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ABSTRACT

micro(mi)RNAs are (18-22nt long) noncoding short (s)RNAs that suppress gene expression by
targeting the 3' untranslated region of target mRNAs. This occurs through the seed sequence
located in position 2-7/8 of the miRNA guide strand, once it is loaded into the RNA induced
silencing complex (RISC). G-rich 6mer seed sequences can Kill cells by targeting C-rich 6mer
seed matches located in genes that are critical for cell survival. This results in induction of Death
Induced by Survival gene Elimination (DISE), also referred to as 6mer seed toxicity. miRNAs
are often quantified in cells by aligning the reads from small (sm)RNA sequencing to the
genome. However, the analysis of any smRNA Seq data set for 6mer seed toxicity requires an
advanced workflow, solely based on the exact position 2-7 of any sRNA that can enter the
RISC. Therefore, we developed SPOROS, an automated pipeline that produces multiple useful
outputs to compare 6mer seed toxicity of all cellular sSRNAs, regardless of their nature, between
different samples. We provide two examples to illustrate the capabilities of SPOROS: Example
one involves the analysis of RISC-bound sRNAs in a cancer cell line (either wild-type or two
mutant lines unable to produce most miRNAs). Example two is based on a publicly available
smRNA Seq data set from postmortem brains (either from normal or Alzheimer's patients). Our
methods are designed to be used to analyze a variety of smRNA Seq data in various normal
and disease settings.
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1. Introduction

micro(mi)RNAs are short (18-22nt long) noncoding RNAs that negatively regulate gene
expression [1]. They are generated as double stranded (ds)RNA duplexes. Their activity
involves only a very short region of complete complementarity between the ‘seed’, at position 2-
7/8 of the guide strand of the miRNA [2, 3] and 'seed matches' predominantly located in the 3'
untranslated region (3' UTR) of targeted mRNAs [4, 5]. This targeting results in gene silencing
[6]. miRNA biogenesis begins in the nucleus with the transcription of a primary miRNA precursor
[7]. The Drosha/DGCR8 microprocessor complex first processes them into pre-miRNAs [8],
which are then exported by Exportin-5 from the nucleus to the cytoplasm [9]. Once in the
cytoplasm, Dicer/TRBP processes the pre-miRNAs further [10, 11], and these mature dsRNA
duplexes are then loaded onto argonaute (Ago) proteins forming the RNA-induced silencing
complex (RISC) [12]. The active miRNA guide strand incorporates into the RISC [12], while the
inactive passenger strand is degraded [13].

We previously discovered a powerful new cell death mechanism (6mer seed toxicity) that is
based on a 6mer seed embedded in miRNAs. Any si-, sh, or miRNA that carries a 6mer seed of
a certain nucleotide composition, Kills all cancer cells by targeting the mRNAs of hundreds of
genes that are critical for cell survival [14]. An arrayed high throughput screen of all 4096
possible 6mer seeds in a neutral backbone with a chemically inactivated passenger strand
revealed that the most toxic seeds were G-rich followed by seeds rich in Cs [15]. A consensus
seed among the 100 most toxic seeds for human cells was identified as GGGGGC and we
demonstrated that it is toxic by targeting GCCCCC seed matches present in the 3' UTR of
numerous survival genes [16].

The latest number of putative human miRNAs has been estimated to be >8,300 [17]. The
most widely established approach to study the role of miRNAs focuses on only the miRNAs that
are significantly deregulated when comparing two states (e.g., tumor versus normal tissue, or
two developmental stages of an embryo). Hence, most methods to normalize and analyze
miRNAs are aimed at allowing investigators to identify individual miRNAs or groups of miRNAs.
This makes the depiction of the relevant miRNAs more manageable as there is no need to
visually display hundreds of miRNAs at the same time. However, there are two major
drawbacks to this approach: First, the detected fold change in relative expression of a
deregulated miRNA does not allow one to conclude that a miRNA is significantly expressed, and
second, miRNAs that belong to different families but function in similar ways in different tissues
or in a disease context in different patients, are hard to identify.

The 6mer Seed Tox concept requires analysis of short (s)RNAs, including miRNAs, in a
different way. Rather than aligning all reads to the genome and finding the ones coding for
miRNA genes, the only relevant information needed of any sRNA that is bound to the RISC and
active in RNA interference (RNAI) function, is the precise knowledge of its 6mer seed (position
2-7 from the 5' end). The nature of the sRNA is secondary and can be determined later. 6mer
Seed Tox can be best determined by analyzing sRNAs that are loaded into the RISC, but total
small RNA Seq data can also be useful, as long as the reads are in the range of 18 and 25 nt
long. It has become clear that this activity is not only found in miRNAs, but in any abundant
SRNA such as tRNA or ribosomal (r)RNA fragments that can be loaded into the RISC and exert
RNAI [18, 19]. We now describe SPOROS (Greek for seed), an automated pipeline that allows
for the analysis of SRNAs in a new way, focused not on individual miRNAs and their targets, but
on the 6mer seed of any sRNA that is loaded into the RISC. SPOROS generates multiple output
files that allow one to assess both composition and seed toxicity changes in miRNAs in any
small RNA Seq data set. The focus in developing SPOROS was to provide simple and robust
analysis tools that can be used without requiring advanced programming knowledge.

