UC Irvine
UC Irvine Previously Published Works

Title

PAS-seq 2: A fast and sensitive method for global profiling of
polyadenylated RNAs

Permalink
https://escholarship.org/uc/item/8gw8h4bt
Authors

Yoon, Yoseop
Soles, Lindsey V
Shi, Yongsheng

Publication Date
2021

DOI
10.1016/bs.mie.2021.03.013

Copyright Information
This work is made available under the terms of a Creative Commons
Attribution License, availalbe at

https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8gw8h4bt
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

CHAPTER TWO

PAS-seq 2: A fast and sensitive
method for global profiling of
polyadenylated RNAs

Yoseop Yoon, Lindsey V. Soles, and Yongsheng Shi*

Department of Microbiology and Molecular Genetics, School of Medicine, University of California, Irvine,
CA, United States

*Corresponding author: e-mail address: yongshes@uci.edu

Contents
1. Introduction 26
2. Materials 27
2.1 Solutions 27
2.2 Reagents and equipment 27
2.3 Primer sequences 28
3. Methods 28
3.1 Isolation of total RNA from biological samples (1-1.5h (hrs)) 28
3.2 lIsolation of poly(A) RNA (1-1.5h) 28
3.3 RNA fragmentation (1.5h) 29
3.4 Reverse transcription (3-3.5h) 30
3.5 Purification of cDNA (0.5h) 31
3.6 PCR amplification and size selection (3.5h) 31
4. Data analysis 32
5. Troubleshooting tips 32
Acknowledgments 33
References 33
Abstract

Alternative polyadenylation (APA) is a widespread phenomenon in eukaryotes that con-
tributes to regulating gene expression and generating proteomic diversity. APA plays
critical roles in development and its mis-regulation has been implicated in a wide variety
of human diseases, including cancer. To study APA on the transcriptome-wide level,
numerous deep sequencing methods that capture 3’ end of MRNAs have been devel-
oped in the past decade, but they generally require a large amount of hands-on time
and/or high RNA input. Here, we introduce PAS-seq 2, a fast and sensitive method for
global and quantitative profiling of polyadenylated RNAs. Compared to our original
PAS-seq, this method takes less time and requires much lower total RNA input due
to improvement in the reverse transcription process. PAS-seq 2 can be applied to both
APA and differential gene expression analyses.
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1. Introduction

Alternative polyadenylation (APA) allows a single gene to generate
multiple transcript isoforms through the use of alternative poly(A) sites
(PAS). Approximately 70% of mammalian genes are subjected to APA
(Shi, 2012; Tian & Manley, 2017). APA plays important roles in gene reg-
ulation (Mittleman et al., 2020; Sandberg, Neilson, Sarma, Sharp, & Burge,
2008), protein localization (Berkovits & Mayr, 2015), cell differentiation
(Zhu et al., 2018), immune response (Rogers et al.,, 1980), development
and evolution (Yoon et al., 2019). Aberrant APA regulation has been linked
to many diseases, including cancer and neurological disorders (Gruber &
Zavolan, 2019).

