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ABSTRACT OF THE DISSERTATION

High-throughput computation to uncover novel mechanisms of RNA regulation

Michael T. Lovci

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2014

Professor Gene W. Yeo, Chair

My thesis work is aimed at integrating high-throughput biochemical readouts to
understand the effect that particular RNA-binding proteins have on their targets’

metabolism. I studied several RNA-binding proteins in diverse model organisms. Along

X1X



the way, I have gained insight into the characteristics of target sites for two families of
proteins: Argonaute and RBFOX proteins and learned about novel mechanisms they use
to control their targets’ fate.

In this dissertation, I will present three of my articles that summarize the methods
and content of my work. In the first chapter I give an overview of methods I used to
quantify the ideal depth of coverage for sequencing experiments in order to sufficiently
capture a desired level of complexity. This included the development of novel
computational approaches to quantify RNA abundance and splicing with sequencing
tools. This was applied to a human model of prostate cancer, LNCaP cells upon
stimulation with an androgen compound.

To closely examine mechanisms of miRNA regulation, we generated genome
wide maps of the Argonaute protein ALG-1’s binding in C. elegans. We found that there
exists a large potential for non-canonical associations of ALG-1/miRNA complexes with
their targets. Among the surprises we encountered, ALG-1 binds in coding exons but
does not seem to repress gene expression when bound there, and we also found an auto-
regulatory repression by ALG-1 on miRNA pathway components.

Finally, I turned my attention to the RBFOX family of proteins that is known for
their role in RNA splicing regulation. In the work presented in chapter 4, we elucidated a
new molecular mechanism whereby RBFOX proteins can regulate RNA splicing from
very distant sites. These RNA-bridges, as we have called them because they link RNA
regulators with regulated sites via RNA structures, appear to be a common feature of
alternatively spliced exons and the regulation of RNA structures like this may be

important for dictating splicing outcomes. The application of this knowledge that distant

XX



binding sites are functional and that they are mediated by RNA structures is immediately
relevant to the design of novel therapeutics for diseases that arise from defects in RNA
splicing.

To put the goals of my thesis broadly, I approach two questions: what are the
mechanisms of RNA-binding protein targeting, and what are the effects of RNA-binding

proteins on their direct targets?

xx1



CHAPTER 1 - INTRODUCTION

The abundance and relative quantities of biomolecules a cell uses at a given
moment determines its ability to perform specific metabolic processes and the way that it
responds to its environment. Research of the past decade established that predictable
differences in gene expression exist among tissues and through life. The combined effect
of differential usage of these genes controls the complement of biomolecules that
comprise a cell. Mechanisms have evolved that tightly regulate the output, activity and
localization of innumerable chemical reactions and macromolecules. In response to this
daunting complexity, scientists have intensely studied gene expression by creating maps
of the patterns of usage for each gene in order to establish differences that determine
tissue identity and intricate sub-structures of complicated organs. Molecular biology is
the field devoted to obtaining and dissecting the patterns of macromolecule expression to
understand the basic processes that lead to development and disease.

A field born in the 1950s, molecular biologists have at their disposal increasingly
accurate assays, developed to identify the presence and interactions between
biomolecules. In addition to survey tools, reductionist techniques have been developed to
tear apart and re-engineer biological systems for our benefit, including PCR and, more
recently, CRISPR. These techniques have been aided by computation and instrumentation
that provide measurements that remain sensitive even as they measure orders of
magnitude more molecules than was previously possible. As advances in biochemistry
techniques enabled annotation of almost all protein-coding regions in the human genome,

and a large component of the regulatory portions of the genome, all these data revealed a



Gordian Knot of information that is difficult or impossible to interpret with standard
methods or by one person alone.

Collaborative efforts around the world have set out to catalog and share these data
in order to advance of our understanding of the content in the genome. This undertaking
is no small task, but as technologies emerge to meet this complex system’s demands for
scale and acuity, so do new tools we to combat new problems. Advances in other
industries that examine patterns in large datasets have greatly contributed to a shift
toward high-throughput approaches to molecular biology. These data analysis tools,
combined with the ever-increasing set of nucleotide sequences from hundreds of species,
our understanding of the blueprints that guide the construction of life is constantly
becoming more complete. We are beginning to decode the purpose for swaths of
supposed ‘junk’ DNA.

Our current understanding of the genome provides that only a minor proportion,
less than two percent, consists of nucleotides that can translate into protein-coding
sequence. Most of these sequences are conserved through evolution. Besides protein-
coding regions there are highly conserved stretches around and inside genes, these
nucleotide sequences demark the sites for interactions with regulatory proteins, DNA-
binding proteins and RNA-binding proteins, and can also control the secondary structure
of DNA and RNA. In addition to these cis-acting regions within RNA transcripts, our
genome contains a large number of trans-acting non-protein-coding RNA species that
serve critical enzymatic roles. Examples of these include micro-RNAs (miRNAs), short
guide RNAs that direct nucleolysis, and long non-coding RNAs that can be chemical

scaffolds or ribozymes.



In the search for functional elements in the genome, we have also learned that
conserved stretches are also not the only functional segments in the genome. In addition
to portions that are preserved in form and function through evolution there are also
segments of genomes that are highly dynamic between species and even between
generations. For example, each animal species contains a unique complement of
endogenous retroviral elements that interrupt evolutionarily conserved stretches of
genomes and accelerate genome rearrangement over time. The functions of these non-
conserved elements and others like them are mostly unknown but emerging functions
include roles in regulating RNA splicing, RNA structures and chromosomal instability.

It stands as the task of our time to integrate the knowledge of the content of a
genome with biochemical readouts of cell state in order to gain grasp over how
information, coded in the genome, ultimately leads to the development of complex
organisms. We can use these data to understand what the most important parts of the
genome are, and begin to decipher their purpose. More than simple atlases, integrative
approaches to these disparate data types have been foundational in forging a new
understanding of the mechanisms of development and disease. They reveal combinatorial
hierarchies of regulation and lead to the elucidation of integrated disease and
developmental pathways. This knowledge is critical for our ability to interject and control

these systems for public health and synthetic applications.



CHAPTER 2 - RNA-SEQ ANALYSIS OF GENE EXPRESSION AND

ALTERNATIVE SPLICING BY DOUBLE-RANDOM PRIMING STRATEGY

ABSTRACT

Transcriptome analysis by deep sequencing, more commonly known as RNA-seq
is becoming the method of choice for gene discovery and quantitative splicing detection.
We recently published a double-random priming RNA-seq approach capable of
generating strand-specific information (Li et al., 2008). Poly(A)+ RNA from a treated and
an untreated sample was utilized to generate RNA-seq libraries that were sequenced on
the Illumina GA1 analyzer. Statistical analysis of ~10 million sequence reads generated
from both control and treated cells suggests that this tag density is sufficient for
quantitative analysis of gene expression. We were also able to detect a large fraction of
reads corresponding to annotated alternative exons, with a subset of the reads matching
known and detecting new splice junctions. In this chapter, we provide a detailed bench
ready protocol for the double-random priming method and provide user-friendly
templates for the curve-fitting model described in the paper to estimate the tag density

needed for optimal detection of regulated gene expression and alternative splicing.

INTRODUCTION
We have devised a procedure based on double-random priming and solid phase
selection to produce libraries for high-throughput sequencing on the Illumina Genome

Analyzer. In order to sequence these libraries, P1 and P2 adapter sequences must be



added to the ends of the DNA of interest. In this protocol, double poly(A)-selected RNA
is first primed with an oligonucleotide that contains a random octamer and the P1 adapter
sequence. This first primer also carries a biotin moiety at the 5’ end, which allows for
capture of extended cDNA product on streptavidin beads. A second random primer
linked to the other sequencing primer (P2) adapter sequence, is next added to the cDNA
bound to the streptavidin-coated magnetic beads. After extensive washes, potential P2
dimers are eliminated and the second random primed products are released from the
beads by heat, leaving behind unused P1 primer, P1-extended cDNA, and potential P1
dimers. The released products are PCR-amplified, gel purified to enrich for amplicons in
the size range of 100-300 nt, quantified, and subjected to sequencing (from the P1 primer
side) on the Illumina/Solexa flowcell. This procedure has the following advantages
compared to previous published protocols. First, it provides strand-specific information,
as opposed to other methods that convert RNA to cDNA before primer addition. Second,
sequencing a short region right after the first random priming reaction avoids cDNA
artifacts resulting from extension by the hairpins formed after the first strand synthesis
(Perocchi et al., 2007), which may account for artifactual “antisense transcripts” seen in
previous large-scale mRNA sequencing and tiling analysis, (Carninci et al., 2005; Cheng
et al., 2005). Third, the built-in random primer region retains the molecular memory for
originally primed products allowing computational elimination of sequenced reads
amplified by PCR, because all PCR products from the same initial amplicon will have
identical sequences in the randomized region. This strategy permits the use of PCR
amplification without distorting the representation of the transcriptome, a feature critical

for quantitative analysis on a limited population of cells.



TRANSCRIPT DATABASES FOR GENE-EXPRESSION AND ALTERNATIVE SPLICING
DETECTION

In order to utilize RNA-seq reads to quantitatively measure gene expression, it is
imperative to first define our concept of genes. To that end, we have developed detailed
annotations of the genome based on publicly available annotations downloaded from the
University of California, Santa Cruz (UCSC)(Karolchik et al., 2003). We have also
parsed the genome to create alignable sequence databases for the use with data generated
from high-throughput sequencing and the purpose of aligning sequencing reads to spliced
mRNA transcripts. Basic notes on the acquisition and processing of data like this are
outlined here. Please review our previously published work for more detailed information

(Yeo et al., 2007a).

Building an aggregate gene model

Genome sequences of human (hgl7) and annotation for protein-coding genes
were obtained from the UCSC Genome Browser Database. The lists of known human
genes (knownGene containing 43,401 entries) and known isoforms (knownlsoforms
containing 43,286 entries in 21,397 unique isoform clusters) with annotated exon
alignments to human hgl7 genomic sequence were processed as follows. Known genes
that were mapped to different isoform clusters were discarded. All mRNAs aligned to the
human genome that were >300 bases long were clustered together with the known
isoforms. For the purposes of measuring differential gene expression, all genes were
considered. For the purposes of inferring alternative splicing, genes containing < 3 exons

were removed from further consideration. Exons with canonical splice signals (GT-AG,



AT-AC, GC-AG) were retained, resulting in a total of 213,736 exons. Of these, 92% of
all exons were constitutive exons, 7% had evidence of exon-skipping, 1% exons were
mutually exclusive alternative events, 3% exons had alternative 3’ splice sites, and 2%
exons had alternative 5' splice sites (Figure 1). A total of 2.7 million spliced ESTs were
mapped onto the 17,478 high-quality gene clusters to identify alternative splicing. To
eliminate redundancies in this analysis, final annotated gene regions were clustered
together so that any overlapping portion of these databases was defined by a single

genomic position.

Building an exon-junction database

Exons with canonical splice signals (GT-AG, AT-AC, GC-AG) were used to
create an exon-junction database (EJDB). For each protein-coding gene, the 35 bases at
the 3' end of each exon were concatenated with the 35 bases at the 5’ end of the
downstream exon. This was repeated, joining every exon of a gene to every exon
downstream. This approach produced 1,929,065 theoretical splicing junctions. An equal
number of “impossible” junctions was generated by joining the 35-base exon junction

sequences, in reverse order.

METRICS FOR DIFFERENTIAL GENE EXPRESSION
Alignment

MosaikAligner (Hillier et al., 2008), using a maximum of 2 mismatches over 95%
alignment of the tag (34 nt) and a hash size of 15, was used to align reads to the human

genome (hgl7). However, since the publication of this work there have been several new



alignment algorithms made available that offer other options for this step (such as
QPalma (De Bona et al., 2008), Bowtie (Langmead et al., 2009), or RazerS (Weese et al.,
2009)). To determine the number of reads contained within proteincoding genes,
promoter, and intergenic regions, we arbitrarily defined promoter regions as 3 kb
upstream of the transcriptional start site of the gene and intergenic regions as unannotated
regions in the genome. Analysis and design of CLIP-sequencing experiments Alignments
to our EJDB were also done using the same alignment algorithm and mapping
requirements, with the added requirement that reads map at least 4nt across the exon-

exon junction.

Evaluation of differential gene expression

Differentially expressed transcripts were identified by enumerating the number of
reads that mapped within the spliced mRNA transcript in untreated and hormone-treated
cells, using the total number of reads mapped to exons in each condition as a basis for
determining significance by the y2 statistic. The y2 statistic was calculated for genes with
>5 reads in each experimental condition and the value of the y2 statistic was computed
using a 2x2 square with the reads within a particular gene in both conditions on the top
row and the reads not within that gene in both conditions on the bottom row. After the
number of reads mapped in each condition and the statistical significance was

determined, each gene can be plotted as a scatter plot as in Figure 2.



Detection of alternative splicing

Alternative splicing was detected by using reads mapped across exon junctions.
We were able to detect both annotated and novel splice junctions. The type of exon-exon
junction (i.e. constitutive or alternative) was determined based on our aggregate gene
model (see above). False-discovery rate (FDR) was assessed by mapping reads to a set of
“impossible” junctions which were created by reversing the order of exons in the EJDB
(for example if exons 1 and 2 of a particular gene are in the EJDB joined 1- > 2, the

impossible version of this would be the same exons joined in the reverse order, 2- > 1).

Power curve analysis

To establish the depth of sequencing required to examine several transcriptome
features, we devised a method to predict not only the number of reads required to analyze
a particular feature, but also the number of features observable at that sequencing depth.
Reads were randomly sampled into subsets representing 10%, 20% etc. of the total
number of sequence reads available using custom perl scripts. These were aligned as
described above and the number of features detected was assessed. To determine the
number of sequence reads required to reach a user-defined threshold for saturation, the
percentage change in discovering additional features was determined as follows:

T(n)=sn

C(n) = [F(n) = F(n =1/ [F(n —1)]
where T(n) is the number of reads, s is the sampling size (in our case, 2 million reads), n
is a constant multiplier, C(n) is the empirical change in number of features detected, and

F(n) is the number of empirical features detected at n. A scatter plot of C(n) to T(n) was
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fitted with a power curve of the form ¢(n) = a x T(n)” and an exponential curve of the

form c¢(n) = ae”™™:

where c(n) is the change estimated by the curve fitting. The equation
that had the best fit, indicated by r2, was used to extrapolate the tag density required to

achieve a defined change in the number of features detected. The number of estimated

features was calculated by

S Fi =14 =1 x 6
fn= =

where m is user-defined (in our case, m = 6). This will compute the predicted number of
features observable based on observed change in feature detection, extrapolated from an
area in the middle of the curve. Figure 3 depicts one such fitted curve.

These calculations can be done easily using the "Data Analysis" toolpack for
Microsoft Excel. An example worksheet that calculates features using data from three
independent samplings (labeled X, Y, and Z) can be downloaded from

http://gonzo.ucsd.edu/yeolab/PUBLIC_RESOURCES/EXAMPLE .xls

METHODS
Double-random priming method
The bench-ready protocol is described as follows:
Reverse Transcription
1. Add 1 ul Adaptor 1 to 10 pg-5 ug of total RNA, 1 ul ANTP mix, and RNase-free water
to 13 ul per reaction.
2. Heat mixture to 65° C for 5 minutes and incubate on ice for at least 1 minute.

3. Add 4 ul RT-bufter.
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4. Incubate at 50° C for 30-60 minutes.

5. Add water to 100 ul and inactivate the reaction by heating at 70° C for 15 minutes.

6. To remove the free biotin-labeled oligos, add 500 ul of Qiagen PCR purification buffer
before transferring mixture to a Qiagen purification column. Wash the Qiagen column
once with binding buffer and twice with wash buffer. Elute with 50 ul of Qiagen elution
buffer to a clean tube.

1st Primer Blocking and Random Primer Extension Reaction

1. Transfer the eluted solution to PCR tubes. Add 15 ul terminal transferase buffer, 3ul
ddNTP mix and DI water to 150 ul. Add 2 ul terminal transferase enzyme.

Incubate at 37° C for 1 hour.

2. Add EDTA to 20 mM.

3. Add 5 ul beads and incubate at room temperature for 20 minutes. Collect the beads
with a magnetic stand and discard the supernatant. Remove the tubes containing beads
from the magnetic stand. Wash the beads with 100 ul NaOH solution by pipetting gently
up and down onto the beads. Incubate 5 minutes at room temperature.

4. Collect the beads with the magnetic stand and wash with DI water twice removing
tubes from magnetic stand between washes.

5. Off the magnetic stand, add 1 ul Adaptor 2 to the beads, 5 ul PCR buffer, 1 ul dNTPs,
add DI water to 49 ul. Add 1 ul Taq DNA polymerase (5U).

6. Incubate at 25° C for 1 hour. Heat to 72° C for 30 seconds and then raise the
temperature to 75° C for 5 minutes. Add EDTA to 10 mM to stop the polymerization

reaction.
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7. Collect the beads and wash the beads twice with 150 ul wash buffer, removing tubes
from magnetic stand during washes.

8. On the stand, add 20 ul water and heat for 5 minutes at 95° C. Collect eluate from the
beads containing the extended DNA.

9. Amplify the extended DNA with PCR using Solexa adaptors 1 and 2 as primers
(without poly(T)+or N(8)).

10. Run the library on an agarose gel and excise the band corresponding to 75-125nt. Gel
extract the band to elute DNA library.

11. Quantify DNA using PicoGreen or quantitative PCR prior to sequencing.
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Notes:
1. Ensure that the beads do not dry out throughout the protocol.
2. Ensure that the area used to perform experiments with RNA are free of

RNAase contaminants.

3. Check the quality of adaptors by running them on an agarose gel (there should
be one band) and be sure that they are PAGE-purified.

4. When washing beads on the magnetic stand, it is useful to spin the tubes in

the stand to get them to transfer from one side of the tube to the other, the beads

tend to stick to the wall of the tube and this makes washes faster and more thorough.
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Figure 1. Cartoon depicting construction of an aggregate gene model.

Exons are depicted as boxes labeled as either Internal (I) or First (F) or Last (L). Region
classifications are listed on the bottom of the schematic. Classifications of splicing were
defined as follows: OV (overlap), SE (skipped exons), ASE/3E (alternative 5'/3' exons),
CE (constitutive exons), MXE (mutually skipped exons),IRE (intron retentions).
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Figure 2. Digital analysis of androgen-regulated gene expression in LNCaP cells.

Scatter plot of gene expression in mock-treated and DHT-induced cells. Differential
expressed genes were labeled red based on x2 (P < 0.01).
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Figure 3. Curve fitting the change in the number of exons and splice junctions detected
against increasing tag densities.

Dashed line indicated exponential curve; solid line indicated power curve. Decline in the
rate of identifying additional exons as a function of increasing tag density.
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CHAPTER 3 - COMPREHENSIVE DISCOVERY OF ENDOGENOUS

ARGONAUTE BINDING SITES IN CAENORHABDITIS ELEGANS

ABSTRACT

MicroRNAs (miRNAs) regulate gene expression by guiding Argonaute proteins
to specific target mRNA sequences. Identification of bona fide miRNA target sites in
animals is challenging because of uncertainties regarding the base-pairing requirements
between miRNA and target as well as the location of functional binding sites within
mRNAs. Here we present the results of a comprehensive strategy aimed at isolating
endogenous mRNA target sequences bound by the Argonaute protein ALG-1 in C.
elegans. Using cross-linking and ALG-1 immunoprecipitation coupled with high-
throughput sequencing (CLIP-seq), we identified extensive ALG-1 interactions with
specific 3’ untranslated region (UTR) and coding exon sequences and discovered features
that distinguish miRNA complex binding sites in 3" UTRs from those in other genic
regions. Furthermore, our analyses revealed a striking enrichment of Argonaute binding
sites in genes important for miRNA function, suggesting an autoregulatory role that may

confer robustness to the miRNA pathway.

INTRODUCTION

miRNAs function as ~22-nucleotide (nt) RNAs that target messenger RNAs
(mRNAs) for degradation or translational repression (Bartel, 2009; Chekulaeva and
Filipowicz, 2009). A single miRNA can potentially repress hundreds of genes by binding

with partial sequence complementarity to mRNAs (Lim et al., 2005; Sood et al., 2006).