2. Methods and applications
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In the following, we detail different steps to analyze sRNAs based on their 6mer Seed Tox
(Figure 1). We analyze two examples to illustrate the power and utility of the pipeline. The first
example is a smRNA Seq dataset of RISC-bound sRNAs in a wild-type (wt) human cancer cell
line and two mutant cell lines lacking expression of either Drosha or Dicer, resulting in a
fundamental reduction in miRNA expression (Figure 2). The second example is based on a
publicly available small RNA Seq data set derived from postmortem normal and Alzheimer's
disease (AD) patient brains (Figure 3). We also provide a comparison of the groups of miRNAs
that exist in both human and mouse cells with conserved seed toxicities in the two species
(Figure 4 and Table S1). Figure 4A shows a Venn diagram with the overlap of 406 mature
miRNAs that are conserved with the same seed between human and mouse and Figure 4B
compares the seed toxicities between the two species in a regression analysis with a number of
toxic miRNAs, mostly tumor suppressive, and some miRNAs with nontoxic seeds labeled in red
and green, respectively.

3. Description of the example data sets.

The first smRNA Seq data set of RISC-bound sRNAs was generated by performing an Ago pull
down experiment followed by smRNA Seq as described before [15]. In brief, 10° HCT116 wt,
Drosha knock-out (k.0.) or Dicer k.o. cells [20] were subjected to an AGO pull down (in
duplicate) using a bead bound GW182 protein [21]. After smRNA library preparation, the
samples were subjected to 50 nt single end smRNA Seq on an lllumina HISEQ4000. Raw read
sequences were trimmed with trim_galore to remove all standard lllumina adapters, leaving
reads at least 6 bp in length, as described previously [22]. The second smRNA Seq data set
was obtained at GEO (accession humber GSE63501) and contains sSRNAs (16-25 nt in length)
derived from 7 control brains and 6 AD brains [23].

4. The SPOROS pipeline

The goal of the SPOROS pipeline is to display and analyze abundance of sRNAs according to
their 6mer Seed Tox (Figure 1). It can be accessed at https://github.com/ebartom/SPOROS. At
heart, SPOROS is a Perl-based decision tree. Given a few essential arguments (location of the
input data, organism, experimental parameters if relevant), SPOROS will generate a
commented shell script listing each step in the pipeline. This script can be run on the command
line to carry out the pipeline in its entirety. Any small (sm)RNA Seq data set (either total smRNA
or smRNAs bound to the RISC) can be used, either starting from raw fastq files, or from a table
of read counts. While the 6mer Seed Tox concept is based mostly on the activity of miRNAs, it
can be applied to any sRNA that enters the RISC as a guide, and hence the relevant activity of
an sRNA is determined by its position 2-7 (the 6mer seed). This allows one to display all SRNAs
in a graph as a function of only the predicted toxicity of its 6mer seed. While the 3’ end of the
RNAs is not that relevant for their activity, for this analysis to succeed the knowledge of the
exact 5’ start is critical. Consequently, the first step of the analysis is to de-multiplex the
samples and remove any Unique Molecular Identifier (UMI) and adapter sequences.
Trim_galore is used to identify and remove standard lllumina adapters. 5’ adapter sequences
are removed first, followed by the removal of the 3' adapters which in the case of our libraries is
the substring GTCCGACGATC. When analyzing total smRNA Seq data, all reads that are
longer than 25 or shorter than 18 nt are removed, as shorter and longer reads have a reduced
chance of entering the RISC. Once any extraneous sequences are removed, a table of all
unique reads observed in all samples, and their counts in each sample is generated. If desired,
such a table can be the start of the pipeline. SPOROS then extracts the 6mer seed sequence
for each read and adds its predicted 6mer Seed Tox (which is the % viability determined by
transfecting three human and three mouse cell lines with siRNAs carrying all of the 4096
possible 6mer seeds ([15], 6merdb.org). By default, the average seed viabilities of the three
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human and three mouse cell lines are added. SPOROS then automatically creates the following
output files that can be used to create display figures (Figure 1):

Output A (file name starts with "A_normCounts ") contains all normalized data (each sample
normalized to 1 million reads) with seeds, seed toxicities, miRNA, and RNA World information
added. The information on miRNAs is added by blasting each read against a curated list of
either human or mouse mature miRNAs (human and mouse list are in Table S2 and S3). For
this analysis, we set the stringency so that only hits with at least 18 nt of complete identity
between the queried read and the mature miRNA, were counted. These BLAST results can be
used to determine % miRNA content. In RISC-associated sRNAs, the percent miRNA of a good
pull-down is expected to be >95%. The second BLAST search is performed against a list of
small RNAs (data sets for human and mouse available at https://rnaworld.rockefeller.edu, can
be obtained from Dr. Thomas Tuschl and are also available upon request). In this case, we
allowed a 95% identity for the search.

Output B (file name starts with "B_collapsed ") is generated by adding up and collapsing all
rows that contain the same 6mer seed and either the same name in the miRNA or the RNA
World blast columns. Counts are added for each seed and miRNA combination. An intermediary
file (file name starts with “Int_seedKeyed”) is also created, with each seed listed only once, even
if it originates from multiple sRNAs. Depending on the species, subsequent steps will be done
either with human or with the mouse seed viability data. Of note, in the analysis we use viability
as a measure of Seed Tox. Thus seeds with a low viability percentage are considered more
toxic and the ones with a high viability percentage are considered less toxic. In addition, as
desired, the data can be split into only miRNAs or all sSRNAs.

