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score for HGMD variants is 0.445, while it is only 0.044 for 1,000 genomes, variants (P value <2.2e-16 for,

two sided Wilcoxon test), We further compared RADAR scores of HGMD variants with other methods
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up a larger part of the genome, our defined RBP regulome is larger than previously thought and covered,as |
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Baseline Variant Scoring /\

The three features that we consié

motif disruption. In_hh(rsttwo scenarios, we calculated a value of pJ corresponding to the number of } h

ermline variants falling in a given annotation divided by the total number of germline variants. For each

of the three cases, the annotation was different. In the case of selection pressure, we naturally used an

annotation equivalent to the binding sites from the eCLIP profiles. Each set of annotations was unique for

each RBP, resulting in 112 different annotations and p values. In the scenario of network hubs, we

calculated a p from the annotations corresponding to the number of RBPs binding at each base pair along

the genome. For example, an annotation associated with a network hub of 1 would correspond to all the

positions on the genome that only have 1 RBP binding. For each possible value for the network hub, we

determined a value fo ¢ used an entropy-based scoring scheme, with an input of p and an output

between 0 and 1. We used the following scheme: /@

Entropy score =1+ plogp + (1 — p) log(1 —p)

In the case of the selection pressure score, we thefi reweighted the entropy score by the rare DAF by

multiplying the rare DAF ratio, which takes into the GCbt i } e rare DAF, and the entropy

to give a final selection pressure score. When variants fell into RBP binding sites, the max selection pressure

score was given to the variant’s RADAR score.

For network hubs, we used a similar manner to determine a variant’s network hub score. First, we

intersected the variant with an annotation describing the number of RBPs that bind the position. This

provided us with the value of how many RBPs bind. We then multiplied the entropy value associated with
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Ted in our baseline scoring scheme were conservation, network hubs, and
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this number (via the pre-calculated value of p) by the corresponding rare DAF ratio in order to reweight the

final network hub score of a variant.

When a variant disrupted a motif, we used a slightly adjusted entropy scheme to score the variant. We first

determined a function between entropy score and motif D-score using the following formula:

Mg =1+ p*logp*’ + (1 —p*’)log(1 — p*)

Here M2 is the entropy score associated with a variant that breaks a motif with D-score, D. The

p=P describes the number of germline variants breaking an RBP motif with a greater or equal D-score, D,

divided by the total number of germline variants. Therefore, we can form a function between D-score and

entropy score. However, in order to make the scheme more computationally efficient, we discretized the

motif function between M2 and D-score by using D-scores at a step size of 0.5. To score a variant, we

calculated a motif D-score, and used the nearest value from the discretized function for that associated motif

to calculate the entropy score. Finally, we multiplied the entropy score by the rare DAF ratio of the RBP

whose motif was broken.

/\YL“C)

RBP Regulatory Power from Linear Regression

RADAR allows inputs in addition to the pre-built context used tp calculate the bagehtie variant score. We

used DESeq to find tumor-to-normal differentially expressed genes (corrected p-val from DESeq <0.05).
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For each RBP, we performed a linear, regression to evaluate the individual regulatory potential on a set of

its target genes.

Our x variablg, in the Jinear, regression consisted, of a vector of 1s and 0s, with vector length equal to the;

genes. We determined, these differential gene expression values for 17, different cancer types, allowing us
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to obtain 17, different regulatory potentials, depending on tissue type. We, downloaded expression data from

the TCGA data portal. We used, count data from RNA-Seq jn our analysis. The coefficient yalue from our

linear, regression determined the regulatory re{lﬁﬂf an RBP, with the magnitude correlated, to the

strength of regulation and sign correlated toﬂhe d}reudn of regulation (up, or down regulate), To calculate
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2.2.3 Motif analysis for nucleotide impact

Mutations that change the RBP binding affinity may alter RBP regulation via loss-of-function effect. To quantify such
impacts, we used the difference of position weight matrix (PWM) scores of the mutant allele against the reference

allele.
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First, it has been reported that many of the RBPs’ binding events in vivo can be captured by binding preferences in
vitro. Hence, we used motifs reported by RNA Bind-n-Seq experiments from ENCODE. Then, we also used the same

scheme on the de novo motifs discovered directly from the binding peaks using the default settings in DREME (details



see methods). For each variant, the highest motif score from the above two sources is used to quantify the nucleotide

effect.