18
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By combinatorial regulation of thousands of genes, the miRNA pathway critically
influences many developmental programs as well as cellular homeostasis, the disruption
of which leads to human disease. Thus, an outstanding challenge has been to distinguish
biologically relevant miRNA-target interactions. To date, identification of miRNA target
sites has been dependent largely on computational methods that have limited capability
for predicting specific and physiologically relevant targets. Addressing this need, several
studies have reported biochemical approaches to isolate targets by immunoprecipitation
of miRNA effector complexes containing miRNA-mRNA duplexes (Beitzinger et al.,
2007; Easow et al., 2007; Hendrickson et al., 2008; Karginov et al., 2007; Zhang et al.,
2007; Zhang et al., 2009). Despite reduction of the search space for miRNA target sites
from within all transcribed genes to a subset of immunoprecipitated RNAs, the
identification of miRNA binding sequences is still not directly obtained and usually relies
on subsequent computational searches for complementary sites within the precipitated
transcripts. Here we have narrowed the regions recognized by miRNA effector
complexes to approximately 100-nt sequences. The identification and analysis of
sequences directly associated with Argonaute protein in vivo in C. elegans has enabled
the discovery of distinct features related to this core component of the miRNA-induced

silencing complex (miRISC) as well as its interaction with mRNA target sites.

RESULTS
ALG-1 CLIP-seq in C. elegans identifies known miRNA targets.
As miRNAs guide Argonaute proteins to specific complementary sequences in

mRNAs, we applied the CLIP-seq (also referred to as HITS-CLIP) method (Licatalosi et
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al., 2008; Sanford et al., 2009; Yeo et al., 2009) to capture and identify the miRNA and
target-site sequences bound by the miRNA complex (miRISC) in developing worms. A
recent application of this approach in mouse brain resulted in a map of Argonaute binding
sites in this tissue (Chi et al., 2009). C. elegans offers several advantages for applying the
CLIP-seq procedure to detect global Argonaute protein—RNA interactions. A single
Argonaute protein, ALG-1, is largely responsible for miRNA function, and viable alg-1
genetic mutants exist (Grishok et al., 2001). A short but well-established list of miRNA
targets expected to be bound by ALG-1 at discrete positions is available (Abbott et al.,
2005; Abrahante et al., 2003; Chang et al., 2004; Grosshans et al., 2005; Hayes et al.,
2006; Hillier et al., 2009; Johnson et al., 2005; Johnston and Hobert, 2003; Lall et al.,
2006; Lee et al., 1993; Lin et al., 2003; Moss et al., 1997; Reinhart et al., 2000; Slack et
al., 2000; Vella et al., 2004; Wightman et al., 1993; Yoo and Greenwald, 2005). Of these
targets, extensive studies have confirmed that /in-41 is regulated by let-7 miRNA during
the fourth larval (L4) stage via two clustered sequences, /let-7 complementary sites 1 and
2 (LCSI and LCS2) (Reinhart et al., 2000; Slack et al., 2000; Vella et al., 2004). We used
this example to optimize the CLIP-seq method to detect bona fide ALG-1 binding sites
(Figure 4). Synchronized L4-stage wild-type (WT) worms and alg-1(gk214) mutants
(hereafter referred to as alg-1(-)), which lack the anti-ALG-1 antibody epitope sequence,
were treated with UV irradiation to stabilize in vivo protein-RNA interactions (Figure
4a). A custom antibody specific for the C. elegans ALG-1 protein (Figure 4b) was used
to enrich for ALG-1 complexes expected to include miRNA and target RNA species.
Immunoprecipitated complexes were processed for isolation of sequences protected by

ALG-1 protein from nuclease digestion.
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We obtained 3,864,848 and 5,127,241 reads from WT and alg-1(—) CLIP-seq
libraries, respectively, out of which 1,651,523 (42.7%) and 695,895 (13.6%) mapped
uniquely to the repeat-masked C. elegans genome (Figure 5a). Using MIResque, a
microRNA prediction algorithm designed to analyze small-RNA reads obtained from
high-throughput sequencing (S. Aigner and G.W. Yeo, unpublished data), 136 previously
reported miRNAs, 37 of which represent the ‘star’ strand, and 1 novel miRNA gene were
identified in the WT library (Figure 4). Heterogeneity in the terminal sequences, which
primarily consisted of lost nucleotides from the 3’ ends, could be due to the cloning
method, but in two cases we found base additions to the 5’ ends that altered the seed
sequence. Identification of the distinct pool of miRNAs bound to ALG-1, which included
a large number of star sequences, enabled selective analysis of pairing capacity between
miRNAs and mRNA sequences associated with ALG-1 at the stage of sample collection.

To correctly assign CLIP-seq reads to authentic transcribed regions, we
reannotated the 5’ and 3’ untranslated regions (UTRs) of gene loci using publicly
available 36-bp reads obtained from high-throughput sequencing of poly(A)-selected
cDNA libraries from the L3 and L4 stages of C. elegans larval development (Hillier et
al., 2009). Reads that mapped upstream and downstream of currently annotated genes
were used to redefine the 5" and 3" UTRs. In total, the 5" and/or 3’ ends of 8,231 genes
(40% of genes in the genome) were reannotated by our analysis. The median (average +
s.d.) lengths of bases extended for 5’ and 3" UTRs are 56 (391 + 621) and 215 (543 +
700) nt, respectively. This substantial change in the landscape of C. elegans gene
predictions was important for defining the genic location of ALG-1 binding sites and for

choosing control sequences for computational analyses (see below).
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To distinguish authentic and specific ALG-1 binding sites, we developed a new
version of our CLIP-cluster identification algorithm (Yeo et al., 2009). Briefly, for each
of the three biological replicates of the ALG-1 CLIP-seq experiments (WT or alg-1(-)),
we first defined ‘regions’ in each gene by extending the sequencing reads to account for
the length of the RNA fragments in our CLIP libraries (Figure 5a). To retain biologically
reproducible regions while accounting for the different number of sequenced reads in
each replicate library, we weighted regions that overlapped across replicate experiments
by the fraction of reads in the region relative to all the reads in that experiment mapping
within the gene. Regions that passed our stringent threshold corresponded to being
reproducible in at least two of three replicate experiments (see Methods). Reads within
accepted regions were further integrated from replicates to form a ‘cluster’, and clusters
containing more reads than statistically expected were kept for further analyses. Finally,
clusters that overlapped by at least 25% between WT and alg-1(—) were removed as
potential sources of false positives, such as reads from highly abundant rRNA and
protein-coding genes (see act-5 gene in Figure 5b).

In total, 5,310 WT and 826 alg-1(—) clusters were identified, 4,806 of which were
unique to WT (Figure 5a), representing 3,093 genes, approximately one-fifth of the
annotated C. elegans protein-coding genes expressed at this stage in development. Over
half of these genes contained a single cluster (Figure 5c). The CLIP-seq results provided
a significantly refined and biologically based dataset for identifying miRNA target sites
and studying ALG-1 binding properties. Compared to the entire transcriptome, 3" UTRs
only, or 3' UTRs of mRNAs from miRISC immunoprecipitates, we greatly reduced the

search space for functional regions, by a factor of 47, 20 or 5, respectively (see Methods



23

for calculation). The tracks for the reannotated gene regions, WT and alg-1(—) reads and
clusters are available at the UCSC genome browser (http://genome.ucsc.edu) under
‘ALG1 CLIP-seq’ within the ‘Regulation’ section in the ce6 genome.

Isolation of sequences containing well-established miRNA target sites
demonstrates the sensitivity of the ALG-1 CLIP-seq method. Extensive genetic and
reporter gene experiments have pointed to LCS1 and LCS2 in the /in-41 3" UTR as
critical sequences for miRNA regulation of this gene (Reinhart et al., 2000; Slack et al.,
2000; Vella et al.,, 2004). Our ALG-1 CLIP-seq results identified a series of reads
forming a significant cluster that maps directly on top of the closely spaced LCS1-LCS2
region (Figure 6a). Notably, regulation of /in-41 by let-7 miRNA results in substantial
mRNA degradation (Bagga et al., 2005). Thus, the detection of /in-41 by ALG-1 CLIP-
seq demonstrates the sensitivity of this method for detecting miRNA targets regardless of
regulatory mechanism. The first discovered miRNA target, /in-14, is regulated by lin-4
miRNA via multiple 3 UTR complementary elements (LCEs)(Lee et al., 1993;
Wightman et al., 1993). We identified three significant clusters that encompass the
proposed LCEs 1-3, 5, and 67, respectively (Figure 6b). Another cluster, toward the end
of the /in-14 3' UTR, is consistent with evidence that this gene is also regulated by other
miRNAs (Chendrimada et al., 2007; Reinhart et al., 2000). Multiple /et-7 binding sites
have been predicted to mediate regulation of Abl-1 and daf-12 (Abrahante et al., 2003;
Grossman et al., 2005; Lin et al., 2003), and clusters cover a select few of the LCSs in the
3" UTRs of these genes (Figure 6c,d). Thus, ALG-1 CLIP-seq provides direct
biochemical evidence for predicted miRNA target sites and reveals regions of greater

relative occupancy by miRISC within a regulated 3’ UTR.
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Of 13 well-established miRNA target genes in C. elegans, all but 3 were found to
contain at least one significant 3’-UTR cluster (Table 1). Moreover, the clusters include
the cognate miRNA target site for 9 of these 10 genes. The majority of these miRNA
target genes were also found to be enriched in ALG-1 interacting proteins 1 and 2 (AIN-1
and AIN-2, members of the GW182 family of proteins) immunoprecipitation experiments
(Zhang et al., 2007). Beyond showing miRISC association with specific endogenous
mRNAs, the ALG-1 CLIP-seq dataset contributes nucleotide-level resolution of the

actual target region (Table 1 and Table 2).

Genomic and sequence properties of ALG-1 binding sites.

Although most genetic and computational studies support a bias for the location
of miRNA target sites in 3’ UTRs, functional interaction of miRISC at other genic
positions has also been demonstrated (Bartel, 2009; Duursma et al., 2008; Miranda et al.,
2006; Shen et al., 2008; Tay et al., 2008). To study the global distribution of ALG-1
binding in C. elegans protein-coding genes, we mapped the positions of clusters relative
to the length of targeted mRNAs. We observed a distinct profile of CLIP-derived cluster
(CDC) occupancy proximal to the 3’ ends of spliced mRNAs from WT but not alg-1(-)
worms (Figure 7a). Notably, the frequency of clusters throughout the composite gene
model was higher in WT than in alg-1(—) worms, showing that ALG-1 binding extends to
other genic regions (Figure 7a). Furthermore, the CDC distribution, as a percentage of 3'-
UTR length, was not enriched proximal to the stop codon or poly(A) sites, in contrast to
the bias for predicted miRNA target sites residing near either end of mammalian 3’

UTRs1 (Figure 7b). In fact, the fraction of clusters that mapped a given distance from the
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stop codon largely mirrored the distribution of 3’-UTR lengths in C. elegans (Figure 7).
In total, 1,656 (34.5%) of CDCs were located in 3’ UTRs, 2,473 (51.5%) in coding exons,
602 (12.5%) in introns and 75 (1.6%) in 5" UTRs.

To characterize the sequence properties of ALG-1 binding sites, we subjected
CDCs and a control set of random derived clusters (RDCs) to a battery of computational
analyses. In order to perform as equitable a comparison as possible, we minimized biases
due to GC content, evolutionary conservation, genic region and length of the bound
region when selecting RDCs (Figure 8a,b). Furthermore, RDCs were selected from genes
depleted of ALG-1 binding sites. Caveats of this approach are that a chosen RDC may
actually be bound by ALG-1 at a different developmental stage or that the target mRNA
may be present at such low abundance that it is not detected. Our ability to detect the /in-
41 LCS1-LCS2 region (Figure 6a and Figure 4c) despite strong downregulation of this
mRNA at the L4 stage33 suggests that this second point is a minor issue. In spite of the
potential limitations for assigning RDCs, our results corroborate expected properties and
identify new features associated with miRISC binding to endogenous sequences (CDCs)
on a global scale.

Preferential evolutionary conservation is a common feature used to predict
miRNA target sites (40—42). Indeed, we observed substantially higher conservation levels
within CDCs compared to RDCs in 3" UTRs (Figure 10a) and a similar trend for coding
exon and intron regions (Figure 1la). Also, consistent with the observation that
functional miRNA target sites are frequently located in RNA sequences of higher
accessibility (in other words, less secondary structure) (Hammell et al., 2008; Kertesz et

al., 2007; Long et al., 2007; Robins et al., 2005; Zhao et al., 2005), the ALG-1-bound
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regions (CDCs), as well as the 100-nt upstream and downstream flanking sequences,
were significantly more accessible than RDCs in the 3’ UTRs (P < 10—10) (Figure 10b).
However, this was not true for CDCs in the other genic regions (Figure 11b). It has also
been suggested that a high local AU content is responsible for the more accessible 3’
UTR sites targeted by miRNAs (Baek et al., 2008; Grimson et al., 2007). Thus, we
analyzed the nucleotide composition within and 100 nt upstream and downstream of 3’
UTR CDC:s to search for motifs statistically enriched relative to RDCs. Unexpectedly, the
ten most enriched 5- to 7-mers in 3’ UTR CDCs and their flanking regions are almost
exclusively composed of CU nucleotides (P < 10°%), revealing alternative sequence
elements that may mediate miRNA—ALG-1 target recognition and regulation in C.
elegans (Figure 10c). Moreover, this striking pattern was not associated with CDCs from
5" UTR, coding exon or intron regions (Figure 11c) or with clusters from alg-1(-)
animals, indicating that the CU-rich motifs are a specific characteristic of ALG-1-bound
regions in 3' UTRs.

Multiple computational prediction methods and extensive reporter validation
assays point to the miRNA ‘seed’ (defined as perfect pairing between miRNA bases 2—7
and the target site) as a primary determinant for specific target recognition (Brennecke et
al., 2005; Krek et al., 2005; Lewis et al., 2005; Lewis et al., 2003). Indeed, the top ten
most highly cloned miRNAs in our immunoprecipitations have significantly more
frequent seed pairs within the 3'-UTR CDCs than do the least-cloned miRNAs (P <
0.0045; Figure 12a), and this general trend was also observed when all cloned miRNAs

were analyzed (Figure 12b). To globally assess whether the seed or any other mature
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miRNA region showed enriched pairing capacity to CDCs, we used the complete set of
miRNAs associated with ALG-1 in our experiments (Table 2).

. We calculated the number of conserved hexamers present in CDCs that have
perfect complementarity to regions within cloned mature miRNAs or have one conserved
G<U wobble pair (Figure 10d—g). Our analysis shows that a statistically significant (P <
107%) number of conserved hexamers from 3'-UTR CDCs were complementary to bases
1-6, 2—7 and 3-8 of miRNAs compared to controls: conserved RDC hexamers paired to
miRNAs or CDC hexamers paired to scrambled miRNAs. We observed the strongest
signal for bases 2—7 (seed), with the allowance of one G+U pair generating the highest
number of sites within the 3’-UTR clusters (Figure 10d). This trend was not observed for
CDCs in the other genic regions (Figure 10e and Figure 12). Unexpectedly, CDCs within
coding exons showed statistically significant pairing to the central region of miRNAs (P
< 10°%) (Figure 10e). We extended our analysis to include not only perfect conservation
with or without GeU pairs but also cases in which there would be a Ge U pair in one of
the two Caenorhabditis species but a perfect match in the other species (GeU and G-C,
respectively, ‘semiconserved hexamers’) (Figure 12). This enabled us to assess the
specific contributions of conservation of sequence versus pairing capacity to the patterns
of miRNA complementarity to sites in CDCs. Overall, perfect conservation coupled with
one G+U contributed most substantially to the pairing capacity of miRNAs to 3’-UTR and
coding-exon CDCs. The percentage of 3-UTR clusters containing a perfectly conserved
seed match allowing zero and only one G+U base pair was 55% and 63%, respectively, in

comparison to 30% and 41% in RDCs (P < 10°*). These results indicate that, although
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seed pairing is an important determinant of miRNA-mRNA interaction in the 3" UTRs,
other pairing conformations may contribute significantly to ALG-1 binding in vivo.

We also analyzed the pairing capacity of the archetypical miRNAs let-7 and lin-4
within 3’-UTR CDCs (Figure 10f,g). Despite the caveat that a number of these CDCs
may not be targeted only by /let-7 or lin-4, we observed a strong pairing capacity for the
let-7 seed at positions 2—7. Unexpectedly, we observed a significant enrichment for
pairing at positions 14—19 when allowing a single G*U base pair at the 3’ end of the let-7
miRNA (Figure 10f). Notably, /in-4 also showed significant 3’ base-pairing at the same
positions, but the strongest signal at the 5’ end of the miRNA was at positions 4-9
(Figure 10g). The ability of /in-4 to base-pair with potential target sites at positions other
than the canonical 2—7 may indicate that individual miRNAs show specific pairing

preferences with different outcomes for gene regulation.

Expression and functional biases of ALG-1 mRNA targets.

Regulation by miRNAs can result in substantial degradation of target mRNA
levels or translational repression with little, if any, mRNA destabilization (Chekulaeva
and Filipowicz, 2009). Given that the overwhelming majority of clusters reside in the 3’
UTR and coding exons, we sought to investigate whether the location of clusters affects
mRNA levels. To test whether genes bound by ALG-1 at the 3" UTR and coding exons
were subject to regulation at the mRNA level, we performed microarray experiments
comparing WT to alg-1(—) L4-stage worms. Consistent with previous reports that miRNA
regulation can result in substantial target-mRNA degradation in C. elegans (Bagga et al.,

2005; Ding and Grosshans, 2009), lin-41, lin-14, lin-28 and many other established
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miRNA targets were upregulated in the alg-/(—) mutant worms (Appendix 1 and Table
2).

. Notably, genes containing 3’-UTR clusters were strongly upregulated in alg-1(-)
mutants compared to genes that had no ALG-1-bound sites (Figure 14a). In contrast, no
relationship was detected between mRNA expression levels and genes with clusters in
coding exons (Figure 14a). These findings suggest that the mechanism of target
regulation may be different for genes with ALG-1 binding sites in 3' UTRs versus coding
exons.

We next asked if genes with ALG-1 binding sites or expression changes in alg-
1(—) compared to WT worms were enriched (P < 0.05) in particular functional classes
based on the “Topomap” categories, which group co-regulated genes from extensive
microarray datasets (Kim et al.,, 2001). Notably, several functional categories were
distinctly associated with genes that contained CDCs in 3" UTRs versus coding exons and
were up- or downregulated in alg-1(—) mutants (Figure 14b). For example, genes
belonging to the functional classes “Protein kinases” and “Cell biology” are enriched for
containing 3-UTR CDCs and being upregulated in alg-1(—) worms. Genes in the
“Histone” category are also associated with upregulation but tend to have CDCs in their
coding exons. This difference in locality of miRNA binding may be related to the
typically short and nonpolyadenylated status of histone mRNAs (Dominski and Marzluff,
2007). Some functional categories included genes with CDCs in the 3" UTR and coding
exons and/or up- and downregulated genes. The overlap in categories is not surprising
given the large fraction of genes with ALG-1-bound regions and the likely widespread

direct and indirect effects on mRNA expression by the miRNA pathway. Our results
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reveal biological pathways targeted in vivo by ALG-1 in developing worms and indicate

that some gene categories tend to be differentially bound and regulated by ALG-1.

miRNA pathway genes are enriched in ALG-1 targets.

During our analyses of categories of genes bound by ALG-1, we discovered a
strong enrichment for genes implicated in the miRNA pathway. CDCs in the 3’ UTR in
the alg-1 gene indicate autoregulation of this core miRNA factor (Figure 14c).
Additionally, significant clusters were identified in the 3’ UTRs of ain-1 and ain-2, and
mRNA levels of these genes and of the alg-/ homolog alg-2 were found to be
upregulated in alg-1(—) worms (Table 3). The potential cross-regulation of these miRNA
effector genes may explain the nonlethal phenotype associated with loss of any single one
of these genes (Grishok et al., 2001; Zhang et al., 2007). To investigate the extent of
ALG-1 regulation of miRNA pathway genes, we analyzed two published lists of genes
specifically connected to miRNA function by proteomic and genetic evidence (Dominski
and Marzluff, 2007; Zhang et al., 2007). We observed that this network of miRNA
pathway genes showed statistically significant enrichment in ALG-1 CDCs (30 out of 39
genes identified by proteomics and 15 out of 44 identified by genetics), compared to an
expectation of ~16% (P < 107*; Table 3). We speculate that cross-regulation of these
genes may confer robustness to the miRNA pathway by relaxing repression of miRNA

cofactors to compensate for insufficiencies in major components such as ALG-1.
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ALG-1-bound regions as a resource for miRNA target predictions.

