-SMN interaction, with enrichment of G- and A-
rich sequence motifs near crosslinking sites. Among tar-
gets identified by HITS-CLIP and bearing G-rich motifs
matching the results of in vitro selection was the ANXA2
mRNA. Indeed, results of our in vitro binding confirmed
that ANXA2 mRNA has higher affinity for SMN than the

top ligand isolated by SELEX. These results independently
validate for the first time a direct interaction of SMN with
a natural RNA target. Our findings support a wider role of
direct RNA-SMN interactions in cellular metabolism.

MATERIALS AND METHODS
SMN protein purification

SMN protein was expressed and purified using the IM-
PACT protein purification kit (NEB) following the man-
ufacturer’s guidelines. The detailed purification methods
used are described in Supplementary Materials and Meth-
ods.

SELEX initial pool generation and in vitro transcription

The double-stranded DNA template for the initial pool
(P0) was generated by PCR using Taq polymerase (NEB)
in a total volume of 1 ml containing 0.5 nmol of template
oligonucleotide. Limited amplification (four cycles) was car-
ried out to reduce bias. After amplification, the PCR prod-
uct was concentrated by ethanol precipitation, separated on
an 8% acrylamide gel, and purified by the crush and soak
method (Supplementary Materials and Methods). The re-
covered DNA was resuspended in 40 pl of nuclease-free
water. A 1 ul aliquot of DNA was then run on an acry-
lamide gel and quantified by visual comparison to a DNA
ladder of known concentration. For transcription, 10.5 g
of PCR product was used as a template in a 100 pl reac-
tion using Megashortscript T7 (Ambion) in the presence of
7.5mM each of ATP, CTP, GTP, and UTP and 1X T7 reac-
tion buffer. Transcription was carried out overnight at room
temperature. The reaction was then run on a 8% denaturing
urea—PAGE gel, and RNA products were visualized by UV
shadowing and purified using the crush and soak method
(Supplementary Materials and Methods). After gel purifi-
cation, RNA was resuspended in 50 pl of RNase-free water
and further purified using an RNase-free Micro Bio-spin
column (Biorad).

In vitro selection

Variable amounts of RNA and protein (See Figure 1A) were
combined together in Binding Buffer (20 mM Tris—HCI pH
7.5, 150 mM NaCl, 5 mM MgCl,, 5mM DTT). The initial
round of selection was carried out in four reactions of 1 ml
each. Subsequent rounds of selection were carried out in a
single 1 ml reaction. Prior to addition of SMN and DTT,
RNA was denatured by briefly heating to 95°C, followed
by refolding at 37°C for 1 hour. Binding was carried out
for 20 min at room temperature. Protein—-RNA complexes
were then captured by passing through a Protran BA-85 ni-
trocellulose filter (Whatman) pre-soaked in Wash Buffer 1
(20 mM Tris—HCI pH 7.5, 150 mM NaCl, 5 mM MgCl,)
and washed once with 800 wl of Wash Buffer 1, followed by
two washes with 800 w1 of Wash Buffer 2 (20 mM Tris—-HCI
pH 7.5, 450 mM NacCl, 5 mM MgCl,). Filters were then
collected and placed in a 1.5 ml microfuge tube for RNA
extraction.

To extract selected RNA from nitrocellulose filters, 400
pl of Tris-EDTA buffer (pH 7.5) and 600 wl of phe-
nol:chloroform (OmniPur) was added to the filters and the
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Figure 1. In vitro selection of high-affinity RNA targets of SMN. (A) Table summarizing the selection process. The RNA concentration was kept constant
at 100 nM. SMN concentration is indicated, as well as the percentage of RNA bound in a separate binding assay and the relative enrichment from the
initial RNA pool. (B) Competitive binding of each RNA pool. P9-10 is a representative clone from the final selected pool and serves as a positive control.
P9-10E control is a modified version of P9-10 that is extended at the 3" end by 21 bases (N21) and is included in every sample as an internal control. P9-10R
is a modified version of P9-10 in which the selected region has been flipped and serves as a negative control. Top panel: Sequences of RNA transcripts used
in competitive binding assays. Black bases indicate the constant 5" and 3’ regions, blue bases indicate the selected region. Red bases indicate bases which are
altered from the original P9-10 clone, green bases indicate additions to the P9-10 sequence. Bottom panel: autoradiogram of denaturing PAGE gel depicting
results of competitive binding. Experimental RNA identity is indicated at the top. Bands are labeled at the left side. Lane numbers and binding activity
relative to P9-10 is indicated at the bottom. I: input RNA. B: bound and recovered RNA. (C) Comparison of P9-10 binding with other G-rich sequences.
Top panel: Sequences of RNA transcripts used in competitive binding assays. Percent binding activity of each RNA is indicated at the right. Bottom left
panel: Predicted structures of RNA transcripts used in competitive binding assays. Potential G quadruplexes are indicated by stacked quartets connected by
grey planes which represent Hoogsteen base pairing. Grey dashes are included between sequential G residues within G quadruplexes for ease of following
the sequence. Bottom right panel: Results of competitive binding assays. Labeling is the same as in (B). (D) Sequences and binding characteristics of the 5
highest affinity molecules. Base coloring is the same as in (B). Binding curves to determine the apparent Ky of the top 5 binders as well as an unselected
control (P0-44) are shown below sequences. Clone designation is indicated at the top left of each graph. Y axis indicates relative binding, corrected for the
highest value observed during each set of experiments. X axis indicates the SMN concentration for each reaction, on a logl0 scale. Each point represents
one binding reaction, lines are drawn by Kaleidagraph software by fitting the individual points to the Michaelis-Menten equation. Apparent Kq and 12
values are given.



10986 Nucleic Acids Research, 2018, Vol. 46, No. 20

samples were vortexed for three pulses of 30 s each. Tubes
were then centrifuged at maximum speed for 5 min in a
tabletop microcentrifuge. The aqueous phase containing
RNA was transferred to a new tube, subjected to ethanol
precipitation, and resuspended in 10 .l of RNase-free wa-
ter. Half of the RNA was used as a template for reverse
transcription using Superscript III (Invitrogen) following
the manufacturer’s instructions. Half of the resulting cDNA
was used as template for PCR in a total volume of 1 ml. For
each round, the number of PCR cycles ranged from 8 to 10
and was optimized by small-scale amplification before am-
plifying the entire pool. The pool was then purified and used
for transcription as described above. To identify selected se-
quences, pools were cloned into the pUCI19 vector and se-
quenced by Sanger sequencing.

Nitrocellulose filter paper binding assays

For direct measurement of SMN-RNA binding, 10 pmol
each of T7-transcribed RNA (Supplementary Materials
and Methods) and protein were combined together in 100
wl Binding Buffer (20 mM Tris—HCI pH 7.5, 150 mM NacCl,
5 mM MgCl,, 5 mM DTT) for a final concentration of
100 nM each. Prior to addition of SMN and DTT, RNA
was denatured by briefly heating to 90°C, followed by re-
folding at 25°C for 10 min. Binding was carried out as de-
scribed for in vitro selection. Filters were then collected and
Cerenkov emissions were measured in a Packard Tri-Carb
3170TR /SL liquid scintillation counter alongside a portion
of input and a negative control reaction where protein was
omitted.

For determination of the dissociation constant, the same
procedure as described above was carried out, except that
RNA was transcribed using the high specific activity pro-
cedure and 30 000 cpm of RNA (an estimated 0.1 nM fi-
nal concentration) as determined by Cerenkov counting was
used as input for each assay. SMN input started at 100
pmol (1 wM final concentration) and followed a 2-fold di-
lution series until a minimum final concentration of 0.244
nM was reached. Final relative binding values were deter-
mined by subtracting the negative control value from each
bound sample, dividing by input, then dividing again by the
maximum value obtained for each set of assays.

