FIOOOResearch

F1000Research 2014, 3:95 Last updated: 03 FEB 2015

SOFTWARE TOOL ARTICLE

CrossMark
& click for updates

edgeR: a versatile tool for the analysis of shRNA-seq and
CRISPR-Cas9 genetic screens [v2; ref status: indexed,

http://f1000r.es/4kw]

Previously titled: shRNA-seq data analysis with edgeR

Zhiyin Dai', Julie M. Sheridan?:3, Linden J. Gearing'-3, Darcy L. Moore-3, Shian Su?,
Sam Wormald34, Stephen Wilcox34, Liam O'Connor34, Ross A. Dickins':3,

Marnie E. Blewitt!-3, Matthew E. Ritchie'-3

TMolecular Medicine Division, The Walter and Eliza Hall Institute of Medical Research, Parkville, Victoria, 3052, Australia

2Stem Cells and Cancer Division, The Walter and Eliza Hall Institute of Medical Research, Parkville, Victoria, 3052, Australia
3Department of Medical Biology, The University of Melbourne, Parkville, Victoria, 3010, Australia

4Systems Biology and Personalised Medicine Division, The Walter and Eliza Hall Institute of Medical Research, Parkville, Victoria, 3052,

Australia

First published: 24 Apr 2014, 3:95 (doi: 10.12688/f{1000research.3928.1)
Latest published: 21 Oct 2014, 3:95 (doi: 10.12688/f{1000research.3928.2)

Abstract

Pooled library sequencing screens that perturb gene function in a
high-throughput manner are becoming increasingly popular in functional
genomics research. Irrespective of the mechanism by which loss of function is
achieved, via either RNA interference using short hairpin RNAs (shRNAs) or
genetic mutation using single guide RNAs (sgRNAs) with the CRISPR-Cas9

system, there is a need to establish optimal analysis tools to handle such data.

Our open-source processing pipeline in edgeR provides a complete analysis
solution for screen data, that begins with the raw sequence reads and ends
with a ranked list of candidate genes for downstream biological validation. We
first summarize the raw data contained in a fastq file into a matrix of counts
(samples in the columns, genes in the rows) with options for allowing
mismatches and small shifts in sequence position. Diagnostic plots,
normalization and differential representation analysis can then be

performed using established methods to prioritize results in a statistically

rigorous way, with the choice of either the classic exact testing methodology or

generalized linear modeling that can handle complex experimental designs. A
detailed users’ guide that demonstrates how to analyze screen data in edgeR
along with a point-and-click implementation of this workflow in Galaxy are also
provided. The edgeR package is freely available from
http://www.bioconductor.org.

Open Peer Review
Referee Status: MMM

Invited Referees

1 2 3
version 2 report
published
21 Oct 2014
version 1 | J
published report report report
24 Apr2014

1 James W. MacDonald, University of
Washington USA

2 Ross Lazarus, Baker IDI Heart and

Diabetes Institute Australia

3 Sumit Deswal, The Research Institute of

Molecular Pathology Austria

Discuss this article

Comments (0)

Page 1 of 8


http://f1000r.es/4kw
http://f1000research.com/articles/3-95/v2
http://f1000research.com/articles/3-95/v1
http://dx.doi.org/10.12688/f1000research.3928.1
http://dx.doi.org/10.12688/f1000research.3928.2
http://crossmark.crossref.org/dialog/?doi=10.12688/f1000research.3928.2&domain=pdf&date_stamp=2014-10-21

FIOOOResearch F1000Research 2014, 3:95 Last updated: 03 FEB 2015

Corresponding author: Matthew E. Ritchie (mritchie@wehi.edu.au)

How to cite this article: Dai Z, Sheridan JM, Gearing LJ et al. edgeR: a versatile tool for the analysis of shRNA-seq and CRISPR-Cas9
genetic screens [v2; ref status: indexed, http:/f1000r.es/4kw] F1000Research 2014, 3:95 (doi: 10.12688/f1000research.3928.2)

Copyright: © 2014 Dai Z et al. This is an open access article distributed under the terms of the Creative Commons Attribution Licence, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. Data associated with the article
are available under the terms of the Creative Commons Zero "No rights reserved" data waiver (CCO 1.0 Public domain dedication).