APA studies have been facilitated by deep sequencing-based methods for
transcriptome-wide profiling of polyadenylated RNAs. These methods can
not only map PAS globally, but also quantify their relative usage frequency,
thereby allowing comparison of difterential PAS usage among difterent cell
types, tissues, and biological conditions. For sequencing library construc-
tion, most methods use an oligo(dT) primer to selectively reverse transcribe
(RT) polyadenylated RNAs (Derti et al., 2012; Fox-Walsh, Davis-Turak,
Zhou, Li, & Fu, 2011; Fu et al., 2011; Lianoglou, Garg, Yang, Leslie, &
Mayr, 2013; Martin, Gruber, Keller, & Zavolan, 2012; Sanfilippo,
Miura, & Lai, 2017; Shepard et al., 2011; Yoon & Brem, 2010; Zhou
et al., 2016). While oligo(dT) primer could also bind internal A-rich
sequences during RT, a phenomenon called internal priming, it can be mit-
igated by computational filtering and use of annotated PAS database for data
analyses (Derti et al., 2012; Shepard et al., 2011). Several other methods cir-
cumvent the problem of internal priming by linking a 3" adapter for RT to
polyadenylated RINAs (Hoque et al., 2013; Jan, Friedman, Ruby, & Bartel,
2011; Zheng, Liu, & Tian, 2016), or enriching polyadenylated RINAs that
bind poly(A) binding proteins (Hwang et al., 2016). However, these
methods tend to be laborious compared to oligo(dT) primer-based methods.
The large number of steps could also introduce biases that may prevent accu-
rate quantification (Spies, Burge, & Bartel, 2013). Finally, most methods
developed so far require high RNA input, up to 1020 ug of total RNA
or 1pg of total RNA.

Here, we introduce PAS-Seq 2, an improved version of PAS-seq
(Shepard et al., 2011), that allows library construction from 100ng of total
RNA. The original PAS-seq combines RT and adapter linking into a single
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step and has been successfully used in many APA studies, but requires
5-10pg of total RNA input (Brumbaugh et al., 2018; Huang et al.,
2017; Wang et al., 2020; Zhu et al., 2018). In PAS-seq 2, we adopted
the reverse transcription protocol from SMART-seq 2 (Picelli et al.,
2014), which is intended for samples with low RNA input such as single
cells. Specifically, PAS-seq 2 uses a template switch oligo (TSO) that con-
tains a locked nucleic acid (LNA) at the 3’ end, thereby enhancing TSO
annealing to untemplated 3’ extension of the cDNA. Also, the protocol
includes betaine and magnesium chloride in the RT reaction, which
together can increase cDNA vyield (Picelli et al,, 2014). In our hands,
PAS-seq 2 libraries can be successfully generated from 100ng total RNA.
This protocol may work with even lower RNA input if the fragmentation
step is optimized.

2. Materials
2.1 Solutions

1M Magnesium Chloride (MgCl,)

100% Ethanol (EtOH)

3M Sodium acetate (NaOAc)

Betaine, 5M solution (Thermo Scientific AAJ77507UCR)
10mM dNTP mix

100% isopropyl alcohol

R Nase-free water

Distilled water

S AN bl

2.2 Reagents and equipment

TRIzol™ R eagent (Invitrogen 15596026)

RNA fragmentation reagents (Invitrogen AM8740)

NEBNext® Poly(A) mRINA magnetic isolation module (NEB E7940)
NanoDrop®

Heat block or water bath

—80°C freezer

Temperature-controlled tabletop centrifuge

SuperScript™ III first-strand synthesis system (Invitrogen 18080051)
AMPure XP (Beckman-Coulter A63880)

. Magnetic stand

e il

==
- O

. Thermal cycler
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12.
13.

14.
15.

Phusion® high-fidelity PCR master mix with HF buffer (NEB M0531S)
RNaseOUT™ recombinant ribonuclease inhibitor (Invitrogen 1077
7019)

Gene]ET gel extraction kit (Thermo Scientific K0691)

GlycoBlue™ Coprecipitant (Invitrogen AM9516)

2.3 Primer sequences

1.

Template switch oligo (TSO) containing locked nucleic acid (LNA):
CTACACGACGCTCTTCCGATCTCATGrG+G

PAS-seq 2 oligo(dT): GTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTTTTTTTTTTTTTTTTTTTTV (V: A/C/G)

. TruSeq universal adapter:

AATGATACGGCGACCACCGAGATCTACACTCTTTCCC
TACACGACGCTCTTCCGATCT
TruSeq indexed adapter:
CAAGCAGAAGACGGCATACGAGAT[index] GTGACTGGA
GTTCAGACGTGTGCTCTTCCGATC.

