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Preface

The advent of next-generation sequencing revealed that the majority of the human genome
is transcribed to noncoding RNAs. Recent studies on long noncoding RNAs (IncRNAs)
suggest that they may represent another class of important, nonprotein regulators of various
biological processes, including cell proliferation, differentiation, migration, apoptosis, and
transformation. In this column of the Methods in Molecular Biology series, we assemble a
broad spectrum of methods used in IncRNA research, ranging from computational annota-
tion of IncRNA genes to molecular and cellular analyses of the function of individual
IncRNA. Methods used to study circular RNAs and RNA splicing also are included. Given
that many well-characterized IncRNAs exhibit important pathological functions, we also
include a chapter to describe the most influential finding on IncRNA in human diseases. We
would like to make this book a must-have for anyone who conducts IncRNA research. The
intended audience includes molecular biologists, cell and developmental biologists, special-
ists who conduct disease-oriented research, and bioinformatics experts who seek a better
understanding on IncRNA expression and function by computational analysis of the massive
sequencing data that are rapidly accumulating in recent years. It is our hope that Long
Noncoding RNA Protocol will stimulate the reader to explore diverse ways to understand
the mechanisms by which IncRNAs facilitate the molecular aspects of biomedical research.
We would like to acknowledge and thank all authors for their valuable contributions, par-
ticularly for sharing with readers all hints, tips, and observations that one learns from using
a method regularly. We also thank Dr. John Walker for his technical guidance and support.

Philadelphia, PA, USA Yi Fenyg, Ph.D.
Lin Zbhang, M.D.
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Chapter 1

LncRNA Pulldown Combined with Mass Spectrometry
to Identify the Novel LncRNA-Associated Proteins

Zhen Xing, Chunru Lin, and Liuging Yang

Abstract

Long noncoding RNAs (LncRNAs) are nonprotein-coding transcripts longer than 200 nucleotides in
length. The recent studies have revealed that at least nearly 80 % transcripts in human cells are IncRNA
species. Based on their genomic location, most IncRNAs can be characterized as large intergenic noncoding
RNAs, natural antisense transcripts, pseudogenes, long intronic ncRNAs, as well as other divergent tran-
scripts. However, despite mounting evidences suggesting that many IncRNAs are likely to be functional,
only a small proportion has been demonstrated to be biologically and physiologically relevant due to their
lower expression levels and current technique limitations. Thus, there is a greater need to design and
develop new assays to investigate the real function of IncRNAs in depth in various systems. Indeed, several
methods such as genome-wide chromatin immunoprecipitation-sequencing (ChIP-seq), RNA immuno-
precipitation followed by sequencing (RIP-seq) have been developed to examine the genome localization
of IncRNAs and their interacting proteins in cells. Here we describe an open-ended method, LncRNA
pulldown assay, which has been frequently used to identify its interacting protein partners in the cellular
context. Here we provide a detailed protocol for this assay with hands-on tips based on our own experience
in working in the IncRNA fields.

Key words Long noncoding RNAs, RNA-protein interaction, Mass spectrometry

1 Introduction

Increasing evidence has indicated that long noncoding RNA
(IncRNA) is a new class of players associated with the development
and progression of cancer [1], but knowledge of the mechanisms
by which they act is still unclear. Several well-studied IncRNAs
have provided us important clues about the biology and human
disease relevance of these molecules and a few key functional and
mechanistic themes have begun to be understood [2, 3]. It is
believed that IncRNAs interact with proteins, such as epigenetic
modifiers, transcriptional factors/coactivators, and RNP com-
plexes, to regulate the related biological processes [ 3]. Of note, the
specific IncRNA-protein interactions could also be mediated by
increasingly identified RNA-binding domains [4, 5]. Here, we

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
DOI 10.1007/978-1-4939-3378-5_1, © Springer Science+Business Media New York 2016
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2 Zhen Xing et al.

summarize an unbiased and open-ended IncRNA pulldown assay
for better understanding of the IncRNA-associated protein part-
ners. We believe that this methodology will drive the advances of
studying IncRNA functions and the related mechanisms.

We used IncRNA pulldown assays to selectively extract a
protein-RNA complex from a cell lysate based on principles of
physical forces between proteins and RNA. These forces, including
dipolar interactions, electrostatic interaction, entropic effects, and
dispersion forces, form different degrees during the process of pro-
tein binding in a sequence-specific manner (tight).

Also, RNA secondary and tertiary structures play critical roles
in protein recognition and binding to certain nucleic acid sequences
(loose). Typically, the pulldown assay uses a RNA probe labeled
with a high-affinity biotin tag which allows the probe to be recov-
ered. After incubation, the biotinylated RNA probe can bind with
a protein/protein complex in a cell lysate and then the complex is
purified using magnetic streptavidin beads. The proteins are then
cluted from the RNA and detected by Western blot or mass
spectrometry. This assay has the advantages of enrichment of low-
abundance protein targets, isolation of intact protein complexes,
and being compatible with immunoblotting and mass spectrometry
analysis.

With this technology, IncRNAs have been shown to regulate
chromatin states through recruiting chromatin-modifying com-
plexes PRC2 [6, 7]; regulate transcription programs through bind-
ing to androgen receptors [8]; and direct cooperative epigenetic
regulation downstream of chemokine signals [9]. In this chapter, we
describe a hands-on protocol for conducting a IncRNA pulldown
assay with some tips gained from our own direct experiences [8, 9].

2 Materials and Reagents

Owing to widespread contaminating RNase in the experimental
environment, we recommend that throughout this assay, all stan-
dard precautions should be taken to minimize RNase contamina-
tion. All reagents, glassware, and plasticware should be purchased
RNase free or be treated with 0.1 % DEPC to make sure that they
are RNase free (see Note 1).

3 Reagents

3.1 For Preparation
of In Vitro-Transcribed
RNA (IVT)

1. pGEM-3Z Vector (Promega, P2151).
2. Biotin RNA labeling mix.
3. T7 and SP6 RNA polymerase.
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3.2 For Preparation
of Cell Lysate

3.3 For IncRNA
Pulldown

3.4 For In-Solution
Tryptic Digestion

[S2NN" —NEIN I S

p—
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. TURBO DNase.

Anti-RNase.
RNA Clean and Concentrator (Zymo Research, R1015).

. Nuclease-free H,O.

. UltraPure Agarose (Life Technology, 16500-100).
. Formaldehyde.

10.
. Ethidium bromide.
12.
13.

10x MOPS Bufter (Lonza, 50876).

RNA loading dye.
RNA marker.

. ProteaPrep Zwitterionic Cell Lysis Kit, Mass Spec Grade

(Protea, SP-816).

. Protease /phosphatase inhibitor cocktail.

. Panobinostat.

. Methylstat.

. 1x Phosphate-buffered saline (PBS) buffer.

. BcMag™ Monomer Avidin Magnetic Beads (Bioclone, MMI101).

2. RNA structure buffer

[©) W 2 W=~ S T NS R ]

Tris—HCI (pH 7.0) 10 mM, KCl 0.1 M, MgCl, 10 mM.

. RNA capture buffer

Tris—HCI (pH 7.5) 20 mM, NaCl 1 M, EDTA 1 mM.

. NT2 buffer

Tris—-HCI (pH 7.4) 50 mM, NaCl 150 mM, MgCI2 1 mM,
NP-40 0.05 %.

. Wash buffer

NT2 buffer supplemented with sequentially increased NaCl
(500 mM to 1 M) or KSCN (750 mM).

