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Abstract

We summarize 12 experimental methods that have been developed for profiling gene expression
by focusing on the 3’-end of poly(A+) mRNA, distilling both common and unique features. Of this
family of methods, we provide detailed protocol for MAPS, a method we believe is the simplest
and most cost-effective for profiling gene expression and quantifying alternative polyadenylation
events by oligo-dT priming followed by random priming and deep sequencing. This method also
enables library multiplexing by using a set of bar coding primers during PCR amplification. We
also provide a general guideline for analysis of the data generated by MAPS by using the software
package maps3end.
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1 Introduction

Gene expression profiling is a key strategy to study regulated gene expression, to classify
disease samples based on gene expression signatures, and to discover potential drug targets.
Full-length RNA-seq is now a widely used technology to measure gene expression and
detect structural variations in processed transcripts genome-wide. However, the cost is still
prohibitive in cases where there are lots of samples and multiple replicates to be analyzed,
emphasizing the need for efficient and simplified methods.

Polyadenylation is a conserved process in eukaryotic cells, which proceeds in two essential
steps: cleavage at near the 3’-end of the primary transcripts and addition of a polyA tail of
200-250 nt in length [1]. Importantly, more than 40 % genes have been shown to undergo
alternative polyadenylation (APA), as detected in zebrafish [2], mice, and humans [3],

© Springer Science+Business Media New York 2014
Corresponding author: Xiang-Dong Fu, UC, San Diego, Tel: 858-534-4937, xdfu@ucsd.edu.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 2

indicating APA as a critical regulatory step in gene expression. APA can cause 3’ UTR
lengthening or shortening, resulting in different platforms for regulation by miRNAs,
nonsense-mediated RNA decay (NMD), mRNA localization, and translational control [4, 5].
APA is dynamically regulated during cell proliferation and development via cis-elements,
including PAS (Poly(A) Signal), USE (Upstream Sequence Element) and DSE (Downstream
Sequence Element), and trans-factors, such as core 3’-end processing factors like CPSF and
CstF. APA is coupled with other layers of gene expression and is subject to modulation by
RNA-binding proteins like HUR and Nova2 [5]. Mis-regulated APA has been linked to
various human diseases, particularly cancers [6]. Researchers are still early in deciphering
the polyadenylation code, similar to the splicing code, an effort that began 10 years ago [7].

Motivated by the requirement for gene expression profiling and pA site usage quantification,
a family of RNA-seq methods named 3’-end RNA-seq has been developed with the basic
idea to only count reads in the proximity of pA sites. Sequencing reads mapped at the end of
genes reflect the levels of gene expression and pA usage, but do not provide information on
other differences in the transcripts, such as alternative promoter usage and alternative
splicing. Up to now, there are at least 12 deep sequencing-based methods that have been
described in literature, as summarized in Fig. 1. All these methods utilize the unique
signature of the long polyA tail for pulling down mRNAs with complementary oligo-dT.
One major confounding factor is the internal A-rich sequences, which may be annealed to
oligo-dT to generate unwanted signals. Some methods have been specifically designed to
address this problem.

DRS [8] permits direct sequencing of the captured mRNAs from 50 oligo-dT coated on the
slide, which is exemplified with several successful applications [6, 9]. However, this method
is only amenable on the Helicos platform, which has not been widely available to the
research community. All other methods generally involve several common steps that include
extraction of small RNA fragments close to pA sites, conversion of RNA to cDNA by RT,
ligation to sequencing adaptors and amplification by PCR, and finally, sequencing on
Illumina or 454 sequencers. The main differences lie at the treatment at the 5’-end and 3’-
end of short RNA fragments. To remove most upstream sequences from the pA site, three
strategies are used: random fragmentation by heating, enzymatic cleavage with DpnllI/RNase
T1/RNase I, or random priming with octamer. Several creative strategies have been
developed to treat the 3’-end. NV-anchor oligo-dT are used in 3-SEQ [10], PolyA capture
[11], PAS-Seq [3], MAPS [12], SAPAS [13], PolyA-Seq [14], 3’-end-seq [15], 3/Seq [16],
and A-seq [17]. All of these methods require bioinformatics treatment to remove reads from
potential internal priming [4]. In contrast, 3P-seq [18] is designed to remove internal polyA
priming experimentally by attaching splint oligos to the end of polyA tail followed by
selection with biotin. 3’READS [19] uses a composed oligo (UsTy4s5) coupled with stringent
wash conditions to enrich for polyadenylated RNA fragments.