For the competitive binding assay, RNA input was 10
pmol for both the experimental RNA and the P9-10E con-
trol. SMN input was an estimated 5 pmol (50 nM final con-
centration). After binding and washing, Protran BA-85 ni-
trocellulose filters (Whatman) were collected and placed in
a 1.5 ml microfuge tube. RNA extraction from filters fol-
lowed the same procedure used during selection. After pre-
cipitation, RNA pellets were resuspended in 20 pl of Gel
Loading Buffer IT (Ambion). Input samples were prepared
by setting aside 10 wl of the reaction mixture and diluting
it into 400 pl of TE buffer. Samples were then purified by
phenol:chloroform extraction and ethanol precipitation in
parallel to the bound RNA. 4 ul each of input and bound
RNA was loaded in each well of an 8% denaturing urea—
PAGE gel. After running, gels were dried and exposed to
phosphor image screens. Images were scanned using a Fuji-
film FLA-5100 phosphorimager. Bands were quantified us-
ing Fujifilm MultiGauge software. Relative binding was de-

termined by dividing the experimental band in each lane by
the P9-10E control, then dividing the value of each ‘bound’
lane by the value of input. Final corrections were made by
dividing by the obtained numbers by value of the positive
control parent clone.

Enzymatic structure probing

RNA was transcribed and gel purified as described above,
except that [a->P]JUTP was omitted. After transcription
and gel purification, 0.55 pg of RNA was dephosphory-
lated with calf intestinal phosphatase (NEB) following the
manufacturer’s instructions. RNA was then purified by phe-
nol:chloroform extraction and ethanol precipitation, and
labeled with [y-*?P]ATP using T4 polynucleotide kinase
(NEB). Labeled RNA was then gel purified once more
and further purified using P-30 RNase-free spin columns
(Biorad). The *’P signal was then quantified and equal
amounts taken for each reaction (~1-2% of the total la-
beled RNA). Structure probing was carried out using bio-
chemistry grade RNases T1 and V1 (Ambion) following
the manufacturer’s instructions. Digested products were re-
solved on a 16% denaturing urea—PAGE gel, dried, and ex-
posed to phosphorimage screens. Images were scanned us-
ing a Fujifilm FLA-5100 phosphorimager. Band intensities
were quantified using Fujifilm MultiGauge software. Nu-
cleotides were considered sensitive to digestion if the sig-
nal was greater than the average signal of all bands in case
of RNase T1, and if signal was greater than background
(undigested) in case of RNase V1. Structures with single-
stranded/double-stranded constraints were predicted using
the RNA structure web server (http://rna.urmc.rochester.
edu/RNAstructureWeb/).

SHAPE structure probing

RNA was transcribed and gel purified as described
above, except that [a->PJUTP was omitted. 1-methyl-7-
nitroisatoic anhydride (1M7) was synthesized as previously
described (33,34). 60 pmol of primers used for extension
were 5 end-labeled with [y->P]JATP (Perkin-Elmer) using
T4 polynucleotide kinase (NEB). Labeled primers were then
gel purified on a 16% denaturing urea—PAGE gel using the
crush and soak method. Following gel purification, primers
were resuspended in 70 pl of water and further purified us-
ing P-30 R Nase-free spin columns (Biorad). Structure prob-
ing was carried out as previously described (34). For de-
tailed methods, see Supplementary Materials and Methods.

Crosslinking and immunoprecipitation

Unless otherwise stated, all tissue culture media and
reagents were purchased from Life Technologies. SH-SY5Y
cells were obtained from the American Type Culture Collec-
tion (ATCC) and cultured in a 50:50 mix of minimal essen-
tial media (MEM) and F12 nutrient mixture supplemented
with 10% fetal bovine serum (FBS). SH-SYSY cells were
grown (~1.2-2 x 107) in 12-20 150 mm dishes per repli-
cate to ~70-80% confluency. Media was removed and plates
were washed 2x with ice-cold phosphate-buffered saline
(PBS). After removing the second PBS wash, plates were
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placed on ice and exposed to 150 mJ/cm? of 254 nm UV
light in a UV Stratalinker (Stratagene). Cells were collected
by scraping in 4 ml of PBS per plate and centrifugation
at 1000x g for 4 min. For negative (uncrosslinked) control
samples, all steps were identical except the UV crosslink-
ing step was omitted. The remainder of the CLIP procedure
was performed as described by Ule and colleagues, with
the exception of immunoprecipitation, which was carried
out as described by Hafner et al (35-36). Further details
are explained in Supplementary Materials and Methods. 11-
lumina sequencing libraries were then prepared using the
TruSeq small RNA library preparation kit according to the
manufacturer’s instructions, with the exception that an ad-
ditional gel purification step was performed between 3" and
5" adapter ligation to prevent adapter dimers. For each repli-
cate, PCR amplification was optimized separately using an
aliquot of cDNA. For final library preparation, 20-24 cy-
cles of PCR amplification were carried out, depending on
the replicate.

Ilumina sequencing, mapping and peak calling

For sequencing of CLIP libraries, the samples for all three
replicates were pooled and sequenced using an Illumina
MiSeq following a 50-base single-end sequencing proto-
col. For sequencing of total SH-SY5Y RNA, library prepa-
ration was carried out by ribosomal depletion using Ri-
bozero Gold kit (Epicentre) followed by library genera-
tion using the TruSeq mRNA kit (Illumina). Six to seven
samples were pooled per lane of an Illumina HiSeq 2000
following a 100-base single-end sequencing protocol. Af-
ter sequencing, adapter and quality trimming was carried
out using Cutadapt (37). Identical reads, which may indi-
cate PCR duplication, were removed from CLIP libraries
using the Fastx toolkit. Mapping to the human genome
(version hg38) was carried out using Tophat (38) using
the Gencode v20 transcriptome annotation (39). All reads
overlapping known repeat regions as annotated by Repeat-
masker (http://repeatmasker.org) were removed. Regions
of interest were determined from the CLIP sequencing
data by Piranha (40). Significantly enriched GO terms and
KEGG pathways were identified using the WebGESTALT
web server (http://www.webgestalt.org/). HITS-CLIP data
has been submitted to the Gene Expression Omnibus (Ac-
cession number GSE110411). SH-SYSY RNA-Seq data is
available at the NCBI sequence read archive (Accession
number SRP132513).

RESULTS
Selection of high-affinity sequences by SELEX

We employed SELEX to isolate RNA sequences that inter-
act with SMN with high affinity. We began by purifying re-
combinant SMN expressed in E. coli using the IMPACT
system (Supplementary Figure S1). The IMPACT system
generates a tag-free protein by utilizing a self-cleaving in-
tein tag (41). We generated the initial RNA pool from tem-
plate DNA oligonucleotides that contained a T7 promoter,
5" and 3’ constant regions for PCR amplification, and a 25
nucleotide (nt) randomized region (Supplementary Figure
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S2A). We analyzed 50 clones from the initial pool (P0) and
did not observe any duplicate sequences or biased base com-
position in the randomized region (Supplementary Table
S1). We used 10 randomly selected clones from PO to estab-
lish a baseline binding affinity of SMN for unselected se-
quences by the nitrocellulose filter binding assay (42) (Sup-
plementary Figure S3A).