. Digestion buffer, ammonium bicarbonate (50 mM).

. Reducing buffer, DTT (100 mM).

. Alkylation buffer, iodoacetamide in NH,.HCO; (100 mM).
. Trifluoroacetic acid (TFA), 10 %.

. Acetonitrole.

. Peptide recovery buffer, 1 ml.

400 pl Acetonitrile, 20 pl 10 % TFA, 580 pl 50 mM NH,HCO:s.

. Immobilized trypsin.
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4 Methods

4.1 IVT of Biotin-
Labeled IncRNA

4.1.1  Cloning the IncRNA
Gene Sequence
into pGEM-3Z Vector

4.1.2 Lineation
of the pGEM-3Z-IncRNA
Vector

The following protocol is based on the previously method with
some modifications according to our own experience (Fig. 1).

The gene sequence should be ligated into the multiple cloning
sites locating between the T7 promoter and SP6 promoter.

T7 promoter: 5" TAA TAC GAC TCA CTA TAG GG 3’
Sp6 promoter: 5" AAT TTA GGT GAC ACT ATA GAA 3’

Add the restriction endonuclease (RE) to the plasmid.

20 pg of midi-prepared plasmid.
5 pl 10x RE buffer.

5 Unit RE enzyme.

ddH,O0.

Bring the total volume to 50 pl with H,O and incubate at
37 °C from 2 h to overnight. Purify the linearized plasmid using
the QIAquick Gel Purification Kit following the manufacturer’s
protocol (see Note 2).

1 Label RNA with e Biotin
biotin tag

2 Capture RNA with f Biotin
monoavidin beads +
monoavidin

!

3 Protein binding to 0 Proteins

RNA
4 Eluting proteins for ’ . Eluted proteins

MS analysis

Fig. 1 Schematic diagram showing IncRNA pulldown
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4.1.3 VT Reaction

4.1.4  Purification
and Size/Yield Check
of IVT RNA

RNA Clean

and Concentrator Kit Can
Be Used to Recover IVT
RNA Fragments

Preparing Denatured RNA
Gel to Confirm if the RNAs
Are Transcribed at

the Right Size

4.2 Preparation
of Cell Lysate

This reaction is used for the synthesis of “run-off” transcript.

Reaction components.
Nuclease-free H,O.

Linearized plasmid 1 pg.

Biotin RNA labeling mix, 10x2 pl.
10x transcription buffer 2 pl.
T7/SP6 RNA polymerase 2 pl.

Add the above to a microfuge tube on ice and bring the total
volume to 20 pl with the nuclease-free H,O; mix and centrifuge
briefly.

Incubate for 2 h at 37 °C.

Add 2 pl DNase to remove template DNA by incubation for
15 min at 37 °C.

Stop the reaction by adding 2 pl 0.2 M EDTA (pH 8.0)
(see Note 3).

Following the DNase treatment and termination of the above
reaction. Typically, up to 10 pg IVT RNA eluted into 10-20 pl
RNase-free water can be obtained.

Making 100 ml denatured RNA gel.

1 g agarose in 72 ml water heated until dissolved and then
cooled to 60 °C.

10 ml 10x MOPS running buffer.

18 ml 37 % formaldehyde.

Prepare the RNA sample and electrophoresis.

Take 1 pl RNA sample, add 5 pl formaldehyde loading dye,
1 pl ethidium bromide (10 pg/ml).

Heat denatured samples at 65-70 °C for 5-15 min.

Load the gel and electrophorese at 5-6 V/cm as far as 2 /3 the
length of the gel.

Check the RNA size under the UV light. One sharp band with
the correct size is a good indication that the RNA is efficiently
transcribed. A smeared appearance may be resulted from the
enzyme that failed to bind the promoter efficiently or dropped off
the template in the half way (see Note 4).

Culture and collect sufficient cells (at least 10 x 10 cm plate cells for
each pulldown); suspend the cell pellet with 1 ml of ProteaPrep
Zwitterionic cell lysis buffer supplemented with protease and phos-
phatases inhibitor cocktails (1:100), anti-RNase (1U /pl), panobi-
nostat (1:100), and methylstat (1:100); incubate the tube on ice
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4.3 Activation
of BcMag™ Monomer
Avidin Magnetic Beads

4.4 IncRNA Pulldown

4.4.1 Pre-clearing

the Lysate with Activated
Beads to Reduce
Nonspecific Binding

4.4.2  Folding of IVT RNA

4.4.3 LncRNA Pulldown

for 40 min, and vortex every 10 min; centrifuge the mixture at
14,000 x g for 15 min at 4 °C; transfer supernatant to a new tube
for further use (se¢ Note 5).

Prior to use, all the reagents in the kit should be equilibrated to
room temperature and make 1x working solutions with ddH,O.
Follow the manufacturer’s instructions to prepare the activated
beads briefly summarized as follows:

1.

Gently shake the bottle containing beads until completely sus-
pended. Transfer 50 pl beads to a fresh tube.

. Place the tube on a magnetic separator for 1 min, and remove

the supernatant.

Note: While the tube remains on the separator remove the
tube from the separator for 1 min to prevent bead loss.

. Wash beads with 200 pl of ddH,O.

4. Wash the beads with 200 pl of 1x PBS buffer.

B N

[ I ST NS ]

—

. Block the beads with 150 pl of 1x blocking/elution bufter at

room temperature for 5 min. Remove the buffer.

. Regenerate the beads by adding in 300 pl of 1x regeneration

buffer. Remove the buffer.

. Wash the beads with 200 pl of 1x PBS buffer. The beads are

ready to use (see Note 6).

. Remove the PBS from the activated avidin beads.
. Add 1 ml of cell lysate to the beads and mix well.
. Incubate for 1 h at 4 °C with end-to-end gentle rotation.

. Place the tube on a magnetic separator and keep the superna-

tant for further use. Discard bead pellet.

. 20 pg of biotinylated RNA was heated to 90 °C for 2 min.
. Chill on ice for 2 min and briefly centrifuge.
. Bring the total volume to 100 pl with RNA structure buffer.

. Incubate at room temperature for 20 min to allow proper sec-

ondary structure formation.

. Prepare the 50 pl activated avidin magnetic beads.

. The beads were immediately subject to RNA (20 pg) capture

in RNA capture buffer for 30 min at room temperature with
gentle agitation.

. Remove the RNA capture buffer and the RNA-captured beads

were washed once with NT2 buffer and incubated with 30 mg
pre-cleared cell lysate for 2 h at 4 °C with gentle rotation.
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4.5 MS Analysis

4. Briefly centrifuge the tube and place the tube on a magnetic
separator. Remove the supernatant from the beads and discard.
The complex of interest should now bind to the beads. The
following steps are used to remove the nonspecific binding to
the beads.

5. Wash the RNA-binding protein complexes with NT2 buffer
twice.

6. Wash the RNA-binding protein complexes with NT2 high-salt
buffer (500 mM NaCl) twice.

7. Wash the RNA-binding protein complexes with NT2 high-salt
buffer (1 M NaCl) once.

8. Wash the RNA-binding protein complexes with NT2 high-salt
buffer (750 mM KSCN) once.

9. Wash the RNA-binding protein complexes with PBS twice
(see Note 7).

10. Elute the beads by incubating the sample with elution buffer
for 20 min at 4 °C with frequent agitation. Collect the elute.