Grant information: This research was supported by NHMRC Project grants 1050661 (MER) and 1059622 (MER and MEB), Victorian State
Government Operational Infrastructure Support and Australian Government NHMRC IRIISS.
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing interests: No competing interests were disclosed.

First published: 24 Apr 2014, 3:95 (doi: 10.12688/f1000research.3928.1)
First indexed: 08 May 2014, 3:95 (doi: 10.12688/f1000research.3928.1)

Page 2 of 8


http://f1000r.es/4kw
http://dx.doi.org/10.12688/f1000research.3928.2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://dx.doi.org/10.12688/f1000research.3928.1
http://dx.doi.org/10.12688/f1000research.3928.1

/22138 Amendments from Version 1

In this revised version of our article, we have extended our
software to accommodate data from pooled genetic sequencing
screens that make use of CRISPR-Cas9 technology. On the
software side, the major change is the new processAmplicons
function (available in edgeR version 3.8.0) that replaces the
processHairpinReads function. It handles both shRNA-seq and
sgRNA-seq data generated with either single or dual sample
indexing strategies. These changes have been incorporated in
our Galaxy tool along with further refinements to allow filtering of
samples with low representation and experimental designs with
up to two factors (the original Galaxy tool only accommodated
single factor experiments). We provide data and example analyses
of two CRISPR-Cas9 screens in the user guide (available from
http://biocinf.wehi.edu.au/shRNAseq/) to demonstrate this new
capability. To incorporate these changes in the main text, the title
and introduction have been broadened to reflect the expanded
scope of our tool and the author list has been updated to include
the additional contributions required to make these incremental
improvements to our software. We trust that other researchers will
also find these changes useful.

See referee reports

Introduction

Pooled library sequencing screens couple gene knock-down/editing
technology with second generation sequencing to allow research-
ers to elucidate gene function in an unbiased, high-throughput
manner'~. Several recent high impact studies have exploited this
approach to discover novel genes involved in processes including
cell fate decisions of normal and cancer cells, drug resistance, and
to generate genetic interaction maps in mammalian cells using RNA
interference (RNAi)* and sgRNAs with the clustered regularly
interspaced palindromic repeats-Cas9 (CRISPR-Cas9) genome
editing system™®.

Pooled screening relies on the stable genomic integration (often by
viral transduction) of a library of uniquely identifiable expression
constructs within a population of cells. Each construct expresses an
RNA transcript that targets nuclease machinery to a specific nucleo-
tide sequence. This is currently achieved in two main ways: ShRNAs
can be designed to target specific mRNA transcripts for degradation
via the DICER/RISC pathway’ or sgRNAs can be designed to target
a co-expressed Cas9 nuclease to a specific sequence in the genome®.
By targeting constitutive exons at the 5’ region of a gene, Cas9-
mediated double-stranded breaks are repeatedly repaired by non-
homologous end joining until a mutation is introduced that renders
the site unrecognisable by the sgRNA. Such mutations typically
comprise an insertion or deletion and can give rise to altered coding
sequences, disrupted splice sites, frame shifts and/or premature stop
codons in the target gene®.

Depending on the biological question of interest, typically two
or more cell populations are compared either in the presence or
absence of a selective pressure, or as a time-course before and after
a selective pressure is applied. Gain of shRNA/sgRNA represen-
tation within a pool suggests that disrupting target gene function
confers some sort of advantage to a cell. Similarly, genes whose
knockdown/knockout is disadvantageous may be identified through
loss of sShRNA/sgRNA representation. Screening requires a library
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of constructs in a lentiviral or retroviral vector backbone that is
used to generate a pool of virus for transducing cells of interest.
The relative abundance of these constructs in transduced cells is
then quantified by PCR amplification of proviral integrants from
genomic DNA using primers designed to amplify all cassettes
(shRNA/sgRNA) equally, followed by second-generation amplicon
sequencing (Figure 1A). Sample-specific primer indexing allows
many different conditions to be analyzed in parallel.