Output C (file name starts with "C_binned ") is generated by aggregating all rows according to
the seed toxicity in 1% rounded steps (creating 1% sized bins). Counts are added for all seeds
that have toxicity within each 1% bin. These files contain a row for each bin even if the count is
0, allowing for easy plotting of the data. We use Excel to generate the graphs of read counts vs.
viability bin, with line smoothing turned on. The resulting plot, the Seed Tox graph, allows one to
display abundance of all miRNAs solely based on their seed toxicity. An option at this stage is to
plot all SRNAs/miRNAs in the analysis or only the ones significantly deregulated (<0.05 adjusted
p-value) between conditions. The Seed Tox graph can then be generated with either all or the
differentially expressed sRNAs. Here we show an example for each case (Figures 2 and 3).
The peaks in the Seed Tox graph can then be manually labeled with the most prominent
miRNAs that fall with in that particular viability range. This information can be obtained from
Output file B. Most peaks will contain multiple miRNAs and we usually label the ones whose
abundance is above a certain threshold (e.g., 1000 reads). We chose to generate this Seed Tox
graph over a density plot (Figure S1) because it allows to compare the actual read numbers in
each peak between samples and different analyses.

Output D (file names start with "D_toxAnalysis"). The SPOROS pipeline creates these files from
Output B to display the average seed viability in each analyzed group or in individual samples.
The file expands each row according to the number of reads in that row after a normalization to
1000 rows (this normalization, i.e., dividing by 1000, prevents files from getting too large and
thus increasing computational complexity of the statistical analysis). The data column can be
used in any standard statistics program to create a plot. We usually summarize the distributions
using a boxplot. A nonparametric rank test can be performed to compare viability between
groups. We currently use StatPlus (v. 7.5) and the Wilcoxon ranksum test of the Kruskal-Wallis
test if there are more than 2 groups.

Output E (file names start with "E_seedAnalysis"). These files are also created from Output B in
a similar way as Output D, except instead of expanding each row according to toxicity, the row
is expanded according to the 6mer seed. SPOROS uses this output file to generate a custom
Weblogo (http://weblogo.threeplusone.com/) to display nucleotide frequencies in each of the 6
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seed positions. The Weblogo is generated as pdf and high resolution png file that easily allows
the user to extract the image and convert it into a desired format.

Output F (file name starts with "F_seedExpand"). Output F is used in the statistical analysis
comparing 6mer seed composition between different samples. It is generated from output E by
further expanding the rows with average seed counts so that each nucleotide is in a different
row for each seed, and rows are indexed by position. As in Output D, seed counts are divided
by 1000, and seeds with counts <1000 are omitted from this analysis. In total, Output F contains
6N rows, where N is the total scaled seed count per sample.

To analyze seed composition data, we developed a novel framework using multinomial
mixed effects regression models. This approach allows us to compare differences in sequence
patterns between groups and positions and provides a statistical framework for both testing and
estimation of such differences. Unlike analyses which compare counts between groups, here
each seed represents the unit of analysis, and nucleotides are compared between positions and
samples. Using terminology from the generalized linear mixed effects models literature [24]
each seed can be thought of as a "subject", and the nucleotides in each position can be thought
of as 6 potentially correlated measurements within a “subject”. Correlation between positions
could occur, for example, if certain patterns are likely. An example would be the enrichment of
Gs versus other nucleotides towards the 5’end of the 6mer seed as reported [16]. The outcome
variable in the model is the nucleotide in each position of each seed. We assume that at each
position nucleotides follow a multinomial distribution with 4 possible outcomes (A, C, G, U), and,
as in logistic regression, we must set one of the levels as the reference (we set A as the
reference). Group (e.g., genotype or experimental condition), position and their interaction are
included as the "fixed effect" predictors, and the seed itself (i.e., the unique seed id) is included
as the “random effect”. Including the seed random effect allows us to account for the potential
within-seed correlation between positions. The estimated model provides tests of whether there
are group or position differences, and the odds ratios comparing the odds of observing G, C or
U vs. A between groups at each position. These models can be fitted using PROC GLIMMIX in
SAS statistical software [25].

Outputs A-E can be generated for either total reads (as in Figure 2) or only for those reads
that are enriched in one set of samples relative to another (as in Figure 3). In the case of a
differential analysis, SPOROS users create a comparisons table setting up one set of samples
(denoted with 1) as Group1 and another set of samples (denoted with -1) as Group2. Samples
irrelevant to a particular pairwise comparison are denoted in the comma separated table with a
0 (more detail is included with the SPOROS documentation on Github). The R package EdgeR
[26] is used to identify reads differentially expressed within each pairwise comparison. Output A
file names contain “diff’ (adjusted p-value < 0.05 and logFC > 0.585 or < -0.585). These
differentially regulated reads are used for Output C-E, see Figure 3B-D.

5. An example analysis of RISC-bound sRNAs (all sRNAs)
For the first example we chose to analyze RISC-bound sRNAs isolated from wt HCT116 cells
and cells deficient for either Drosha or Dicer (Figure 2). Neither of these two k.o. cells can
produce canonical miRNAs [20]. As previously described [15, 21, 22, 27], we used a GW182
peptide coupled to GST to pull down all four Ago proteins which are critical for RISC formation
and function [28]. A principal component analysis (PCA) shows all three genotypes cluster
independently with biological replicates for each genotype tightly grouped together (Figure 2A).
(PCA script in Appendix A). Wild-type cells contained >96% miRNAs and this amount was
reduced to ~23% in the Dicer k.o. cells and further reduced to ~13% in Drosha k.o. cells (Figure
2B).

When comparing the three genotypes using the Seed Tox graph, it became apparent that in
both Dicer and Drosha k.o. cells, most miRNAs in the RISC were replaced by other sRNAs,
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most notably tRNA fragments (Figure 2C). This likely occurred because in contrast to normal
cells [29, 30], tumor cells maintain expression of argonaute proteins in the absence of miRNAs
[14].