11. Repeat elution and pool the elute together.

Mass spectrometry (MS) has become the powerful and frequently
used choice for protein detection, identification, and quantitation.
Due to the complexity of whole workflow, there is no fixed method
from sample preparation, instrumentation, and software analysis.
Here we summarize the detailed protocol for in-solution digestion
with hands-on tips because we think the quality of digested samples
also significantly impacts MS results. Next, the resultant peptides
can be subject to MS analysis. Here, we recommend the regular
liquid chromatography-mass spectrometry (LC-MS) which can be
handled by most proteomics facilities in different institutions (Fig. 2).

Procedure for In-Solution Digestion

1. Concentrate and dry the eluted samples with Speedy Vacuum
system.

2. Dissolve the dry elute in 10 pl ddH,O and prepare the reduc-
tion reaction.

15 pl Digestion buftfer.

10 pl Dissolved eluted samples.

1.5 pl Reducing butffer.

Bring the total volume to 27 pl with ddH,O and incubate the
reaction at 95 °C for 5 min. Allow samples to cool to room
temperature.

3. Perform alkylation reaction by adding 3 pl alkylation bufter to
the above tube and incubate in the dark at room temperature
for 20 min.
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In-Solution Digestion

Peptide enrichment/Clean-up

N

a@ -Reduction
-Alkylation
% -Digestion

.l

MS analysis

Fig. 2 Schematic diagram showing sample preparation for MS analysis

. Perform the trypsin digestion overnight with the immobilized

trypsin kit following the manufacturer’s instructions.

. The recovered digested peptides were subject to the LS-MS

analysis.

5 Notes

. Because RNA is more susceptible to degradation and RNases

are found in all cell types and also widespread in the air, most
surfaces, and dust, we strongly recommend all the materials,
reagents, and solutions be prepared carefully or purchased
commercially certified for RNA work [10].

. Start with at least 10 pg of plasmid, since most commercial gel

purification kit has not more than 50 % recover efficiency, and
too low concentration of template will significantly affect the
transcription efficiency. We recommend to add the BSA in the
restriction enzyme digestion reaction since this will avoid
the star activity.

. Make sure that the insert direction of IncRNA gene fragment

into the vector and the use of T7 or SP6 RNA polymerase
allow for transcription of both strands of the cloned DNA
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(sense and antisense transcripts). Antisense transcripts and
beads only can be used as two negative controls for the pull-
down experiment, which will be critical for the elucidation of
final MS results.

. The quality and yield of IVT RNA are critical factors for a suc-

cessful IncRNA pulldown experiment. A sharp and pure band
without any smear is recommended for the further experiment.

. The protease/phosphatase inhibitor cocktail protects protein

from degradation by endogenous proteases and phosphatases
released during protein extraction and purification. Panobinostat
is a deacetylase inhibitor and methylstat is a selective inhibitor
of the Jumonji C domain-containing histone demethylases.
The supplement of these inhibitors provides the higher chances
of identification of novel modification sites related to IncRNA-
associated protein/protein complex.

. These beads are 1 pm, silica-based superparamagnetic beads

coated with high density of ultrapure (97 %) avidin subunit
monomer on the surface. The bound biotinylated molecules
can be easily eluted from the beads by mild elution conditions
such as 2 mM biotin-containing buffer. It is very critical that
the beads must be used immediately after activation or binding
capacity will be dramatically reduced. Some other forms of avi-
din beads may also be used and the final elution condition
needs to be titrated.

. For each wash, mix the beads gently with wash buffer and then

subject to gentle rotation at 4 °C for 5 min. Make sure to care-
fully remove as much wash buffer as possible from the beads
and prevent bead loss.
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Chapter 2

Cross-Linking Immunoprecipitation and gPCR (CLIP-qPCR)
Analysis to Map Interactions Between Long Noncoding
RNAs and RNA-Binding Proteins

Je-Hyun Yoon and Myriam Gorospe

Abstract

Mammalian cells express a wide range of transcripts, some protein-coding RNAs (mRNA) and many non-
coding (nc) RNAs. Long (1)ncRNAscan modulates protein expression patterns by regulating gene transcrip-
tion, pre-mRNA splicing, mRNA export, nRNA degradation, protein translation, and protein ubiquitination.
Given the growing recognition that IncRNAs have a robust impact upon gene expression, there is rising
interest in elucidating the levels and regulation of IncRNAs. A number of high-throughput methods have
been developed recently to map the interaction of IncRNAs and RNA-binding proteins (RBPs). However,
few of these approaches are suitable for mapping and quantifying RBP-IncRNA interactions. Here, we
describe the recently developed method CLIP-qPCR (cross-linking and immunoprecipitation followed by
reverse transcription and quantitative PCR) for mapping and quantifying RBP-IncRNA interactions.

Key words CLID, IncRNA, RBP, Ribonucleoprotein complexes, qPCR

1 Introduction

Gene expression programs are influenced transcriptionally via pro-
cesses such as chromatin remodeling and transcription factor
mobilization, and posttranscriptionally through processes like pre-
mRNA splicing, 5’ capping, 3’ polyadenylation, editing, mRNA
export, localization, and translation. These processes are governed
by DNA-binding proteins, RNA-binding proteins (RBPs), and
noncoding RNAs [ 1-4]. In recent years, IncRNAs have emerged as
major regulators of transcription, mRNA fate, and protein stability
[4-6]. Although they can perform these gene regulatory functions
directly via sequence complementarity with target DNA and RNA
sequences, most IncRNA functions identified to date involve their
interaction with partner DNA-binding proteins and RBPs [4, 6].
RBP-RNA complexes have been studied using a variety of
methods [7]. Interactions of specific RBPs and specific RNAs have
been examined using traditional procedures such as the analysis of

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
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ribonucleoprotein immunoprecipitation (RIP) complexes, biotinyl-
ated RNA pulldown complexes, and RNA electrophoretic mobility
shift assays [8]. Global analyses of mRNAs interacting with RBP
were developed using RIP followed by ¢cDNA microarray analysis
[9] or by RIP followed by RNA sequencing (RNA-seq [10]).
Subsequently, RBP cross-linking using UVC light (254 nm) and
immunoprecipitation (CLIP) was developed, initially combined
with Sanger Sequencing method [11] and later with high-
throughput sequencing (RNA-seq) of the CLIP cDNA library
[12, 13]. Further advances were achieved by photoactivatable ribo-
nucleoside-enhanced (PAR)-CLIP analysis, using nucleotide ana-
logs such as 4-thiouridine (4-SU) or 6-thioguanosine (6-SG)
following exposure to UVA light (365 nm) [14]. Alternative CLIP
methods are also known as individual nucleotide resolution CLIP
[15] using reverse transcriptase stall and cross-linking, ligation, and
sequencing of hybrids (CLASH), which monitor inter-RNA inter-
actions within tripartite complexes [16].

Despite such enormous advances in RBP-RNA detection,
high-throughput analyses require the generation of a small RNA
library, and thus a significant amount of effort, cost, time, and
optimization. In addition, a substantial amount of bioinformatic
analysis is required to map the sequence reads and identify the
binding sites. Therefore, we have developed a protocol that com-
bines PAR-CLIP with qPCR analysis to map RBP-binding sites at
100-nt intervals within an IncRNA of interest. This method is
based on the novel introduction of partial RNase digestion and the
detection of serial, progressive scanning of the target RNA by
reverse transcription and qPCR (Fig. 1).