A number of different algorithms (mirWIP, rna22, PicTar, TargetScan, PITA and
miRanda) are available for predicting miRNA target sites in C. elegans genes (Dominski
and Marzluff, 2007; Hammell et al., 2008; Kertesz et al., 2007; Lall et al., 2006; Miranda
et al., 2006; Ruby et al., 2006). Most of these prediction methods use a common set of
criteria (seed, conservation and energy requirements), except for PITA, which does not
require conservation, and rna22, which uses a different set of parameters. Because
predictions are typically available for 3'-UTR sequences, we assessed the ability of these
methods to detect predicted miRNA target sites within the ALG-1-bound 3'-UTR CDCs
(Figure 15, tracks for the predicted sites from these algorithms are available under ‘ALG1
CLIP-seq’ within the ‘Regulation’ section in the ce6 genome). Although 93% of the 3'-
UTR CDCs contained a miRNA target site predicted by at least one of the algorithms
(1,539 CDCs), only 3% of the CDCs had at least one site predicted by all 6 programs (52
CDCs). As an example, five of the six target prediction programs list potential miRNA
target sites, largely disparate in both location and number, in the alg-1 3' UTR (Figure
14c); our results narrow the regions recognized and bound by ALG-1 in vivo at the
specific developmental stage tested. The prominent disparity among prediction methods
has been previously noted (Hammell et al., 2008) and emphasizes the value of the ALG-1

CLIP-seq as a tool to improve miRNA target identification.

CONCLUSIONS
We present a global snapshot of an endogenous miRISC RNA binding profile in

whole animals. We demonstrate that binding of the core miRNA effector protein
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Argonaute is strongly enriched at the 3’ ends of transcripts, although substantial numbers
of CDCs also reside within the 5" UTR, coding exonic and intronic regions of genes as
well. A striking signature of the ALG-1-bound 3-UTR CDCs emerged: the regions
showed greater sequence conservation and accessibility, they contained and were flanked
by CU-rich motifs, they were enriched for sequences complementary to the 5’-end seed
regions of miRNAs and they were associated with upregulation of mRNA expression in
the alg-1(-) mutant background. Although some of these characteristics were shared with
clusters in other genic regions, the marked overall differences in 3’ UTR versus other
regions suggests that separate rules may regulate ALG-1 binding to distinct positions
within an mRNA. The importance of context could underlie the conflicting conclusions
that have been drawn about the ability of miRNAs to target different regions in mRNAs
(Gu et al., 2009; Kloosterman et al., 2004; Lytle et al., 2007) and, in some cases, the
failure of reporter assays to demonstrate miRNA regulation of genes bound and regulated
by alg-1 (see Table 2).

. In addition to providing a map of ALG-1 interaction sites for the C. elegans
protein-coding genes potentially under miRNA regulation in late larval development (see
Figure 15 and Methods), compared to previously available methods our strategy
substantially reduced the search space by factors of 5, 20 and 47 for identifying direct
miRNA target sites. Although we detected a strong signal for pairing to the miRNA seed
region in 3-UTR ALG-1-bound sites, ~40% of the ALG-1 clusters lacked conserved
seed pairing capacity, indicating that more flexible base-pairing rules may guide a large
fraction of miRNA target recognition in vivo. Furthermore, the observation of different

patterns for let-7 or lin-4 miRNA paired to sites within ALG-1-bound sequences raises
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the possibility of individual miRNA pairing rules. The discovery of miRNA pathway
genes as an exceptional class of genes bound and regulated by endogenous alg-1 suggests
that cross-regulation of miRNA cofactors contributes substantially to this essential
posttranscriptional control mechanism. In conclusion, our analyses and data provide a
framework and a rich resource for understanding in vivo miIRNA-mRNA interactions in a

context-specific manner.

METHODS
Accession codes
Microarray CEL files have been deposited at the Gene Expression Omnibus

database repository under accession number GSE19138.

Cross-linking and immunoprecipitation coupled to sequencing

For three independent experiments using WT and alg-1(—) worms, we harvested
approximately 40,000 L4-stage worms and irradiated them with UV-B (3 kJ m%). We
lysed the irradiated worms by sonication. For the immunoprecipitation, we used a custom
antibody and performed the rest of the CLIP-seq method essentially as described (Yeo et

al., 2009). Each step of the protocol as we applied is described below.

UV Irradiation and Lysis. For three independent experiments using WT and alg-
1(-) worms, approximately 40,000 staged L4 worms were harvested and irradiated with
UV-B (3kJ/m®) in 100 mm plates using the Spectrolinker XL-1000 (Spectronics
Corporation). The irradiated worms were lysed by sonication in Homogenization Buffer

[100mM NaCl (Fisher Scientific), 25mM HEPES (Sigma), 250uM EDTA (Fisher
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Scientific), 2mM Dithiothreitol (DTT) (Fisher Scientific), 0.1% NP-40 (Amersham
Biosciences), 24units/ml RNAsin (Promega) and Protease Inhibitors (Complete Mini,
Roche)]. Sonication was performed using the Sonic Dismembrator Model 100 (Fisher
Scientific) with five 10-second pulses (18 watts RMS output power). Lysates were
centrifuged at 16,000g for 15min at 4°C and supernatants were collected. Protein
concentration of the lysate supernatants was adjusted to 1mg/ml.

Immunoprecipitation. Protein G Sepharose beads (GE Healthcare) were washed
3 times with the Homogenization Buffer with gentle shaking and centrifugation for 30sec
at 1,000g. Lysates were pre-cleared with 50ul of beads (100ul of 50:50
beads/Homogenization Buffer) for 1h at 4°C, centrifuged at 1,000g for 30 sec, and the
supernatant was incubated with anti-ALG-1 antibody [7ug of antibody for 1ml of protein
lysate (1mg/ml)] overnight at 4°C with gentle shaking. 50ul of beads (100ul of 50:50
beads/Homogenization Buffer) were added the next day and incubated for 1h at 4°C with
gentle shaking. The beads were collected with centrifugation and washed: 1) twice with
Wash Buffer [1X PBS (20 mM Tris HCI, pH 7.4, 137 mM NaCl), 0.1% sodium dodecyl
sulfate (SDS, Fisher Scientific), 0.5% sodium deoxycholate (Fisher Scientific), and 0.5%
NP-40], i1) twice with High Salt Wash Buffer [5X PBS, 0.1% SDS, 0.5% sodium
deoxycholate, and 0.5% NP-40] and 1ii) twice with Polynucleotide Kinase Buffer (PNK
Buffer) [SOmM Tris-Cl pH 7.4 (Fisher Scientific), 10mM MgCl, (Fisher Scientific) and

0.5% NP-40].

Fragmentation of the RNA tag. Trimming of the RNA tag was performed by

Micrococcal Nuclease treatment. Beads were incubated with 500ul of MN Reaction
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Buffer [SOmM Tris-Cl pH 7.9, SmM CaCl, (Fisher Scientific) containing Ing of
Micrococcal Nuclease (NEB) for a total of 10 min at 4°C with intermittent shaking on a
Thermomixer R (Eppendorf) (1200rpm for Imin and then 1200rpm for 15 sec every 3
minutes). The beads were then washed with ice-cold buffers: 1) twice with PNK+EGTA
Buffer [S0mM Tris-Cl pH 7.4, 20mM EGTA (Fisher Scientific) and 0.5% NP-40] in
order to inactivate the Micrococcal Nuclease activity, ii) twice with Wash Buffer and iii)

twice with PNK Buffer.

Alkaline Phosphatase Treatment. The 3’ phophoryl group of the fragmented
RNA tag was removed by Alkaline Phosphatase. The beads were incubated for 10
minutes at 37°C in the Thermomixer with intermittent shaking (1200rpm for 15sec every
3 min) in an 80ul 1X NEB Buffer 3 solution containing 30 units of Calf Intestinal
Phosphatase (NEB). The beads were then washed: i) twice with PNK+EGTA Buffer to
quench the phosphatase activity, ii) twice with PNK Buffer and finally iii) twice with
0.1mg/ml Bovine Serum Albumin (BSA, NEB) solution to increase the efficiency of the

following ligation reaction.

3" RNA Linker Ligation. The RNA linker 5'-UCG UAU GCC GUC UUC UGC
UUG-3' with a puromycin modification at the 3' end (PAGE purified, Dharmacon) to
avoid self-circularization was linked to the mRNA/miRNA present in the ALG-I
complexes by the T4 RNA Ligase (Fermentas). The RNA linker is compatible with the
[llumina 1G sequencing system. 160 pmoles of the linker were added to the beads in a

80ul reaction according to the manufacturer’s instructions and allowed to incubate
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overnight at 16°C with gentle shaking (1300rpm every S5min for 15 sec in the

Thermomixer).

Polynucleotide Kinase Treatment. The 5' hydroxyl of the RNA tag due to the
Micrococcal Nuclease activity was converted to a 5° phosphoryl group by Polynucleotide
Kinase. The beads were washed three times with PNK Buffer and incubated in 80 ul PNK
Buffer (NEB) with 40 units of T4 PNK enzyme (NEB) in the presence of P*2-g-ATP
(ImCi). The samples were incubated for 10min at 37°C with intermittent shaking
(1000rpm every 4 min for 15 sec). Cold ATP was added to the reaction at a final
concentration of 1.25mM and incubated for five additional minutes. The reaction was

terminated with three washes of PNK+EGTA Buffer.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis. The ALG-
I/mRNA/miRNA complexes were eluted from the beads by incubation for 10 min at
70°C in Nupage LDS Buffer (Invitrogen) without a reducing agent. Total input and
supernatant controls were also treated the same way. The samples were loaded onto a
native 10% Bis-Tris Gel (Invitrogen) with MOPS SDS Running Buffer (Invitrogen).
Next, the samples were transferred to a nitrocellulose membrane of 0.45um pore size
(Biorad) with Nupage Transfer Buffer (Invitrogen) using a wet transfer apparatus
(Biorad) at 40V for 4h. The membrane was exposed to MS autoradiogram film (Kodak)
and the ALG-1/RNA complexes appeared as a diffused radioactive band at

approximately 150kDa.
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RNA Isolation and Purification. The band corresponding to the ALG-1/RNA
complexes was cut out of the membrane and protein was degraded by Proteinase K
(Invitrogen). 200ul of a 4mg/ml Proteinase K solution in PK Buffer (100mM Tris-Cl pH
7.5, 50mM NaCl, 10mM EDTA) were incubated for 20min at 37°C to deactivate any
RNAses present and was then added to each of the isolated pieces of nitrocellulose
membrane for another 20min at 37°C with rigorous shaking (Thermomixer, 1200rpm).
200ul of a 7M urea solution in PK buffer were added to the samples and incubated for an
additional 20 min at 37°C with rigorous shaking (1000rpm). The samples were then

subjected to phenol/chloroform extraction followed by ethanol precipitation.

5" RNA Linker Ligation and DNAse treatment. RNA was resuspended and ligated
to the Illumina 1G Sequencing system-compatible 5> RNA Linker 5'-AAU GAU ACG
GCG ACC ACC GA-3' that harbors a biotin modification at the 5’ end (Page Purified,
Ambion) to avoid self-circularization. The RNA ligation was performed by T4 RNA
Ligase (Fermentas) in a 10ul reaction according to the manufacturer’s instructions in the
presence of 20pmoles of 5° RNA linker at 16°C and allowed to go overnight. The RNA
samples were subjected to DNase treatment, to eliminate potential DNA contamination,
in an 80ul reaction in DNAse I Buffer (Ambion) and 5units of DNAse I (Promega) for

20min at 37°C followed by phenol/chloroform extraction and ethanol precipitation.

Reverse Transcription Polymerase Chain Reaction (RT-PCR). The ligated RNA
was resuspended and reverse transcribed in a 20ul reaction using Superscript III

(Invitrogen), according to the manufacturer’s instructions, with 20pmoles of P3 Primer
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5’-CAA GCA GAA GAC GGC ATA CG A-3’ [PAGE purified (IDT DNA)]. Polymerase
Chain Reaction was performed using the Phusion High Fidelity Polymerase (NEB) in a
30 ul reaction, following the manufacturer’s recommendations, with 10pmoles of P3 and
P5 [5’-AAT GAT ACG GCG ACC ACC GA-3’, PAGE Purified (IDT DNA)] primers.
The PCR product was analyzed on an 11% PAGE gel (Pasquinelli ef al, 2003), the bands
corresponding to 75-150 nt were isolated and the DNA was extracted with S0mM NaCl
and 10mM Tris-Cl pH 8.0. A fraction of the PCR product was cloned into the sequencing
vector TOPO-4 PCR using the TOPO-cloning kit (Invitrogen) and sequences were

analyzed to verify that that the PCR product did not contain linker concatamers.

Detection of specific mRNA transcripts by PCR

The primers used for mRNA transcript detection after PCR were: for /lin-41 LCS
region, A588 Primer (5’-TAA TAC GAC TCA CTA TAG GGC ACC TCT TTT CCT
CAA ATTG C-3’) and A25 Primer (5°-GAG GCA GAA TGG TTG TAT AA-3’) and for
lin-41 coding region, A261 (5’- TTG C AGC AATC GAT GAA GAC AAC-3’) and

A262 (5°- AGT GGG CCA TGT GCC AAG AAT AG-3’).

Western blot Analysis

The nitrocellulose membrane was blocked with 5% nonfat dry milk in Tris-
buffered saline (TBS)-Tween (T) (20 mM Tris HCI, pH 7.6, 137 mM NacCl, and 0.1%
Tween 20) at 37°C for 1h. The blot was then probed with a polyclonal antibody P0345
(Open Biosystems), in 5% nonfat dry milk-TBS-T at 4°C overnight. The P0345 antibody

was raised against an oligopeptide sequence present only in the ALG-1 protein but not
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the other 26 Argonaute homologs in C. elegans and, thus, specifically recognizes the
ALG-1 protein. The secondary antibody was horseradish peroxidase-conjugated anti-
rabbit IgG (Jackson Imunochemicals) and the nitrocellulose membrane was visualized
using enhanced chemiluminescence reagents (GE Healthcare) followed by exposure to
MS Film (Kodak).
Microarray analysis

We prepared three independent sets of RNA from WT and alg-1(—) worms at the
L4 stage, labeled them as per manufacturer’s instructions (Affymetrix) and hybridized
them to Affymetrix C. elegans gene microarrays. To assign a value for differential gene
expression between the two groups, we computed a ¢-statistic as described befores; to
assign a value for differential gene expression between the two groups, a t-statistic was
computed as in (Yeo et al., 2007b) using the equation:

; _ Uyr = Bprg
WTALG-1 =
\/((nWT - 1)02 + (M6 — 1)02)(nwr +M6.)

(nWTnALG—l)(nWT +6a 2)

where p is the mean expression for n replicate probes with a variance of 6. Using the
equation in this form gives a negative t-statistic for genes that are up-regulated (higher
mean value for u,;. ). Multiple hypothesis testing was corrected by controlling for the
false discovery rate (Benjamini-Hochberg). For the analysis of the relationship between
the presence of ALG-1 binding sites and mRNA expression levels (Fig. 4A) the

Wilcoxon rank-sum test was used.
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Improved UTR annotation

We obtained publicly available stage-specific C. elegans RNA-sequence libraries
from published works., aligned them to the genome of C. elegans and then assigned them
to the composite gene loci, as described in detail below. To control for RNA transcripts
from noncoding and unannotated transcribed regions, we applied a 3-kb cutoff such that
only reads within 3 kb of an annotated gene end could be assigned to the gene.

In summary, genome sequences of C. elegans (ce6) and annotation for protein-
coding genes were obtained from the University of California, Santa Cruz (UCSC)
Genome Browser. Sanger mRNAs and expressed sequence tags were aligned to known
C. elegans genes and known isoforms to generate a composite gene locus. Stage-specific
C. elegans RNA-sequence libraries were obtained from Hillier et al. (Hillier et al., 2009).
Reads from 16 RNA-seq library runs from L3 and L4 stage worms were combined since
our definition of L4 stage worms fell between the time-points for the definitions of L3
and L4 stages used in Hillier et al. (Hillier et al., 2009). The 36 base pair reads were
aligned to genome sequences of C. elegans using bowtie version 0.9.9.2 with options -m
5 -k 5 (Langmead et al., 2009). Genome aligned reads were then assigned to the
composite gene loci with the following rules: reads aligned to a gene locus were assigned
to that gene and any overlapping genes; reads aligned in the intergenic regions between
gene loci were preferentially assigned to the 3' end of the gene(s); reads aligned in the
intergenic regions between annotated 5° ends of gene loci were assigned to the closest
gene. We based the 3' preference rule on the fact that the poly-A selection used in
preparing the RNA-seq libraries resulted in a bias with more reads sequenced from the 3'

end of genes. In addition, the current annotated C. elegans 3'UTRs are significantly
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longer than annotated 5'UTRs (P<0.05, one-tailed t-test). In addition, to control for RNA
transcripts from non-coding and un-annotated transcribed regions, a 3kb cutoff was
applied such that only reads within 3kb of an annotated gene end could be assigned to the
gene. Out of the combined set of 21,416,772 L3 and L4 RNA-Seq reads, 20,047,952 were
assigned to genes. Next, reads assigned to each gene were analyzed to determine if
extension of the annotated 5' and/or 3' gene end was supported by the RNA-seq data. For
each gene, two representative reads from each sequencing run were considered, the one
assigned farthest upstream of the gene and the one assigned farthest downstream.
Considering 5' and 3' ends independently, if reads were assigned past the annotated gene
end in more than half of the sequencing runs, the gene end was extended to the average
location of these reads.
Defining experimentally reproducible regions

We aligned reads from ALG-1 CLIP-seq to the repeat-masked C. elegans genome
(ce6) and extended 50 bases in the 3' direction to account for the size of the gel-extracted
PCR product. Reads that overlapped within and across experiments formed contiguous
‘regions.” We assigned a score to each nucleotide within a region, and we gave more
weight to the region from the experiment with the most reads based on the assumption
that there was a higher likelihood of detecting real interactions, even for weakly abundant
RNAs. After assigning weights to each nucleotide, we considered a region to be
replicated across biological experiments only if at least one of the nucleotides had a score
greater than a user-defined cutoff.

In more detail, for this process after removal of primer adaptor sequences from

the Illumina 1G Sequencing data, the reads from ALG-1 CLIP-seq were aligned to the
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repeat-masked C. elegans genome (ce6) using bowtie version 0.9.9.2 with options -1 25 -
n 3 -e 200 -y -k 10 --best -m 10 -p 4. Reads that were aligned to the C. elegans genome
were extended 50 bases in the 3' direction to account for the size of the gel-extracted PCR
product. Reads in the same strand as our re-annotated gene loci were analyzed as
follows. Reads that overlapped within and across experiments formed contiguous
‘regions.” Each nucleotide within a region was assigned a score, S, = Y13 wWiy; where ¢
was condition wild-type (WT) or alg-1(-) (MT), 1 was the biological replicate experiment
in condition ¢ (3 each), w; was the “weight” associated with the experiment and y; was the
indicator function (1 if the region in experiment i has reads, 0 otherwise). We defined w;
as the number of reads aligned in a given experiment divided by the total number of reads
aligned in all experiments from that condition (WT or MT). This method gave higher
weight to the region from the experiment with the most reads based on the assumption
that there was a higher likelihood of detecting real interactions even for lowly abundant
RNAs. After weights were assigned to each nucleotide, a region was considered
replicated across biological experiments only if at least one of the nucleotides had a score
S. greater than a user-defined cutoff of 0.5, after testing various cutoffs of 0.3334, 0.4,

0.5, and 0.6667.

Computational identification of ALG-1 binding sites

For finding peaks, we considered only the regions that had at least one nucleotide
satisfying the user-defined cutoff within WT or alg-1(-) samples. We calculated
significant peaks by first determining read-number cutoffs using the Poisson distribution.

The Poisson distribution assumes all intervals are independent and have equal probability
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of an occurrence happening. We determined a global and local cutoff by assigning the
cutoff value using the whole transcriptome frequency as the global cutoff and using a
gene-specific frequency for the local cutoff. The gene-specific frequency was simply the
number of reads overlapping a gene divided by the pre-mRNA length of that gene. After
finding these cutoffs, we used a sliding window the size of the interval to determine
where the actual read numbers exceed both the global and local cutoffs. At each
significant interval, we attempted to extend the region by adding in the next read and
recalculating the significance of this new interval. If the probability was still significant,
and the distance between this extension and the previous interval was sufficiently small,
this read was included and the peak width was updated. This extension was empirically
limited to two times the size of the minimal interval. We identified clusters independently
for CLIP-seq performed on WT and alg-1(-) strains. Next, we considered WT clusters
that overlapped with alg-1(-) by 25% either as abundant unbound RNA cloned
independently of ALG-1 interaction or as PCR artifacts and removed these clusters. We
considered WT clusters that did not overlap with alg-1(-) clusters for more than 25% of
their length as bona fide ALG-1-interacting loci and termed them CLIP-derived clusters
(CDCs).