We believe that the MAPS method we have developed is the simplest and most cost-
effective for profiling the 3’-end of MRNA by RNA-seq, as illustrated in Fig. 1. In this
method, oligo-dT linked to the 3’ adaptor is first used to prime reverse transcription from
mRNAs. After removing free priming oligos and biotin selection, the second-strand
synthesis is initiated on beads with random octamers directly anchored to the 5’ adaptor. The
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released second-strand products are PCR amplified, which takes advantage of PCR bias in
combination with size selection to enrich small fragments near the 3’-end. This method
provides strand-specific information. A set of bar-coded primers is individually used in the
PCR reactions for multiplexing libraries to be sequenced, permitting genome-wide gene
expression profiling of up to 12 libraries per lane on the lllumina HiSeq 2000 platform [12].
Here we describe a detailed protocol for this Multiplex Analysis of PolyA-linked Sequences
(MAPS) method and provide a general guide to data analysis by using the software package
maps3end.

2 Materials

1. SuperScript Il First-Strand Synthesis System for RT-PCR (Life Technologies, cat.
no. 18080-051), including 10x RT buffer, 25 mM MgCl,, 0.1 M DTT, 10 mM
dNTP mix, 200 U/uL SuperScript 111 RT, and 40 U/uL RNaseOUT.

2. NucleoSpin gel and PCR clean-up (Macherey-Nagel, cat. no. 470609).

3. Terminal transferase (NEB, cat. no. M0315S), including 10x buffer, 2.5 mM
CoCl,, and 20 U/uL Terminal Transferase.

4. Dynabeads Myone Streptavidin C1 (Life Technologies, cat. no. 650.01).

5. Tagq DNA polymerase (NEB, cat. no. M0237L).

6. Amplitag Gold DNA polymerase (Life Technology, cat. no. N8080241).

7. 10 mM dNTP mix and 10 mM ddNTP mix.

8. Washing buffer: 20 mM Tris—Cl, pH 7.6, 0.1 M NaCl, 1 mM disodium EDTA, 0.1
% Tween-80.

9. Library construction primers — first-strand RT primer: biotin-
CAAGCAGAAGACGGCATACGAGT g VN; second-strand primer:
GCTGATGCTACGACCACAGGN g).

10. PCR amplification primers — bar coding primers:
AATGATACGGCGACCACCGAGATN4HGCTGATGCTACGACCACAGG; P7
primer: CAAGCAGAAGACGGCATACGAG.

11. Sequencing primers — P5 primer (for sequencing barcodes):
AATGATACGGCGACCACCGAGAT,; target sequencing primer:
GCTGATGCTACGACCACAGG.

3 Methods

3.1 Reverse Transcription and Blocking

1

Add the following components to denature RNA:
1 g of Trizol-isolated total RNA.
1 pL of 50 uM first-strand RT primer.
1 pL of 10 mM dNTP mix.
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RNase-free H,O to 10 pL.
2. Incubate at 65 °C for 5 min and then place on ice for at least 1 min.
3. Add the following components to the above mixture to initiate the RT reaction:
2 pL of 10x RT buffer.
4 L of 25 mM MgCls.
2uL of 0.1 M DTT.
1 L of 40 U/uL RNaseOUT.
1 pL of 200 U/uL SuperScript I11.
4. Incubate at 50 °C for 50 min and terminate the reaction at 85 °C for 5 min.

5. Purify the first-strand cDNA with NucleoSpin gel and PCR clean-up kit following
manufacturer’s instruction to remove free RT primer.

6. Add the following components to block the 3’-end of the cDNA:
19 uL of purified cDNA (supplement with water if necessary).
2.5 UL of 10x terminal transferase buffer.
2.5 uL of 2.5 mM CoCl,.
0.25 pL of 10 mM ddNTP.
0.25 pL of 20 U/uL terminal transferase.
7. Incubate at 37 °C for 30 min and terminate reaction at 70 °C for 10 min.