2 Materials

2.1 Mammalian Cell
Gulture and RNA
Labeling

2.2 UVA Cross-
Linking and Cell
Harvesting

2.3 RNase Digestion
and Immunopre-
cipitation

1. DMEM, 10 % FBS, 2 mM L-glutamine, 100 U/ml penicillin /
streptomycin.

2. 1 M 4-Thiouridine (4-SU) in DMSO.

1. UV cross-linker.
2. Stratalinker 1800, 365 nm bulb.
Ice-cold phosphate-buffered saline(PBS).

w

RNase T1.

Protein A or G Sepharose beads.

Antibodies to detect an endogenous protein of interest.
Normalized IgG.

Proteinase K.

ANl A
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Fig. 1 Schematic of CLIP-qPCR analysis to map interactions between IncRNAs
and RBPs. Following the initial PAR-CLIP steps (labeling, cross-linking, and lysis),
partial digestion aimed at generating RNA fragments ranging 100-300 nt was
performed using RNase T1. After IP using an antibody that recognized a specific
RBP (HuR in this case, with IgG in control IP reactions), samples were digested
with Proteinase K and DNase I. Following extraction of RNA, PCR amplification
was used to quantify the relative abundance of overlapping segments spanning
the RNA of interest, in this case the 2370-nt-long InNcRNAHOTAIR, in order to
identify the RNA regions preferentially bound to HuR, and to map the regions of
greatest association, identified as those corresponding to fragments 11-12, with
minor binding detected around fragments 3—4
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10.

0 2 N

DNase I.
Acidic phenol.
Glycoblue.

NP-40 lysis buffer:20 mM Tris—HCl at pH 7.5, 100 mM KClI,
5 mM MgCl,, and 0.5 % NP-40.

NT2 buffer: 50 mM TrissHCI at pH 7.5, 150 mM NacCl,
1 mM MgCl,, and 0.05 % NP-40.

2.4 Reverse 1. dANTP mix (10 mM).
Transcription 2. Random hexamer(150 ng/pl).
and qPCR 3 R :
. Reverse transcriptase.

4. Gene-specific primer sets.

5. SYBR mix.
3 Methods
3.1 Mammalian Cell 1. Expand human embryonic kidney (HEK) or human cervical
Culture and RNA cancer (HeLa) cells in 150 mm culture plates, cultured in
Labeling DMEM supplemented with 10 % (v/v) fetal bovine serum and

3.2 UVA Cross-
Linking
and Harvesting Gells

3.3 RNase Digestion
and Immunopre-
cipitation

antibiotics. Grow cells up to 80 % confluence.

. Sixteen hours before UVA exposure, add 4SU (1 M stock

solution in DMSO) to a final concentration of 100 p min cul-
ture medium. Alternatively, 100 pM 6SG can be used, but the
cross-linking efficiency is somewhat lower.

. Aspirate the culture medium, wash cells once with 15 ml ice-

cold PBS, and aspirate PBS completely.

2. Set up a tray containing ice and place the plate on the ice.

. Uncover the plate and irradiate it with 150 mJ/cm? of UVA

(365 nm) in Stratalinker or similar device (se¢ Notes 1 and 2).

Scrape cells in 5 ml PBS, transfer to 50 ml conical tube, centri-
fuge at 2000xg at 4 °C for 5 min, and aspirate the
supernatant.

. Cell pellets can be used immediately for lysis or stored at

-80 °C for later use.

Resuspend cell pellets by adding three volumes of NP-40 lysis
buffer supplemented with protease inhibitors, and 1 mM DTT.

Incubate on ice for 10 min and centrifuge at 10,000 x4 for
15 min at 4 °C.

. Collect supernatants, add RNase T1 to 1U /pl final concentra-

tion, and incubate at 22 °C for 2, 4, 6, 8, 10, and 15 min (see
Note 3).
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. Spare 100 pl lysate, add 400 pl water and 500 pl acidic phenol,

vortex for 1 min, and centrifuge at 10,000 x g for 20 min at 4 °C.

. Collect 400 pl of supernatant, add 800 ul 100 % ethanol, 40 pl

3 M sodium acetate, and 1 pl glycoblue. Incubate it at —-80 °C
for 1 h (or overnight).

Centrifuge at 10,000 x4 for 20 min at 4 °C, aspirate the super-
natant, and add 500 pl of 70 % ethanol.

. Centrifuge at 10,000 x g for 10 min at 4 °C, aspirate the super-

natant, dry pellet at room temperature, and dissolve the pellet
with RNase-free water.

. Run the RNA samples in 1.5 % formaldehyde agarose gel to

verify that RNAs are digested in 100- to 300-nt range.

Select the samples having RNAs partially digested in the 100-
to 300-nt range.

To prepare sepharose beads, wash beads with ice-cold PBS
three times and resuspend them with equal volume of ice-cold
PBS to create a 50 % slurry.

Incubate 40 pl of the bead slurry with 10 pg of normalized
IgG or antibody of interest for 2 h at 4 °C in NT2 bulffer.

Centrifuge the beads at 2000 x4 for 1 min at 4 °C, and wash
three times with NT2 buffer.

Add 1 ml of cell lysates to the sepharose beads coated with
antibody and incubate them for 3 h at 4 °C.

After centrifugation at 2000 x g for 1 min at 4 °C, wash beads
three times with NP-40 lysis buffer.

Incubate the pellets with 20 units of RNase-free DNase I in
100 pl NP-40 lysis buffer for 15 min at 37 °C.

Add 700 pl of NP-40 lysis buffer and centrifuge at 2000 x g for
1 min at 4 °C.

Incubate the pellets with 0.1 % SDS and 0.5 mg/ml Proteinase
K for 15 min at 55 °C.

Collect the supernatant after centrifugation at 10,000 xg at
4 °C for 5 min.

Add 500 pl of RNase-free water and 500 pl of acidic phenol,
and then vortex for 5 min.

Centrifuge at 10,000xg4, 4 °C for 20 min; collect 400 pl
supernatant; add 800 pl 100 % ethanol, 40 pl 3 M sodium
acetate, and 1 pl glycoblue; and incubate it at -80 °C for 1 h
(or overnight).

Centrifuge at 10,000 x4 for 20 min at 4 °C, remove the super-
natant, and add 500 pl of 70 % ethanol.

Centrifuge at 10,000 x4 for 10 min at 4 °C, remove the super-
natant, dry pellet at room temperature, and dissolve the pellet
with 12 pl RNase-free water.



16 Je-Hyun Yoon and Myriam Gorospe

3.4 Reverse
Transcription
and qPCR

1.

Mix 1 pl ANTP mix (10 mM) and 1 pl random hexamer
(150 ng/pl) with 12 pl purified RNAs.

Incubate them at 65 °C for 5 min and 4 °C for 5 min using a
thermo cycler.

. Add 1 pl reverse transcriptase (200U /pl), 1 pl RNase inhibitor

(40U /pl), and 4 pl 5x reaction buffer.

Incubate samples at 25 °C for 10 min, at 50 °C for 30 min,
and at 85 °C for 5 min using a thermo cycler.

. Mix 2.5 pl of cDNAs, 2.5 pl forward and reverse gene-spe-

cific primers (2.5-10 pM) designed to amplity PCR products

in 200-nt intervals, and 5 pl of SYBR green master mix (see
Notes 4 and 5).

After completion of qPCR, calculate Ct values of IgG IP and
specific antibody IP normalized with Ct values of mRNAs
encoding housekeeping proteins like GAPDH, ACTB, UBC,
and SDHA (see Notes 6 and 7).