Significant peaks were calculated by first determining read number cutoffs using
the Poisson distribution,

}Lke_A
k!

k) =

where A was the frequency of reads mapped over an interval of nucleotide

sequence, k was the number of reads being analyzed for significance, and f (k;A) returned
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the probability that exactly k reads would be found. For any desired p-value, p-cutoff, a
read number cutoff was calculated by summing the probabilities for finding k or more
tags, and determining the minimum value of k that satisfies i=k such that f(k;\)>p-cutoff.
The frequencyAwas calculated simply by dividing the total number of mapped reads by
the number of non-overlapping intervals present in the transcriptome. The interval size
was chosen based on the average size of the CLIP product, which includes only the
cloned RNA fragments but not any ligated adapters. The Poisson distribution assumed all
intervals were independent and have equal probability of an occurrence happening. A
global and local cutoff was determined by assigning the cutoff value using the whole
transcriptome frequency as the global cutoff, and using a gene-specific frequency for the
local cutoff. The gene-specific frequency was simply the number of reads overlapping
that gene divided by the pre-mRNA length of that gene. After finding these cutoffs, a
sliding window the size of the interval is used to determine where the actual read
numbers exceed both the global and local cutoffs. At each significant interval, we attempt
to extend the region by adding in the next read, and recalculating the significance of this
new interval. If the probability was still significant, and the distance between this
extension and the previous interval was sufficiently small, this read was included and the
peak width was updated. This extension was empirically limited to two times the size of
the minimal interval. We identified clusters independently for CLIP-seq performed on
wild-type (WT) and alg-1(-) mutant (MT) strains. Next, we considered WT clusters that
overlapped with MT by 25% as abundant unbound RNA cloned independently of ALG-1
interaction, or PCR artifacts and removed these clusters. WT clusters that did not overlap

with MT clusters for more than 25% of their length were considered bona fide ALG-1
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interacting loci and termed CLIP-derived Clusters (CDCs). A BED file containing the

genomic coordinates for CDCs will be available after publication.

Assigning CDCs to Functional Genic Regions

After clusters were located to a composite model of gene regions as in (Yeo et al.,
2007a), the genomic coordinates for each CDC were compared to the extended RefSeq
database to determine to which functional genic region the CDC most likely belongs. A
randomly chosen RefSeq gene was used to assign clusters to a functional genic region

based on where the center of the cluster mapped on that randomly-chosen RefSeq gene.

Generation of randomly derived clusters (RDCs)

We divided genes into quartiles based on the number of reads aligned uniquely to
each gene locus. We compared binding sites within genes to ‘background regions’ in
genes expressed within the same quartile. We further divided the transcriptome into
functional regions: 5 UTR, coding exon, intron and 3’ UTR. For each region, we
determined the average evolutionary conservation level by the algorithm PhastConse and
GC content. We then divided each region into quartiles based on their conservation level
and GC content. For each bona fide binding site of length L that is contained within an
unambiguously assigned functional region (see above) of conservation level C and GC
content G, we picked a background binding site at random of length L from the
transcriptome that fell in the same functional region of conservation level C ' and GC
content G ', where C ' and C as well as G ' and G are in the same conservation and GC

quartile, respectively. We implemented controls for C " and G ' on the level of the whole
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genic region. For the determination of motifs and conservation levels for CDCs vs RDCs,
we did not control GC-content or conservation levels, respectively. For further details see
below.

In order to control for gene expression, genes were divided into quartiles based on
the number of reads aligned uniquely to each gene loci. Binding sites within genes were
compared to ‘background regions’ in genes expressed within the same quartile. To
generate sets of background regions comparable to the ALG-1 binding sites in terms of
nucleotide biases and conservation patterns, we further divided the transcriptome into
functional regions — 5'UTR, coding exon, intron and 3'UTR. For each region, we
determined the average evolutionary conservation level (expressed from 0 to 1 as
computed by the algorithm PhastCons (Siepel et al., 2005) and GC content (expressed
from O to 1 as the ratio of #(G+C)/#(A+C+G+T). Each region was then divided into
quartiles based on their conservation level and GC content. For example, a coding exon
can be in the first quartile (0-0.25) in terms of conservation, and in the last quartile (0.75-
1.0) in terms of GC content. For each bona fide binding site of length L that is contained
within an unambiguously assigned functional region (see above) of conservation level C
and GC content G, a background binding site of length L is picked at random from the
transcriptome that falls in the same functional region of conservation level C’ and GC
content G’, where C’ and C, and G’ and G are in the same conservation and GC quartile,
respectively. Importantly, the controls for C’ and G’ are implemented on the level of the
whole genic region (i.e. a whole exon or a whole intron) rather than the randomly
selected portion of that region of length L. A total of 10 independent sets of background

binding sites were generated for each ALG-1 binding site. For the determination of
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motifs and conservation levels for CDCs vs RDCs, we did not control for GC-content or

conservation levels, respectively.

Assessing miRNA-target base-pairing rules

We used all the miRNAs that were sequenced in the WT library in order to
analyze base-pairing to target regions (CDCs) as compared to background regions
(RDCs). We assessed the number of CDC sites complementary to every adjacent position
of each miRNA for two definitions of conservation: (i) ‘exact’ conservation and (ii)
‘semiconservation’ and for two different definitions of ‘binding capacity’: (i) Watson-
Crick base-pairing and (ii) G*U mismatches, allowing a single G<U base pair in a 6-mer
site (see inset in Figure 13). For further details see below.

All miRNAs that were sequenced in the WT library were utilized to analyze base-
pairing to target regions (CDCs) as compared to background regions (RDCs). The
number of CDC sites complementary to every adjacent position of each miRNA was
assessed for two definitions of conservation: (1)“Exact” conservation and (2) “semi-
conservation” (see below) and for two different definitions of “binding capacity”: (1)
Watson-Crick base-pairing and (2) G:U-mismatches, allowing a single G-U base pair in a
6-mer site (see inset in Figure 12). To control for the level of potential binding expected
by the relative stringency of each definition of miRNA binding, mature miRNA

sequences were shuffled and compared to CDCs.
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Prediction of miRNA target sites within ALG-1 bound regions by published algorithms
To compare different miRNA target algorithms, it was necessary to have all of the
target predictions in terms of genome coordinates from the same build of the C. elegans
genome. Six target prediction algorithms were used: (1) TargetScan, (2) PicTar, (3)
mirWIP, (4) ma22, (5) PITA and (6) miRanda. Each algorithm was converted to ce6
genome coordinates as follows: (1) TargetScan (Conserved and Non-Conserved)
predictions are given as 3’UTR coordinates on RefSeq genes, these coordinates were
converted to ce4 genome coordinates using RefSeq gene annotations from the UCSC
genome browser. ce4 genome coordinates were converted to ce6 coordinates using the
liftOver utility from the UCSC genome browser. (2) PicTar predictions are given as ce2
genome coordinates, they were first converted to ce4 genome coordinates then to ce6
genome coordinates using the liftOver utility. (3) mirWIP predictions are given as
relative gene coordinates. These predictions correspond to "final" binding sites that have
passed strict thresholds on sites scores, family scores, and total target scores as defined by
mirWIP [(M. Hammel, personal communication and (Hammell et al., 2008)]. Gene
coordinates are converted to ce4 coordinates using gene annotations from the UCSC
genome coordinates. ce4 genome coordinates were converted to ce6 coordinates using
the liftOver utility from the UCSC genome browser. (4) RNA22 predictions are given as
a predicted targeted gene along with the predicted pairing of miRNA to the target RNA.
To determine the ce6 coordinates, the target RNA sequence was aligned to the ce6
genome using the program BLASTn. (5) PITA all and PITA top predictions are given as
ce6 genome coordinates, no conversion was necessary. (6) Miranda predictions are given

as ce4 genome coordinates. ce4 coordinates were converted to ce6 coordinates with the
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liftOver utility. After all the prediction algorithms were expressed in terms of ce6 genome
coordinates, we analyzed the 3'UTR CDCs for overlap with predicted miRNA target sites

by each of the programs.

Conservation levels

Conservation was determined by parsing with perl scripts the multiz alignments
of the C. elegans (May 2008, ce6) to the C. brenneri (Feb 2008, caePbl) genomes
downloaded from the UCSC genome browser. Unless otherwise stated, aligned
nucleotides were determined to be either perfectly conserved or not and the conservation
of a region was defined as the fraction of bases that are conserved to the length of the
region. For analyses of base-pairing of microRNA sequences to complementary mRNA
sequences, changes between C and U among species were considered conserved because
these changes maintain the capacity to base pair to a G nucleotide in the miRNA. Box-
plots represent the distribution of values as follows: the central mark indicates the
median, the edges of the box are the 25th and 75th percentiles and the whiskers extend to
the most extreme datapoints that the algorithm considers not to be outliers, and the

outliers are plotted individually.

Accessibility
The algorithm RNAplfold from the Vienna RNA package (Bernhart et al., 2006)
was utilized to compute local pair probabilities for base pairs with parameters -u 8§ -W 80

-L 40. Accessibility was represented as the log (base 10) average probability of being
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unpaired within the window. Kolmogorov-Smirnov two-sample test was used to

compare the distributions between CDCs and RDCs.

Calculation of miRNA search space

Identifying a miRNA binding site within the entire C. elegans transcriptome
requires searching T (32,022,560nt), where T is the length of the transcriptome. By
restricting to the 3'UTR regions U (5,309,907nt), where U is the length of all 3'UTRs in
the transcriptome, computational algorithms reduce the search space by ~6-fold (T/U).
ALG-1 immunoprecipitation within a specific stage reduces the search space to Tip
(7,408,519nt) corresponding to ~4-fold reduction (T/ Tip), where Tip is the length of the
immunoprecipitated transcripts. Immunoprecipitation approaches followed by searching
within 3'UTRs (Hammell et al., 2008; Zhang et al., 2007; Zhang et al., 2009) reduces the
search space to Uip (1,341,377nt), where Uip is the length of 3'UTRs from
immunoprecipitated RNAs. This corresponds to reductions of ~6-fold (Tip/Uip) or ~4-
fold (U/Uip). The use of CLIP-seq focuses the search space to TCLIP (676,696nt) and
UCLIP (265,232nt) where TCLIP and UCLIP are the total sizes of CLIP regions in the
transcriptome (including coding exons) and 3'UTRs only. Compared to the entire
transcriptome, the search space is reduced by 47-fold (T/TCLIP). Compared to 3'UTRs,
the search space is reduced by 20-fold (U/UCLIP) Compared to normal
immunoprecipitation approaches, this reduces the search space by ~5-fold (Uip/UCLIP),
while retaining a high sensitivity and specificity for identifying experimentally verified

miRNA targets in worms.
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Generation of C. elegans gene expression map (Topomap)

We compared lists of genes with 3’UTR CDCs, coding exon CDCs, genes up-
regulated or down-regulated in alg-1(-) versus WT worms, and genes that have 3’UTR or
coding exon CDCs and are also up-regulated or down-regulated in alg-1(-) versus WT
worms to the C. elegans gene expression map data (Kim et al., 2001) by uploading these
gene lists to http://elegans.uky.edu/gl/cgi-bin/gl mod.cgi?action=compare2. p-values
used were Holm-Bonferroni corrected probabilities associated with the "representation

factor."

Coincidence of CLIP-seq detected genes and miRNA pathway genes
To determine the significance of co-occurrence of genes detected by ALG-1
CLIP-seq and the genes implicated in the miRNA pathways by Zhang et al, 2007 and

Parry et al, 2007 a Z-score was computed by the following:

-4
(o2

where y is the number of genes that were detected by both CLIP-seq and either Zhang et
al or Parry et al, u is the mean number of genes that match either Zhang et al or Parry et
al from a randomly selected, equally sized set of genes the same length as the real
number of CLIP-seq, over 1000 iterations and o is the standard deviation of these 1000

iterations. P-values were derived from the Z-distributions.
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FIGURES

Figure 4. Key steps of the ALG-1 CLIP-seq protocol.

(a) Outline of the experimental approach: 1) stabilization of ALG-1/RNA interactions
with UV irradiation in vivo, i1) immunoprecipitation of the ALG-1/RNA complexes iii)
trimming of the ALG-1-associated RNA by micrococcal nuclease (MNase), iv) removal
of the residual 3' phosphoryl group, v) 3’ ligation with a 3’ puromycin-modified RNA
linker, vi) 5'-labeling using P*’-y-ATP, vii) native SDS-PAGE to isolate the band
corresponding to ALG-1/RNA complexes, degradation of proteins with proteinase K and
RNA extraction, viii) ligation with a 5’ biotin-modified RNA linker and ix) RT-PCR
amplification and parallel sequencing using the Illumina 1G system. (b) Western Blot
analysis of protein lysates from wild-type (WT) and alg-1(gk214) [alg-1(-)] animals
using a rabbit polyclonal antibody against C. elegans ALG-1. (c¢) Detection by PCR of
the lin-41 3'UTR region containing the /et-7 complementary sites 1 and 2 (LCS1 & 2) in
the WT and alg-1(-) CLIP-seq DNA libraries prior to comprehensive sequencing. RT-
PCR amplification of /in-41 coding region was used as a negative control.
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Figure 5. Key points of the bioinformatics analysis.

(a) Workflow of the sequence analysis of the wild-type (WT) and alg-1(-) CLIP-seq
libraries. The number of elements after each filtering and processing stage is shown. (b)
Three clusters from the alg-1(-) and wildtype (WT) samples overlap in the act-5 gene,
flagging the regions as not dependent on ALG-1 binding, and were removed from further
analysis (grey boxes). (¢) The number of genes that contain the corresponding number of
unique CLIP-derived clusters.



alg-1(-)
5127241 reads

55

a
wild-type
3,864 848 reads
map to repeat-masked
C. elegans genome (ceé)
| | aar
reads mapping to =1 region
reads with =2 mismaltches
wild-type
1,651,523 reads
dentification of experimentally
reproducible “regions®
5,392 regions
1 cluster identification
ramove clusters overappng 225%
between WT and aig-1(-)
or any overlap with mature miRNAs
(504 clustars)
4,806 unique clusters
in 3,083 genes
b
act-5
I
ag-1(-) Exp 1
- ag-1(-) Exp 2 o
a a9-1|-) Exp 3 o
-~
I
WT Exp
- WT Exp 2 .
[ S— — . —
WTEp23

| |

alg-1()
695,895 reads

838 ragions

B26 clusters

C
Number of Number
Clusters of Genas
1 2,171
2. S48 |
3 203
4 B
5 40
6 17 )
7 11
8 5
5 a
z10 LB
Total Tots!
4,806 3,093 |
—_— ag-1(-) Clusters
1000
1
o iwco | Reads from ndaidual
Q- () experiments
= o
1
I WT clusters
1000
_— — 1
100 | Reads from mndaidual
’ WT experiments
o e 1000
1
100 nt
_



56

Figure 6. MicroRNA targets identified by ALG-1 CLIP-seq in L4-stage wormes.

Graphical depictions of the number and location of reads from alg-1(-) (red upper tracks)
and WT (blue lower tracks) from three biological replicates, CLIP-derived clusters (solid
rectangular boxes over the reads) and putative miRNA binding sites in the 3" UTR of
mRNA transcripts (LCS, let-7 complementary sequence; LCE, /in-4 complementary
element). (a) /in-41 3' UTR. Of the six predicted LCSs, LCS1 and LCS2 (open boxes)
have experimentally validated /ez-7 sites (Reinhart et al., 2000; Slack et al., 2000; Vella et
al., 2004). (b) lin-14 3" UTR. Deletion of all the predicted LCE sites or of LCEs 1-5
results in misregulation of /in-14 expression (Lee et al., 2003; Wightman et al.,1993). (¢)
hbl-1 3" UTR (Abrahante et al., 2003; Lin et al., 2003; Abbott et al., 2005). The sites for
let-7 miRNA (LCSs 1-8) binding have been predicted but not experimentally tested. (d)
daf-12 3' UTR. Deletion of the predicted LCSs 14 or 5-8 in reporter constructs leads to
misregulation of reporter gene expression (Grosshans et al., 2005).
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Figure 7. Relative position of ALG-1 binding sites across protein-coding genes.

(a) Distribution of WT (blue) and alg-1(—) (red) clusters across a composite mRNA
length. Cluster position is depicted as a percentage of the gene region, from the beginning
to the end of spliced transcripts. (b) Distribution of WT (blue) and alg-1(—) (red) clusters
across the 3" UTR region. Cluster position is depicted as a percentage of the region from
the annotated translational stop codon to the end of transcripts, as defined by our
reannotation of C. elegans genes.
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Figure 8. Cluster locations and 3'UTR lengths relative to the translation stop codon.

The x-axis of the histogram depicts the distance in nucleotides from the stop codon for all

protein-coding genes with at least one CDC and the y-axis depicts the fraction of either
clusters (open bars) or 3'UTR ends (green bars).
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Figure 9. Criteria for Random-derived cluster (RDC) selection.

Cumulative distribution functions representing GC content (a) and conservation as
determined by Phastcons scores 3 among 5 nematode species (b) of 5S'UTRs, 3'UTRs,
coding exons and introns in the C.elegans genome.
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Figure 10. Attributes enriched in ALG-1 binding sites within 3" UTRs.

(a) Box plots of the conservation levels measured as the fraction of perfectly conserved
nucleotides between genome-wide alignments of C. elegans and HGO004659 and
GMO084317 brenneri in CLIP-derived clusters (CDCs) and randomly derived clusters
(RDCs). CDCs are significantly more conserved than RDCs as assessed by the
Kolgomorov-Smirnov two-sample test (P < 107%). (b) Box plots of RNA accessibility,
measured as the average probability of being unpaired, of CDC and RDC and their
corresponding flanking sequences (100 nt upstream or downstream). CDCs and flanking
sequences are significantly more accessible than RDCs in the same locations as assessed
by the Kolgomorov-Smirnov two-sample test (P < 10'°). (¢) The ten most enriched -
mers (k= 5, 6, 7) within or 100 nt upstream or downstream of CDCs, compared to RDCs,
are shown along with the range of Z-scores for the specific categories. (d—g). The number
of conserved hexamers within CDCs (solid line) and RDCs (dashed line) that base-pair to
miRNA or scrambled miRNA regions (dotted line), allowing for zero (orange) or only
one G+U base pair (black). Error bars in dashed and dotted lines represent the s.d. among
ten independent sets of RDCs and scrambled miRNAs, respectively. Hexamers within 3'-
UTR CDCs and RDCs (d) or coding-exon CDCs and RDCs (e) that base-pair to cloned
miRNAs or shuffled versions of cloned miRNAs. Hexamers within 3'-UTR CDCs and
RDCs that base-pair to the let-7 or shuffled /et-7 miRNA (f) and /in-4 or shuffled lin-4
miRNA (g). Regions of the miRNA(s) that have statistically enriched numbers of
complementary hexamers within CDCs when compared to RDCs or shuffled miRNAs
are denoted by * (P <0.01) and ** (P < 10 °) as measured by a Z-test.
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Figure 11. Attributes enriched in CLIP-derived clusters (CDCs) present in the 5S'UTR,
coding exons and introns of ALG-1-bound genes.

(a) Conservation levels of CDCs and RDCs. Box-plots depicting the distributions of the
log (base 10) probability of being unpaired, with the central mark indicating the median,
the edges of the box are the 25th and 75th percentiles and the whiskers that extend to the
most extreme datapoints that the algorithm considers not to be outliers, and the outliers
are plotted individually. Conservation levels are measured between C. elegans and C.
brenneri. CDCs in coding exon and introns are significantly conserved (p<10~* by the
Kolgomorov-Smirnov two-sample test). (b) Accessibility of ALG-1-bound regions.
CDCs in the 5'UTR, coding exons or introns are not statistically different than RDCs in
the same regions. (¢) The ten most enriched k-mers (k = 5, 6, 7) within CDCs, compared
to RDCs. Z-score range represents maximum and minimum Z-scores for the k-mers
shown.
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Figure 12. Number of seed matches in 3'UTR CDCs.

(a).The number of seed matches for the most and least abundant annotated miRNAs. The
top and bottom ten miRNAs ranked by expression, were analyzed separately for seed
pairing to 3'UTR CDCs. The height of each bar represents the median value for the
top/bottom ten miRNAs, the error bars represent the standard deviation. The top ten
cloned miRNAs exhibit a median of 46 conserved hexamers that are perfectly
complementary to bases 2-7 of the microRNAs, relative to a median of 12 conserved
hexamers for the 10 least cloned ones (p<0.0045) with a Wilcoxon rank-sum test). The
top/bottom ten miRNAs and the number of reads and seed matches are shown in the
table. (b) Scatter-plot showing the correlation of the conserved seed matches (bases 2-7)
of all the cloned miRNAs in the 3' UTR CDCs and the cloning frequency of these
miRNAs (see Appendix 1). Each dot on the plot represents an individual miRNA.
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Figure 13. Number of conserved hexamers in 5'UTR, coding exons, introns and 3'UTR
CDC:s that are complementary to regions of cloned or scrambled mature miRNAs.