8. Wash magnetic beads (5 pL per reaction) twice with washing buffer and resuspend
in washing buffer (equivalent to the original volume).

9. Add the beads in washing buffer to the above mixture and incubate at room
temperature for 30 min, agitating a few times during the incubation.

10. Collect beads on a magnetic stand and discard the supernatant.

11. Briefly denature the cDNA by suspending beads in 100 pL of 0.1 N NaOH,
followed by incubation at room temperature for 5 min, and washing the beads twice
with H,0.

3.2 Synthesis of the Second-Strand cDNA and PCR

1. Add the following components to washed beads to synthesize the second strand:
1 pL of 100 pM AD primer.
5 uL of 10x Taq DNA Polymerase Buffer.
1 pL of 10 mM dNTP mix.
1 L of 5 U/uL Tag DNA polymerase (NEB).
Add H,0 to 50 pL.

Methods Mol Biol. Author manuscript; available in PMC 2015 May 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al. Page 5

2. Incubate at 25 °C for 60 min, heat at 68 °C for 30 s, 75 °C for 5 min, and
immediately put the tubes on magnetic stand and wash the beads twice with
washing buffer.

3. Resuspend beads with 20 pL of H,0.

4. Heat at 95 °C for 5 min and immediately put the tubes on magnetic stand to collect
supernatant containing the released second-strand cDNA.

5. Add the following components for PCR amplification (see Note 1):
5-20 pL of the second-strand cDNA.
5 uL of 10x PCR buffer.
3 uL of 25 mM MgCI2.
1 pL of 10 mM dNTP mix.
1.5 pL of 20 uM P7 primer.
1.5 uL of 20 uM bar coding primer.
0.3 puL of 5 U/uL Amplitaq Gold DNA polymerase (Life Technologies).
Add H,0 to 50 pL.

6. Run PCR 20-25 cycles in the thermal cycler using the following program: 94 °C
for 10 min (initial denaturation and polymerase activation), 94 °C for 30 s
(denaturation), 58 °C for 30 s (annealing), and 72 °C for 30 s (extension).

7. Examine PCR products in 2 % agarose gel.

8. Cut band corresponding to 200-400 nt and purify PCR product with NucleoSpin
gel and PCR clean-up kit following manufacturer’s instruction.

9. Quantify the amount of purified PCR products by using a Qubit fluorometer, and
pool purified PCR products for multiplex sequencing (see Note 2).

3.3 Sequencing

1. Use a Qubit fluorometer to quantify the pooled PCR products to make an estimate
for loading onto individual lanes of Illumina sequencer (see Note 3).

2. Load 10 pM of multiplexed libraries to individual lanes of flow cell.

3. Use the target sequencing primer to sequence a desired length (35-75 nt).

1A single bar coding primer from a synthetic set of primers each containing a specific sequence in the barcode region is used in
combination with the common primer (P7) to amplify each library. We normally take a small aliquot (2 pL) of the second-strand
cDNA to perform preliminary amplification to estimate the yield, based on which to use the right amount of the second-strand cDNA
for final PCR amplification in order to obtain detectable products with a minimal PCR cycle number to minimize PCR biases.

For transcriptome profiling in mammalian genomes, we take an equal amount of PCR-amplified materials from each library to make
a pool for multiplex sequencing. We normally pool 12 libraries for sequencing on a single HiSeq 2000 lane, which will yield at least
ten million reads per library.

Before sequencing, it is important to make an estimation of the materials for loading, which can be determined by various
quantitative methods, such as Qubit or real-time PCR. Although 10 pM is recommended for loading into each lane, careful adjustment
is required based on previous sequencing results to load the right amount to obtain the optimal density of ~200 millions per lane on
HiSeq 2000.
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4. Strip off the sequenced products (using the procedure described in the Illumina
sequencing manual) and then prime the flow cell with the P5 primer to sequence
the barcode region.