4 Notes

. If a method without RNA labeling is preferred, UVC at

254 nm can be utilized instead of UVA at 365 nm and prein-
cubation with 4-SU or 4-SG can be omitted.

. If noncanonical RBPs are of interest, RBP and RNA cross-

linking may not be successful upon UV exposure. In this case,
tormaldehyde cross-linking can be utilized instead.

. It is critical to titrate the amount of RNase T1 (or other

RNase) and the time of incubation. Optimization of these
parameters in order to obtain 100- to 300-nt RNA fragments
(mainly from 18S and 28S ribosomal RNAs) is a key step in
CLIP-qPCR analysis. For highly abundant RNAs (e.g.,
MALATI and NEATI), higher amount of RNase and longer
incubation can be utilized.

For primer design, divide the RNA of interest in 200-nt over-
lapping intervals (e.g., spanning positions 1-200, 101-300,
201-400, 301-500). This way, each gene-specific primer will
cover all of the full-length transcripts after qPCR. If the full-
length target RNA is not in a public database, primer exten-
sion or rapid amplification of cDNA ends (RACE) can be
done first.

. Depending on the RBP and RNAs localized in specific cellular

compartments, NP-40 lysis buffer can be modified by increasing
the concentration of NP-40 (e.g., from 0.5 to 2 %) or by adding
more stringent detergents such as Triton X-100 and SDS.

If DNA contamination is suspected, RT-minus PCR amplifica-
tion reactions can be performed. If there are amplifications,
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genomic DNA could be contaminated during immunopre-
cipitation. In this case, increased amount of DNase can be
utilized with longer incubation time.

7. This method can be used to map RBPs binding to mRNAs.
Some attention should be paid to the fact that mRNAs may be
extensively engaged with polyribosomes and hence the coding
region may not be available to RBPs and PCR amplification of
certain regions may be challenging.
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Chapter 3

Characterization of Long Noncoding RNA-Associated
Proteins by RNA-Immunoprecipitation

Youyou Zhang, Yi Feng, Zhongyi Hu, Xiaowen Hu,
Chao-Xing Yuan, Yi Fan, and Lin Zhang

Abstract

With the advances in sequencing technology and transcriptome analysis, it is estimated that up to 75 % of
the human genome is transcribed into RNAs. This finding prompted intensive investigations on the bio-
logical functions of noncoding RNAs and led to very exciting discoveries of microRNAs as important
players in disease pathogenesis and therapeutic applications. Research on long noncoding RNAs
(IncRNAs) is in its infancy; yet a broad spectrum of biological regulations has been attributed to IncRNAs.
RNA-immunoprecipitation (RNA-IP) is a technique of detecting the association of individual proteins
with specific RNA molecules in vivo. It can be used to investigate IncRNA-protein interaction and iden-
tify IncRNAs that bind to a protein of interest. Here we describe the protocol of this assay with detailed
materials and methods.

Key words Long noncoding RNA, RNA-binding protein, RNA-immunoprecipitation

1 Introduction

IncRNAs are operationally defined as RNA transcripts larger than
200 nt that do not appear to have coding potential [1-5]. Given
that up to 75 % of the human genome is transcribed to RNA, while
only a small portion of the transcripts encodes proteins [6], the
number of IncRNA genes can be large. After the initial cloning of
functional IncRNAs such as H19 [7, 8] and XIST [9] from cDNA
libraries, two independent studies using high-density tiling array
reported that the number of IncRNA genes is at least comparable
to that of protein-coding genes [ 10, 11]. Recent advances in tiling
array [ 10-13], chromatin signature [ 14, 15], computational analy-
sis of cDNA libraries [16, 17], and next-generation sequencing
(RNA-seq) [18-21] have revealed that thousands of IncRNA genes
are abundantly expressed with exquisite cell type and tissue speci-
ficity in human. In fact, the GENCODE consortium within the
framework of the ENCODE project recently reported 14,880
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manually annotated and evidence-based IncRNA transcripts origi-
nating from 9277 gene loci in human [6, 21], including 9518
intergenic IncRNAs (also called lincRNAs) and 5362 genic
IncRNAs [14, 15, 20]. These studies indicate that (1) IncRNAs are
independent transcriptional units; (2) IncRNAs are spliced with
fewer exons than protein-coding transcripts and utilize the canoni-
cal splice sites; (3) IncRNAs are under weaker selective constraints
during evolution and many are primate specific; (4) IncRNA tran-
scripts are subjected to typical histone modifications as protein-
coding mRNAs; and (5) the expression of IncRNAs is relatively
low and strikingly cell type or tissue specific.

The discovery of IncRNA has provided an important new per-
spective on the centrality of RNA in gene expression regulation.
IncRNAs can regulate the transcriptional activity of a chromosomal
region or a particular gene by recruiting epigenetic modification
complexes in either cis- or trans-regulatory manner. For example,
Xist, a 17 kb X-chromosome-specific noncoding transcript, initi-
ates X chromosome inactivation by targeting and tethering
Polycomb-repressive complexes (PRC) to X chromosome in cis
[22-24]. HOTAIR regulates the HoxD cluster genes in trans by
serving as a scaffold which enables RNA-mediated assembly of
PRC2 and LSD1 and coordinates the binding of PRC2 and LSD1
to chromatin [12, 25]. Based on the knowledge obtained from
studies on a limited number of IncRNAs, at least two working
models have been proposed. First, IncRNAs can function as scaf-
folds. IncRNAs contain discrete protein-interacting domains that
can bring specific protein components into the proximity of each
other, resulting in the formation of unique functional complexes
[25-27]. These RNA-mediated complexes can also extend to
RNA-DNA and RNA-RNA interactions. Second, IncRNAs can act
as guides to recruit proteins [24, 28, 29], such as chromatin modi-
fication complexes, to chromosome [24, 29]. This may occur
through RNA-DNA interactions [29] or through RNA interaction
with a DNA-binding protein [24]. In addition, IncRNAs have
been proposed to serve as decoys that bind to DNA-binding pro-
teins [ 30], transcriptional factors [ 31], splicing factors [ 32—-34 ], or
miRNAs [35]. Some studies have also identified IncRNAs tran-
scribed from the enhancer regions [36—-38] or a neighbor loci [18,
39] of certain genes. Given that their expressions correlated with
the activities of the corresponding enhancers, it was proposed that
these RNAs (termed enhancer RNA/eRNA [36-38] or ncRNA-
activating/ncRNA-a [18, 39]) may regulate gene transcription.

RNA-immunoprecipitation (RNA-IP) is a technique of detect-
ing the association of individual proteins with specific RNA
molecules in vivo. It can be used to investigate IncRNA-protein
interaction and identify IncRNAs that bind to a protein of interest.
Here we describe the protocol of this assay with detailed materials
and methods.
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2 Materials

Prepare all solutions using ultra-pure RNase-free water and analyti-
cal grade reagents. Contamination of the solutions with RNase can
result in RNA degradation. Use filtration and/or autoclave steril-
ization to ensure that all reagents and supplies used in this section
are RNase free. Use RNase ZAP to clean all equipment and work
surface.

—

10.
11.
12.
13.
14.
15.

16.

WX N e

Sucrose.

1 M Tris-HCI (pH 7.4).

1 M MgCl,,

Triton X-100.

1 M KCL.

0.5 M EDTA.

NP-40.

1 M Dithiothreitol (DTT).

10x Phosphate-buftered saline (PBS, Invitrogen, AM9625):

To make 1x PBS, mix one part of 10x PBS with nine parts
RNase-free water. Store at 4 °C.