2.2.4 Structure and context conservations
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the protein expression and RNA stability \cite{24821474}. We incorporated structure features predicted by Evofold,
which uses phylogenetic stochastic context-free grammars to identify functional RNAs encoded in the human genome
that are deeply conserved across species \cite{16628248}. We found after intersecting with conserved structure
regions defined by Evofold, the RBP binding sites demonstrate significantly higher conversation, and hence we used

the Evofold regions a feature in the baseline score.

Besides, cross-species sequence conservations have also been widely used as an important feature to discover regions
with biological functions. For example, The Genomic Evolutionary Rate Profiling (GERP) score was developed to
identify nucleotide level evolutional constraints by mapping human genome to other species. We used GERP score in

our baseline RADAR framework to detect potentially deleterious mutations in the RBP regulome.

2.2.6 Highlight
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2.3.2 Prior knowledge of regulators, target genes, and variants

Variant Prioritization can be improved if
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of the regulators, target genes, and variants can be appropriately incorporated. For example,
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splicing factor QKI has been reported by many reports to be associated with different cancer types and it is reasonable
to further prioritize key variants that affect QKI regulation for cancer \cite{JZ2JL27841882 and others}. Besides,

many databases have enumerated hundreds of cancer-associated genes
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known to play critical roles in cancer. Cell proliferation and DNA repair-related genes are also important for cancer

research. For other diseases, many GWAS studies have pointed out many risk genes. Furthermore, genes
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Hence, our RADAR framework allows users to input their disease-specific genes of interest to prune the candidate

variant list further. Another example useful prior knowledge is
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investigated (Fig S7).

In addition, because
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The eCLIP peak calling method and processing pipeline were developed by the laboratory of Gene Yeo at the

University of California, San Diego (https://github.com/YeoLab/clipper, CLIP-seq cluster-identification algorithm on

PMID: 24213538).
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RNA binding proteins bind along the genome in a variety of contexts. Using eCLIP data, we can synthesize a genomic
landscape of where RBPs bind. Raw peak signals from eCLIP data are translated into binding sites, using a peak caller
specialized for eCLIP data. Generally, these RBPs having binding sites that correspond to about 150 bp, with many
RBPs having well over 10,000 binding sites. Binding site locations containing blacklisted regions are removed. These
include regions on the genome with low sequencing depth or coverage or [...]. Despite filtering these blacklisted
regions, over 99% of the binding locations are preserved. While the total number of base pairs corresponding to
binding sites translates to a large number, compared to the scale of the genome it is still minute. Therefore, we annotate
the genome, indicating at each position the set of RBPs that bind. This annotation set is known as the contextual

annotations.
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to contextually annotating the genome with the preferential binding of RBPs, we also include a functional annotation
— whether a specific position falls in the coding or noncoding region of the genome. The coding region consists of
only the exons of protein coding genes. The noncoding region is further divided into 3’UTR, 5’UTR, 3’UTR extended,
5’UTR extended, and nearby intron regions. Coding and UTR annotations are retrieved from Gencode and UCSC,
respectively. 3’UTR and 5’UTR extended regions consist of the 1000 base pairs downstream of the 3’UTR and 5’UTR
regions, respectively. The nearby intron regions consist of the 100bp regions adjacent to each exon. While each of
these region types are generally distinct, overlap is a possibility. Therefore, a hierarchy of which annotation takes
precedence when annotation types overlap is established, from highest priority to lowest: coding, 3’UTR, 5’UTR,
3’UTR extended, 5’UTR extended, and nearby intron. Regions of the genome not classified by these annotations are

labeled as “other” and may refer to other noncoding elements or blacklisted elements.

4.3 Inference of negative selection pressure from
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These germline variants consist of both common and rare variants. These variants are then classified into coding and

noncoding variants. Coding variants fall in regions annotated as coding, while noncoding variants fall in regions
annotated as noncoding Section (4.2). Noncoding variants are not further classified into noncoding element subgroups
in order to maintain a large sample size for optimal statistical power in inferring negative selection pressure. The

metric we use to
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Rare DAF=r i/(r i+c i)

Since we have further categorized both rare and common variants as coding and noncoding, we can obtain a coding

and noncoding rare DAF for a given region as well. Finally, we take the rare DAF value and divide it by the GC



content corrected genome average (Section 4.3.2) in order to obtain a ratio. Regions with rare DAF ratios larger than

1 suggest an above average negative selection pressure.