The change in RISC composition in the two mutant cells resulted in a reduction in average
seed viability of all reads (Figure 2D). This was most prominent for the Drosha k.o. cells which
have the lowest amount of miRNAs, suggesting that endogenous miRNAs which carry mostly
nontoxic seeds [22] likely protect cells from potentially toxic endogenous sRNAs entering the
RISC. These sRNAs (e.g., tRNA or rRNA fragments) often contain C-rich sequences, which is
likely the reason why the average 6mer seed composition in the RISC shifted towards C-
richness in the mutant cells with sequences being somewhat more G-rich in the Drosha k.o. cell
lines (Figure 2E). Together, these trends likely account for the more strongly reduced seed
viability (Figure 2D) in these cells.

Multinomial mixed effects models revealed that differences between the three genotypes
differ by position (p<0.0001, interaction term). Model-based odds ratio (OR) estimates
comparing G, C and U vs. A between genotypes are graphically summarized in Figure 2F, and
the maijority are statistically significant (dark black outer circles). For example, relative to A, C is
more likely to occur in almost all positions of the seed in Dicer k.o. cells than in wt (OR=5.5 to
27.7 in all positions except position 5; p<0.0001, large orange circles). Similarly, relative to A, G
is significantly more likely to occur in Dicer k.o. than in wt in positions 2-6, but the differences
between genotypes are smaller (OR=1.8 to 4.5; p<0.0001). Intuitively, the odds ratios
correspond to the relative frequencies in Figure 2E. For example, in the Drosha k.o. weblogo, in
position 6 G occurs much more frequently than A, whereas in wt G occurs less frequently than
A, resulting in a particularly large odds ratio OR=35.9 (Figure 2F).

We previously showed that these Drosha k.o. cells grow slower than their wt counterparts
and knocking down Ago2 corrected the growth rate [27], suggesting that endogenous sRNAs
with toxic seeds that entered the RISC were causing a growth reduction. Importantly it
demonstrated the relevance of including non-canonical sRNAs in the Seed Tox analysis. Non-
canonical sRNAs in the RISC also exert RNAI activity.

6. An example analysis of total cellular smRNAs (differentially expressed sRNAs)

The data set of the second example on sRNAs from AD brains contains RNAs 16-25 nt in length
and had already been assigned RNA species using RNA World [23]. Our analysis now shows
that sRNAs significantly enriched in either control or AD brains have a profound shift from
mostly miRNAs to mainly tRNA fragments (Figure 3A), a phenomenon quite similar to that
observed in the HCT116 Drosha k.o. cells in which miRNA biogenesis is impaired. To determine
how this shift influences the Seed Tox, we used SPOROS to do a differential analysis of the
read counts made available in GEO (GSE63501), starting from a counts table, and running a
differential analysis. The Seed Tox graph based on Output B revealed a shift from mostly
nontoxic MiRNAs in control brains to sRNAs with more toxic seeds in AD patients. Most of the
toxic seeds are contributed by tRNAs (Figure 3). This shift to seeds with lower viability also
became apparent in the average Seed Tox analysis of all reads (Figure 3C) and this was
mostly due to a significant increase in Gs towards the 5' end of the 6mer seed of the sRNA in
the AD brains (Figure 3D). This analysis suggests that in AD brains the repertoire of sSRNAs
available to function through RNAI are predicted to be more toxic.

7. Conclusions

The human genome contains a large number of predicted miRNAs [17]. They have been shown
to regulate almost all biological processes and to be deregulated in countless disease states
[31]. The state-of-the-art method to analyze miRNAs is by RNA Seq. Almost all RNA Seq data
are analyzed with the goal of identifying differentially expressed genes after aligning reads to a
genome and employing appropriate normalization to account for transcript length (reads per
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kilobase gene model) or variation between data sets. These types of analyses, while standard,
have major shortcomings and a comprehensive method to normalize these large data sets to
identify and study individual miRNAs has not been developed [32]. The analysis of 6mer Seed
Tox does not focus on individual miRNAs or canonical miRNA families but treats miRNAs solely
based on their position 2-7. This allows for the ranking of all miRNAs into blocks from highly
toxic to nontoxic miRNAs and often it is the balance between the sum of toxic versus nontoxic
sRNAs bound to the RISC that determines the responses of cells [22]. The analyses in the two
examples presented (cancer and AD), were chosen to demonstrate the power and the potential
of the SPOROS pipeline to analyze 6mer Seed Tox. In example #1, the data support the view
that most miRNAs carry nontoxic seeds and are in part protecting cells from loading of
endogenous sRNAs, that by nature are more G/C rich and hence when entering the RISC, exert
toxicity. In the AD example #2, the data suggest that in AD brains, equilibrium shifts away from
nontoxic miRNAs to more toxic sSRNAs, such as tRNA fragments. While this result needs to be
validated by performing Ago pull-down experiments with AD patient brains, it is intriguing that a
recent study in another neurodegenerative disease, Huntington's disease (HD), reported that
sRNAs isolated from HD brains were toxic when injected into mouse brains [33]. This was
shown in part to be due to an increase in tRNAs in the disease brains when compared to normal
control brains. The methods we have developed to analyze 6mer Seed Tox will now allow one
to study the above and multiple other disease situations.
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Figure Legends,

Figure 1. SPOROS workflow developed to analyze seed toxicity of smRNA Seq data. From
left to right: smRNA seq data, either total or RISC-bound are normalized to 1 million
reads/sample. After elimination of residual adapter sequences 6mer seeds and matching seed
viabilities are added for each read and sequences are blasted against all mature miRNAs or
RNA World data sets of all small RNAs (either human or mouse). At this point the miRNA
content (%) can be determined. Reads of this Output A file are collapsed according to 6mer
seed and RNA type resulting in Output B. At this point all short RNAs can be analyzed (sRNA)
or just the miRNA fraction. Output B is fed into four scripts generating four output files: C: A
Seed Tox graph that depicts all miRNAs as peaks according to their seed viability; D: Average
seed toxicity of all reads in a samples depicted as box and whisker plot; E: Weblogo plot
showing the average seed composition in positions 1-6 of the 6mer seed in each sample; F: The
result of a multinomial mixed model odds ratio analysis allowing to compare both different 6mer
seeds as well as differences in each position of different seeds.