CDC (solid line) and RDC (dashed line) hexamers that pair to cloned miRNA positions
or scrambled miRNA positions (dotted line). Perfectly conserved base-pairing with no
G:U base-pairs allowed (orange); “Semi-conserved” base-pairing with G:U base-pairing
allowed only in C. brenneri (red); Perfectly conserved base-pairing allowing for one
conserved G:U base-pair (black); and “Semi-conserved” base-pairing with G:U base-
pairing allowed only in C. elegans. Error bars in dashed and dotted lines represent the
standard deviation among ten independent sets of RDCs and scrambled miRNAs,
respectively (*: p<.01; **: p<10®).
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Figure 14. Relationship between ALG-1 binding and mRNA expression levels.

(a) Effects of ALG-1 binding on mRNA levels. Box plots representing the differential
expression (as a t-statistic) of genes from biological replicate microarray experiments
comparing alg-1(—) to WT L4-stage worms. Genes are divided into those that contained
no CDCs and those that contained CDCs only within 3" UTRs or coding exons.
Compared to genes with no CDCs or coding-exon CDCs, genes with 3'-UTR CDCs are
significantly more upregulated in alg-1(—) relative to WT as assayed by the Wilcoxon
rank-sum test (P < 10*). (b) Functional enrichment of genes that have CDCs only within
3" UTR or coding exons that are up- or downregulated in alg-I1(—) worms using
significantly enriched (P < 0.05 in at least one row; Holm-Bonferroni corrected)
functional categories defined by the C. elegans Topomap algorithm (Kim et al., 2001).
The intensity on the heat-map denotes —logjo(p value). Genes represented by these
functional categories can be divided in a matrix (right) depending on the location of the
CDCs (3" UTRs or coding exons), and whether the genes are up- or downregulated in the
alg-1(—) mutants relative to WT worms. Several categories occupy multiple cells in the
matrix, for example “Cell structure,” “Collagen,” “Cell adhesion,” “Protein expression,”
“RNA binding” and “Germ line—enriched.” (c) UCSC Genome Browser view depicting
clusters in the 3’ UTR of the alg-1 gene (blue, WT clusters; red, alg-1(—) clusters, none
present) and the predicted miRNA binding sites by the various algorithms.



70

d C Scale 500 bases
- 20 _L . chrX: 139550001 13955500 13956000 |
0 | + | miRanda
\("?) 153 | mirWiP | EEEEEE U NN BN . .
| 10l | | | PicTar 1 1 11 o
§ | PITA (all) LT T SO T R TIRT BT T (T 1
. ol st | | PITA (top) I |
= 0 rna22 a i
k5 0 TargetScan
@
- 3 -5t | WT clusters 19925 NN 19925
S5 10 | [ I aig-1(-) clusters Reannotation using RNA-seq data from Hillier et al, 2009
| =10} C )
E sl | | alg-1 m RefSeq Genes
)
% ‘*- -l— L Conservation Il || | ' || || m‘ | I | '" l l ' |I ||'| I I
S - 6 nematodes
None 3’ UTR Coding exons ( )
Location of CDC clusters
w
b s
< 558 &
S §cao ©° Upregulated Downregulated
a ~00 & 8 o
5 3 Oc = gc @ £ Cell structure
200 2 oo § 2
2 8 9PossE E_cOo £ 9 c Collagen
§85 85380828554508 ¢ g
= Cgsg.g ?gcc‘é S<2a I'Sa 5 o| Carbohydrate
505926 cE5530802088 5 ~log, o(p-value) 2| Histone genes | metabolism
aR52c el >052GTE=5E 5 g Biosynthesis
<3528 59<83080xS7EC2E® 55 4 3 2,4 0 3
z= wT)Eo.QE::’w.!’ 0020220 D - Protein expression
CSZO0anOTWSOTITODOTXa 0O Cell adhesion RNA binding
3’ UTR CDCs e Germ line-enriched

Coding-exon CDCs

Upregulated in alg-1(-)

Downregulated in alg-1(-)

Upregulated in alg-1(-) with 3" -UTR CDCs
Downregulated in alg-1(-) with 3-UTR CDCs
Upregulated in alg-1(-) with coding CDCs
Downregulated in alg-1(-) with coding CDCs

Protein kinases

Cell biology Heat shock genes

3'UTR

3%

10%

16%

22%

7%

=0
o1

M3
M4

W6



71

Figure 15. Percent of 3'UTR CDCs with predicted miRNA target sites.

Pie chart depicting the number of clusters that simultaneously contain predicted miRNA
binding sites by six published target prediction algorithms, namely miRanda, mirWIP,
PicTar, PITA (ALL no flank and TOP no flank combined), rna22, TargetScan
(Conserved and Non-conserved combined). Note only the presence of a predicted target
site(s), but not necessarily the same site(s), within each 3'UTR CDC was analyzed.
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Figure 16. UCSC genome browser tracks depicting the genes with the highest number of
clusters in 3'UTRs.

The tracks display the boundaries of the reannotated gene loci based on RNA-seq data
from Hillier et al., 2009, WT clusters and alg-1(-) clusters (if present). The /in-14 gene,
which contains the most 3'UTR clusters, is displayed in Figure 4b.
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TABLES

Table 1. ALG-1 CLIP-seq
* mRNA transcripts enriched (>0.5 average percentile rank) in AIN-1 or AIN-2
immunoprecipitations (p<0.01).
® t-statistic difference of >2.5 with p<0.01.
¢ genetic suppression (G) or GFP/lacZ reporter (R) evidence of post-transcriptional
regulation.

R-1 : 3> UTR mediates post-transcriptional regulation and mutation of target
site(s) alters regulation.

R-2 : 3> UTR regulation is lost in animals bearing mutations in the miRNA.
R-3 : miRNA and target site(s) are required for post-transcriptional regulation.

* regulation disrupted upon deletion of LCS1-4 or LCS5-8.
4 detected by qRT-PCR in the AIN-2 IP.
®a region that includes the cognate miRNA site is covered by sequencing tags but only in
one experiment, thus not achieving statistical significance.



Table 1. ALG-1 CLIP-seq

ALG-1 CLIP-seq

mRNA Evidence
AIN | cluster in cognate
alg-1/ for miRNA References
miRNA :: -IP* | 3°'UTR miRNA .
WT targeting®
mRNA target site
(Lee et al., 1993; Wightman
) ) [ ) G/R-3
lin-4 :: lin-14 UP et al., 1993)
lin-4 :: lin-28 L] UP G/R-3 (Moss et al., 1997)
let-7/mir- (Abbott et al., 2005;
48/84/241 :: [ ] [ ) [ ] G/R-2 Abrahante et al., 2003; Lin
hbl-1 UP et al., 2003)
(Slack et al., 2000; Vella et
o ° ° G/R-3
let-7 :: lin-41 UP al., 2004)
let-7/mir-84 ::
® ® ® G/R-2 (Johnson et al., 2005)
let-60 NC
let-7 :: daf-12 [ [ ® UP G/R-2" (Grosshans et al., 2005)
let-7 :: pha-4 ° o° o° UP G/R-2 (Grosshans et al., 2005)
let-7 :: Iss-4 [ [ ® UP G/R-2 (Grosshans et al., 2005)
let-7 or mir-273 (Chang et al., 2004;
) ) [ ) G/R-3
;odie-1 UP Grosshans et al., 2005)
let-7 :: nhr-25 [ UP G (Hayes et al., 2006)
let-7 ::
) ) ° R-1 (Lall et al., 2006)
T14B1.1 UP
Isy-6 :: cog-1 ® NC G/R-3 (Johnson et al., 2003)
mir-61 :: vav-1 [ ® NC G/R-3 (Yoo and Greenwald, 2005)
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Table 2. ALG-1 CLIP-seq cluster information

*mRNA transcripts enriched (>0.5 average percentile rank) in AIN-1 or AIN-2
immunoprecipitations (p<0.01).
® t-statistic difference of >2.5 with p<0.01.

¢ genetic suppression (G) or GFP/lacZ reporter (R) evidence of post-
transcriptional regulation.
R-0 : post-transcriptional regulation by 3° UTR not detected.
R-1: 3> UTR mediates post-transcriptional regulation.
R-2 : 3> UTR mediates post-transcriptional regulation and mutation of
target site(s) alters regulation.
R-3 : 3° UTR regulation is lost in animals bearing mutations in the
miRNA.
R-4 : miRNA and target site(s) are required for post-transcriptional regulation.
* GFP fused to 3'UTR showed no regulation in Isy-6-expressing cells (ASEL)
compared to ASER.
S GFP reporter fused to 3'UTR was not expressed compared to unc-54
3'UTR control.
% miRNA target site mutation did not affect regulation.
" regulation disrupted upon deletion of LCS1-4 or LCS5-8.
4 detected by qRT-PCR in the AIN-2 IP.
®a region that includes the cognate miRNA site is covered by sequencing tags but
only in one experiment, thus not achieving statistical significance.
"microarray probes in the coding sequence show up-regulation; in the 3’UTR they

show down-regulation.



Table 2. ALG-1 CLIP-seq cluster information

ALG-1 CLIP-seq

Evidence for

miRNA cluster
miRNA References
mRNA AIN- in includes mRNA"
targeting®
target P* 3°UTR | miRNA site | alg-1/WT
lin-4 :: lin- (Lee et al., 1993 ;
o o ] UP G/R-4
14 Wightman et al., 1993)
lin-4 :: lin-
(] UP G/R-4 (Moss et al., 1997)
28
let-7/mir- (Abbott et al., 2005;
48/84/241 :: [ [ ) [} UP G/R-3 Abrahante et al., 2003;
hbl-1 Lin et al., 2003)
let-7
UP R-2% (Lall et al., 2006)
C35E7.4
let-7 :: ccr-4 L L] UP R-0 (Lall et al., 2006)
let-7 :: ceh-
UP R-1° (Lall et al., 2006)
16
let-7 :: daf-
(] ° ® UP G/R-3 (Grosshans et al., 2005)
12
let-7 :: daf-
o o ] UP R-0 (Lall et al., 2006)
16
let-7 :: dpy-2 L L] UP R-0 (Lall et al., 2006)
(Slack et al., 2000; Vella
let-7 :: lin-41 o ° ° UP G/R-4
et al., 2004)
let-7 :: Iss-4 ® L] ® UP G/R-3 (Grosshans et al., 2005)

76



Table 2 Continued. ALG-1 CLIP-seq cluster information

ALG-1 CLIP-seq Evidence
miRNA cluster for
References

mRNA AIN- in includes mRNA" miRNA
target IP? 3’UTR | miRNA site | alg-1/WT | targeting®
let-7 :: nhr-

L] L] L] DOWN R-0 (Lall et al., 2006)
17
let-7 :: nhr-

® UP G (Hayes et al., 2006)
25
let-7 :: nhr-4 L] NC R-1 (Lall et al., 2006)
let-7 :: 0ig-2 NC R (Lall et al., 2006)
let-7 :: pha-4 ° o° ®° UP G/R-3 (Grosshans et al., 2005)
let-7 :: sma-

UP R-0 (Lall et al., 2006)

1
let-7

° ) ] UP R-2 (Lall et al., 2006)
T14B1.1
let-7 :: uba-1 L] L] UP R-1° (Lall et al., 2006)
let-7 :: unc-

NC R-1 (Lall et al., 2006)

129
let-7 or mir- (Chang et al., 2004;

° ) [ UP G/R-4
273 :: die-1 Grosshans et al., 2005)
let-7/mir-84

® ® ® NC G/R-3 (Johnson et al., 2005)
2 let-60
Isy-6 :: cog-1 ® NC G/R-4 (Johnson et al., 2003)
Isy-6

° NC R (Didiano and Hobert, 2006)
C02B8.4
Isy-6

DOWN R (Didiano and Hobert, 2006)

C27H6.3
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Table 2 Continued. ALG-1 CLIP-seq cluster information

ALG-1 CLIP-seq

Evidence
cluster
for
in includes mRNA" References
miRNA
miRNA :: mRNA | AIN- | 3°UT miRNA alg-1/
targeting®
target P* R site WT
Isy-6 :: C48D5.2 ® UP R (Didiano and Hobert, 2006)
Isy-6 :: FAOH3.4 NC R (Didiano and Hobert, 2006)
Isy-6 :: F55G1.12 NC R (Didiano and Hobert, 2006)
Isy-6 :: F59A6.1 NC R (Didiano and Hobert, 2006)
Isy-6 :: RO7E3.5 ® NC R (Didiano and Hobert, 2006)
Isy-6 :: TO4C9.2 ® NF R (Didiano and Hobert, 2006)
Isy-6 :: T0O5SC12.8 NC R (Didiano and Hobert, 2006)
Isy-6 :: T14G12.2 NC R (Didiano and Hobert, 2006)
Isy-6 :: T20GS5.9 NC R (Didiano and Hobert, 2006)
Isy-6 :: T23E1.1 NC R (Didiano and Hobert, 2006)
Isy-6 :: ZK637.13 NC R (Didiano and Hobert, 2006)
mir-61 :: vav-1 ® ® NC G/R-4 (Yoo and Greenwald, 2005)
UP/DOW
mir-1 :: mef-2 o L] [ R-3 (Simon et al., 2008)
N
mir-1 :: unc-29 L NC R-3% (Simon et al., 2008)
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Table 3. Genes connected to miRNA function by proteomic evidence from Zhang et al,

2007.

* t-statistic difference of >2.5 with p<0.01

ALG-1
Gene mRNA®
Locus CLIP-seq Description
name alg-1/ WT
clusters
C06G1.4 ain-1 UP 5 ALG-1 INteracting protein family member (ain-1)
F48F7.1 alg-1 DOWN 3 Argonaute (plant)-Like Gene family member
T07D3.7 alg-2 upP 0 Argonaute (plant)-Like Gene family member
B0041.2 ain-2 UP 2 ALG-1 INteracting protein family member (ain-2)
Y106G6H.2 pab-1 NC 5 PolyA Binding protein family member (pab-1)
Y55B1AR.1 lec-6 NC 0 gaLECtin family member (lec-6)
Y18D10A.17 car-1 NC 3 Cytokinesis, Apoptosis, RNA-associated family
ATP synthase alpha and beta subunits, ATP synthase
H28016.1 DOWN 5
Alpha chain, C terminal
C02A12.4 lys-7 upP 0 LYSozyme family member (lys-7)
Y73B6BL.6 sqd-1 DOWN 4 homologous to Drosophila SQD (squid) protein
F18H3.3 pab-2 UP 2 PolyA Binding protein family member (pab-2)
defective in Germ Line Development family member,
T23G11.3 gld-1 DOWN 2
RNA binding
Y37E3.7 rla-1 NC 0 Ribosomal protein, Large subunit, Acidic (P1)
KO07HS8.6b vit-6 DOWN 0 VITellogenin structural genes (yolk protein
B0403.4 tag-320 upP 2 protein disulfide-isomerase family member
C07A12.4 pdi-2 upP 4 Protein Disulfide Isomerase family member
GEX Interacting protein family member (gei-7) (isocitrate
CO5E4.9 gei-7 upP 6
lyase)
C12C8.1 hsp-70 DOWN 1 heat shock protein 70
F44ES.5 NF 2 Heat shock hsp70 proteins
Y41E3.10 DOWN 3 Elongation factor 1 (beta\/delta chain)




Table 3 Continued. Genes connected to miRNA function by proteomic evidence from
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Zhang et al, 2007.
* t-statistic difference of >2.5 with p<0.01
ALG-1
Gene mRNA*®
Locus CLIP-seq Description
name | alg-1/WT
clusters
MS88.5a DOWN 5 hnRNP K
Tudor Staphylococcal Nuclease homolog family, RISC
F10G7.2 tsn-1 NC 3
component
ZK455.1 aco-1 DOWN 2 ACOnitase family member (aco-1)
M110.4 ifg-1 DOWN 7 eukaryotic initiation factor
B0393.1 rps-0 DOWN 2 40S ribosomal protein
C09D4.5 rpl-19 NC 2 60S ribosomal protein L19
C44B12.5 NC 0
C04C3.3 DOWN 2 pyruvate dehydrogenase
C44B7.10 NC 3
R11A5.4 DOWN 4 phosphoenolpyruvate carboxykinase
F54D8.3 alh-1 NC 1 Aldehyde dehydrogenase family member
F01G10.1 DOWN 0 transketolase
F21F8.7 asp-6 UP 2 aspartic protease.
Y22F5A.4 lys-1 [0) 3 lysozyme family member
C17G10.5 lys-8 [0) 0 lysozyme family member
R12H7.2 asp-4 UP 0 aspartyl protease
F43D9.4 sip-1 UP 0 Heat shock hsp20 proteins
Y22D7AL.5 DOWN 7 Heat Shock Protein family member
C37HS5.8 hsp-6 DOWN 3 heat shock 70 protein member
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Table 3 Continued. Genes connected to miRNA function by genetic evidence from Parry

et al, 2007.
* t-statistic difference of >2.5 with p<0.01.
ALG-1
Gene mRNA* CLIP-seq
Locus Brief Description
name alg-1/ WT clusters
(-5)
K12H4.8 der-1 NC 1 dead box helicase, dicer related family member
Y59A8B.1 dpy-21 UP 0 dosage compensation complex protein
F32B6.3 DOWN 0 Human HPRP18 protein like
F02E9.2 lin-28 UP 0 cold shock domain
W04D2.6 NC 0 ortholog of human RBM25, RNA recognition domain
SPindle Defective family member, homolog of human
Y34D9A .4 spd-1 DOWN 0
PRC
WO09C5.2 unc-59 NC 0 Cell division protein
7C64.3 ceh-18 UP 1 C.elegans Homeobox family member (ceh-18)
F13H6.1 NC 7
H20J04.3 UP 0
SAM domain-containing protein, ETS transcription
C50E10.4 sop-2 NC 0
factors related
Y53G8AR.9 NC 0
F56B3.4 DOWN 0
C54H2.5 sft-4 UP 0
B0207.6 NC 0
F59E10.1 orc-2 NC 0 origin recognition complex, second largest subunit ORC2
Y55F3AM.4 atg-3 NC 0 ortholog of the autophagic budding yeast protein Atg3p
C15Ce.1 UP 0
Y39A1A.13 NC 0
Y87G2A.1 NC 1
RO8D7.3 eif-3.D DOWN 1 translation initiation factor 3 subunit d
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Table 3 Continued. Genes connected to miRNA function by genetic evidence from Parry
et al, 2007.
* t-statistic difference of >2.5 with p<0.01.

ALG-1
Gene mRNA*® CLIP-seq
Locus Brief Description
name alg-1/ WT clusters
(-5)

FO1F1.7 ddx-23 NC 0 RNA helicase

F37E3.1 ncbp-1 NC 0 nuclear CAP-binding complex subunit protein
ZK742.1 xpo-1 NC 1 importin beta, nuclear transport factor

B0336.2 arf-1.2 UP 2 ADP-ribosylation factor

F57H12.1 arf-3 UP 1 ADP-ribosylation factor related protein
C17H12.1 dyci-1 DOWN 2 dynein intermediate chain

ZK593.5 dnc-1 NC 0 dynactin

ZK154.3 mec-7 NC 2 beta-tubulin

C47B2.3 tha-2 NC 4 alpha-tubulin
Y19D2B.1 NC 1

C54D1.6 bar-1 NC 0 beta-catenin, transcriptional coactivator
F38H4.9 let-92 NC 5 serine/threonine protein phosphatase
W10C8.2 pop-1 NC 2 HMG box-containing protein, transcription factor
ZK1236.3 NF 0 SOp-2 Related (ectopic expression of Hox genes)
W09C2.1 elt-1 NC 0 Erythroid-Like Transcription factor family member

Y110A7A.14 pas-3 DOWN 0 endopeptidase
subunit of lobe A of the conserved oligomeric Golgi
Y51H7C.6 cogc-4 UP 0
complex (COGC)
B0285.1 NC 0 serine/threonine kinase (CDC2/CDKX subfamily)
F25B4.6 UP 1 hydroxymethlyglutaryl-CoA synthase




Table 3 Continued. Genes connected to miRNA function by genetic evidence from Parry

et al, 2007.

* t-statistic difference of >2.5 with p<0.01.