Protein A/G beads (Sigma, P9424).

RNase inhibitor (Invitrogen, 10777-019).

Protease inhibitor cocktail (Sigma, P8340).

TRIzol RNA extraction reagent (Invitrogen).

1 mL Dounce homogenizer (Fish Scientific, FB56687).

Nuclear isolation buffer: 1.28 M Sucrose, 40 mM Tris—HCI
(pH 7.4), 20 mM MgCl,, 4 % Triton X-100. Put 40 mL
RNase-free water in a beaker with a stir bar and dissolve 21.9 g
sucrose in the beaker. Add 2 mL 1 M TrissHCI (pH 7.5),
1 mL 1 M MgCl,, and 2 mL Triton X-100 and mix well. Make
up to a final volume of 50 mL with RNase-free water, and
store at 4 °C.

RNA immunoprecipitation (RIP) buffer: 150 mM KCI,
25 mM Tris (pH 7.4), 5 mM EDTA, 0.5 % NP-40. Mix
7.5 mL 1 M KCl, 1.25 mL 1 M Tris-HCI (pH 7.4), 500 pL
0.5 M EDTA, and 250 pL NP-40 and make up to a final vol-
ume of 48 mL with RNase-free water. Store at 4 °C. Right
before use, add DTT (0.5 mM final concentration), RNase
inhibitor (100 U/mL final concentration), and protease
inhibitor cocktail (1x final concentration).
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3 Methods

3.1 Whole-Cell
Lysate Preparation
(See Note 2)

3.1.1 Cell Harvest
and Nuclei Lysate
Preparation

The procedures must be performed in an RNase-free environment.
Use filtered tips and RNase-free tubes and clean all equipment and
work surface with RNase ZAP before staring the experiment.
IncRNA-IP aims to identify IncRNA species that bind to a protein
of interest. The protocol includes two parts: (1) preparing protein
lysate from target cells and (2) immunoprecipitating the protein of
interest and extract protein-bound RNAs. It is up to the readers to
decide the subsequent analysis on the isolated RNAs. Before har-
vesting cells, precool 1x PBS, RNase-free water, nuclear isolation
buffer, and RIP buffer on ice; estimate the amount of RIP buffers
needed and add RNase inhibitor and protease inhibitor cocktail to
the buffer accordingly (se¢ Note 1).

If nuclear RNA-protein interaction is the focus of the research, skip
this step and go directly to Subheading 3.1.2 for nuclear lysate
preparation.

1. Harvest cells using regular trypsinization technique and count
the cell number.

2. Wash cells in ice-cold 1x PBS once and resuspend the cell pel-
let (1.0x107 cells) in 1 mL ice-cold RIP buffer containing
RNase and protease inhibitors.

3. Shear the cells on ice using a Dounce homogenizer with 15-20
strokes.

4. Centrifuge at 15,000 x4 for 15 min at 4 °C and transfer the
supernatant into a clean tube. This supernatant is the whole-
cell lysate.

1. Harvest cells using regular trypsinization technique and count
the cell number.

2. Wash cells in ice-cold 1x PBS three times and resuspend
1.0x 107 cells in 2 mL ice-cold PBS (see Note 3).

3. Put cell suspension in 1x PBS on ice, add 2 mL ice-cold
nuclear isolation buffer and 6 mL ice-cold RNase-free water
into the tube, mix well, and incubate the cells on ice for 20 min
with intermittent mixing (four to five times).

4. Harvest nuclei by spinning the tube at 2500 x g for 15 min at
4 °C. The pellet contains the purified nuclei.

5. Resuspend nuclei pellet in 1 mL freshly prepared ice-cold RIP
buffer containing DTT, RNase inhibitor, and protease
inhibitors.

6. Shear the nucleus on ice with 15-20 strokes using a Dounce
homogenizer.
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7.

3.1.2  RNA Immune- 1.

Precipitation
and Purification

10.

11.

Pellet nuclear membrane and debris by centrifugation at
16,000 x g for 10 min at 4 °C.

. Carefully transfer the clear supernatant (nuclear lysate) into a

new tube. The supernatant is nuclear lysate.

Wash 40 pL protein A/G beads with 500 pL ice-cold RIP buf-
fer three times. After the wash, spin down the beads at 600 g
for 30 s at 4 °C, take off the RIP buffer, and add 40 pL. RIP
buffer to resuspend the beads.

. Add the prewashed beads and 5-10 ug IgG into the whole-

cell lysate from Subheading 3.1.1 or nuclear lysate from
Subheading 3.1.2.

. Incubate the lysate with IgG and beads at 4 °C with gentle

rotation for 1 h. Pellet the IgG with beads by centrifugation at
16,000 x g for 5 min.

. Carefully transfer the supernatant (pre-cleared nuclear lysate)

into a new tube. At this point, the lysate can be divided into
multiple portions of equal volume for different antibodies and
corresponding controls. Take 50 pL lysate and set aside on ice
as input control.

. Add antibody of interest into nuclear lysate (se¢ Note 4), and

incubate the lysate and antibody overnight at 4 °C with gentle
rotation.

The next day, add 40 pL prewashed protein A/G beads and
incubate at 4 °C for 1 h with gentle rotation.

. Pellet the beads by spinning at 600 x4 for 30 s at 4 °C, and

remove supcernatant.

. Wash the beads with 500 pL ice-cold RIP buffer three times,

invert five to ten times during each wash, and pellet the beads
by spinning at 600 x g for 30 s at 4 °C.

. Wash the beads with 500 pL ice-cold PBS, pellet the beads by

spinning at 600 x4 for 30 s at 4 °C, and use a fine needle or tip
to remove as much PBS as possible without disturbing the beads.

Resuspend beads in 1 mL TRIzol RNA extraction reagent and
isolate coprecipitated RNA according to the manufacturer’s
instructions.

Dissolve RNA in nuclease-free water and store the RNA at
-80 °C for further application (se¢ Note 5).

4 Notes

. It is utterly important that the experiment described above is

conducted with extra precaution to avoid RNA degradation.
All materials have to be RNase free and the buffers need to be
precooled on ice.
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2. To ensure result reproducibility, the cells need to be main-
tained consistently.

3. The abundances of different target protein and IncRNAs may
vary from cell line to cell line; therefore the amount of lysate
input needs to be empirically determined for each assay. We
found that 1.0x 107 cells is a good starting point. In cases
more cells are needed, scale up the amount of buffer used to
ensure high nuclear lysing efficiency.

4. The amount of antibody used for each experiment needs to be
empirically determined. Our suggestion is to start at around
1-2 pg antibody per million cells.

5. The amount of nuclease-free water used to dissolve the RNAs
is determined by several factors, including the type of down-
stream analysis, the amount of IncRNA bound to the target
protein, and the cell type. We recommend the researchers start
at 20 pL and adjust according to their specific situations.
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Chapter 4

Isolation of Protein Complexes Associated
with Long Noncoding RNAs

Kiranmai Gumireddy, Jinchun Yan, and Qihong Huang

Abstract

Long noncoding RNAs (IncRNAs) are a new class of regulatory genes that play critical roles in various
processes ranging from normal development to human diseases. Recent studies have shown that protein
complexes are required for the functions of IncRNAs. The identification of these proteins which are associ-
ated with IncRNAs is critical for the understanding of molecular mechanisms of IncRNAs in gene regula-
tion and their functions. In this chapter, we describe a method to isolate proteins associated with IncRNAs.
This procedure involves fusion protein maltose-binding protein (MBP) fused to MS2-binding protein to
pull down the proteins associated with IncRNA and the identification of these proteins by mass
spectrometry.