We performed selection using nitrocellulose filter paper
to capture RNA-—protein complexes [Supplementary Figure
S2B, (28)]. The initial RNA input for selection was an es-
timated 2.4 x 10'* molecules, generated from 1.2 x 10'4
molecules of DNA template. In order to capture rare se-
quences with high affinity for SMN, we started with an ex-
cess of protein over RNA and gradually increased the se-
lection stringency over the first four rounds of selection by
reducing the amount of the protein in the reaction (Figure
1A). After six rounds, we performed a binding assay with
nine randomly selected clones and discovered a mix of se-
quences with low and high affinity for SMN (Supplemen-
tary Figure S3B). In order to remove the majority of low-
affinity ligands, we performed a highly stringent round of
selection with >10-fold less protein than RNA, followed by
two more rounds with near equimolar concentrations (Fig-
ure 1A). In a nitrocellulose filter-paper binding assay us-
ing equimolar concentrations of RNA and protein, the fi-
nal pool (P9) bound 8.44% of the input RNA, as compared
to only 0.32% of PO, representing an enrichment of over 25-
fold (Figure 1A).

In order to compare binding affinities between different
sequences in a single reaction, we developed a competitive
binding assay. This assay assesses the relative affinity of se-
quences with respect to a reference RNA of a distinct size
that is common in all reactions, thus minimizing reaction-
to-reaction variability and the effects of protein activity lev-
els (28). In order to ensure that RNAs compete for binding
to the protein of interest, both RNAs in each reaction are
supplied in molar excess to the protein. This approach al-
lows for an unbiased determination of the relative affinities
of RNAs against a given protein (28,43). To test the com-
petitive binding assay, we first compared the relative binding
affinities of a high-affinity clone from the final selected pool
(P9-10) and a negative control RNA in which the selected
region of P9-10is reversed (Figure 1B), as well as each of the
nine RNA pools generated during selection. We generated
the P9-10E reference RNA by extending the 3’ end of P9-10
by 21 bases (Figure 1B). As expected, SMN bound to P9-
10 and P9-10E (control RNA) with similar affinity (Figure
1B, lanes 1-2). P9-10R had substantially reduced binding,
confirming that SMN exhibits sequence specificity (Figure
1B, lanes 3-4). In the competitive binding assay, the relative
binding steadily increased from PO to P9, consistent with the
results of binding without competition (Figure 1A and B).
Of note, the final pool showed only ~4.7-fold increase in the
relative affinity in the competition-binding assay compared
to >25-fold enrichment shown by the non-competition as-
say. This is likely due to the high background binding of
PO owing to the unavoidable interaction between PO and
the tight binder (P9-10). Despite this limitation, competi-
tive binding assay provided an independent assessment of
the enrichment of the pools against a common high-affinity
target.
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Previous reports have shown that SMN exhibits a prefer-
ence for polyG stretches (15,16). Therefore, we set out to
determine how our selected sequences compared to sim-
ilarly sized sequences rich in G residues (Figure 1C). G-
rich sequences are unique in that they can form a struc-
ture known as G-quadruplex, in which four repeats of three
or more G residues base pair by non-Watson—Crick in-
teractions to form a higher-order structure (44). To de-
termine whether SMN interacts with polyG because it is
a G-quadruplex binding protein, we included two RNAs
(Telomere and C9orf72 repeats) derived from repeat se-
quences known to form G-quadruplexes in vivo (44,45). Our
selected high-affinity ligand, P9-10, is not predicted to form
a G-quadruplex, despite being G-rich. All three of the G-
quadruplex-forming RNAs were bound by SMN well over
the level of background (Figure 1C, lanes 5-10), as repre-
sented by the P9-10R RNA (Figure 1C, lanes 3-4). How-
ever, P9-10 was bound with a significantly higher affin-
ity (Figure 1C, lanes 1-2), indicating that our SELEX ex-
periment was able to identify a superior sequence, and G-
quadruplexes are not the best RNA targets of SMN.

Characterization of selected sequences

We sequenced 99 randomly selected clones from the final
pool and analyzed the binding of 78 of them (Supplemen-
tary Table S2). We observed a wide range of binding affini-
ties for individual sequences (Supplementary Table S2).
There were 10 pairs of clones that had identical sequences,
suggesting that the selection was nearing completion. In
order to reduce bias coming from identical sequences, we
counted duplicate pairs of clones only once. The selected
sequences tended to be G- and U-rich with the following
distribution: 39.8% G, 31.9% U, 16.5% C and 11.9% A
(Supplementary Table S2). We examined the selected se-
quences for enrichment of specific trinucleotides (Supple-
mentary Table S3). Our results revealed high frequencies of
GUG, UGG, UGC and UUG. Since UGG was also over-
represented in the initial pool (Supplementary Table S3A),
we infer that the specific enrichment of UGG did not oc-
cur during selection. We searched the selected sequences for
additional enriched sequence motifs using MEME (46). We
observed enrichment for a single motif, GUGCG (E-value
= 4.6 x 107%). However, many of the high-affinity clones
did not contain a GUGCG motif suggesting that other se-
quences also contributed towards the high affinity for SMN.

We selected the top 5 highest affinity ligands (RNAs) for
further characterization. First, we generated binding curves
using a range of SMN protein concentrations and a sub-
stoichiometric concentration (~0.1 nM) of RNA and de-
termined their apparent dissociation constants (K4*PP) (Fig-
ure 1D). For an estimate of nonspecific binding to RNA,
we used P0-44 from the initial unselected pool. The calcu-
lated dissociation constants ranged from 20 nM in the case
of P9-74 to 46 nM for P9-71 (Figure 1D). In contrast, for
the unselected RNA, we were unable to determine an ex-
act K4%PP, as binding did not reach saturation, even at the
highest concentration of protein tested (Figure 1D).

In order to visualize the SMN-RNA interaction, we em-
ployed an electrophoretic mobility shift assay (EMSA) as an
alternative approach. In particular, we compared the mo-

bility of P9-10 with the negative control P9-10R with and
without SMN in composite agarose—acrylamide gels (47).
In the presence of increasing amounts of SMN, P9-10 un-
derwent an upward shift suggesting formation of a com-
plex between P9-10 and SMN (Supplementary Figure S4A,
lanes 1-7). We observed two complexes, especially at higher
SMN concentrations (62.5-250 nM), suggesting that the
slow running complex (top band) is formed by multimer-
ization of SMN on P9-10. In addition, at the highest SMN
concentrations, RNA began to accumulate near the well,
suggesting that SMN is forming higher-order complexes on
the RNA molecule. However, it is not possible to speculate
on the actual stoichiometry due to the limitations of this
assay. In contrast to P9-10, negative control (P9-10R) re-
mained largely unbound at all concentrations we examined
(Supplementary Figure S4, lanes 8-14). These results pro-
vided an additional proof of specificity of SMN towards
the selected RNA sequence compared to a random RNA
sequence. In order to determine whether the entire SMN
protein is required for a tight RNA interaction, we per-
formed the same set of experiments with purified SMNA7
protein, which lacks C-terminal sequences and is deficient
in multimerization (48,49). Consistent with the N terminus
alone being the key region for RNA interaction, the RNA
underwent a mobility shift at only slightly higher concen-
trations of SMNA7 than in full-length SMN (Supplemen-
tary Figure S4B, lanes 1-7). However, in contrast to full-
length SMN, SMNAY7 formed higher-order RNA—protein
complexes far less efficiently. These results suggest that the
reduced oligomerization capacity is a limiting factor for the
stability of the large ribonucleoprotein complexes formed
by SMNA7Y. Similar to full-length SMN, SMNA7 did not
bind the negative control P9-10R except at the highest con-
centrations tested (Supplementary Figure S4B, lanes 8-14).