ALG-1
Gene mRNA*® CLIP-seq
Locus Brief Description
name alg-1/ WT clusters
5
eY50D7A.11 NF 0
NEK (NEver in mitosis Kinase) Like family member,
ZC581.1 nekl-2 UP 0
ser/thr-protein kinase

F48C1.4 NC 0
Y110A7A.11 DOWN 0
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CHAPTER 4 - RBFOX PROTEINS REGULATE ALTERNATIVE MRNA

SPLICING VIA EVOLUTIONARILY CONSERVED RNA-BRIDGES

ABSTRACT

Alternative splicing (AS) enables programmed diversity of gene expression across
tissues and development. We show here that binding in distal intronic regions (>500nt
from any exon) by developmentally-important Rbfox splicing factors is extensive and an
active mode of splicing regulation. Similarly to exon-proximal sites, distal sites contain
evolutionarily conserved GCAUG sequences and are associated with AS activation and
repression upon modulation of Rbfox levels in human and mouse experimental systems.
As a proof of principle, we validated the activity of two specific Rbfox enhancers in
KIF21A4 and ENAH distal introns and demonstrate that a conserved long-range RNA-
RNA base-pairing interaction (an RNA-bridge) is necessary for Rbfox-mediated exon
inclusion in the ENAH gene. Thus we demonstrate a novel RNA-mediated mechanism for

AS control by distally bound RNA-binding proteins.

INTRODUCTION

The variety of alternative mRNA isoforms in higher eukaryotic transcriptomes
indicates that a complex interplay among cis-elements and trans-factors exists to regulate
splicing decisions. Splicing factors such as RNA binding proteins (RBPs) often bind as
complexes within precursor messenger RNA (pre-mRNA) sequences to promote or
repress splice site recognition (Black, 2003; Matlin et al., 2005; Wang et al., 2008).
Variation within frans-factors or their binding sites leads to phenotypic diversity across

mammalian evolution, and inherited or somatic genetic defects in these sites cause human
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diseases. The recent application of genome-scale immunoprecipitation and high-
throughput sequencing in mammalian cells provides insights into the networks of
interactions among RBPs and their RNA substrates (Hafner et al., 2010; Hoell et al.,
2011; Huelga et al., 2012; Konig et al., 2010; Lagier-Tourenne et al., 2012; Licatalosi et
al., 2008; Polymenidou et al., 2011; Tollervey et al., 2011; Wilbert et al., 2012; Yeo et
al., 2009; Zarnack et al., 2013). It has long been known that splicing factors bind within
constitutive and alternative exons and their proximal intronic regions to alter splicing
(Yeo et al., 2008; Ule et al., 2006; Yeo et al., 2007; Xue et al., 2009; Zhang et al., 2008).
Sequence information within 500 nt of alternative exons and their neighboring flanking
exons has been extensively studied to derive a computational splicing regulatory code
(Barash et al., 2010). However, the genome-wide maps of RNA binding by proteins also
reveal a large fraction of binding sites that are located much farther than 500 nt from
potential target exons.

Published studies of distally located sequences that affected splicing allow only
limited conclusions. The regulatory elements previously considered distal are often
relatively close to the regulated exon or flanking exons and not inconsistent with existing
models of splicing regulation. Few distal intronic enhancers have been demonstrated
biochemically (Guo and Kawamoto, 2000) or proposed on the basis of conservation
(Lapuk et al., 2010). For instance, the decoy 3’ splice acceptor site sequence in the
caspase-2 gene is located only ~200nt downstream from the regulated exon (Cote et al.,
2001) and motifs that enhance splicing of FN/ exon EIIIB are less than 500nt from the
downstream exon (Baraniak et al., 2003; Lim and Sharp, 1998). Another complicating

aspect of these studies is that the splicing factors recognizing the distal sequences are not
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always known. For example, it is not known which RBPs bind a 526nt segment of the
intronic sequence downstream of an exon in the MYPTI gene (Dirksen et al., 2003).
Similarly, it is unclear how a cis-element in the first intron of the equine B-casein gene
increases the inclusion of all weak exons in its pre-mRNA (Lenasi et al., 2006). Finally,
the mechanisms by which a splicing factor might act on a distant exon are largely
obscure. For example, a distal Rbfox motif was found to affect exon N30 in non-muscle
myosin heavy chain B gene, but how this occurred was unexplored (Guo and Kawamoto,
2000; Kim et al., 2011).

To examine the genome-wide relevance of distal regulatory sites in splicing, we
examined the Rbfox family of RNA binding proteins in vivo and in human cell lines.
These proteins control tissue-specific AS of exons in brain, muscle, epithelial and
mesenchymal cells, and embryonic stem cells (Gallagher et al., 2011; Gehman et al.,
2012; Gehman et al., 2011; Venables et al., 2013; Yeo et al., 2009; Yeo et al., 2007b),
and their binding sites are exceptionally highly conserved in sequence and position across
vertebrate evolution (Minovitsky et al., 2005; Yeo et al., 2007b). RBFOX proteins
interact with proteins mutated in spinal cerebellar ataxia types 1 and 2 (Lim et al., 2006;
Shibata et al., 2000), and patients with mutations mapping to the RBFOXI gene locus
exhibit a range of neurological deficits, such as mental retardation, epilepsy and autism
spectrum disorder (ASD) (Bhalla et al., 2004; Davis et al., 2012; Martin et al., 2007;
Matlin et al., 2005; Sebat et al., 2007). In muscle, post-transcriptional down-regulation of
RBFOXI expression plays a role in the pathology of facioscapulohumeral muscular
dystrophy (FSHD) (Pistoni et al., 2013). Moreover, animal models with knockout or

knockdown of Rbfox protein expression reveal extensive defects in both neuronal and
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muscle physiology (Gehman et a., 2011; Gehman et al., 2012; Gallagher et al., 2011),
further suggesting that this class of RNA binding proteins plays critical roles in normal
development.

Here we used genome-wide cross-linking, immunoprecipitation and sequencing
(CLIP-seq) assays in mammalian brain to show that more than half of Rbfox binding sites
are located distally (>500nt) from exons and that these distal sites are preserved through
evolution. We used RNA-seq measurements of AS to show that distal Rbfox binding sites
and distal conserved Rbfox motifs are preferentially associated with exons that are
differentially spliced in experiments modeling Rbfox loss and gain. We experimentally
demonstrated that these distal Rbfox binding sites directly control splicing in both
endogenous genes and in minigene splicing reporters. Finally, we showed a novel
mechanism by which long-range RNA-RNA secondary structures mediate distal splicing
regulation by Rbfox. These results indicate distal intronic regions are rich reservoirs of

highly conserved RNA cis-elements critical for splicing regulation.

RESULTS
Rbfox interacts in vivo with conserved and distal GCAUGs.

To generate genome-wide maps of Rbfox protein-RNA interactions in vivo,
protein-RNA complexes from adult mouse brain were covalently cross-linked by
ultraviolet irradiation and immunoprecipitated with antibodies specific for either Rbfox1
or Rbfox2 proteins (Figure 17a). Isolated RNA fragments representing Rbfox protein
binding sites were sequenced and processed, resulting in 2,071,607 (Rbfox1) and

2,451,256 (Rbfox2) non-redundant alignments (Appendix 2) to the mouse (mm9)
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genome. Our CLIP-seq cluster-finding algorithm, CLIPper (available here:
http://github.com/YeoLab/clipper) was used to delineate clusters of reads representing
regions in the transcriptome significantly associated with Rbfox binding. We identified
10,062 Rbfox1 clusters in 3,490 genes and 7,466 Rbfox2 clusters in 2,672 genes, with
1,901 genes containing both Rbfox1 and Rbfox2 clusters (Figure 17b).

The majority of Rbfox clusters (62%) were found within distal intronic regions,
which we defined as intronic space >500nt from any annotated exon (Figure 18a). Rbfox
clusters were also identified within 3'UTRs, consistent with previous observations® , and
only a minority of clusters (8%) was located in proximal introns. Second, the authenticity
of distal clusters as bona fide Rbfox binding sites was supported by a de novo motif
search with the HOMER algorithm, which demonstrated that both proximal and distal
clusters exhibited statistically significant enrichment of the UGCAUG motif (Rbfox1: P
< 1072 and P < 10 respectively, Rbfox2: P < 10" and P < 107 respectively),
compared to the appropriate backgrounds selected from similar genic regions (Figure 18b
and Figure 17c¢ for other highly ranked motifs). An alternative method of statistical
analysis (Z-score)(Yeo et al., 2009) confirmed a significant enrichment for UGCAUG (P
< 10™'%) and hexamers that contained GCAUG, for both proximal and distal clusters
(Figure 17d). In addition, a GU-rich element previously observed in CLIP studies of
RBFOX2 in human embryonic stem cells (Yeo et al.,, 2009) was present, likely
representing other proteins that interact synergistically with Rbfox proteins. Third, we
evaluated the evolutionary conservation of GCAUG sequences within Rbfox CLIP-
defined binding sites. While only a small fraction (<15%) of bound sites contained a

GCAUG sequence that was evolutionarily conserved between mouse and human (Figure
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18), GCAUG sequences conserved across multiple genomes (mouse and human, rat or
dog) were ~3.5 times more likely to be occupied in vivo by Rbfox than GCAUG
sequences present only in the mouse genome (Figure 18d). Nevertheless, a statistically
significant (P < 0.05) number of distal (and proximal) binding sites contained conserved
GCAUG motifs, as compared to clusters of similar sizes distributed randomly in distal
introns (Figure 18e). Fourth, as Rbfox1 and Rbfox2 proteins interact with the same
sequence motif, we measured the correspondence in their binding sites as a measure of
functional relevance. Notably, the level of overlap between distal Rbfox1 and Rbfox2
binding sites was similar to the proximal sites (Figure 17¢). Furthermore, the overlap
between both proximal and distal Rbfoxl and Rbfox2 binding sites increased as a
function of degree of GCAUG site conservation within clusters (Figure 17f).

Lastly, the ontologies of genes bound in distal intronic regions were similar to,
but also extended the categories associated with genes that contain exon-proximal
binding sites (Figure 18f, Figure 17g for the entire list of statistically significant gene
ontology categories and Appendix 3 for the list of genes within each category). Many of
these genes bound by Rbfox in distal intronic regions, such as Shankl previously
implicated in autism (Figure 19a)(Sato et al., 2012), are clearly important for neuronal
function. Rbfox was observed to bind both proximal and distal regions downstream of the
seizure-associated exon in Snap25 (Figure 19b)(Johansson et al., 2008) and the stress
axis-related exon in the Kcnmal gene, whose inclusion results in K channels that are
more sensitive to Ca>" (Figure 19¢)(Xie and McCobb, 1998). We also identified distal
Rbfox binding sites a kilobase away from the auto-regulated exon encoding an RNA-

recognition motif in each of the RbfoxI and Rbfox2 genes, in addition to the previously
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known proximal sites (Figure 19d and e)(Damianov and Black, 2010). Our genome-wide
protein-RNA interaction maps of Rbfox proteins in mouse brains indicated that distal
Rbfox sites have sequence conservation properties, gene targets and other features that

support their functional roles in RNA regulation and disease etiology.

UGCAUG is enriched and conserved distal to alternative exons.

The hypothesis that distal Rbfox splicing enhancers or repressors regulate
developmentally-important mammalian exons predicts that distal GCAUG motifs, as has
been noted for proximal GCAUG motifs (Yeo et al., 2009; Zhang et al., 2008), are
evolutionarily conserved and preferentially enriched in introns flanking AS exons. We
tested whether the highly conserved distal regions have two properties expected for AS
control regions: enrichment for known splicing regulatory motifs, and preferential
association of these motifs with alternative exons more than constitutive exons. To
achieve this, we modified a computational strategy (see Methods; Yeo et al., 2007) to
score hexamers for their statistical enrichment in highly conserved intronic regions
relative to lowly conserved intronic regions. We separately scored hexamer enrichment in
conserved intronic regions flanking alternative cassette (single-exclusion) exons relative
to regions flanking constitutively spliced exons then plotted these two scores against each
other. This strategy infers function from evolutionary conservation and relevance for AS
regulation (as opposed to another function) from proximity to alternative exons. First, we
computationally identified 655,467 highly conserved regions in the human transcriptome,
of average length 51 bases, excluding repetitive DNA or RNA elements, microRNAs,

snRNA, rRNAs, and transcription factor binding sites identified by the ENCODE



92

consortium (Figure 20a) (Maher et al., 2012). Although <1% of intronic space meets the
criteria for high conservation, almost half (42%) of all highly conserved regions are
located within introns, with a great number of these falling in distal regions (35% of the
total, or 225K regions; Figure 20b, Figure 21a).

We found that the cis-element composition of proximal conserved regions around
AS exons (Figure 20c) was not identical to that of distal regions (Figure 20d and Figure
21b). For example, a CU-rich motif, which is a substrate for the PTB family of splicing
factors, is enriched in conserved regions proximal to AS exons but depleted in distal
conserved regions (Figure 20c and d; yellow triangles), thus suggesting these are under
positive evolutionary selection in proximal regions, but negative selection in distal
regions. Another motif (CAAUAA) was found to be highly conserved in both proximal
and distal regions, but preferentially depleted around AS exons, compared to
constitutively spliced exons (Figure 20c and d; light blue triangles). The Rbfox binding
motif, UGCAUG (Figure 20c and d, dark blue circles), was consistently the most
enriched conserved cis-element associated with AS exons in both proximal and distal
regions (P < 0.01 by both criteria).

Distal Rbfox sites are associated with Rbfox-regulated exons.

Having determined that in vivo distal intronic Rbfox binding sites contain
conserved GCAUG motifs, and that conserved distal intronic regions flanking annotated
AS are enriched in Rbfox binding motifs in general, we next investigated their role in
Rbfox-dependent AS regulation. Rbfox-regulated exons were identified by strand-
specific RNA-seq from homogenized whole mouse brain isolated from nestin-conditional

RbfoxI”" and Rbfox2”" knockout (KO) animals and paired wild-type control (Kim et al.,
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2011; Gehman et al., 2012), and human 293T cells ectopically expressing either
RBFOX1, RBFOX2, RBFOX3 or empty-vector control plasmids. Both loss of Rbfox1
and Rbfox2, as well as ectopic expression of RBFOX in human 293T cells, had virtually
no effect on overall gene expression levels (Figure 22 a-e and Appendix 4).

To estimate the level of Rbfox-dependent exon usage, we calculated percent-
spliced-in (psi, %) values for annotated AS exons. We identified 620 and 934 (379 in
common) mouse exons that were alternatively spliced in brain (change in the absolute
value of ¥ or [4¥] > 5%) upon loss of Rbfox1 and Rbfox2, respectively (Figure 22F and
G, Appendix 5 for the list of regulated exons). The degree of differential splicing upon
Rbfox loss correlated well with RT-PCR measurements in the publications describing
these knockout mice (Figure 22h and 1)(Kim et al., 2011; Gehman et al., 2012). In mouse
brains, of the exons that were differentially spliced (4] > 5%) in both experiments, only
about half (210 of 379) changed in the same direction; in contrast, ectopic expression of
each RBFOX in 293T cells resulted in AS of hundreds of cassette exons (Figure 22g) but
the regulated changes in exon inclusion in these cell-lines were more positively correlated
(Figure 22j). RNA splicing components such as Mbnll, Mbnl2, PrpfiS, Cwc22, Rsrcl,
Raly, Thrap3, Rnpsl, Clk4 were themselves alternatively spliced upon RbfoxI and Rbfox2
knockout, suggesting that some of the AS changes measured are indirect. Notably,
categories of genes that undergo regulation by AS are more closely related to categories
of genes bound in proximal and distal intronic regions by Rbfox1 and Rbfox2, as
compared to ones bound in 3'UTRs by Rbfox1 and Rbfox2 (Figure 18f and Figure 17¢),
suggesting a separable biological function of Rbfox1 and Rbfox2 in 3"UTR-mediated

gene regulation.
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Cassette exons were divided into differentially included (4% > 5%), excluded (4 ¥
< -5%) or unaffected (J4¥] < 2%) categories by Rbfox loss (in knockout mice compared
to wild-type sibling pairs) or by RBFOX gain (in 293T cells ectopically expressing
RBFOX compared to an empty-vector control) (Figure 22f-j). We determined the
proportion of Rbfox-regulated and unaffected AS exons that had CLIP evidence for
Rbfox binding or a GCAUG motif, at different levels of evolutionary conservation, in the
proximal or distal (“PI” and “DI” columns of (Figure 23a-d), upstream (Figure 23a, c) or
downstream (Figure 23b, d) intronic regions. Upon Rbfox2 loss in mouse brain, a
statistically significantly higher fraction of differentially included AS exons (blue bars)
than unaffected exons (grey bars) contain a conserved GCAUG motif in the upstream
proximal region (P < 1x107; Figure 23a); while a higher fraction of excluded AS exons
(golden bars) contain conserved GCAUG motifs in the downstream proximal region (P <
4x10°°%; Figure 23b). Interestingly, exons included upon Rbfox2 loss are depleted of
CLIP-defined binding sites in downstream proximal intronic regions (P < 4x107; Figure
23b). As expected, inverse effects were observed when RBFOX2 was ectopically
expressed in 293T cells (P < 3x107, P < 3x10™ for downstream of included and
upstream of excluded exons, respectively; Figure 23c and d). RBFOX1 and RBFOX3
experiments had similar, but less dramatic effects on splicing (Figure 24a and Figure
26b). Therefore, Rbfox interaction within proximal intronic regions was associated with
Rbfox regulation, confirming previous “position-dependent” rules: that upstream Rbfox
binding is associated with repression of exon recognition, while downstream binding

correlates with exon inclusion (Yeo et al., 2009; Zhange et al., 2008).
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We next examined the association of distal Rbfox interaction with splicing
changes. In Rbfox2 loss, a statistically higher fraction of excluded exons than unaffected
exons contained upstream, distal conserved motifs (P < 1x107%; Figure 23a) and CLIP-
defined Rbfox2 binding sites (P < 2x107; Figure 23a). Interestingly, unlike what we
found in proximal regions, a higher proportion of differentially included exons than
unaffected exons contained downstream, distal conserved motifs (P < 5x107*; Figure
23b). Also, a higher fraction of excluded than unaffected exons contained downstream,
distal CLIP-defined Rbfox binding sites (P < 9x10~ for Rbfox1 CLIP; P < 2x107 for
Rbfox2 CLIP; Figure 23b). In RBFOX2 ectopic expression in human cells, we found that
a higher fraction (P < 4x107; Figure 23d) of excluded than unaffected exons had
downstream distal conserved motifs.

As further support for the hypothesis that distal Rbfox sites can elicit regulatory
effects on AS, the cumulative distributions of A¥ values for mouse exons with either up-
or down-stream, distal conserved GCAUG motifs are statistically significantly different
(P < 0.05 and P < 0.006 for up- and down-stream motifs, respectively; two-sample
Kolmogorov-Smirnov (KS) test) compared to the distribution of A4¥ values for exons
without intronic conserved GCAUG motifs; Figure 23e). In ectopic expression
experiments, only the distribution of A% values for exons with downstream conserved
motifs was significantly different from background (Figure 23f). While the directionality
of AS changes mediated by distal sites is likely more complex than proximal sites, these
two complementary approaches demonstrate that conserved GCAUG motifs and in vivo
distal Rbfox binding sites are active splicing regulatory elements associated with Rbfox-

dependent AS changes.
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Distal Rbfox sites regulate AS in vitro and in vivo.

To demonstrate proof-of-principle that distal Rbfox motifs regulate AS, we
investigated exons from two human genes that exhibit RBFOX2-dependent AS (Lapuk et
al., 2010): KIF2I1A exon 23 (E23) and ENAH (also called MENA) exon 11a (Ella).
Biochemical evidence demonstrates interaction at distal intronic sites flanking these
exons with Rbfox1 in mouse brains and Rbfox2 in both mouse brains and human 293T
cells (Figure 25a, d). Furthermore, binding sites are remarkably conserved across
genomes (Figure 25b, e). The distal UGCAUG motifs in both exons are at least 500 base
pairs away from any exon, allowing us to assess their functionality at long distances.

KIF21A4 is a member of the kinesin super-family that is over-expressed in Down
syndrome (Salemi et al., 2013) and mutated in congenital fibrosis of the extraocular
muscles type 1 (Heidary et al., 2008). Inclusion of a 2Int exon (E23) in KIF214 is
RBFOX2-dependent and analysis of its downstream flanking intron revealed both
proximal and distal conserved RBFOX motifs. The two distal sites are located 42nt apart
in a short region of homology ~3.3kb downstream of the alternative exon and ~550nt
upstream of the next exon. To assess whether these distal conserved sites function in the
context of endogenous transcripts to alter splicing we tested the ability of antisense
morpholino oligonucleotides (MOs) designed against these sites to alter E23 splicing in
HS578T cells (Figure 25c, upper panel). Inclusion of E23 was reduced from ~39%
inclusion in mock-treated cells to ~18% inclusion in cells treated with an MO against the
first distal site, indicating that this UGCAUG motif regulates E23 splicing from a
distance. An MO complementary to the second distal site had no effect, either because

this site doesn’t regulate splicing in this cell line, or because the site’s physical
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conformation inhibits MO efficacy. As a control, an MO directed against a heterologous
event in the cytoskeletal gene, EPB41 (Parra et al., 2011), altered splicing of its intended
target transcript but did not affect E23 splicing (Figure 25c¢, lower panel). We conclude
that one of the distal RBFOX motifs downstream of E23 is a strong distal splicing
enhancer, and is required for optimal splicing even in the presence of conserved proximal
sites.