As the popularity of these approaches grows, there is a need to
develop suitable analysis pipelines to handle the large volumes of
raw data that each screen generates. The major steps in an analysis
involve processing the raw sequence reads, assessing the data qual-
ity and determining representational differences in the screen in a
statistically rigorous way.

Two pipelines are currently available for this task that have been
tailored for data from shRNA-seq screens. The shALIGN program’
is a custom Perl script that trims the sequence reads to the pre-
defined base positions and then matches these to a library of hair-
pin sequences. Mismatch bases are permitted, and any ambiguous
matches are ignored from the final hairpin count. Statistical analy-
sis of the data is then performed using the shRNAseq R package’,
which calculates log-ratios of the counts from each screen replicate,
normalizes these values and ranks hairpins by their median, mean
or f-statistic. Another solution is the BINGS!SL-seq program'’ that
uses Bowtie to perform sequence mapping followed by statistical
analysis in edgeR'.

In this article, we describe a complete analysis solution for shRNA/
sgRNA-seq screens accessible from within the edgeR package
available from Bioconductor'.

Implementation
A summary of the main steps in a typical shRNA/sgRNA-seq
analysis alongside the functions in edgeR that perform each task is
given in Figure 1B.

Sequence pre-processing

Our sequence counting procedure has been tailored for screens
where PCR amplified sShRNA/sgRNA constructs of known struc-
ture are sequenced using second generation sequencing technology
(Figure 1A). The location of each index and hairpin/guide sequence
is used to determine matches between a specified list of index and
hairpin/guide sequences expected in the screen with the sequences
in the fastq file. Mismatches in the hairpin/guide sequence are
allowed to accommodate sequencing errors, as are small shifts in
the position of these sequences within the read. Analysis of unpub-
lished in-house data reveals that allowing for mismatches can yield
up to 4.4% additional reads, and shifting an extra 2.6%. This sim-
ple searching strategy is implemented in C, with the user interface
provided by the processAmplicons function in edgeR. Input
to this function consists of a fastq file/s, a second file containing
sample IDs and their index sequences and a third file listing hairpin/
guide IDs and their respective sequences (the latter files are tab-
delimited). A screen with 100 million reads (one lane from an Illu-
mina HiSeq 2000) can be processed in 2—15 minutes depending
on the processing parameters. Fastq processing requires minimal
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(A) Overview of pooled amplicon sequencing (B) Summary of edgeR workflow
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Figure 1. Summary of the raw data, workflow and diagnostic plots from edgeR. (A) Structure of the amplicons sequenced in a typical
shRNA-seq screen. Each amplicon will contain sample and hairpin specific sequences at predetermined locations. In sgRNA-seq screens,
the amplicon sequences have a similar structure, with the sgRNA sequence replacing the hairpin. After sequencing, the raw data is available
in a fastq file. (B) The main steps and functions used in an analysis of shRNA/sgRNA-seq screen data in edgeR are shown. (C) Example of a
multidimensional scaling (MDS) plot showing the relationships between replicate dimethyl sulfoxide (DMSO) and Nutlin treated samples (data
from Sullivan et al. (2012)*). MDS plots provide a quick display of overall variability in the screen and can highlight inconsistent samples. (D)
Plot of log,-fold-change versus hairpin abundance (log,CPM) for the same data. Hairpins with a false discovery rate < 0.05 from an exact test
analysis in edgeR (highlighted in red) may be prioritized for further validation.
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RAM, allowing analysis to be completed on any standard computer
with R" installed.

The matrix of counts returned by the processAmplicons func-
tion, which contains genes in the rows and samples in the columns,
is stored as a DGEList object so that it is fully interoperable with
the downstream analysis options available in edgeR. Such an object
can also be created directly by the user in the event that these counts
have been summarized by alternate means.

Next, the data quality of a screen can be assessed conveniently using
multidimensional scaling (MDS) plots via plotMDS (Figure 1C)
and access to a range of normalization options is available through
the calcNormFactors function.