Key words Long noncoding RNA, Protein complex, MS2

1 Introduction

Human genome sequencing studies have shown that only 2 % of
the human genome consists of protein-coding sequences [1]. They
have also shown that up to 90 % of the human genome can be
transcribed [2]. The transcripts from nonprotein-coding regions
include noncoding RNAs. Long noncoding RNAs (IncRNAs) are
a novel class of noncoding RNAs. IncRNAs have been shown to
have important functions in development, as well as differentia-
tion, X-chromosome inactivation, genomic imprinting, and cellu-
lar processes including cell cycle and apoptosis [3—7]. They have
also been implicated in human diseases ranging from cancer and
amyotrophic lateral sclerosis (ALS) to Alzheimer’s disease [8-17].
Recent studies have shown that IncRNAs function through gene
regulation in almost all steps of gene expression including chroma-
tin remodeling, transcription, splicing, RNA decay, translation,
enhancer function, and epigenetic regulation [18-36]. Gene
regulation by IncRNAs requires protein complexes associated with
IncRNAs. Thus, identification of proteins associated with IncRNAs

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
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is critical for the understanding of molecular mechanisms and func-
tions of IncRNAs. Immunoprecipitation is commonly used for the
isolation of protein complexes associated with a protein of interest.
However, this method is not available for IncRNAs because anti-
bodies generally do not recognize RNAs. This chapter describes a
method to isolate protein complexes associated with IncRNAs
using fusion protein maltose-binding protein (MBP) fused to
MS2-binding protein.

MS2-binding protein binds to RNA sequence MS2. The MS2
sequence needs to be added to either the 5" or 3’ end of the IncRNA
of interest. Sometimes adding the MS2 sequence to the end of
IncRNA may change the structure of IncRNA and cause the loss of its
functions. Functions of IncRNA-MS2 need to be confirmed by assays
to ensure that the fusion IncRNA-MS2 RNA has the same function
as the wild-type IncRNA. MBP-MS2 pull-down assay consists of the
following steps. The first step involves the expression of MBP fused
to MS2-binding protein (MBP-MS2) and immobilization of fusion
protein to amylose beads. This fusion protein is ~59 kDa with MBP
N-terminal to MS2-binding protein which carries a double mutation
(V75Q and A81GQG) that prevents oligomerization and increases its
affinity for RNA. The second step consists of the construction of plas-
mids and their expression in mammalian cells. A plasmid with MS2
sequence alone without any noncoding RNA is used as a control.
Finally, transduce the cell line of interest with MS2 control or
IncRNA-MS2 plasmid and lyse the cells. Incubate cytoplasmic or
nuclear lysate with MBP-MS2-bound amylose beads, wash, and use
for turther analysis. PAGE and mass spectroscopy are used to identify
the bound proteins.

2 Materials

All the solutions are prepared using ultrapure water from Millipore
water system and analytical grade reagents.

1. Bacterial lysis buffer: 20 mM HEPES pH7.9, 200 mM KCL,
1 mM EDTA, 0.05 % NP-40, 1 mM PMSE. PMSF protease
inhibitor in the lysis buffer is added fresh before each use (see
Note 1).

2. MBP column buffer: 200 mM NaCl, 20 mM Tris—HCI, 1 mM
EDTA, 1 mM DTT pH7.4. DTT is added fresh before each
use (see Note 2).

3. Wash buffer 1. 20 mM HEPES pH 7.9, 200 mM KCI, and
1 mM EDTA.

4. Wash buffer 2: 20 mM HEPES pH 7.9, 20 mM KCl, and
1 mM EDTA.
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3 Methods

3.1 MS2-MBP Fusion 1.

Protein Expression
and Immobilization

10.
11.

3.2 Transfection 1.

and Cytoplasmic
Protein Extraction 2

Inoculate 5 ml Luria Broth containing 100 pg/ml ampicillin
with a single bacterial colony of BL.21 cells transformed with a
plasmid expressing MS2-MBP and grow overnight at 37 °C,
220 RPM. Next morning inoculate 1 1 of Terrific Broth con-
taining 100 pg/ml ampicillin with 5 ml of overnight culture
and grow the cells at 37 °C, 220 RPM for 1 h. Check OD at
600 nm. ODgy should be around 0.6-0.8: if lower than 0.6,
check OD every 20 min.

Once the OD 0.6, induce expression of protein by adding
100 pl of 1 M IPTG (to final concentration of 0.1 mM), and
continue to grow cells at 16 °C, 220 RPM overnight.

. Harvest the cells by centrifugation at 600 RPM for 10 min. All

steps should be performed on ice or at 4 °C from this point on.

. Discard the supernatant and either begin lysis or store the pel-

let at 80 °C.

. Suspend the bacterial pellet in 5 ml chilled lysis buffer (20 mM

HEPES pH 7.9,200 mM KCL, 1 mM EDTA, 0.05 % NP-40)
containing 1 mM PMSF for every 100 ml culture (for 1 I cul-
ture, add 50 ml lysis buffer). Break open the cells by sonica-
tion at an output of 15 % for 10 s (1 s on/1 s off), and put
tube back on ice. Repeat sonication one more time.

Centrifuge the lysate at 15,000 RPM (21000 rcf) at 4 °C for
30 min. Collect the supernatant.

. Tale 100 pl of amylose magnetic bead suspension and add

500 pl of MBP column buffer (200 mM NaCl, 20 mM Tris—
HCI, 1 mM EDTA, 1 mM DTT pH 7.4) and vortex. Place the
tube on magnet for 1 min to pull the beads to the side of the
tube. Discard the supernatant and repeat wash one more time.

. Remove the tube from the magnet, add 2 ml of lysate from

step 6 to the washed amylase beads, mix thoroughly, and
incubate at 4 °C for 1 h with gentle rotation.

Place the tube on a magnet for 2-3 min and discard the
supernatant.

Wash the coated beads three times with wash buffer.
MS2-MBP fusion protein beads are ready to use in next step.

Seed 1x10% HeLa cells per 60 mm culture dish in DMEM
supplemented with 10 % fetal bovine serum.

. In a sterile 1.5 ml tube, add 3 pl Lipofectamine™ 2000 for

1 pg of DNA in 250 pl of Opti-MEM® I Medium without
serum. Mix gently and incubate for 5 min at room
temperature.
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3.3 Pull-Down Assay
and Protein Separation

3.

10.

After 5 min of incubation, add 1 pg of lincRNA-MS2
(see Note 3) or control MS2 plasmid and incubate at room
temperature for 20 min.

. Add transfection mix dropwise to each plate of cells. Mix gen-

tly by rocking the plate back and forth. Incubate the cells at
37 °C in a CO, incubator.

. After 6 h, remove the medium containing the transfection mix

and replace with DMEM containing 10 % FBS.

. 48 h later, wash cells twice with cold PBS, harvest with trypsin-

EDTA, and centrifuge at 1000 x4 for 5 min.

. Carefully discard the supernatant, leaving the cell pellet as dry

as possible and extract cytoplasmic protein.

. Add 100 pl ice-cold CER 1 per 10 pl of packed cell volume to

the cell pellet. Vortex the tube vigorously on the highest set-
ting for 15 s to fully suspend the cell pellet. Incubate on ice for
10 min.