3.4 Data Analysis

Here we describe a basic pipeline for processing MAPS data and also provide some example
scripts at https://code.google.com/p/maps3end/

1. Decoding of multiplexed samples.

The output from a MAPS sequencing run is a FASTQ file containing the reads for
all samples. The first step is to decode the samples according to specific barcodes
incorporated in different libraries. The program decode.py in the maps3end
package is designed for this task, which can be run in the following way: decode.py
[--startpos=37 —mismatch=0 —outprefix lanel] f_fastqf barcode. The f_barcode is
a tab-delimited text file and contains bar coding information for all libraries
sequenced in the given lane. In this text file, each line represents a library where the
first column is the barcode sequence and the second column is the unique library
name. The option startpos is for setting the start position of the barcode in the read
sequence. The option mismatch is the maximum number of mismatches allowed in
assigning read to the corresponding barcode (we normally allow 0 or 1 mismatch,
as long as the read can be assigned to a single barcode). The decoded reads are
written into individual files for each library and any reads that failed to be decoded
are saved in the file starting with outprefix for diagnosis of potential sequencing
problems.

2. Mapping of sequencing reads.

MAPS generates strand-specific reads from mRNAs, which should be only mapped
to the sense strand of genes. Generally we map reads directly to the reference
genome (e.g., mm9 for mouse, hg18 for human, see Note 4), which could be
downloaded from the UCSC genome browser FTP site [20]. There are multiple
programs, such as Bowtie [21] and BWA [22], for mapping the reads to genomes.
We normally use Bowtie with the following parameters: bowtie -125 -n2 -e 200 -m1
—best —strata —trim5 4 EBWT sample.fastq (see Note 5). EBWT is the reference
index built from genome sequence in FASTA format by the bowtie-build program.
As the beginning nucleotides from random primers are not required for perfect
matching with primed sequences, we skip the first 4 nt of reads in mapping. Two
mismatches are allowed in the remaining first 25 nt seed sequences. Only the reads
uniquely mapped to the genome are kept for further analysis.

3. Filtering reads resulting from internal priming.

4The genome version choice, like mm9 or mm10 both for mouse, depends on user’s preference, because of other existing data for
comparative purposes.

Alternatively, to increase the number of assignable reads, we can first map the reads to the mRNA reference sequences and assign
remaining reads to the genome reference. We also use TopHat [25] to map reads that span exon-exon junctions.
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Potential internal priming is checked for each read against the downstream
sequence up to 300 nt to determine the presence of one or more polyA stretches
(consecutive 8 As or 9 As in a 10 nt window) [23]. The polyA stretches can be
scanned by the script scandastretch.py across the sequences of all annotated genes
or the genome and saved for later use. The output BED file can be compared with
the mapped reads by the intersectBed program in BEDTools [24] to filter out those
potential internal priming events.

4. Quantification of gene expression and APA usage.

Even though the current MAPS protocol cannot accurately assign the pA position
in each gene (see Note 6 for an alternative sequencing strategy to assign pA sites),
the data can be used to quantify gene expression without confounding effect of
gene length. For the purpose of gene expression profiling, we sum up all reads
mapped to the targeted regions (300 nt upstream of the 3’-end, see Note 7) in
annotated genes with more than one 3’-ends. To calculate differential APA usage,
we use reads mapped to individual targeted regions that belong to the same gene.
We take two steps in computing the quantitative information at each pA site. We
first count uniquely assignable reads at individual pA sites and then use the
frequency at each site to assign a specific fraction of reads that are mapped to
multiple 3’-ends. We provide the scripts gene2land.py and land2exp.py to assist
such computation, which report the quantitative information in terms of reads per
kb per million mapped reads (RPKM) for each gene or pA site.
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Fig. 1.
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MAPS and other strategies in 3’-end RNA-seq. (a) Schematic of MAPS procedure. Green
line represents an MRNA with polyadenylated tail and one internal polyA stretch. Red box
highlights the targeted region where the sequencing reads are supposed to be mapped. (b)

Summary of other strategies. The methods are sorted by the publication date, with

abbreviated description of experimental designs. TSP target sequencing primer, cP7 reverse
complement of P7 primer, Bio biotin, Ref. reference number, SP sequencing primer in a
stem-loop, N A/C/T/G, V AICIG
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