Differential representation analysis

The shRNAseq software’ assumes simple experimental set-ups
(e.g. comparing two conditions) that are unsuitable in more com-
plicated situations, such as time-course designs. In edgeR, screens
can be analyzed using either the classic method', ideal for simple
two-group comparisons, or generalized linear models (GLMs)" for
more complex screens with multiple conditions (using the glmFit
function). This framework can accommodate hairpin/guide-specific
variation of both a technical and biological nature as estimated via
the estimateDisp function and visualized using plotBCV,
which plots biological variability as a function of average hairpin/
guide abundance. Robust regression is also possible via the use
of observation weights that are estimated using the estimat-
eGLMRobustDisp function'®. Statistical testing for changes in

(A) shRNAseq Tool (version 1.0.5)

Input File Type:
Table of Counts %
Counts Table:
(137: zuber_count_nature.txt 0}

Hairpin Annotation:
((38: zuber_hairpi

_nature.txt_$)

Sample Annotation:
[ 39: zuber_samples_nature.txt #]

Filter Low CPM?:

Ignore hairpins with very low representation when performing analysis

Minimum CPM:
0.5

Minimum Samples:

2
Filter out all the genes that do not meet the minimum CPM in at least this many samples.

Analysis Type:

Generalised Linear Model %

Classic Exact Tests are useful for simple comparisons across two sampling groups. Generalised linear models allow
Contrasts of interest:

Day 14 - Day 0

Specify equations defining contrasts to be made. Eg. KD-Control will result in positive fold change if KD has greater

Perform Gene Level Analysis?:

Analyse LogFC tendencies for hairpins belonging to the same gene.

FDR Threshold:

0.05

All observations below this threshold will be highlighted in the smear plot.
Absolute LogFC Threshold:

6.0

(B) EdgeR Analysis Output:

(C)

(D)
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shRNA/sgRNA abundance between conditions of interest (typically
over time) is carried out using exact (see exactTest function)
or likelihood ratio (g1mLRT) tests that allow results to be ranked
by significance using the topTags function and plotted using the
plotSmear function (Figure 1D).

Gene set analysis tools available via roast'” and camera'® allow
researchers to further test and prioritize screen results. This capability
can be used to obtain a gene-by-gene ranking, rather than a hairpin/
guide-specific one, which can be helpful when shRNA or sgRNA
libraries contain multiple hairpins or guides targeting each gene.

Case studies and further extensions

We provide example data sets and a complete analysis script that
demonstrate how to use the edgeR package to prioritize data from
four different sShRNA-seq screens and two sgRNA-seq screens'’.
These examples were chosen to showcase edgeR’s ability to deal
with experiments of varying size (from tens to thousands of genes)
and complexity, from two-group situations, to settings with four
groups, or a time-course design, where a GLM with a slope and
intercept term is most appropriate. We have also developed a Galaxy
tool** that implements this workflow as a point-and-click appli-
cation to improve accessibility for researchers who are unfamiliar
with the R programming environment (Figure 2).

Discussion

Although the major functionality of edgeR has been developed with
RNA-seq data in mind, the analysis of numerous in-house data sets'’
and the results of others' have demonstrated its utility for count data

Input Summary: o
Number of Samples: 4

Number of Hairpins: 1105 o

Number of annotations provided: 1105 D

.
.
.
« Number of annotations matched to hairpin: 1105

The estimated common biological coefficient of variation (BCV) is: 0.92

Gene GenelD Pool shRNA_start logFC logCPM LR PValue FDR
Rpa3.276  Rpa3 68240 PC 8 -13.586708 9.6574042 115.503958 6.10E-27 6.65E-24
Suz12.1842 Suzl2 52615 LIB 1842 -17.543515 9.22201625 97.980587 4.23E-23 2.30E-20
Setd4.1308 Setd4 224440 LB 1308 -15.299588 9.29988871 93.4042449 4.26E-22 1.55E-19
Pcna.1186 Pcna 18538 PC 1186 -17.420772 9.09929379 90.7253316 1.65E-21 4.49E-19
Supt16h.167 Supt16h 114741 LB 1672 -17.131162 8.80974081 70.9148604 3.73e-17 7.00E-15
Setmar.1589 Setmar 74729 LB 1589 6.0179124 15.3534976 70.8496667 3.86E-17 7.00E-15
Rpa3.561  Rpa3 68240 PC 561 -7.7281954 12.3239369 67.1632469 2.50E-16 3.89E-14
Brd3.187 Brd3 67382 LIB 187 -14.828903 8.82930593 66.2337004 4.01E-16 5.45E-14
Rpa3.455  Rpa3 68240 PC 457  -5.761874 10.5906758 60.7147833 6.60E-15 7.98E-13
Brd4.2097 Brd4 57261 LIB 2097 -16.749959 8.42863118 55.2135726 1.08E-13 1.18E-11
Polr2b.2176 Polr2b 231329 PC 2176 -14.562242 8.56270838 54.6974145 1.41E-13 1.39E-11
Wdr5.1765 Wdr5 140858 LIB 1765 -16.721828 8.40050854 54.2685845 1.75E-13 1.59E-11