Diverse structures underlie high-affinity RNA targets of
SMN

We employed selective 2'-hydroxyl acylation analyzed by
primer extension (SHAPE) to analyze the secondary struc-
ture of the top 5 binders isolated from the final pool of SE-
LEX. SHAPE is a chemical structure probing method that
interrogates the accessibility of every single nucleotide po-
sition in a single reaction (50). SHAPE protocol takes ad-
vantage of 1M7 reagent that preferentially adds a 2" adduct
to an unpaired nucleotide (33,50). Incorporated adduct is
then detected by primer extension, as reverse transcription
is blocked at the modified position. Due to the requirement
for a primer-annealing site, we added an identical 21-nt se-
quence to the 3’-end of each of the top 5 selected sequences
(Figure 2A). Of note, the 21-nt sequence is the same that
we used in P9-10E. As confirmed by enzymatic probing, the
structure of P9-10 is not disrupted by the presence of an ad-
ditional 21-nt sequence in P9-10E (Supplementary Figure
S5A,B). We also confirmed that the presence of 21-nt ex-
tension in top 5 selected sequences did not alter their high
affinity for SMN (Supplementary Figure S5C). We used ex-
tended versions of the selected clones for structural analysis
by SHAPE (Figure 2B).

SHAPE revealed both similarity and diversity of struc-
tures of selected sequences. In particular, P9-5E, P9-10E
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Figure 2. Determining the secondary structure of selected high-affinity RNAs. (A) Sequences of the 3’-extended versions of the top 5 candidate RNAs from
SELEX. Coloring is the same as in Figure 1B. (B) Autoradiograms of gels depicting results of SHAPE chemical structure probing of extended versions of
top 5 candidate RNAs. The first four lanes of each panel depict a sequencing ladder for band identification. Positions of A residues are indicated at the
left. Treatment of RNA with DMSO (-) or IM7 reagent (+) is indicated. Base position in 10-base increments for SHAPE lanes is indicated at the right.
Of note, due to the tendency of reverse transcriptase to stop extension 1 base before the modified position, the numbering is offset by 1 compared to the

sequencing ladder. (C) The predicted structures for each sequence that best fits the SHAPE reactivity profiles. Relative SHAPE reactivity is presented as
purple circles next to each reactive base. Base coloring is the same as in Figure 1B.
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and P9-71E exhibited a primary stem-loop formed by base
pairing between the 3’ portion of the selected region and
the 3’ constant region (Figure 2C). We also observed one
or two smaller stem-loops at the 5" end of the molecules
(Figure 2C). One of the hallmarks of these structures was
the presence of a GGCC motif within the loop portion of
the 3’ stem-loop that exhibited lower than expected reac-
tivity (Figure 2B). It is possible that the loops themselves
form some sort of structure that precludes reactivity, or that
this sequence interacts with some other portion of the se-
quence, such as in a kissing-loop or pseudoknot. Unlike the
other three sequences, P9-55E and P9-74E exhibited much
higher overall reactivity (Figure 2B), with prominent single-
stranded regions in the central region of the selected se-
quence (Figure 2C). The probed structures of these two se-
quences also predicted extensive base-pairing between the
21-base extensions and the original sequences (Figure 2C).
However, considering that binding strength is maintained
in these RNAs (Supplementary Figure S9), it is likely that
the altered context is still sufficient for a tight interaction
with SMN. Overall, our results did not reveal any specific
structural motif common to all high-affinity targets.

Identification of critical RNA residues for SMN binding

We examined the impact of various sequence and structural
motifs of P9-10 RNA on SMN binding. For the ease of in-
terpretation, the 3 stem-loop (SL) structures formed by P9-
10 are mapped onto the linear sequence and labeled as SL1,
SL2 and SL3 (Figure 3A). To test which minimal region of
P9-10 can be bound by SMN, we generated a series of trun-
cated RNAs with sequences removed from either the 5’ or
3" end of the molecule (Figure 3A). Interestingly, removal of
the last 10 bases of P9-10, none of which are within the se-
lected region, resulted in a near-complete loss of SMN bind-
ing (Figure 3A, lanes 5-6). All of the removed bases partic-
ipate in formation of the stem portion of SL3, suggesting
that SL3 is important for SMN binding. All shorter RNAs
with 3’ bases removed were bound by SMN to a greater ex-
tent than A48-57, albeit much less efficiently than the full-
length P9-10 (Figure 3A, lanes 7-10). In contrast, removal
of bases 4 to 13 (first three G residues are important for effi-
cient transcription) resulted in only a partial loss of binding
(Figure 3A, lanes 11-12). These bases participate in the for-
mation of SL1 and SL2, suggesting that these structures are
not required for a tight SMN interaction. Further deletion
of 10 or 20 more bases (A4-23 and A4-33, respectively), re-
sulted into the complete loss of binding (Figure 3A, lanes
13-16). Since SL3 is left largely intact in the A4-23 tran-
script (Figure 3A), we can infer that additional sequences
upstream are also required for a tight SMN interaction.

To localize specific regions critical for SMN binding, we
generated a series of overlapping 5-nt deletions covering
the selected region of P9-10 along with 5 adjacent bases on
each side (Figure 3A). All deletions we tested lost a signifi-
cant amount of binding (Figure 3A, lanes 21-42), suggest-
ing the importance of the entire molecule for a tight SMN
interaction. For A11-15 mutant that does not affect the
sequence of the selected region at all, we observed reduc-
tion in binding by more than 70% (Figure 3A, lanes 21-22).
For A14-18 mutant, we observed the similar effect on bind-

ing as for A11-15 (Figure 3A, lanes 23-24). For A17-21
mutant, we observed >80% loss in relative binding com-
pared to the parent clone (Figure 3A, lanes 25-26). This
could be due to an altered sequence context immediately
upstream of SL3, from GUGCGG to CGCACG (Figure
3A). We observed interesting results for A20-24 mutant,
which lacked sequences from both SL2 and SL3, yet bound
with >50% of the strength of P9-10 (Figure 3A, lanes 27—
28). For A23-27 and A26-30 mutants, we observed similar
binding, ~30-35% of P9-10 (Figure 3A, lanes 29-32). Both
A35-39 and A38-42 exhibited substantially reduced bind-
ing (<20% of P9-10) (Figure 3A, lanes 37-40). This could
be due to the loss of G residues at positions 38 (38G) and
39 (39G). In contrast, A41-45 mutant that retains 38G and
39G, bound to SMN relatively strongly (Figure 3A, lanes
41-42). Thus, we infer that the critical regions for binding
are the sequence immediately upstream of SL3, and the loop
sequence, specifically 38G and 39G residues. This may be
consistent with a potential dimerization of SMN on the P9-
10 RNA, with one SMN contacting the loop sequence and
the other SMN contacting the base of SL3 as well as se-
quences upstream.

We evaluated the position-specific importance of G
residues within P9-10. Mutations of the first six G residues
in the selected region (G1-6A mutant) caused an almost
complete loss of SMN binding, down to ~10% of P9-10
(Figure 3B, lanes 5-6). Mutations of the last five G residues
in the selected region (G7-11A mutant) also had a strong
negative effect on SMN binding, but not as severe (Figure
3B, lanes 7-8). To narrow down the G-specific effect, we
generated sequences with smaller numbers of G-A muta-
tions. Mutation of the first three G residues (G1-3A mu-
tant) produced effect similar to the one we observed for
G1-6A mutant (Figure 3B, lanes 9-10), suggesting that the
first three G residues in the selected region are critical for
SMN binding. In contrast, mutation of the next three G
residues (G4-6A mutant) had little effect on binding (Fig-
ure 3B, lanes 11-12). These results are consistent with the
results observed for A20-24 mutant, in which deletion of
bases corresponding to positions 20-24 had a minimal ef-
fect on SMN binding (Figure 3A). Mutation of the next
three G residues (G7-9A mutant) resulted in a large drop
in SMN binding. Of note, G4-6A and G7-9A mutants par-
tially abrogate different regions of the same stem and yet
displayed different SMN affinities (Figure 3B, lanes 11-14).
It is possible that, since the closing base pairs of the loop re-
gion of SL3 are affected, that structural context of binding
to the loop is changed significantly. Finally, mutation of the
last two G residues (G10-11A mutant) caused a large drop
in relative SMN binding (Figure 3B, lanes 15-16). These re-
sults are consistent with the results of overlapping deletion
mutations and further underscore the essential role of 38G
and 39G residues in SMN binding (Figure 3A).