3. Methods

3.1 Isolation of total RNA from biological samples
(1-1.5h (hrs))

. Isolate total RNA from the biological sample using TRIzol™ R eagent,

as per manufacturer’s instructions. During the final steps, wash pellet
twice instead of once with 75% EtOH. Air-dry and resuspend the pellet
with 30 pL R Nase-free water. Incubate in a water bath or heat block set
at 55-60°C for 10-15min. Determine RNA concentration using
NanoDrop® and store the samples at —80°C until use (Fig. 1)

3.2 Isolation of poly(A) RNA (1-1.5h)

1.
2.

Dilute 100 ng—>5 pg of total RNA in 50 pL of R Nase-free H,O
Isolate poly(A) RNA from total RNA using NEBNext® Poly(A)
mRNA magnetic isolation module, as per manufacturer’s instructions.
Elute the poly(A) RINA using 17 pL of the Tris buffer included in the kit
Add 28 pL H,O to the eluted mRINA, making the final volume of 45 uL
Place tube on ice
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oligo(dT) annealing
Total RNA (100 ng-1 pg) B N\ AAAAAAARAAA
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Fig. 1 Overview of PAS-seq 2. TSO: template switch oligo.

3.3 RNA fragmentation (1.5h)

1. For 1pg of starting total RNA, add 5pL of 10 x RNA fragmentation
reagent (final volume 50 pL), mix well, and incubate at 70 °C in a ther-
mal cycler for 5min (min).

2. Add 5.5pL of Stop solution (10 x), mix well, and place tube on ice for
2min

3. Add following mixture to the tube:

— 144.5pL H,O

— 20pL 3M NaOAc

— 1pL GlycoBlue™

— 660 pL ice cold 100% EtOH

4. Precipitate for 1h at —80°C

Centrifuge at full speed (13,000 rpm) in 4 °C for 30 min

6. Wash pellet with 1mL of ice cold 75% EtOH. Centrifuge at full speed
(13,000 rpm) in 4 °C for 5min

7. Dissolve the pellet in 5puL H,O

13,1
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3.4 Reverse transcription (3-3.5h)
1. Set up oligo(dT) primer binding reaction in a PCR tube on ice:

5uL Fragmented poly(A) RNA (from step 3.3.7)
2uL 10mM dNTP mix

2uL 10 puM PAS-seq2 oligo(dT) primer

9 uL Total

2. Incubate at 72°C for 3min, and put it back to ice
3. Prepare the following mixture in a master mix:

1pL SuperScript III reverse transcriptase

4pL 5 X First-strand buffer

1pL 100mM DTT

0.5pL RNaseOUT RNase inhibitor

4pL 5M Betaine

0.12pL 1M MgCl,

0.2pL 100 pM template switch oligo containing LNA
0.18 pL R Nase-free H,O

11 pL Total

4. Add 11 pL of mixture from step 3.4.3 to 9 uL of reaction from step 3.4.1
to obtain a final reaction volume of 20 pL. Mix well

5. Incubate the reaction in a thermal cycler with a heated lid, using the fol-
lowing program:
- 1: 42°C, 90min

: 50°C, 2min

: 42°C, 2min

: Repeat 2-3 for 9 times

: 72°C, 15min

: 4°C, hold

N U A~ WD
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*Addition of betaine permits cycle 2—4 by stabilizing reverse transcriptase in

higher temperature and promotes unfolding of RNA secondary structures.

6.

Add 30pL of H>O to obtain a final volume of 50 puL

3.5 Purification of cDNA (0.5 h)

1.

2.
3.

Purify 50 pL of cDNA from step 3.4.6. using AMPure XP, as per man-
ufacturer’s instructions. Do not over-dry the beads

In the final step, elute cDNA with 25 pL of H,O

Transfer 23 pL of the supernatant (cDNA) to a new tube

3.6 PCR amplification and size selection (3.5h)

1.