Barcodeplot for Brd4 (Day14 versus Day0)

Enrichment
0
L

Positive logFC
Negative logFC

-2
-8

6
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6
0
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a7
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Figure 2. Screenshots of the Galaxy tool for analyzing pooled genetic sequencing screens using edgeR. (A) From the main screen, the
user selects the appropriate input files and analysis options. (B) The results of an analysis are summarized in an HTML page that includes
various diagnostic plots. (C) Output also includes a table of ranked results at the hairpin/guide and gene-level (where appropriate) as well
as barcode plots (D) that highlight the ranks of hairpins/guides targeting a specific gene relative to all other hairpins/guides in the data set.
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derived from pooled amplicon sequencing screens. edgeR provides
users with a unique tool for the analysis of data from this emerg-
ing application of second generation sequencing technology, that is
capable of handling both the biological variability and experimental
complexity inherent in these screens. Provision of a Galaxy module
puts these powerful statistical methods within reach of experimen-
talists. Future work will be focused on the use of a suitable control
data set to compare this analysis pipeline with other approaches
such as shRNAseq’.

Software availability

Software access

The edgeR software is an R package distributed as part of the
Bioconductor project'” (http://www.bioconductor.org). The Galaxy
tool that implements this workflow is available from http://toolshed.
g2 .bx.psu.edu/view/shians/shrnaseq.

Latest source code
http://www.bioconductor.org/packages/release/bioc/html/edgeR .html

Archived source code as at the time of publication
http://dx.doi.org/10.5281/zenodo.12267%

Software license
GNU GPL version 2.
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The authors have addressed the concerns raised in first version of article and even improved the
manuscript by incorporating CRISPR-Cas9 screening data analysis in the software tool. So in my opinion
manuscript is now ready for indexation.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
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The authors introduce the multiplex shRNA screening approach as commonly used currently to find new
drug targets or other similar applications. They also provide a literature overview on the relevant
bioinformatics tools used in this context. With rapid improvements in the shRNA technology, data analysis
methods for this are high in demand. The manuscript provides a good framework for analysis of data on
pooled shRNA screens. There is a strong need to have such user friendly, open-source programs
dedicated to analysis of sShRNA screens that can easily be used by experimental biologists. The
manuscript provides a coherent platform that nicely incorporates analytic tools for the current
requirements of the RNAI or other similar functional genetic screens. As part of the review process, we
have analyzed our own data using the software and found it fully functional and very easy to use. Based
on our experience, we recommend the manuscript for indexation.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
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This is a well written paper describing a potentially useful application for the analysis shRNA-seq
screening data. It includes a brief description of this relatively novel technique and some competing
methods as well as a description of the method used in this implementation. The authors are to be
commended for providing a wrapper for Galaxy which will make it very easy for biologists to access the
method in a reproducible analysis environment and this seems likely to improve the real availability and
eventual impact of their work.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
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This is a useful manuscript, detailing the author's extensions of existing functionality within the
Bioconductor edgeR package to include shRNA screen data.

The manuscript itself provides an overview of shRNA screens, competing analysis pipelines, and the
methods available in edgeR. In addition, the authors provide a link to a vignette that gives example
analyses of four different shRNA experiments that vary in depth of sequencing and complexity, along with
the data so potential users can recapitulate the analyses provided, before making an attempt to analyze
their own data.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
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