ENAH Ella exhibits dramatically reduced inclusion during epithelial-
mesenchymal transition (Warzecha et al., 2010), and is spliced in a breast cancer subtype-
specific manner (Lapuk et al.,2010). El1a splicing is regulated by RBFOX2 (Yeo et al.,
2009; (Kim et al.,, 2011; Gehman et al., 2012), and our genome-wide CLIP assays
identified binding sites for Rbfox1 and Rbfox2 1.8kb downstream of Ella in mouse
brain, in human 293T cells (Figure 25d) and in human embryonic stem cells (Yeo et al.,
2009).

In contrast to KIF21A4 E23, the only conserved GCAUG sequence motifs in the
intron downstream of ENAH El1a are located distally, ~1.8kb from the regulated exon. A
group of three motifs is well conserved in at least 34 mammalian genomes, and can also
be found at orthologous positions in avian genomes (Figure 25d). The absence of
conserved GCAUG sequences in the proximal flanking intron suggested that the
conserved distal sites mediate RBFOX-dependent splicing enhancer activity. We
investigated the function of these distal RBFOX sites in endogenous transcripts in an in
vivo context using vivo-MOs (vMOs, MOs with chemical modifications that improve
their efficiency in vivo)(Morcos et al., 2008). El1a was partially included in ENAH

mRNA isolated from kidney and liver of mice treated with a saline control (Figure 25f,
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upper panel, mock). Injection of a single vMO complementary to two of the conserved
RBFOX motifs (a-ENAH vMO) greatly reduced El1a inclusion in both tissues (Figure
251, upper panel). Control vMOs that target a heterologous event (a-EPB41 vMO1 and
vMO2)(Parra et al., 2011) only showed splicing changes in their intended targets. We
conclude that RBFOX proteins regulate AS of E11a under physiological conditions from
distal conserved binding sites.

To further validate the role of distal RBFOX sites and exclude off-target effects of
the vMO, we transfected human breast cancer cell-line HCC1954 with various three-exon
minigene splicing reporters representing the E11-El11a-E12 region of the human ENAH
gene (Figure 25g). In strong support of our hypothesis that these distal sites are
functional, inclusion of E11a was dramatically reduced to almost complete exon skipping
by mutating the three conserved distal GCAUG sequences (Figure 25h, lanes 1 and 2). In
contrast, mutation of two non-conserved GCAUG sequences (open ovals) had little effect
on splicing (Figure 25h, lane 3). Co-precipitation of biotinylated RNA containing two of
the distal RBFOX sites with in vitro translated RBFOX2 confirmed protein-RNA
binding, which was lost when we mutated RBFOX sites (Figure 251). In summary, the
above experiments functionally demonstrate that distal evolutionarily conserved GCAUG
elements control splicing of exon Ella in the ENAH gene and E23 of the KIF21A4 gene
and, more globally, there is strong statistical association between the presence of distal
RBFOX sites and RBFOX-regulated exons. Next we approached the mechanism of this

molecular phenomenon.
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A long-range RNA-bridge mediates AS regulation by RBFOX.

Distal Rbfox binding sites must require a mechanism for recruitment to an
alternative exon, in order to productively enhance spliceosomal activity. We reasoned
that RNA secondary structure might provide a “bridge” that links distal cis-elements with
their exon targets. To investigate a role for such RNA-bridges we first scanned all
cassette and constitutive exons for potential RNA-RNA interactions between exon-
proximal and exon-distal intronic segments using RNAhybrid (Figure 26a). By requiring
candidate RNA-bridges to be evolutionarily conserved, as expected for developmentally
important structures, we pared the initial list of more than two million RNA-bridges to
approximately twenty-four thousand conserved RNA-bridges. These were significantly
enriched near alternatively spliced exons, compared to constitutively-spliced exons (P <
0.05 by x” test; Figure 26b). Moreover, the relative enrichment of RNA-bridges near
alternative exons increased as a function of duplex stability, a variable not dependent on
conservation levels, suggesting that conserved RNA-bridges are more common and more
thermodynamically stable around alternatively spliced exons than around constitutive
exons (Figure 26b, red line).

RNA-bridges that may play a role in distal Rbfox regulation were further enriched
by identifying structures that had a distal arm within 50nt of a conserved GCAUG site
(BL score > 0.3; see Methods). By this approach, we found 699 predicted RNA-bridges
around 125 exons (i.e. there are multiple potential bridges per exon). Focusing only on
RNA-bridges around exons that were altered upon ectopic expression of RBFOX (|4 >
5% in any experiment) resulted in 162 predicted RNA-bridges around 19 exons. Among

these we found an RNA-bridge connecting ENAH Ella to the distal site characterized
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above (Figure 26¢), but notably we did not predict an RNA-bridge around K/F214’s AS
event that met the strict filtering criteria we applied. Some AS events, including those in
the HnRNPR gene (not shown) and ENAH had predicted RNA bridges that met the above
criteria and also had strong biochemical evidence for RBFOX2 binding from our iCLIP
in 293T cells (Figure 25a).

Downstream of ENAH E11a, our computational scan for RNA structures retrieved
two overlapping RNA-bridges predicted to connect a conserved region 30-120nt
immediately proximal to Ella to a similarly conserved region 10-100nt upstream of the
distal RBFOX cluster (Figure 26¢). The proximal and distal arms of the structure were
separated by a putative loop of 1.1-1.7kb (mammals) or 0.6kb (chicken), and each arm
consisted of two subdomains. This structure was conserved in most mammalian genomes,
and also in the chicken genome, with evidence for compensatory mutations that maintain
structure but not primary sequence (Figure 26c). We hypothesized that this stem loop
structure could bridge or recruit the distal RBFOX sites close to Ella, in effect
recapitulating the classical example of Rbfox splicing regulation proximal to alternative
exons.

To probe the role of this structure in regulating Ella splicing, we generated
minigene constructs that (1) contained disrupted RNA-RNA interactions in each of the
structure’s subdomains or (2) compensatory mutations that rescue RNA-RNA
interactions but not primary sequence or (3) a structure that had a perfectly
complementary RNA-bridge (Figure 26d). We found a dramatic reduction in Ella
inclusion upon mutation of any subdomain (referred to as STEM-a and STEM-b) of the

predicted stem structure (Figure 26e; lanes 2, 3, 5 and 6), even though the RBFOX sites



101

remained intact. Combining the two STEM-a mutations created construct STEM-a comp,
which restored base-pairing (Figure 26¢; lane 4) and rescued E11a inclusion to half of the
normal level. Better rescue of E11a inclusion was observed in the STEM-b compensatory
mutation (Figure 26e; lane 8). Consistent with these results, we also found that a double
mutant construct (STEM-ab prox) completely abrogated inclusion (data not shown),
while double-compensatory mutation (STEM-ab comp) recovered more than half of E11a
inclusion (Figure 26e; lane 8) Finally, a mutation that extended the original base pairing
by creating a perfect 42nt stem actually increased El1a splicing efficiency above normal
levels (Figure 26e; lane 9). Based on these results, we theorize that AS regulation can be
mediated by long-range RNA-RNA interactions between paired sequences that form an

“RNA-bridge” to recruit a distal RBFOX site close to its target exon (Figure 26g).

DISCUSSION

Aberrant regulation of post-transcriptional RNA processing networks is
increasingly recognized as a major cause of human genetic disease. Establishing the
consequence of RBP interactions will be key to understanding the molecular basis of
human diseases and the basic mechanisms that drive cellular processes. Our protein-RNA
interaction maps reveal that Rbfox proteins not only bind proximal, but also distally to
exons and furthermore that these sites are active. Minimally, this suggests there is a vast
and untapped trove of information that could be used to predict the inclusion of exons
according to cell state or environment. Aside from reaffirming the positional rules where

proximal binding of Rbfox upstream of an exon suppresses, and downstream enhances
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exon usage, we have identified hundreds of distal sites that are associated with Rbfox-
regulated splicing. To our knowledge, we provide the first evidence that long-range
RNA-RNA interactions can function over kilobase distances in vivo to mediate activity
of distal enhancers, and that such RNA-bridges may be common components of distal
regulatory mechanisms in AS control.

RNA secondary structures have long been known to alter splicing patterns in
yeast (Goguel and Rosbash, 1993; Plass et al., 2012; Rogic et al., 2008), Drosophila
(Kreahling and Graveley, 2005; Raker et al., 2009) and mammalian pre-mRNAs
(Licatalosi et al., 2008; Matlin et al., 2005; Pervouchine et al., 2012). These have most
often been observed to loop out exons or splice sites to induce their skipping (Kreahling
and Graveley, 2005; Nasim et al., 2002), also reviewed in (McManus and Graveley,
2011). Early work in yeast also showed that intra-intronic base pairing interactions could
enhance the splicing of long introns (Goguel and Rosbash, 1993; Rogic et al., 2008). In
mammals, secondary structures have been shown to alter the activity of regulatory
proteins by blocking or removing their binding sites (Warf et al., 2009), but we here
provide the first evidence for their role as chaperones for RBP-mediated long-range
splicing regulation. Our data indicate that RNA-bridges can function by dramatically
shortening the distance between a distally bound splicing regulator and its target exon;
indeed, close examination of iCLIP-seq data in Figure 26d revealed evidence for Rbfox2
interactions at the proximal stem region of the bridge in ENAH intron 11a that lacks
GCAUG motifs and would not be expected to bind Rbfox2 directly. In summary, RNA-
RNA interactions within introns can have major effects on splicing and provide a

versatile mechanism for juxtaposing splicing controllers with synergistic or antagonistic
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relationships. Beyond that, it adds and an additional layer of AS regulation via promotion
or inhibition of RNA-bridge formation, for example, through RNA-editing.

Our results suggest that long-distance regulation of splicing is more far-reaching
than the small number of earlier reports might imply. Abundant regulatory information
located deeper within introns also represents an under-appreciated source of disease-
causing mutations. As the number of sequenced human genomes increases, our catalogs
of RNA binding sites and conserved regions will enable nucleotide-level, functional
association of natural and disease variation with AS. We conclude that future studies of
AS networks in normal development and in disease must consider both proximal and
distal RNA binding sites and non-canonical molecular mechanisms that lead to distal
enhancer activity in order to accurately predict RNA splicing with high accuracy. As we
have demonstrated with vMOs, these cis-regulatory elements provide an important
opportunity for targeted rationally-designed therapeutic interventions, for example such
as those which are proving effective and specific in the treatment of splicing-related

diseases.

METHODS
Accession Codes
Raw .fastq files are available from SRA under accessions SRP029987 and

SRP030031.
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CLIP-seq library generation and analysis

CLIP-seq libraries were constructed as previously described’. Fresh brains from
8-week-old female C57Bl/6 mice were rapidly dissociated by forcing through a cell
strainer with a pore size of 100 um (BD Falcon) before ultraviolet cross-linking. Using
antibodies against the proteins Rbfox! (custom generated in the Black lab, UCLA) and
Rbfox2 (Bethyl Laboratories), we generated CLIP-seq libraries that were sequenced on
the Illumina GAIIx platform. Raw reads were subjected to custom trimming scripts that
removed adapter sequences and truncated reads at low-quality bases or 10-mer
homopolymers. Reads were filtered through a catalog of consensus genomic elements by
mapping with bowtie (Langmead et al., 2009)(parameters: -q -p 1 -e 100 -1 20). Reads
that did not map to repetitive elements were mapped to the human (hgl9) or mouse
(mm9) reference genomes using GSNAP (Wu and Nacu, 2010). GSNAP was supplied
with the location of exon-junctions from Ensembl and UCSC genes and mapped with the
following parameters: -t 2 -N 1 -n 10 -Q -B 5. CLIP-seq reads from replicate libraries
were combined after quality checks and the analysis of clusters from each library
revealed an enriched GCAUG motif. CLIP-seq reads were collapsed to remove PCR
artifacts using samtools rmdup (Li et al., 2009). A new cluster-identification algorithm,
CLIPper (CLIP-seq peak enrichment; http://github.com/YeoLab/clipper), was developed
to identify clusters representing binding sites for RbfoxI and Rbfox2. For each pre-
mRNA, we determined the minimum height of CLIP-seq reads required to satisfy a user-
defined false discovery rate (FDR) of 0.05, based on our previous method (Yeo et al.,
2009). Next, we interpolated the heights of reads across the length of the pre-mRNA

using cubic splines. From the fitted curve, peaks, centers and widths that represented
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clusters were identified. The number of reads expected within each cluster was estimated
by the Poisson distribution using the total number of reads that mapped within the entire
length of the pre-mRNA as described in (Zisoulis et al., 2010). In addition to this “pre-
mRNA” cutoff, for each cluster, we also recalculated these cutoffs for reads within 1kb
and included any putative clusters that were significant by either this local analysis or by
the gene-wide analysis described above. Clusters were assigned to genic regions based on
the following order of priority: Exon > 3'UTR > 5'UTR > Proximal Intron > Distal
Intron. Background regions to compute statistically significant motifs were selected four
times for each cluster by deriving a random “cluster” of equal length in a randomly
selected location in the same type of genic region in any gene. The software packages
pybedtools and bedtools (Dale et al., 2011; Quinlan and Hall, 2010) were used to
enumerate overlaps between clusters and motifs. To determine the statistical significance
of the extent of overlap, regions were randomly located ten times, keeping the ratio of
locations in the different genic regions the same. A Z-score with corresponding P value

was computed from the shuffled mean and standard deviation.

De novo motif analysis for Rbfox clusters
Parameters supplied for motif finding with HOMER’s findMotifs program were: -
p 4 -rna -S 10 -len 5,6,7,8,9. Cluster sequences and background selected from the same

genic region as real CLIP clusters were supplied as a fasta file.
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Multi-species alignments

Alignments were obtained directly from MultiZ tracks (hgl9 46-way and mm9
30-way alignments) available from the UCSC Genome Browser and avian genome
alignments, as displayed in Figures 25 and 26, were manually adjusted for local accuracy

where supplied alignments were unsatisfactory.

Branch-length (BL) scoring to measure conservation levels of GCAUG motifs

Rbfox motifs were scored by walking through every position of the transcriptome
and summing the edit distance from a TGCATG motif across all aligned orthologs. Edit
distances were multiplied by the branch length (supplied by UCSC) to a given ortholog
after we used a sigmoid function to severely penalize edit distances < 0.8. Then we
expressed this score as a fraction (0 to 1) of the maximum score possible if all orthologs
contained an aligned perfect match to TGCATG. Lastly, we excluded positions where the

target genome (either mouse or human) did not contain a GCATG pentamer.

De novo motif analysis for conserved regions

Parameters supplied for motif finding with HOMER’s findMotifsGenome
program were: “-size given -S 100 -rna -float -bits -len 6 -nlen 0 -noweight -h -minlp 0”.
Background locations supplied were lowly-conserved regions flanking constitutive

€xons.
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Identification and word frequency analysis of conserved regions

Contiguous regions within the human genome with phastCons score, S were
divided into categories of low (0 < § < 0.3), moderate (0.3 <§<0.9) and high (0.9 <§ <
1.0) levels of evolutionary conservation. If a region is separated by only 1 nt with
another region, both regions are combined. Conservatively, regions longer than 2kb or
shorter than 10nt were eliminated from further consideration. Regions that overlapped
RepeatMasker (Smit et al., 1996-2010) annotated repeats or ribosomal RNA and
microRNA genes were removed. We also removed any conserved regions overlapping
with transcription-factor binding sites as defined by experiments conducted by the
ENCODE Consortium (obtained from the UCSC genome browser here:
http://hgdownload-
test.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeRegTtbsClustered/wgEncodeR
egTfbsClustered.bed.gz). We found that ~20% of our highly-conserved regions
overlapped with a transcription factor binding site. After defining conserved regions, they
were assigned to functional genic categories (exon, 5’ untranslated region, 3’ untranslated
region, proximal intron or distal intron). To compute the coverage of each genic region,
we divided the number of nucleotides represented by each category of conservation with
the total number of nucleotides in that region. Alternative and constitutive splicing
annotations were defined using available transcripts from Ensembl compiled with
previously published methods (Yeo et al., 2007a). In total, we analyzed 23,982 annotated
protein-coding genes, 18,551 cassette (or skipped) exons and 164,920 constitutive exons.
A x* enrichment score for each motif was computed with the counts for each hexamer as

follows: (1, x-axis of Figure 20) counts in highly conserved regions relative to lowly
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conserved regions and, (2, y-axis of Figure 20) counts in highly conserved regions
associated with exons that were alternatively spliced, compared to hexamers in highly
conserved regions associated with constitutively spliced exons. Background for each test
was the number of other hexamers in these regions. Enrichment scores are multiplied by
the direction of enrichment, which was determined as the sign of the difference between
ratios of hexamer counts over background. The software package HOMER (Heinz et al.,
2010)was utilized to identify degenerate motifs that were significantly enriched in highly
conserved regions around cassette exons versus lowly conserved regions around
constitutive exons, as inset into Figure 20c. To identify 6-mers that were similar to the
HOMER-derived motif, we computed a Pearson correlation coefficient between the 6-

mer and motif. A correlation coefficient of greater than 0.8 constituted a similar motif.

RNA-seq library generation and analysis

Total RNA from whole brain of Rbfox! and Rbfox2 nestin-specific knockout one-
month old male and wild-type sib-pairs was extracted by Trizol as per manufacturer’s
instructions. Total RNA from human 293T cells after ectopic expression of N-terminal
FLAG-tagged mouse RbfoxI (NP_067452)(Underwood et al., 2005), human RBFOX2
(AAL67150) (Underwood et al., 2005) and mouse Rbfox3 (NM _001024931) in
pcDNA3.1 (Life Technologies) 48 hours after transfection using Lipofectamine 2000
(Life Technologies) was subjected to Trizol extraction. RBFOXI1, RBFOX2 and
RBFOX3 levels in 293T cells were measured by qRT-PCR and were evaluated to be 6-,
4- and 4-fold higher than cells transfected with control vector pcDNA3.1 expressing only

FLAG, respectively. RNA-seq libraries were prepared using 8 ug of total RNA, and
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subjected to polyA-selection. After strand-specific dUTP library preparation, as described
in (Parkhomchuk et al., 2009), cDNA corresponding to 150-225 nt fragments was single-
end sequenced with Illumina GAIIx to 10Int. Raw reads were subjected to custom
trimming scripts which removed adapter sequences and truncated reads at low-quality
bases or 10-mer homopolymers. Reads were filtered through a catalog of consensus
genomic elements by mapping with bowtie (Langmead et al., 2009)(parameters: -q -p 1 -
e 100 -1 20). Reads that did not map to repetitive elements were mapped to the human
(hg19) or mouse (mm9) reference genomes using GSNAP (Wu et al., 2010). We supplied
GSNAP with the location of exon-junctions from Ensembl and UCSC genes and mapped
with the following parameters: -t 2 -N 1 —n 10 —Q —B 5. Mapped reads were used to
quantify gene-expression and splicing measurements as was done in Polymenidou et a.,
2011 with improvements that allowed us to use spliced reads mapped to the genome
instead of an exon junction database. Our RNA-seq analysis verified reductions in
mRNA levels of RbfoxI (by 63%) and Rbfox2 (by 84%) in the RbfoxI and Rbfox?2
knockout mice, respectively. Also, as was previously observed by western blot (Gehman
et al., 2012; Gehman et al., 2011), we found reciprocal compensatory increases of 21%
for Rbfox2 mRNA upon RbfoxI loss and 10% for Rbfox! upon Rbfox2 loss. Percent-
spliced-in (%) values were calculated as half the number of reads mapped to all inclusion
isoforms over the number of reads mapped to all exclusion isoforms plus half the number
of reads mapped to all inclusion. Only exons with evidence for alternative splicing from
Ensembl annotations (human: GRCh37 v65, mouse: NCBI37) were evaluated for

differential splicing.
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Gene ontology.

Gene ontology analysis consisted of a hypergeometric test comparing the fraction
of genes in each ontology category that appeared relevant (bound, differentially
expressed or alternatively spliced) in a particular high-throughput experiment to the
fraction of all expressed (RPKM > 0.5 in the species-appropriate RNA-seq experiment)
genes in that category. Reported P values are Bonferroni-corrected for multiple-
hypothesis testing and clustered along rows and columns using a Euclidean distance

metric.