Figure 2. The RISC in HCT116 Dicer and Drosha k.o. cells is enriched in sRNAs with toxic
6mer seeds compared to wt cells.

(A) Principal component analysis (PCA) plot illustrating the differences in RISC composition of
Dicer and Drosha k.o. cells compared to HCT116 wt cells, and the reproducibility of technical
and biological replicates. The x-axis represents dimension 1 (dim1) and explains 55.3% of the
variance, while the y-axis represents dimension 2 (dim2) and explains 32.7% of the variance.
Each cell type was analysed as two biological replicates. Each spot represents a single replicate
sample from each cell type. Green- HCT116 wt, blue- Drosha k.o. and red- Dicer k.o.

(B) Pie charts showing RISC composition of HCT116 wt, Dicer and Drosha k.o. cells.
Abundance of miRNAs is shown in blue and all other sRNAs in red.

(C) RISC-bound sRNA Seed Tox graphs of HCT116 wt, Dicer k.o., and Drosha k.o. cells. When
a peak is labeled with multiple miRNAs (blue), the most abundant one is listed first. RNAs are
only labeled if they account for 1000 reads or more. miRNAs are labeled in blue, other sRNAs in
red.

(D) Average Seed Tox of all RISC-bound sRNAs enriched in cells in C. p values were calculated
using a Wilcoxon rank test.

(E) Seed composition of all RISC-bound sRNAs enriched in cells in C.

(F) Filled circles at each position represent the odds ratio (OR) estimates comparing the odds of
observing G, C and U vs A between genotypes, based on the multinomial mixed effects model.
The outer circle corresponds to the largest observed OR for each pairwise genotype
comparison (e.g., Dicer k.o. vs. wt), with bold black circles denoting statistical significance
based on p-values adjusted using Tukey’s method. OR<1 estimates are represented with blue
circles with area OR*=1/0OR, indicating that A is more likely in this position. Circle area is scaled
to be proportional to the OR.

Figure 3. sRNAs enriched in AD brains contain more toxic seeds than in control brains.
(A) Pie charts showing composition of SRNAs expressed in normal and AD patient brains.

(B) Seed Tox plots of sRNAs differentially expressed in brain samples in A. When a peak is
labeled with multiple miRNAs (blue), the most abundant one is listed first. RNAs are only
labeled if they account for 1000 reads or more. miRNAs are labeled in blue, other sRNAs in red.
(C) Average Seed Tox of all differentially regulated sRNAs in brain samples in A. p-value was
calculated using a Wilcoxon rank test.

(D) Seed composition of all RISC-bound differentially regulated sRNAs in brain samples in A

Figure 4. The miRNAs conserved between human and mouse and their seed viabilities.
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(A) Venn diagram of the overlap of mature miRNAs present in both human and mouse genomes
(see Tables S2 and S3).

(B) The 406 miRNAs overlapping between human or mouse were grouped into brackets based
on the average seed viability between human mouse (0-25%, pink; >25-50%, orange; >50% -
75%, light green; >75% green). Three Pearson regression analyses were performed: 1- All
miRNAs (grey dots), 2- miRNAs with a seed viability difference of less than 25% (orange dots),
and 3- miRNAs with a seed viability difference of less than 10% (red dots). r-values are given for
each of the three analyses in matching colors. p-values of all three analyses were <0.0001.
Selected miRNAs with either toxic (red) or nontoxic (green) seed we previously identified [15,
16, 22, 34] and/or validated are labeled.

Figure S1: Displaying Seed toxicity in a density plot.
RISC-bound sRNA Seed Tox data of HCT116 wt, Dicer k.o., and Drosha k.o. cells displayed as
density plots. The same source data were used to generate Figure 2C.

Table S1. List of mature miRNAs with the same 6mer seed that overlap between human
and mouse. Colors are the same as in Figure 4B and miRNAs labeled in that figure are in bold.
miRNA data sets were obtained from miRBase (v. 22.1) and are reflected in Tables S2 and S3.

Table S2: Data on human mature miRNAs used in the BLAST search. Data from miRBase
supplemented with adapter and artificial sequences to ensure that these are appropriately
flagged. This file also contains four HIV-1 coded miRNAs.

Table S3: Data on mouse mature miRNAs used in the BLAST search. Data from miRBase
supplemented with adapter and artificial sequences to ensure that these are appropriately
flagged.

Appendix A.