We examined the effect of residues present in the loop
of SL3 employing overlapping mutations of four consecu-
tive residues. Of note, we deliberately limited mutations to
four consecutive bases to minimize the formation of new
structures. Mutation of the first four (M34-37 mutant) or
the last four (M42-45 mutant) residues in the loop had al-
most no effect on SMN binding (Figure 3B, lanes 21-22,
29-30). In contrast, two mutants with substitutions in the
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Figure 3. Effects of deletions and mutations of P9-10 on SMN binding. (A) Effects of deletions and truncations of P9-10 on SMN binding. Top panel:
sequences of deletion and truncation mutants. The name of each construct is indicated on the left. Color coding of the bases is the same as in Figure 1B. Red
dashes indicate deleted bases. Gray boxes indicate locations of base pairs contributing to SL1, SL2, and SL3, which are labeled at the top. Percent activity
determined in the middle and bottom panel are given at the right. Middle panel: Results of competitive binding assay for 5" and 3’ truncations of P9-10.
Labeling and calculations are the same as in Figure 1B. Bottom panel: Results of competitive binding assay for overlapping deletions of P9-10. Labeling
and calculations are the same as in Figure 1B. Abbreviations: SL, stem-loop. (B) Effects of sequence mutations of P9-10 on SMN binding. Top panel:
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middle of the loop (M36-39 and M38-41 mutants) showed
near total loss of SMN binding (Figure 3B, lanes 23-26).
The mutated bases in both of these mutants overlap the 38G
and 39G residues (Figure 3B), further confirming that these
two bases are critical for SMN binding. Interestingly, bind-
ing was reduced by ~50% in M40-43 mutant, which retains
38G and 39G residues but substitutes the next C residue
(40C) in the loop (Figure 3B, lanes 27-28). These results
suggest that 40C in addition to 38G and 39G is also required
for strong SMN binding.

Role of secondary structure in SMIN-RNA interaction

All of the structures formed by the top binding RNAs re-
quire extensive base pairing between the constant and se-
lected regions of each RNA molecule (Figure 2). In order to
investigate the effect of RNA structure on binding of SMN,
we generated a set of mutants with alterations of the con-
stant region designed to disrupt particular structural fea-
tures of the P9-10 RNA. First, we tested whether mutations
in the 5 constant region designed to disrupt SL2 had any
effect on binding. The first mutant, S2M1, replaced the G
at position 12 with a C (Figure 4A). As enzymatic struc-
ture probing confirmed (Figure 4B, Supplementary Figure
S6A), this change in sequence results in a structural alter-
ation in the 5’ constant region. In particular, bases 11-13 are
clearly digested by RNase V1 that targets double-stranded
regions. Interestingly, the base of SL3 appears to be desta-
bilized by the S2M 1 mutation, as indicated by the increased
susceptibility of bases 20-22 to RNase T1 digestion that tar-
gets single stranded G residue. Binding of S2M1 is reduced
by ~20% compared to P9-10 (Figure 4C, lanes 5-6). How-
ever, whether this reduction in binding is moderated by the
disruption of SL2 or the destabilization of the base of SL3
is unclear. We also generated a mutant which completely al-
ters the 5" arm of SL3, S2M3 (Figure 4A). Despite a more
extensive mutation, the structure of S2M3 more closely re-
sembles that of P9-10 (Figures 2B, 4B, Supplementary Fig-
ure S6B). Consistently, full binding is preserved; in fact, the
S2M3 mutation results in ~10% increase in binding (Figure
4C, lanes 7-8).

We next asked if strengthening the stem of SL3 by adding
full complementarity could have an impact on SMN bind-
ing. To achieve this, we generated the B+1D1 mutant by
adding an A residue after position 50, eliminating the
bulging base at position 29 and creating an unbroken he-
lix. To maintain a constant size of the molecule, we also
deleted 1 base from the loop region (Figure 4A). Consis-
tent with a strengthening of the stem, we observe reduced
susceptibility of bases 22 to 33 to T1 digestion and addi-
tional V1 cleavage products in the same region. Moreover,
due to the stronger stem, bases 41-42 in the loop are no
longer sensitive to RNase V1 digestion, indicating reduced
heterogeneity in the structure of the loop region (Supple-
mentary Figure S6C). We observed reduced T1 digestion
even under denaturing conditions (Supplementary Figure
S6C, lane 2), indicating that the modified structure is very
strong. B+1D1 mutant showed an increased SMN binding
(Figure 4C, lanes 9-10), indicating that a strong stem of SL.3
is favorable for a tight SMN interaction. Consistently, the
next two mutants, S3M6 and S3M 5, with disrupted stem of

SL3, as indicated by drastic changes in T1 and V1 digestion
patterns (Supplementary Figure S6D, E), showed strong re-
ductions in SMN binding (Figure 4C, lanes 11-14). Finally,
we asked whether the loop portion of SL3 is needed to be
fully single-stranded in order for SMN binding. We gener-
ated the L3M4 mutant, in which the 3’ portion of the loop
is altered so that it pairs with bases 34-37, reducing the size
of the loop from 12 bases to 4 (Figure 4A). Hence L3M4
had even more strengthened stem than B+1D1 (Supplemen-
tary Figure S6C, E). As expected, G38 and G39 in L3M4
were extremely sensitive to RNase T1 digestion, confirming
the presence of the GGCC tetra-loop (Supplementary Fig-
ure SOE, lane 4). L3M4 showed drastically reduced SMN
binding (Figure 4C, lanes 15-16), indicating that the inter-
action between SMN and SL3 is sensitive to the length of
the stem and/or the size of the loop. These results clearly un-
derscored that SMN has strong preference for RNAs with
specific secondary structures.

Identification of cellular targets of SMIN through HITS-
CLIP

In order to identify cellular RNA targets in direct contact
with the SMN, we performed HITS-CLIP in neuronal SH-
SYSY cells (Supplementary Figure S7). Our choice of a neu-
ronal cell line was guided by the fact that identified tar-
gets would have significance to SMA, a neurodegenerative
disease. The SMN protein runs at a size of 42 kilodaltons
(kDa) as shown by Western blotting (Figure 5A, left panel).
Due to low efficiency of the crosslinking reaction, we did not
expect to visualize crosslinked SMN by Western blotting.
However, imaging by autoradiography revealed a primary
band at ~48 kDa, which was consistent with the predicted
size of SMN crosslinked to RNA with a modal size of 18-
20 nucleotides (Figure 5A, right panel). As expected, we did
not observe this 48 kDa band without UV crosslinking.

We recovered RNA from the crosslinked band, per-
formed high-throughput sequencing, and mapped the re-
sulting reads to the human genome to identify cellular
SMN-interacting RNAs. As a control for total RNA abun-
dance, we also sequenced and mapped total ribosome-
depleted RNA derived from SH-SYSY cells.

The majority of unique mapped reads, which showed en-
richment compared to total SH-SY5Y RNA, overlapped
known protein-coding genes (Figure 5B). The next most
abundant type of reads mapped to ribosomal RNA (Figure
5B). We assume that these reads represent nonspecific pull-
down of ribosomes. A non-negligible proportion of reads
(11.2%) mapped to known long noncoding RNAs (IncR-
NAs), although they represented a smaller proportion of
total HITS-CLIP reads (Figure 5B). To capture individual
candidate binding regions, we analyzed mapped reads iden-
tifying peaks with significantly increased read density com-
pared to a random distribution. Similar to the reads de-
rived from CLIP, the majority of enriched peaks mapped to
protein-coding genes (Figure 5B). A smaller proportion of
peaks overlapped snoRNAs and IncRNAs, although both
were enriched compared to the proportion of raw reads
mapping to these RNA types (Figure 5B). Within protein-
coding genes, the majority of reads mapped to introns (Fig-
ure 5B). However, a reduced proportion was concentrated
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into significantly enriched peaks, indicating that few of the
intron-derived reads represented high-confidence binding
sites (Figure 5B). Within exons, CLIP reads and peaks fol-
lowed a similar distribution to the SH-SYSY transcrip-
tome, with a slight enrichment of reads corresponding to
the SUTR and coding region (Figure 5B).