4.3.2 Rare DAF is confounded by GC content

Although negative selection pressure can be inferred from metrics such as rare DAF, it is not always accurate. In

particular, the rare DAF of a region is severely
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, which can range from 0% to 100%. We then group
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. Specifically, we establish 40 groups, using 2 percent intervals from 20 to 80 percent GC. Bins containing 0-20 and
80-100 percent GC content are ignored due to limited observations in these groups. For each of the 40 groups of 2%
GC intervals, we associate a set of 500 base pair bins. Each of these sets are taken together to form a region, i, and the

rare DAF is
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. For each of the 40 regions, i, we obtain a rare DAF value, forming a discrete relationship between rare DAF and GC
content. Using these discrete points, we fit a Gaussian kernel smoother with bandwidth of 10, resulting in a smoothed

function between rare DAF and GC. This function serves as a way to estimate the genomic rare DAF given the GC

content
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4.3.3 Negative selection pressure of RBP specific binding sites

We directly apply the method of determining a corrected rare DAF ratio to binding regions for a given RBP. The GC
content of all binding sites for an RBP is estimated (from a genomic bigwig file), and using the derived smooth
function between rare DAF and GC, a coding and noncoding rare DAF ratio is determined. For any given RBP a rare

DAF ratio is used to measure the relative selection pressure of an RBP.

4.4 Co-binding and Hotness (need to brainstorm another title)

A natural extension to annotating locations based on the set of RBPs that preferentially bind, is to include the

annotation of how many RBPs bind. The value associated with the number of RBPs that bind to a position is
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“hotness”. Regions with more RBPs binding are deemed to be more “hot” than locations with fewer RBPs binding.

We hypothesize that the hotness of a region and the selection pressure of the region demonstrate a positive relationship.
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Furthermore, regions with hotness less than 5% of the data, equal to a hotness of less than 5, are deemed to not be

hot, and are automatically given a 0 value in rare DAF ratio. The resulting discrete function is smoothed from hotness

of 5 to 10. The function steps from 0 (from hotness of 1 to 4) to the rare DAF ratio at 5, and also maintains a constant

rare DAF ratio for hotness values over 10 by rounding them down to 10.
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Many RBPs bind in similar locations across the genome, and this is measured by their co-binding percent. The co-
binding between two RBPs, A and B, is defined to be the maximum ratio between the peaks that intersect between A
and B and the total number of peaks for A or B. Intersection is defined for greater than or equal to one base pair. Here,
the maximum is taken in order to allow for a symmetric matrix in plotting a co-binding heatmap, resulting in only a
unique possible result for clustering RBPs by similarity of co-binding. Using the co-binding ratio values between
pairwise RBPs, a symmetric matrix is constructed and clustering is performed. The R function pvrect in package
pvclust is used for clustering with an alpha value of 0.02 instead of 0.05 in order to avoid clusters with large numbers
of RBPs (>6). The resulting clusters of RBPs with significance were found to follow patterns of functional co-binding

found in literature.

4.5
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4.5.1 De novo discovery

RBP motifs were found using DREME software (Version 4.12.0, http://meme-suite.org/tools/dreme, Timothy L.

Bailey, "DREME: Motif discovery in transcription factor ChIP-seq data", Bioinformatics, 27(12):1653-1659, 2011.).

De novo motif was called on a collection of significant eCLIP peaks.

4.5.2 Evaluating Motif Disruption with MotifTools
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, which we labeled as D-score (D stands for disruptive-ness or deleterious-ness), was evaluated
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4.7 Regulatory Network Construction

In order to construct a regulatory network of protein coding genes associated with a given RBP, we first identify which
annotation is associated with which protein coding gene. The network we construct is undirected between protein
coding genes and consists of a set of genes that a given RBP interacts with. To determine which genes the RBP
interacts with, all binding sites of the RBP are intersected with all annotations (4.2). With the additional information
of the associated gene given the annotation, we compile a list of all protein coding genes associated with the RBP. A
unique list is determined and such a set of genes is determined to be the network of genes associated with that RBP.

This is performed across each RBP in order to obtain a set of genes associated with each RBP.

4.8 RNA Binding Protein Prioritization

4.8.1 Logistic regression and regulation potential (add the DEseq analysis, have the software version clearly

labeled)

To prioritize the RBPs we use a logistic regression approach. Our goal is to assess the regulatory potential (positive

or negative) that the RBPs have on their respective gene associated targets. For each RBP we perform a logistic
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or negative
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