Authors: Alboukadel Kassambara, Fabian Mundt

Link to package:
https://CRAN.R-project.org/package=factoextra

description of use:
http://www.sthda.com/english/rpkgs/factoextra

R Script used for PCA plot in Figure 2A adapted from Statistical tools for high-throughput data
analysis (http://www.sthda.com/english/wiki/fviz-pca-quick-principal-component-analysis-data-
visualization-r-software-and-data-mining)

library(tidyverse)
library(data.table)
library(factoextra)

setwd("/Users/api/Desktop/DISE42_for methods")

#read in data
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DISE42 <- fread("DISE-
042.noAdapter.notUMId.normCounts.table.withTox.withMiRNAandRNAworld.blast.trunc.minSu
m6.txt")

# make new dataframe with just the data from uninfected cells
DISE42_Uninfected <- cbind(DISE42[,1:2], DISE42[,4])
DISE42_Uninfected <- cbind(DISE42_Uninfected, DISE42[,10:11])
DISE42_Uninfected <- cbind(DISE42_Uninfected, DISE42[,16:17])
DISE42_Uninfected <- cbind(DISE42_Uninfected, DISE42[,22:23])
DISE42_Uninfected <- cbind(DISE42_Uninfected, DISE42[,32])

o~~~ —

# abbreviate the column names
colnames(DISE42_Uninfected) <- ¢c("Read", "Seed", "Avg_viability", "DicerKO.rep1",
"DicerKO.rep2", "DroshaKO.rep1", "DroshaKO.rep2", "WT.rep1", "WT.rep2", "RNAworld")

# This code splits the RNAworld column by the symbols | or _ and takes the first element to
extract

# just the RNA name from the alignment result

DISE42_RNAworld <- lapply(strsplit(DISE42_Uninfected$'RNAworld', "[|_1"), "[", 1)
DISE42_RNAworld <- as.data.frame(unlist(DISE42_RNAworld))

DISE42_Uninfected <- chbind(DISE42_Uninfected, DISE42_RNAworld)

# Add the read counts for reads mapping to the same RNA
DISE42_Uninfected_agg <- aggregate(DISE42_Uninfected[,4:9], by =
list(DISE42_Uninfected$ unlist(DISE42_RNAworld)"),

FUN = sum, na.rm = TRUE)
# changes all NAs to 0
DISE42_Uninfected_agglis.na(DISE42_Uninfected_agg)] <- 0

# makes a new dataframe for the PCA analysis
DISE42_Uninfected_agg.names <- DISE42_Uninfected_agg$Group.1
rownames(DISE42_Uninfected_agg) <- DISE42_Uninfected_agg.names
DISE42_Uninfected_agg2 <- DISE42_Uninfected_agg|[,2:7]

# compute PCA and save the results in DISE42_Uninfected_agg.pca
DISE42_Uninfected_agg.pca <- prcomp(DISE42_Uninfected_agg2, scale = TRUE)

# visualize the PCA
# how many dimensions explain the most variation
fviz_eig(DISE42_Uninfected_agg.pca)

# which RNAs contribute most to the variation
fviz_pca_ind(DISE42_Uninfected_agg.pca,
col.ind = "cos2", # Color by the quality of representation
gradient.cols = c("#00AFBB", "#E7B800", "#FC4EQ7"),
repel = FALSE # Avoid text overlapping

)

# how do the samples group
fviz_pca_var(DISE42_Uninfected_agg.pca, col.var="steelblue")+
theme_minimal()
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fviz_pca_var(DISE42_Uninfected_agg.pca, geom = c("point", "text"), col.var="black", repel =
TRUE)+
theme_minimal()

fviz_pca_var(DISE42_Uninfected_agg.pca, geom = c("point", "text"), col.var = "contrib",
gradient.cols = c("#00AFBB", "#E7B800", "#FC4EQ7"), repel = TRUE)

library("corrplot")
var <- get_pca_var(DISE42_Uninfected_agg.pca)
corrplot(var$cos2, is.corr = FALSE)

# how do the samples group
fviz_pca_var(DISE42_Uninfected_agg.pca,
col.var = "contrib", # Color by contributions to the PC
gradient.cols = c("#00AFBB", "#E7B800", "#FC4EQ7"),
repel = TRUE # Avoid text overlapping

)

# overlay the RNA and sample grouping results
fviz_pca_biplot(DISE42_Uninfected_agg.pca, repel = FALSE,
col.var = "#2E9FDF", # Variables color
col.ind = "#696969" # Individuals color


https://doi.org/10.1101/2021.07.01.450720
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450720; this version posted July 2, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

13
References
[1] D.P. Bartel, MicroRNAs: genomics, biogenesis, mechanism, and function, Cell 116(2) (2004)
281-97.

[2] B.P. Lewis, I.H. Shih, M.W. Jones-Rhoades, D.P. Bartel, C.B. Burge, Prediction of
mammalian microRNA targets, Cell 115(7) (2003) 787-98.

[3] E.C. Lai, Micro RNAs are complementary to 3' UTR sequence motifs that mediate negative
post-transcriptional regulation, Nat Genet 30(4) (2002) 363-4.

[4] M. Selbach, B. Schwanhausser, N. Thierfelder, Z. Fang, R. Khanin, N. Rajewsky,
Widespread changes in protein synthesis induced by microRNAs, Nature 455(7209) (2008)
58-63.

[5] D. Baek, J. Villen, C. Shin, F.D. Camargo, S.P. Gygi, D.P. Bartel, The impact of microRNAs
on protein output, Nature 455(7209) (2008) 64-71.

[6] A. Eulalio, E. Huntzinger, E. 1zaurralde, GW182 interaction with Argonaute is essential for
miRNA-mediated translational repression and mRNA decay, Nat Struct Mol Biol 15(4)
(2008) 346-53.

[71Y. Lee, M. Kim, J. Han, K.H. Yeom, S. Lee, S.H. Baek, V.N. Kim, MicroRNA genes are
transcribed by RNA polymerase I, EMBO J 23(20) (2004) 4051-60.