To delineate families of genes or pathways disproportion-
ately bound by SMN, we examined the genes overlapping

significant CLIP peaks for enriched gene ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. The most enriched KEGG pathway is
for ribosomal proteins, followed by a number of pathways
related to the cytoskeleton (Figure 5C). Many of the other
targeted pathways involved RNA metabolism and interac-
tion with the extracellular environment (Figure 5C).



10994 Nucleic Acids Research, 2018, Vol. 46, No. 20

A Western Blot Autoradiogram B100% T miRNA  100%
| E u - +
m LINE m5UTR
80% 80%
m SINE mCDS
i.v'.'a 1
b 60% mtRNA 60% m3UTR
80 = 80= @ INcRNA M Introns
58. W ° 58 = i 40% m'RNA 40%
& @ snoRNA
T s Tl 20% 20%
B m snRNA
30= 30 = m mRNA
0% 0%
RNA- CLIP CLIP RNA- CLIP CLIP
Seq peaks Seq peaks
C 10740 D 2
£1 £1
o 1090 I Q
3 o L W
m = o~ @ - ©
7 102 -
10710 21
NIRRT RNARRRARRRRETY eal,méea
6668225652602 5L6263228
S 090 = = =2 0pyuwEsE ns=
9B 0BOTFTITI- I F=8S 0
eSe282CE898,5585%8888 E  F120
SESFZSSE-ECE3CaERBESS o
2R a 5555885895 ER g
658 g FEZETO 3858, Tg» T 80
caf 9 T g 28283 &= £
°9 = o 8T °FE °5> ﬁ
<9 < E £ % o] .8 2 40
= < L 5 B 3
= I
2 & e i
0
QA AR A wN AP >
ORI S
RIS
& v‘\-\.‘*oéb/\ AN 2SS

Figure 5. HITS-CLIP identifies cellular targets of SMN. (A) Verifying pulldown of SMN protein and RNA-SMN complexes. Protein size in kilodaltons
(kDa) is given. Left panel: Western blot of input (I, 1% relative to eluted protein loaded) and eluted protein (E). Right panel: Autoradiogram of eluted
protein without (—) and with (+) crosslinking of SH-SYSY cells prior to immunoprecipitation. (B) Read mapping distribution across the transcriptome
(left) and protein-coding genes (right) for RNA-Seq of SH-SYSY cells (RNA-Seq) and reads obtained from CLIP libraries (CLIP), and distribution of
statistically significant enriched regions (CLIP peaks). Color code for RNA types is given on the right of the graph. (C) Top 20 enriched KEGG pathways
with genes overlapping CLIP peaks. Y axis represents the Benjamini and Hochberg (B+H) corrected P value of enrichment, X axis indicates the KEGG
pathway name. (D) Top enriched motifs among CLIP peaks; from left to right, most enriched 6-mer, 7-mer, and 8-mer. (E) Overview of binding screen to
identify CLIP targets that are bound tightly by SMN in vitro. Y axis represents binding strength relative to P9-10 RNA. For longer RNAs, sequences used
for binding are labeled with the following: UTR: Target chosen contains entire 3’ UTR of the target RNA. sca: scaRNA domain of TERC. CL: construct

is designed to contain the region surrounding a crosslinked CLIP target.

In order to identify significantly enriched sequence mo-
tifs within regions potentially bound by SMN, we identified
each peak that overlapped in two or more of the three repli-
cates of CLIP and extracted the genomic sequence of the
surrounding region. We then searched for significantly en-
riched motifs of varying sizes using MEME (46). In each
condition that we tested, the highest enriched motif was
purine-rich, generally with a repetitive pattern [WGA] x n
(Figure 5D). Interestingly, this motif does not appear to be
enriched in P9 sequences, indicating that binding require-
ments may be altered in vivo due to higher-order RNA struc-
ture or cooperative binding between SMN and other RBPs.

SMN directly interacts with 4ANXA42 mRNA

In order to determine whether an interaction in HITS-CLIP
is predictive of a direct SMN interaction in vitro, we per-
formed a limited screen of 15 candidate RNAs that con-
tained significant HITS-CLIP peaks. We chose the candi-
date RNAs from mRNAs, snRNAs, and snoRNAs, includ-
ing known targets of SMN such as ACTBand CPG15, com-
ponents of the SMN complex such as Ul, U7 and U11 snR-
NAs, and the 7S RNA that serves as the RNA portion of the
signal recognition particle (51,52). We transcribed each can-
didate RNA in vitro and analyzed binding of SMN by the
nitrocellulose binding assay. Most of the candidates were



not bound strongly by SMN in vitro (Figure S5E), suggesting
that the cellular interaction of the above-mentioned tran-
scripts likely require additional components besides SMN.
We also included ANXA2 mRNA in our screening due
to a recent study implicating SMN-dependent transport
of ANXA2 mRNA into axons (22). ANXA2 contains 15
known exons, with an alternatively spliced 5 UTR and first
coding exon (Figure 6A). The SMN-associated localization
sequence in ANXA2 mRNA contains a stem-loop with a
G-rich sequence in the loop, much like the putative binding
motifin P9-10, and also overlaps a number of reads in SMN
HITS-CLIP (Figure 6A). The construct that we used for our
binding assays (referred to as ANXA2-L) contained this
localization sequence, as well as upstream sequences that
include a strong HITS-CLIP peak in the previous two ex-
ons (Figure 6A). We also generated a size-matched negative
control (L—) derived from a portion of the 3'UTR picked
randomly, which had little coverage in HITS-CLIP. In order
to determine whether other regions of the ANXA2 mRNA
with strong CLIP signals are also bound directly by SMN,
we generated RNAs derived from two additional upstream
regions (Figure 6A). We tested each of these constructs us-
ing the competitive binding assay (Figure 6C, lanes 5-12).
Of these constructs, ANXAZ2-L exhibited the strongest in-
teraction with SMN (Figure 6C, lanes 5-6). The affinity of
ANXA2-L for SMN was slightly better than P9-10. Of note,
the size-matched control also bound with somewhat low
affinity (Figure 6C, lanes 7-8), suggesting ecither an effect
of large RNA size, or a weaker interaction site that was not
detected as strongly by CLIP.

We performed a systematic analysis of ANXA2 mRNA
to uncover role of specific motifs critical for SMN inter-
action. We began by generating two constructs roughly di-
viding the ANXAZ2-L sequence into two halves: ANXA2-
5" and ANXA2-3" (Figure 6B). ANXA2-5" encompassed
the first 119 bases of ANXA2-L, whereas ANXA2-3" en-
compassed the last 135 bases of ANXA2-L. There was a
22-base overlap between the two constructs. Interestingly,
ANXA2-5 showed increased binding activity compared to
ANXA2-L, whereas ANXA2-3' showed ~50% reduction
in binding strength (Figure 6C, lanes 13-16). These results
suggested that the primary SMN binding site resides within
the first 119 bases of ANXA2-L, or between positions 8§73
and 991 of the ANXA2 mRNA. However, ANXA2-3" was
still bound by SMN well above the background level, in-
dicating that there is likely a weaker, sub-optimal interac-
tion site present in this region. We further narrowed down
the core SMN binding region by progressively removing se-
quences from each end of ANXA2-5 (Figure 6B). Of these,
the RNA corresponding to bases 881 to 937 of the ANXA2
mRNA retained most of the binding activity of the origi-
nal ANXA2-L construct (Figure 6C, lanes 19-20, whereas
further deletion of sequences reduced binding significantly
(Figure 6C, lanes 21-22). Based on these results, we con-
clude that the region from bases 881 to 937 makes up the
core binding site for SMN. This region overlaps the junction
between exons 13 and 14 of the mature ANXA2 mRNA,
suggesting that splicing may need to occur before SMN can
interact with this sequence. Of note, this region also corre-
sponds closely to the region with maximum CLIP signal,
and numerous CLIP reads also cross the exon-exon junc-
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tion, also suggesting an interaction with the mature mRNA
rather than pre-mRNA (Figure 6B).