Prepare the following mixture:

23uL cDNA

25uL 2 x Phusion Hifi PCR master mix
1pL 10 pM TruSeq universal adapter
1uL 10 pM TruSeq indexed adapter

50 uL Total

. Incubate the reaction in a thermal cycler with a heated lid, using the fol-

lowing program:
- 1: 98°C, 30s
: 98°C, 10s
1 66°C, 30s
1 72°C, 20s
: Repeat step 2—4 19 times
: 72°C, 5min
- 7:4°C, hold
Run all PCR products on a 2.5% agarose gel (80V, 2.5 h).
Gel extract 185-225 base-pair (bp) band and submit samples to the
sequencing core etc. for quality check prior to sequencing (Fig. 2)

1
N U B~ WD

. Perform sequencing (100 bp single read) of the libraries as per manufac-

turer’s instructions. Add Phix control or multiplex with other libraries to
add diversity
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I 1

[ S —————]

Arfé

300bp
200bp

Fig. 2 (A) PAS-seq 2 library. After PCR amplification (Section 3.6), the reaction was
resolved on a 2.5% agarose gel. 185-225bp fragments are selected for sequencing.
(B) An example of PAS-seq 2 data. Bigwig file was generated from PAS-seq 2 reads.
3'UTR region of Arf6é gene is shown in the figure. Each peak corresponds alternative
cleavage/polyadenylation site for Arf6é gene.

4. Data analysis

1. Trim the sequences by removing the first six nucleotides (CATGGG—
from the template switch oligo) and consecutive As (from the oligo(dT)
primer sequence) with Cutadapt (Martin, 2011).

2. Align trimmed reads to reference genome using aligner programs such as
STAR (Dobin et al., 2013).

3. To filter out internal priming events, remove reads that are mapped to
genomic sequences that are immediately followed by 6-consecutive As,
or seven As out of 10 nucleotides

4. Compare the 3’ ends of each read to a list of annotated PAS based on
published databases (e.g., APADB, PolyA_DB) (Muller et al., 2014;
Wang, Nambiar, Zheng, & Tian, 2018). Generate a count table by assig-
ning reads to known PAS if they are mapped within +40nt from the site

5. APA analysis is performed with edgeR using the “exon” mode to obtain
statistical significance values (false discovery rate (FDR)) for each PAS

6. Genes are considered as APA genes if at least one PAS reaches statistical
difference (FDR <0.05) and its percent usage within the gene is different
by more than 15 between samples

7. For further bioinformatic analyses, please refer to (Brumbaugh et al.,
2018; Shepard et al., 2011).

5. Troubleshooting tips

1. Isolating poly(A) RINA (Section 3.2) from total RNA helps to remove
reads from rRINAs, but this protocol works with total RINA as well

2. RNA fragmentation step should be optimized based on the concentra-
tion of total RNA input. The current fragmentation protocol is based on
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1 pg of total RNA input. Add Stop solution immediately after incubating
the samples with RNA fragmentation buffer according to the protocol.
Both incubation time and amount of fragmentation buffer can affect
average library size. Libraries smaller than 200bp may contain primer
dimers and very short reads

3. Addition of GlycoBlue™ is useful for detecting small pellets during the
RNA fragmentation step

4. For gel extraction of PCR amplified libraires, make sure to run the gel
sufficiently to remove primer dimers (around 150 bp) from 185 to 225 bp
fragments. Check with bioanalyzer to make sure that sample sizes are
appropriate and primer dimers are absent from the library

5. PAS-seq 2 reads contain six identical sequences (CATGGG) at the
beginning. Therefore, adding spike-in controls such as Phix is rec-
ommended. Alternatively, libraries can be multiplexed with other sam-
ples to increase diversity at the start of reads

6. While we found that 100 ng of total RNNA input was sufficient for gen-
erating PAS-seq 2 library, even lower RNA input might be sufficient

7. It is important to perform PAS-seq analysis with biological replicates
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