Distal association of Rbfox sites with regulated exons

We categorized cassette exons into classes undergoing three types of regulation.
Exons were either included (4% > 5%), excluded (4% < —5%) or unaffected (|4¥] < 2%)
according to the RNA-seq experiments described above. Furthermore, exons were
required to have >30 or >50 reads mapped across exon-junctions showing evidence for
inclusion and/or exclusion in human and mouse experiments, respectively, and a flanking
intron > 1.5 kB in at least one direction. We tested several features we expected to be
associated with exons that were regulated upon Rbfox depletion or ectopic expression. In
mouse experiments, the features we examined were: (Li et al., 2008) Rbfox GCAUG
motifs (2) conserved Rbfox GCAUG motifs with a BL score > 0.1 (3) conserved Rbfox
GCAUG motifs with a BL score > 0.4 (4) Rbfox1 CLIP clusters (5) Rbfox2 CLIP clusters.
The features we tested in human were: (Li et al., 2008) Rbfox GCAUG motifs (2)
conserved Rbfox GCAUG motifs with a BL score > 0.1 (3) conserved Rbfox GCAUG

motifs with a BL score > 0.2. We calculated significance by a Fisher’s exact test
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comparing the proportion of changing cassette exons with at least one of a given feature
in a given region to the proportion of non-changing cassette exons with that feature in
that region.

Splicing reporter construction

The wild type minigene contains a 7.3kb fragment of the human ENAH gene
encompassing the exon 11-11a-12 region, plus ~50nt of upstream and downstream intron
sequence upstream. Primers used to amplify the E11-E12 region were as follows:

Forward primer:

5’'-tggaattctgcagatGTCTGGCATTGTGCAAATTAGA-3;

Reverse primer:

5'-gecactgtgcetggatCATTCAGGATCCATGTCAAAGA-3".

The lower case nucleotides provided 15 nt overlaps with EcoRV-linearized
pcDNA3.1 vector. Insert and vector were assembled together using the In-Fusion
Advantage kit according to the manufacturer’s instructions (Clontech). In-Fusion
technology was also used to introduce mutations at the deep intron RBFOX2 sites. First,
the entire wild type splicing reporter, except a small region containing the wild type
RBFOX sites, was PCR-amplified so as to generate a linearized construct opened at the
intron enhancer region. Complementary 39-mer oligonucleotides containing the three
mutated RBFOX sites, and 15nt overlaps with the linearized splicing reporter, were
annealed together and inserted into the vector by In-Fusion methods. Primers used to
amplify the wild type minigene:

Forward primer:

5S"-TTAAAAATTTGACTGTTTCCACAATTG-TTTATTACA-3";



112

Reverse primer:
5'-TCAGTCTAACAGTCAATCCATCACCACCACCACCAC-3".
Oligonucleotides containing the mutated RBFOX sites (underlined):
Forward:

5"-TGACTGTTAGACTGAATTAAATTTTTAAAAATTTGACTG-3";

Reverse:

5'-CAGTCAAATTTTT-AAAAATTTAATTCAGTCTAACAGTCA-3".

The non-conserved RBFOX sites were modified using multi-site mutagenesis to
mutate both non-conserved sites in one reaction, using the following primers in which the
mutated RBFOX motifs are represented in upper case:

Primer 1: 5'-catggtTGACTGtgcctgtgggaggetg-37;

Primer 2: 5'-ggaataggt AGACTGagtgaatatatgaaataacatcc-3 .

Splicing analysis of endogenous transcripts and minigene reporters

Splicing reporter minigenes were transfected into human HCC1954 or T47D cells
using FuGene HD Transfection Reagent (Roche). Total RNA was extracted from cells
with Qiagen’s RNeasy Mini Kit, and then reverse-transcribed into cDNA using random
primers and the Superscript III First Strand Synthesis System (Invitrogen). Subsequent
PCR analysis was performed using AccuTaq polymerase (Sigma). Amplification of
minigene El1a inclusion and exclusion products as a measure of splicing efficiency was
done using primers in intron 10 (forward primer 5-

GCATTGTGCAAATTAGAGTCCTT-3") and intron 12 (reverse primer 5’-
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CAGGATCCATGTCAAAGATATGC-3"). Amplification of mouse endogenous ENAH
transcripts was performed using the primers:

Forward primer: 5'-GCTGAGAAGGGATCAACAATAG-3;
Reverse primer: 5'-GCTCTGCTTCAGCCTGTCATAG-3’

Splicing of human KIF21A was assayed using primers:

Forward primer: 5'-GAAATAACCAGTGCTACCCAAAAC-3’

Reverse primer: 5'-GTTTAAAGGAGCATCCTCATCAGT-3"

Morpholino treatments

25 nucleotide antisense morpholinos sequences were obtained from Gene Tools,
LLC (Philomath, OR). The vivo morpholino for mouse experiments contains a covalently
linked octa-guanidine dendrimer as a delivery moiety to facilitate entry into cells in vivo.
The enhancer blocking sequence for ENAH was as follows:

S'TAATTCATGCTACCATGCAATCCAC-37;

underlined sequences are complementary to two of the conserved RBFOX
binding motifs. Mice received tail vein morpholino injections at 15mg/kg on two
consecutive days, then RNA was purified from selected tissues on the third day. Tissues
were rinsed in 1X PBS and snap frozen in ethanol/dry ice bath and stored at -80C. For
KIF21A experiments, morpholinos (without a covalently linked octa-guanidine
dendrimer) blocking the distal RBFOX sites were delivered to HS578T cells in 12 well
plates using 5 ul of morpholino and 6 pl of endoporter (Gene Tools, LLC). RNA was
extracted 48 hours after treatment. Morpholino sequences were as follows:

KIF21 distall 5'-CATGCAACAGCTC7gftresSf TGTAAACTAATA -3’
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KIF21A distal2 5'- ACACATCAGCATGCAGCTCATTCAC-3'3

Image cropping
Gel images were cropped to show bands of the expected size in RT-PCR and

biotin pull-down assays. Figure 27 shows uncropped images.
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FIGURES

Figure 17. CLIP-seq to identify Rbfox binding sites, motifs and gene ontology analyses.

(a) Autoradiograph of Rbfox protein-RNA complexes from mouse brain
immunoprecipitated with Rbfox-specific antibodies and trimmed with optimized unit (U)
concentrations of micrococcal nuclease (MNase). (b) Venn diagram showing the number
of genes bound by Rbfox1 and Rbfox2 in mouse brain. (c) List of the top three motifs
significantly enriched in the Rbfox1 CLIP compared to appropriate background controls.
Similar results were found for Rbfox2 (not shown). (d) Box-plots of hexamer Z-scores,
comparing Rbfox1 CLIP clusters to randomly located clusters in each genic region.
GCAUG and UGCAUG, the known Rbfox motifs, and a GU-rich 6-mer were enriched in
all genic regions except S'UTRs. (e) Venn diagrams showing the number of Rbfox1 (red)
and Rbfox2 (blue) CLIP-seq clusters that overlap (yellow) each other by > Int (“All
clusters™). Clusters are then restricted to those within 50 nt of a GCAUG motif in mouse
(“GCAUG in mouse”), or where the GCAUG motif is conserved (“Conserved GCAUG”)
at increasing branch-length (BL) scores (the higher the score, the more conserved the
GCAUG sequence across multiple genomes). Analyses of proximal (“PI”) and distal
intronic (“DI”) clusters are displayed on the left and right columns. (f) Bar plots represent
the fraction of clusters that overlap relative to the Rbfox1 (red) or Rbfox2 (blue) clusters
corresponding to the different restrictions in (e). (g) Dendrogram showing hierarchical
clustering with Euclidean distance of statistically significant gene ontology terms (in at
least one experimental condition) using negative logl0 P values that measure the
enrichment of genes within the ontology terms for various experimental conditions.
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Figure 18. Characteristics of Rbfox binding in distal intronic regions.

(a) Pie charts depict the fraction of Rbfox1 and Rbfox2 clusters, defined from CLIP-seq,
within different genic regions, compared to the length distribution of each region across
the transcriptome. A schematic of genic region definitions used in this paper is
represented below. (b) De novo sequence motifs enriched above background that were
similar to the canonical Rbfox motif are listed with their associated P value. (c) Pie charts
depict the fraction of Rbfox1 clusters that contain (within 200nt) the sequence GCAUG,
conserved in 1 (teal), 2 (burgundy) or 4 (orange) species (species abbreviations: Mm,
Mus musculus; Hs, Homo sapiens; Rn, Rattus norvegicus; Cf, Canis familiaris). (d) Bar
plots show the fraction of GCUAG motifs conserved in 1 (teal), 2 (burgundy) or 4
(orange) species occupied by Rbfox1 (overlapping within 200nt). (¢) Bar charts show the
fraction of Rbfox1 CLIP-seq clusters that contain (within 200nt) GCAUG motifs
conserved in 1, 2, or 4 species (as in (c)) is shown separately for all, proximal and distal
regions. (f) A heat map shows a portion of gene ontology categories represented by distal
binding (see Figure 18e). The intensity of gray corresponds to the negative loglO(P
value) of a hypergeometric test for enrichment in gene ontology categories representing
by genes bound in proximal intron (green boxed “PI”), distal intron (purple boxed “DI”)
or 3’'UTR (brown boxed “3U”); or genes exhibiting AS in the RNA-seq experiments in
the Rbfox1 or Rbfox2 knockout (KO) or RBFOX ectopic expression (EE).
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Figure 19. Genome browser views of selected alternatively spliced genes containing
distal RBFOX binding sites.

(a-e) Exons and introns are indicated in blue (UCSC genes) or red (Ensembl Genes) with
thick lines representing exons and thin lines overlaid with arrows representing introns.
The direction of the arrows denotes the direction of transcription. Read density from
Rbfox1 and Rbfox2 CLIPseq (orange and green tracks respectively) on several genes is
shown with positive and negative values corresponding to the direction of transcription of
aligned reads. Shankl (a), Snap25 (b), Kcnmal (c), RbfoxI (d) and Rbfox2 (e) possess
alternatively spliced exons (red arrows). PhastCons evolutionary conservation scores for
placental mammals are displayed at the bottom of each panel in dark green. Genomic
GCATG sites are indicated above the conservation track in black. Distal and proximal
highly conserved regions are designated along the top with purple and green filled
rectangles, respectively. Scale bars at the top define the size of region displayed.
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Figure 20. The Rbfox binding motif UGCAUG is the most enriched hexamer in
conserved regions in distal intronic space around alternatively spliced exons.

(a) A flow-chart of our computational strategy to identify highly conserved regions
within the human transcriptome. (b) Pie chart showing the distribution of highly
conserved regions in different gene regions. (c - d) Scatter-plot of enrichment scores for
4096 hexamers (grey points) in proximal (c) and distal (d) intronic regions. The y-axis
indicates the enrichment of each word within intronic regions proximal to cassette
relative to constitutive exons. The x-axis indicates the enrichment of each word within
highly conserved, relative to lowly conserved regions. The five most enriched motifs in
highly conserved regions proximal to AS exons compared to lowly conserved regions
proximal to constitutive exons judged by an alternative de novo approach is inset in (c)
(additional motif information is in Figure 22b). Words similar to these five motifs are
highlighted with filled shapes, overlaid onto the scatter-plot. UGCAUG was significantly
enriched in both proximal and distal conserved intronic regions flanking AS exons.
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Figure 21. Discovery and characterization of conserved regions.

(a) Contiguous regions within the human transcriptome were divided into three categories
based on their degree of evolutionary conservation as determined by phastCons scores, S.
Conserved regions that overlap known repetitive elements and transcription factor
binding sites were removed. Pie charts illustrate the distribution of the three categories of
lowly (L), moderately (M) and highly (H) conserved regions of approximately similar
lengths (box-plots on the right) within different genic regions (5'UTR, exon, proximal
intron, distal intron and 3"UTR) in protein-coding genes. Bar charts show the fraction of
total nucleotides in each genic region covered by a highly-conserved region. (b) Results
from a de novo motif search using HOMER (Heinz et al., 2010) for enriched hexamer
motifs is shown for distal and proximal highly-conserved regions from (a). Up to 10
motifs are shown with their associated P values indicated to the right.
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Figure 22. Identification of Rbfox-dependent expression and splicing changes by RNA-
seq.

(a, b) Scatter plots of RPKM (reads per kilobase mapped in exons per million reads)
values between RbfoxI and Rbfox2 knockout (KO; y-axis) compared to wildtype (WT; x-
axis) sibling pairs showed that 46 and 6 genes are significantly up-regulated (red points),
and 11 and 9 genes are down-regulated (green points) upon loss of Rbfox1 and Rbfox2 in
mouse brain, respectively (P <0.001). (¢ - e) Scatter plots of RPKM values comparing
ectopic expression (EE) of RBFOXI, RBFOX2 and RBFOX3 (y-axes) to a plasmid
control (x-axis). (f) Scatter plots of percent-spliced-in (‘) values of cassette exons
comparing RbfoxI and Rbfox2 KO (y-axes) to WT (x-axes); and ectopic expression (EE)
of RBFOXI, RBFOX2 and RBFOX3 to plasmid control. Mouse exons that are
alternatively spliced (JAY| > 5%) upon loss of Rbfox1 (in red), Rbfox2 (in blue) and
either (orange) are marked on top two plots. Human exons that are alternatively spliced
upon EE of RBFOXI1 (in red), RBFOX2 (in blue) and RBFOX3 (in green) are marked on
the bottom three plots. A linear fit of the data (black line) and associated Rz value are
shown. (g) Venn diagrams show the number of cassette exon splicing events that are in
common upon loss of Rbfox1 and Rbfox2 in mouse (top) and upon ectopic expression of
RBFOX proteins in human 293T cells (bottom), considering exons with [AY| > 5% (any
change, left), AY > 5% (included, right top) and AY < —5% (excluded, right bottom).
RBFOXI-, RBFOX2- and RBFOX3-specific events are colored red, blue and green, with
orange and dark green representing shared events. (h) A scatter plot shows AY values
from RT-PCR (Gehman et al., 2011; Gehman et al., 2012) (x-axis) and RNA-seq-derived
RPKM (y-axis) measurements of exon inclusion for manually validated cassette splicing
exon events in mouse brain for Rbfox! (red) and Rbfox2 (blue). A linear fit to each set of
points and associated Rz value are shown. (i) Bar-plots show a comparison between AY
values using RT-PCR or RNA-seq. RTPCR values were obtained from (Matlin et al.,
2005; Wang et al., 2008).
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Figure 23. Both proximal and distal Rbfox motifs regulate splicing.

(a - d) Bar plots depict the fraction of cassette exons that have evidences (listed below
the first column of each panel) for direct Rbfox regulation within proximal or distal
intronic regions, up or downstream (listed above each panel). Exons were classified as
differentially included (4¥ > 5%; blue, on the positive y-axis), excluded (4¥ < —5%;
goldenrod reflected on the negative y-axis) or not changing (—2% < 4¥ < 2%,; grey, on
the positive and y-axis and also reflected on the negative y-axis) according to Rbfox2
RNA-seq experiments in mouse (a, b) and human (c,d). Ties with one or two “*” symbols
mark significance at P < 0.05 and P < 0.001, respectively, for a Fisher’s exact test
comparing the relative proportion of changed versus unaffected exons which possess a
particular feature in the indicated intronic region. A full accounting of analyses using
other RNA-seq experiments and other features is in Supplementary Figure 5. (e - f)
Cumulative distributions of A¥ values for mouse (E) and human (G) cassette exons
which have conserved GCAUG motifs (BL score > 0.2 in mouse BL score > 0.1 in
human) in proximal (left) or distal (right) regions upstream (purple) or downstream
(orange) or with no motifs at all in that region (grey).
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Figure 24. Distal conserved regions containing Rbfox sites control splicing of upstream
alternative exons.

(a, d) Genomic regions showing KIF21A4 exon 23 (a) and ENAH exon 1la (d) and
neighboring intronic and exonic regions. The location of GCAUG sequences in both
genes is marked by orange bars. Rbfox protein-RNA binding sites that overlap distal
conserved GCAUG motifs are outlined with a black box, and match the highest density
of CLIP-seq reads (graphed as continuous densities) for RBFOX2 in 293T cells (iCLIP;
green track), Rbfox1 in mouse brain (CLIP-seq; red track), and Rbfox2 in mouse brain
(CLIP-seq; blue track). PhastCons scores of evolutionary conservation are represented as
continuous densities in dark green. (b, €) Phylogenetic conservation of UGCAUG (red)
and GCAUG (blue) elements within the highlighted distal intronic regions in the KIF21A4
and ENAH gene (boxed in (a) and (d)). (c, ) Cartoon representations of binding sites for
MOs or vMOs targeted to block distal RBFOX sites in KIF21A4 (¢) and ENAH (f) are
shown. Bottom panels show RT-PCR analysis of KIF2/4 and ENAH splicing in the
presence or absence of morpholinos. ¥ is listed below each lane. (g) Three-exon
minigenes consisting of E11-E11a-E12 are illustrated. Ovals represent conserved (filled)
or non-conserved (unfilled) UGCAUG (red) and GCAUG (blue) sequences. (h) RT-PCR
analyses of minigene-derived transcripts. ¥ is listed below each lane, as quantified by
image densitometric analysis. (i) Pull-down assay measuring in vitro-translated
RBFOX2 protein binding to biotinylated RNA containing consensus UGCAUG motifs
(lane 1) or mutated RBFOX motifs (lane 2).
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Figure 25. Distal association of Rbfox sites with Rbfox-dependent alternatively spliced
exons.

(a, b) The fractions of alternatively spliced exons compared to unchanged that have
GCAUG motifs (at increasing levels of conservation) and CLIP-defined Rbfox1 and
Rbfox2 sites either upstream or downstream, for both distal (“DI”’) and proximal (“PI”)
regions, are represented as vertical bars. Rbfox! and Rbfox2 knockout (KO) mice
compared to sibling WT pair are represented in (a). Ectopic expression (EE) of RBFOXI,
RBFOX2 and RBFOX3 are represented in (B). The fractions are represented on the log-
scale (y-axis). Blue bars represent exons with RNA-seq evidence for inclusion (AY >
5%); goldenrod bars represent exons with RNA-seq evidence for exclusion (AY < —5%);
grey bars represent exons with no change by RNA-seq (2% < AY < 2%). Ties with “*”
symbols indicate statistically significant differences when categories of exons are
compared (*P < 0.05, **P < 0.001; Fisher’s exact test). The maximal change for each
exon was used when combining evidence from all experiments, as represented by their
unions (U; y-axis) (the final rows for (a) and (b)). (¢) The cumulative distributions of AY
values for exons with >1 GCAUG motif or CLIP-defined Rbfox binding site within either
upstream or downstream, for both distal (“DI”) and proximal (“PI”) regions were
compared to exons with no flanking conserved GCAUG motifs. P values by the two-
sample Kolgomorov- Smirnov tests are indicated when statistically significant (P < 0.05).
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Figure 26. An RNA-bridge between ENAH Ella and a conserved distal RBFOX site is
necessary for exon inclusion.

(a) A schematic of the strategy used to find RNA-bridges. Regions proximal to exons
were tested for the ability to pair to all positions in the distal region in the same intron.
(b) The fraction of cassette (yellow) and constitutive (black) exons with neighboring
predicted RNA-bridges as the negative minimum free energy (mfe) threshold for defining
an RNA-bridge is made more stringent. The ratio between these fractions is depicted as a
red line. (c) All predicted RNA-RNA interactions within E11-E11a-E12 (green) of the
ENAH pre-mRNA are displayed in a circos plot (left side). Paired regions are classified
as strong, (mfe < —50 kcal per mol; red) or weak (mfe > —50 kcal per mol; grey).
PhastCons conservation scores are illustrated on the circumference of the circle. A stem-
loop structure that is conserved to avian genomes is shown with base-paired nucleotides
indicated with green font. The location of this RNA-bridge is shown in detail at the
bottom of the panel. Vertebrate conservation from phastCons is represented as continuous
density in dark green. (d) Wild-type and mutated (red letters) RNA duplex structures are
shown. (e) RT-PCR analysis of ENAH structural mutants in transfected T47D cells.
Labels above each numbered lane correspond to experiments using each of the structures
in (d). ¥ is listed below each lane. (f) Model illustrating the function of the RNA-bridge
to position Rbfox sites (red ovals) close to an exon to regulate splicing.
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Figure 27. Un-cropped gel images.

Un-cropped gel images are shown for RT-PCR and biotin pull-down assays. These
include slow-migrating bands, suspected heteroduplexes, which are excluded from main
figures.
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