In order to determine whether limited mutagenesis could
disrupt a tight SMN interaction with ANXA42 mRNA, we
generated a number of mutations within the core binding
site (Figure 6D). First, we generated an extensively mu-
tated version with 6 base changes (881-937 M6) scattered
throughout the stem-loop structure. As expected, this mu-
tation resulted in a complete loss of SMN binding (Figure
6D, lanes 3-4). Next, we designed 3 double mutants tar-
geting either G residues (G892AG898A and G904CGI13A
mutants) or structural features (C895AG901C). Consistent
with important contributions of both sequence and struc-
ture to SMN binding, all three mutants lost 50% or greater
binding activity. G892AG898 A mutant had the strongest ef-
fect, with a >80% loss of SMN binding (Figure 6D, lanes
5-6). This mutant contains mutated bases in both exons 13
and 14, suggesting that sequences in both exons may be re-
quired for a tight interaction. To determine the contribu-
tions of individual critical G residues, we made single muta-
tions based on G892AG898A, which showed the strongest
reduction in binding. G892A almost completely abolished
binding, suggesting that this G residue is either absolutely
necessary for binding of SMN or for formation of the sec-
ondary structure conducive to binding. In contrast, G§98A
reduced binding by less than 50%, suggesting that this G
residue contributes to binding but is not critical.

We performed SHAPE to probe the structure of the
ANXA2-L RNA (Supplementary Figure S8). We mapped
the core SMN binding region, the sites of maximum CLIP
signal, and the localization signal identified in the recent
study (22) onto the probed structure (Figure 6E). Consis-
tent with RNA structure playing a critical role in SMN
binding, the core-binding region forms a distinct stem-loop
structure in the probed structure (Figure 6D). Interestingly,
the secondary structure places the core SMN binding region
in close proximity to the previously identified localization
signal. Both regions have CLIP reads mapping to them, so
it is likely that SMN binds to both sites in vivo, possibly as-
sisted by the oligomerization property of SMN.

DISCUSSION

SMN belongs to a select group of proteins implicated in a
major genetic disease associated with children and infants.
Intensive investigations over the past two decades have re-
vealed several functions modulated by SMN. The major-
ity of SMN-associated functions relate to different aspects
of RNA metabolism (14). Early in vitro studies revealed a
distinct RNA-binding domain within SMN (15,16). How-
ever, the RNA sequence and structural determinants crit-
ical for a direct RNA-SMN interaction remain unknown.
While a recent transcriptome-wide analysis identified cellu-
lar RNA targets of SMN, the experimental approach that
was used did not distinguish between direct and indirect
interactions of SMN with RNAs (21). We conducted this
study with the sole purpose of the identification and char-
acterization of sequence and structural motifs critical for
direct RNA-SMN interactions. We first employed SELEX
to isolate short RNA sequences that interact with SMN
with high-affinity. The selected sequences revealed diverse
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sequence motifs and showed an apparent dissociation con-
stant (Kq) between 20 and 46 nM (Figure 1D). Given the
fact that this falls within the typical range K4 values for most
RBPs, we propose that SMN is a bona fide RBP.

Our analysis of selected sequences yielded a high enrich-
ment for a GUGCG motif in several but not all clones. Of
note, GUGCG motifs are also present in the minor spliceo-
somal Ull snRNA and 7SL RNA, the RNA component
of the SRP (52). Both U1l and 7SL RNAs are known tar-
gets of the SMN complex (51,53). However, several muta-
tions outside the GUGCG motif reduced affinity for SMN
interaction, ruling out the presence of a GUGCG motif as
the sole determinant for RNA-SMN binding (Figures 3—
4). Based on the distribution of motifs, we infer that SMN
contacts RNA at two or more sites. One of these sites likely
serves as the core binding motif, whereas other sites provide
secondary binding contacts. Such a mode of binding has
been observed for the bacterial protein CsrA (29) and for
the mammalian testes-specific protein RBMY (54). In some
instances, secondary interactions can enhance the overall
binding strength by several orders of magnitude as observed
in case of LtrA protein that associates with a group Il intron
(55).

As we expected, our results confirmed higher affinity of
SMN for P9-10, one of the top selected sequences, than sev-
eral G-rich sequences including poly(rG), telomerase RNA
and GGGGCC repeats. While these findings underscore
that the G-quadruplex structure is not a favored target of
SMN, we still observed SMN binding to all three G-rich se-
quences at levels above background. Although the telomere
sequence is considered to be a DNA repeat, it is transcribed
to produce the TERRA RNA, which plays a role in regu-
lating telomerase function and telomere stability (56). SMIN
is known to regulate telomerase biogenesis (14). Hence, an
interaction between SMN and the TERRA RNA may rep-
resent another layer of control in telomere maintenance. Ex-
pansion of GGGGCC repeats in the intronic region of the
C9orf72 gene leads to certain familial forms of frontotem-
poral dementia and ALS (57). SMN and other RBPs are
mislocalized in ALS motor neurons (58,59). Based on the
moderate SMN interaction with GGGGCC repeats, it is
possible that a direct interaction of SMN with GGGGCC
repeats might play some role in the mislocalization of SMN
in these disorders.

It is common for SELEX-derived sequences to recruit
portions of the constant flanking regions to form struc-
tures required for binding (29). This appeared to be the
case with at least 3 top ligands we examined. Supporting
this point of view, mutation and truncation of the 3’-most
portion of the flanking regions of P9-10 had a significant
impact on SMN binding (Figures 3 and 4). Several other
mutations in the flanking sequences we tested altered SMN
binding, further lending credence to the impact of the con-
straints exerted by the constant flanking regions on the out-
come of SELEX. Of all the mutants of P9-10 we examined,
S2M3 and B+1D1 were the only ones that showed improved
SMN binding. The S2M3 mutant is predicted to trigger re-
arrangement within the 5" end of the P9-10, breaking apart
the predicted SL2 (Figure 4). In B+1D1, SL3 is strength-
ened by providing a base-pairing partner to the U residue at
position 28, which is normally unpaired and forms a bulge
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within the predicted stem (Figure 4). The strong increase
in SMN binding in the case of B+1D1 suggested an impor-
tant role of secondary structure in the modulation of RNA-
SMN interactions. These results also underscored the fact
that selected sequences are not always the highest binders,
likely due to restrictions in the size of the sequence space.

Increasing the strength of the stem portion of SL3 was
not always linked to higher SMN binding. The L3M4 mu-
tant, which extended the stem portion of SL3 by four bases,
showed reduced SMN binding, possibly due to seques-
tration of loop sequences. Consistently, the results of our
substitution and overlapping deletion mutations confirmed
the critical role of G38 and G39 residues, which reside in
the loop of SL3, in SMN interaction. Of note, GG dinu-
cleotides located at positions analogous to G38 and G39
were selected in all of the top 5 SMN ligands we exam-
ined. However, the size of the loop in which GG dinu-
cleotides are placed varied more widely (3—11 nucleotides)
than the length of the stem (611 nucleotides). Consistently,
deletion of the last five bases of the loop portion of SL3
did not appreciably change SMN binding (Figure 4). This
would indicate that the critical feature determining binding
strength is the precise length of the stem, or perhaps the dis-
tance between the GG dinucleotide and upstream motifs.
Such a ‘molecular ruler’ mechanism has been proposed for
the recognition of pri-miRNAs by DROSHA and DGCRS8
(60).