[8] J. Han, Y. Lee, K.H. Yeom, Y.K. Kim, H. Jin, V.N. Kim, The Drosha-DGCR8 complex in
primary microRNA processing, Genes Dev 18(24) (2004) 3016-27.

[9] R.Yi, Y. Qin, I.G. Macara, B.R. Cullen, Exportin-5 mediates the nuclear export of pre-
microRNAs and short hairpin RNAs, Genes Dev 17(24) (2003) 3011-6.

[10] E. Bernstein, A.A. Caudy, S.M. Hammond, G.J. Hannon, Role for a bidentate ribonuclease
in the initiation step of RNA interference, Nature 409(6818) (2001) 363-6.

[11] G. Hutvagner, J. McLachlan, A.E. Pasquinelli, E. Balint, T. Tuschl, P.D. Zamore, A cellular
function for the RNA-interference enzyme Dicer in the maturation of the let-7 small temporal
RNA, Science 293(5531) (2001) 834-8.

[12] Y. Wang, G. Sheng, S. Juranek, T. Tuschl, D.J. Patel, Structure of the guide-strand-
containing argonaute silencing complex, Nature 456(7219) (2008) 209-13.

[13] P.J. Leuschner, S.L. Ameres, S. Kueng, J. Martinez, Cleavage of the siRNA passenger
strand during RISC assembly in human cells, EMBO Rep 7(3) (2006) 314-20.

[14] W. Putzbach, Q.Q. Gao, M. Patel, S. van Dongen, A. Haluck-Kangas, A.A. Sarshad, E.
Bartom, K.Y. Kim, D.M. Scholtens, M. Hafner, J.C. Zhao, A.E. Murmann, M.E. Peter, Many
si/shRNAs can kill cancer cells by targeting multiple survival genes through an off-target
mechanism, eLife 6 (2017) e29702.

[15] Q.Q. Gao, W. Putzbach, A.E. Murmann, S. Chen, G. Ambrosini, J.M. Peter, E. Bartom,
M.E. Peter, 6mer seed toxicity in tumor suppressive miRNAs, Nature Comm 9 (2018) 4504.

[16] M. Patel, E.T. Bartom, A.E. Murmann, M.E. Peter, Identification of the toxic 6mer seed
consensus in human cancer cells, BioRxive (2020) 12.22.424040.

[17] J. Alles, T. Fehlmann, U. Fischer, C. Backes, V. Galata, M. Minet, M. Hart, M. Abu-Halima,
F.A. Grasser, H.P. Lenhof, A. Keller, E. Meese, An estimate of the total number of true
human miRNAs, Nucleic Acids Res 47(7) (2019) 3353-3364.

[18] X. Zhou, X. Feng, H. Mao, M. Li, F. Xu, K. Hu, S. Guang, RdRP-synthesized antisense
ribosomal siRNAs silence pre-rRNA via the nuclear RNAi pathway, Nat Struct Mol Biol 24(3)
(2017) 258-269.

[19] Z. Su, B. Wilson, P. Kumar, A. Dutta, Noncanonical Roles of tRNAs: tRNA Fragments and
Beyond, Annu Rev Genet 54 (2020) 47-69.

[20] Y .K. Kim, B. Kim, V.N. Kim, Re-evaluation of the roles of DROSHA, Export in 5, and DICER
in microRNA biogenesis, Proc Natl Acad Sci U S A 113(13) (2016) E1881-9.

[21] J. Hauptmann, D. Schraivogel, A. Bruckmann, S. Manickavel, L. Jakob, N. Eichner, J. Pfaff,
M. Urban, S. Sprunck, M. Hafner, T. Tuschl, R. Deutzmann, G. Meister, Biochemical


https://doi.org/10.1101/2021.07.01.450720
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450720; this version posted July 2, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

14

isolation of Argonaute protein complexes by Ago-APP, Proc Natl Acad Sci U S A 112(38)
(2015) 11841-5.

[22] M. Patel, Y. Wang, E.T. Bartom, R. Dhir, K.P. Nephew, M. Adli, D. Matei, A.E. Murmann, E.
Lengyel, M.E. Peter, The ratio of toxic-to-nontoxic microRNAs predicts platinum sensitivity in
ovarian cancer, Cancer Res (2020), in press, available at BioRxive:
https://doi.org/10.1101/2021.01.24.427815.

[23] I. Santa-Maria, M.E. Alaniz, N. Renwick, C. Cela, T.A. Fulga, D. Van Vactor, T. Tuschl, L.N.
Clark, M.L. Shelanski, B.D. McCabe, J.F. Crary, Dysregulation of microRNA-219 promotes
neurodegeneration through post-transcriptional regulation of tau, J Clin Invest 125(2) (2015)
681-6.

[24] C.E. McCulloch, S.R. Searle, J.M. Neuhaus, Generalized, linear, and mixed models, 2nd
ed. (2011) New York: Wiley-Interscience. .

[25] S.I. Inc., SAS/STAT® 15.2 User’s Guide, (2020) Cary, NC: SAS Institute Inc.

[26] M.D. Robinson, D.J. McCarthy, G.K. Smyth, edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data, Bioinformatics 26(1) (2010) 139-40.

[27] W. Putzbach, A. Haluck-Kangas, Q.Q. Gao, A.A. Sarshad, E.T. Bartom, A. Stults, A.S.
Qadir, M. Hafner, M.E. Peter, CD95/Fas ligand mRNA is toxic to cells, eLife 7 (2018)
€38621.

[28] G. Meister, Argonaute proteins: functional insights and emerging roles, Nat Rev Genet
14(7) (2013) 447-59.