We performed HITS-CLIP to identify in vivo RNA tar-
gets of the SMN in human neuronal SH-SYSY cells. Sim-
ilar to the results obtained by a previous study utiliz-
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ing RIP-Chip performed in the mouse motor neuron-like
NSC34 cells (21), we observed a preponderance of reads
mapping to mRNAs. Surprisingly, despite the critical role
for SMN in snRNP biogenesis, reads mapping to snR-
NAs were underrepresented compared to RNA-Seq of to-
tal RNA from SH-SYSY cells (Figure 5B). This could in-
dicate that interactions with snRNAs are transient and
only occur during snRNP assembly, while interactions with
other types of RNAs such as mRNAs and IncRNAs could
occur throughout the life of the RNA. Although slightly
under-represented compared to the total RNA-Seq, we also
observed a significant portion of predicted binding sites
mapped to IncRNAs, which we have recently shown to
be affected by low levels of SMN in a mouse model of
SMA (11). snoRNAs made up the bulk of the remainder
of predicted binding sites. Given that SMN interacts with
snoRNP proteins Fibrillarin and GAR1 (61), an interac-
tion with snoRNAs is not surprising. However, our results
of HITS-CLIP should be interpreted with caution because
some of these captured interactions could be mediated by
other factors interacting with SMN. Supporting this argu-
ment, we observed very little overlap between SELEX and
CLIP data with respect to the nature of selected motifs. This
disparity is not uncommon as experimental conditions in
vitro and protein-protein interactions in vivo provide suf-
ficient enough basis for variable outcomes. One example
that bears a striking resemblance to our results is the FUS
protein. Although in vitro experiments identified GGUG as
the FUS targeting motif (62), CLIP experiments revealed a
much broader range of targets (63), which were shown to be
driven by higher-order assemblies rather than a 1:1 interac-
tion (64,65). Since SMN, like FUS, has a largely disordered
RNA binding domain and forms higher order assemblies
(18,48.,49), we propose a similar mechanism of in vivo bind-
ing, highly dependent on oligomerization and possibly re-
cruitment by the many RBP binding partners of SMN.

We analyzed CLIP data to identify functionally related
groups of RNA targets of SMN. The most enriched group
of RNAs code for ribosomal proteins, consistent with the
results of a previous study (21). Other SMN-associated
pathways revealed by CLIP pertained to the regulation and
maintenance of the actin cytoskeleton (Figure 5C). In agree-
ment with these results, B-actin mRNA has been reported
to be a target of SMN (66). Local translation of actin in
the growth cone is critical for neurite outgrowth and steer-
ing (67,68). A role for SMN in the transport and localized
translation of actin and other cytoskeletal components is
therefore compatible with the increased sensitivity of mo-
tor neurons to low levels of SMN.

The strongest candidate from HITS-CLIP that we con-
firmed by in vitro binding was a region of the ANXA2
mRNA. Based on the corroborating data of the RIP-Chip
experiment carried out by others (21) and a recent study
suggesting a role of SMN in localization ANXA2 mRNA in
motor neurons (22), we conclude that ANXA2 mRNA is a
bona fide target of direct SMN interaction. ANXA2 mRNA
codes for the Annexin A2 protein (ANXA2), a ubiquitously
expressed member of the Annexin family, which is a highly
conserved family of calcium-binding membrane-associated
proteins (69). Annexins form lateral assemblies on cellular
membranes in a Ca®*-dependent manner, and thus likely

serve as scaffolds for organizing membrane domains and
localizing activity (69). ANXA2 associates with filamen-
tous actin, serving as an organization center for microfila-
ments and an attachment point for actin filaments to mem-
branes (70). Screens for modifiers of SMA have revealed
that actin regulation, neuronal Ca”" signaling, and endocy-
tosis all play critical roles in SMA pathogenesis (71,72). See-
ing as the ANXAZ2 protein is involved in all three processes,
it is no surprise that ANXA2 was recently also identified as
a potential positive modifier of SMA and other related mo-
tor neuron diseases (73). Overexpression of ANXA2 results
in the disruption of Cajal bodies (74). Multiple studies have
indicated that low expression of SMN results in an increase
in levels of ANXA2 mRNA (21,75).

We narrowed the core binding region of SMN to the
ANXA2 mRNA to a 57-nt stretch encompassing the end
of exon 13 and the start of exon 14. Interestingly, muta-
genesis of the core binding region revealed that, although
the majority of the binding region encompasses exon 14,
at least one critical G residue required for tight binding is
derived from exon 13. This indicates that SMN can only in-
teract tightly with the mature mRNA. Therefore, we pro-
pose a model wherein SMN binds to ANXA2 mRNA af-
ter splicing, after which it multimerizes on the RNA and
recruits additional protein cofactors (Figure 7). Depend-
ing on the interacting proteins, ANXA2 may be redirected
towards growth cones and/or axon terminals of neuronal
cells, where it is locally translated, or to stress granules, of
which SMN is a critical component (76) (Figure 7). Axonal
ANXAZ2 protein then functions as an organizing center, co-
ordinating the cytoskeleton, mRNAs, and membrane vesi-
cles. Low SMN causes reduction in the levels of ANXA2
in axon terminals and/or growth cones, resulting in loss of
axon-specific organizing functions. At the same time, levels
in the cell body rise, potentially resulting in the disruption
of nuclear bodies (74). A combination of these two factors
could result in a pathological state in SMA motor neurons.

SMN is conserved throughout the animal kingdom, and
low SMN levels lead to SMA-like phenotypes in a wide
range of model organisms, including C. elegans, Drosophila,
and zebrafish (77). Therefore, it stands to reason that any
function loss that potentially leads to SMA should be sim-
ilarly conserved. Consistent with the RNA binding activ-
ity of SMN playing an important role, both zebrafish and
C. elegans SMN bind RNA in vitro (16). Likewise, the core
binding region of the ANXA2 mRNA is highly conserved.
However, the amino acid sequences of the entire annexin
family are extremely well conserved, especially the calcium-
binding Annexin repeat domains (69), so whether the core
binding region is conserved in order to preserve SMN bind-
ing or retention of ANXA2 protein function is unknown.

The functional significance of an RBP is best understood
through the specificity of interactions at the RNA—protein
interface, the complexity of which increases with the in-
creasing size of RNA as well as additional protein-protein
interactions. Findings reported in this study reveal for the
first time that SMN has the inherent capability to prefer-
entially select its targets through interactions with sequence
and structural motifs. The diversity of high affinity ligands
isolated by SELEX support a broad spectrum of RNA-
SMN interactions with implications to novel SMN func-



tions in RNA metabolism. Given the fact that multiple con-
tacts within RNA are required for a tight RNA-SMN in-
teraction, it is likely that the folding of the entire SMN
protein determines the interface of RNA-SMN interaction.
Several SMN variants harboring its nucleic acid-binding
domain are generated by alternative splicing during nor-
mal and stress-associated conditions (18,78-80). The over-
all folding of SMN variants are likely to be different due
to the absence/difference of C-terminal residues. It will be
telling to determine whether the high affinity RNA ligands
of SMN also interact with other SMN isoforms with sim-
ilar affinity and specificity. While results of our CLIP and
in vitro studies confirm A NXA2 mRNA as the first genuine
target of direct SMN interaction, this may represent only
the tip of the iceberg. To a broader significance, findings re-
ported in this study elevate the role of SMN from facilitator
to initiator of critical events due to its central role in direct
interactions with specific cellular RNA targets.
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