[29] P. Smibert, J.S. Yang, G. Azzam, J.L. Liu, E.C. Lai, Homeostatic control of Argonaute
stability by microRNA availability, Nat Struct Mol Biol 20(7) (2013) 789-95.

[30] N.J. Martinez, R.l. Gregory, Argonaute2 expression is post-transcriptionally coupled to
microRNA abundance, RNA 19(5) (2013) 605-12.

[31] J.T. Mendell, E.N. Olson, MicroRNAs in stress signaling and human disease, Cell 148(6)
(2012) 1172-87.

[32] L.X. Qin, J. Zou, J. Shi, A. Lee, A. Mihailovic, T.A. Farazi, T. Tuschl, S. Singer, Statistical
Assessment of Depth Normalization for Small RNA Sequencing, JCO Clin Cancer Inform 4
(2020) 567-582.

[33] J. Creus-Muncunill, A. Guisado-Corcoll, V. Venturi, L. Pantano, G. Escaramis, M. Garcia de
Herreros, M. Solaguren-Beascoa, A. Gamez-Valero, C. Navarrete, M. Masana, F. Llorens,
D. Diaz-Lucena, E. Perez-Navarro, E. Marti, Huntington's disease brain-derived small RNAs
recapitulate associated neuropathology in mice, Acta Neuropathol (2021).

[34] A.E. Murmann, E.T. Bartom, M.J. Schipma, J. Vilker, S. Chen, M.E. Peter, 6mer seed
toxicity in viral microRNAs, iScience 23 (2019) 100737.


https://doi.org/10.1101/2021.07.01.450720
http://creativecommons.org/licenses/by-nc-nd/4.0/

smRNA use
Seqdata | 3| sRNAs (—>
total 18-25 nt
smRNA

Seq data 5
RISC

bound

SPOROS

Total norm.

counts
or
Differential
expression

Identify
6mer
seed and
add
viability

BLAST
against
mature
miRNAs
and RNA
World
(human or
mouse)

miRNA info -
Output C
% miRNA Output D
content
Human or
mouse
- - -> viability
Output A Output B all SRNAS
or
only miRNAs
Collapse Output E
rows
according
to 6mer
seed and
RNA type
Output F

Figure 1

Seed Tox graph

£ @ 63 g 160
emer seed viability (%)

Seed Tox analysis

= T

p-value ;

a

o

o
1

Viability (%)
l

1
Seed composition analvsls

1WGG AAUA A
GﬁG UUGG
963956.?5?56

Seed position

Odds ratio plot

O

~
]

N
o

Frequency (%)
8

°

Base vs A
(2] 2]

c

O

1 2 3 4 5 6
Seed position



https://doi.org/10.1101/2021.07.01.450720
http://creativecommons.org/licenses/by-nc-nd/4.0/

Dim2 (32.7%)

00 f 8ol

Drosha -/- rep

1.0 :
/ -
Drosha-/- rep2 I "

-10 0

er-/- rep2 /
05 0.

S10 Di 1
Dicer-/-rep1

Dim1 (55.3%)

05 1.0

wt

Dicer’-

B

Drosha-

12.8%,

I miRNAs [ other

D p<0.0001
p<0.0001
100+ |
. |
- 64.8%
g i ’ 50.8%
XA i |
wt Dicer- Drosha’-

N
o
s

o
L

m

Frequency (%)
g 3 8 o

CGHTI==

G
Ugsl

Dicer KO vs. WT

12 3 4 5
Seed position

Drosha KO vs. WT

x : ®
4
>
gc C
©
1]
; loM0/00
1 2 3 4 5 6 1 2 3 4 5 6
Seed position
oR.:.s.w.zs G CUA 0205 .15 ‘30

C [w

Read counts

160000

80000 1

=%

©
v

-
N

N
=

N

N

N

21-5p

Dicer'-
160000 -

80000 1

tRNA
tRNA

21-5p

Drosha-’-
160000 -

80000 H

tRNA
rRNA

SBNO1

rRNA

SLC9A3R1
4286

tRNA

T T T

40 60

6mer seed viability (%)

Figure 2


https://doi.org/10.1101/2021.07.01.450720
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450720; this version posted July 2, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Read counts

available under aCC-BY-NC-ND 4.0 International license.

Figure 3

A Upinnormal UP in AD
1.5% 1.8% 2.0% 2.7% B miRNA
B tRNA
. piRNA
B rRNA
57.5% [ snoRNA
' Unknown but mapped
| Other
== Up in normal
tRNA .
Up in AD miR-219a-2-3p/219b-3p
8000 T
S
tRNA = o
Q< o ?
©®Z ™ o
4000 - S & 38
8 S < 0
=3 || 2325
g §EEES
€= -
0 — S—— ; . ; i . . ;
0 20 40 60 80 100
6mer seed viability (%)
C p<0.0001 D
100 - Up in normal Up in AD

% Viability
|
2{
©
<
Frequency (%)

100-G

e

| 25'UUGGG
L} G
7] I 01 A AA 6AAAA
0 12 3 4 5 12 3 4 5 6
Seed position



https://doi.org/10.1101/2021.07.01.450720
http://creativecommons.org/licenses/by-nc-nd/4.0/

Mouse

W

100

[}
o

Mouse 6mer seed viability (%)
[<2]
o

N
o

40 A

34/449-5p
3 o
) 022-3p p<0.0001
0 20 40 60 80 100

Human 6mer seed viability (%)

Figure 4


https://doi.org/10.1101/2021.07.01.450720
http://creativecommons.org/licenses/by-nc-nd/4.0/