. Add 5.5 pl of ice-cold CERII to the tube, vortex the tube, and

incubate for 1 min on ice.

Centrifuge at 16,000 x g for 5 min and collect the supernatant
(cytoplasmic extract) to a pre-chilled tube. Place the tube on
ice until use or store at -80 °C.

. Incubate the supernatant collected from step 10 of

Subheading 3.2 with the MS2-MBP fusion protein beads from
step 11 of Subheading 3.1 for 3 h at 4 °C.

. Place the tube on a magnet for 3 min and discard the

supernatant.

. Wash the beads three times with wash buffer 1 (20 mM

HEPES pH 7.9, 200 mM KCl, and 1 mM EDTA), twice with
wash buffer 2 (20 mM HEPES pH 7.9, 20 mM KCl, and
1 mM EDTA) (see Note 4), and once with ice-cold PBS.

. Dissociate bound proteins by boiling with 1x SDS sample buf-

fer for 5 min.

. Resolve the bound proteins on 15 % SDS-polyacrylamide gel

electrophoresis (SDS-PAGE) and stain with colloidal blue stain.

. Analyze the gel by mass spectroscopy.

Proteins that have higher mass spectrometry counts in cells

transfected with IncRNA-MS2 than control MS2 plasmid are
selected as potential candidates. Knockdown of these protein can-
didates with short hairpin RNAs (shRNAs) is used to confirm
whether any of the candidates are required for the functions of
IncRNA of interest. Further validation of the binding of protein
candidates to IncRNA of interest is required to confirm their
association.
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4

Notes

1. PMES is from a 1 M stock solution.

2. Pre-measured, dried DTT is purchased from Pierce.

3. MS2 tag can be constructed at the 5 or 3’ end of lincRNAs.
Determining the function(s) of MS2-tagged lincRNA of inter-
est before pull-down assay is critical to ensure that MS2 tag

does not affect the function(s) of lincRNA and possibly the
interactions with protein complex(es).

4. We find it useful to wash the beads with stringent buffer first
and then wash with less stringent buffer. This procedure makes
sure that the beads are washed thoroughly but protein interac-
tions are less perturbed.
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Chapter 5

Profiling Long Noncoding RNA Expression
Using Custom-Designed Microarray

Xinna Zhang, Gabriel Lopez-Berestein, Anil K. Sood, and George A. Calin

Abstract

Long noncoding RNAs (IncRNAs) are an important class of pervasive genes involved in a variety of bio-
logical functions. The abnormal expression of IncRNAs has been implicated in a range of many human
diseases, including cancer. But only a small number of functional IncRNAs have been well characterized to
date. IncRNA expression profiling may help to identify useful molecular biomarkers and targets for novel
therapeutic approaches in the future. In this chapter, we describe a highly efficient IncRNA expression
profiling method using a custom-designed microarray.

Key words IncRNA expression, Microarray profiling, cDNA synthesis, cDNA labeling

1 Introduction

The most well-studied sequences in the human genome are those
of protein-coding genes. However, the coding exons of these genes
account for only 1.5 % of the genome [1]. In recent years, it has
become increasingly apparent that the nonprotein-coding portion
of the genome is of crucial functional importance in the regulation
of multiple biological processes including development, differen-
tiation, and metabolism [2]. MicroRNAs (miRNA) are the most
widely studied class of ncRNAs. It has been shown that epigenetic
and genetic defects in miRNAs and their processing machinery are
a common hallmark of disease [3, 4]. However, other ncRNAs,
such as transcribed ultraconserved regions (T-UCRs), small nucle-
olar RNAs (snoRNAs), PIWI-interacting RNAs (piRNAs), large
intergenic noncoding RNAs (lincRNAs), and the heterogeneous
group of IncRNAs, might also contribute to the development of
many different human disorders [2, 5].

Noncoding RNAs are grouped into two major classes based on
transcription size: small ncRNAs and long ncRNAs. Small ncRNAs
include the well-documented miRNAs, siRNAs, and piRNAs.
IncRNAs are a heterogeneous group of noncoding transcripts
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ranging in length from 200 nt to ~100 kilobases and lack significant
open reading frames. This class of ncRNAs makes up the largest
portion of the mammalian noncoding transcriptome. LncRNAs’
expression levels appear to be lower than protein-coding genes, and
some IncRNAs are preferentially expressed in specific tissues [6].
Various mechanisms of transcriptional regulation of gene expres-
sion by IncRNAs have been proposed. Early discoveries support a
paradigm in which IncRNAs regulate transcription via chromatin
modulation. They can bind directly to RNA or DNA, provide scaf-
folds for multimodular complexes controlling gene expression, or
exert guide functions to target proteins to specific genomic loca-
tions [7]. Recent evidence indicates that IncRNAs function in vari-
ous cellular contexts, including posttranscriptional regulation,
posttranslational regulation of protein activity, organization of
protein complexes, cell-cell signaling, as well as recombination [8].

LncRNAs are developmental and tissue specific, and have been
associated with a spectrum of biological processes. The abnormal
expression of IncRNAs has been implicated in a range of many
human diseases, including cancer, ischemic heart disease, and
Alzheimer’s disease. The altered expression of IncRNAs is a feature
of many types of cancers and has been shown to promote the
development, invasion, and metastasis of tumors by a variety of
mechanisms. Recent findings suggest that levels of T-UCR tran-
scription are altered in human tumorigenesis and that the specific
T-UCR expression profiles can be used to distinguish different
types of human cancer. T-UCR expression signatures have been
described for chronic lymphocytic leukemia (CLL), colorectal can-
cer (CRC), and hepatocellular carcinoma (HCC). Both downreg-
ulation and upregulation of different T-UCRs are seen when
comparing expression in tumors with normal tissues [9]. HOTAIR
was also found to be involved in human neoplasia [10]. In epithe-
lial cancer cells, HOTAIR overexpression causes polycomb to be
retargeted across the genome. The invasive capacity of these cells
and propensity to metastasize are also increased in these cells,
mediated by the polycomb protein PRC2. By contrast, cancer
invasiveness is decreased when HOTAIR expression is lost; as a
result these cells showed higher than usual levels of PRC2 activity.
As such, HOTAIR might have an active role in modulating the
cancer epigenome and mediating cell transformation. A similar
function has been postulated for some other lincRNAs, such as
lincRNA-p21, which function as a repressor in p53-dependent
transcriptional response [11].

An investigation of the differentially expressed IncRNAs in
human diseases may help identify useful biomarkers for diagnosis
and prognosis of human diseases. In addition, there is currently
great interest in the emerging opportunities for targeting IncRNAs
using novel therapeutic approaches. Numerous techniques are
available for gaining information about IncRNA signatures.
Frequently used strategies include northern blot analysis [12],
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Fig. 1 Schematic of cDNA synthesis and labeling procedure

microarray analysis [13], quantitative real-time polymerase chain
reaction (qQRT-PCR) [12], deep sequencing [14], ChIP-seq [15],
and in situ hybridization [16]. RNA microarray is a commonly
used high-throughput technology and is based on nucleic acid
hybridization between a mixture of labeled RNA identified as a
target and their corresponding complementary probes. In order to
profile IncRNA expression in human cancer and identify novel bio-
markers involving cancer initiation and progression, we have devel-
oped a highly efficient IncRNA microarray profiling method
(Fig. 1) using a custom microarray platform containing 22 K
probes for pyknons, UCRs, and other IncRNAs.

2 Materials
2.1 RNA Purification
2.2 RNA PolyA

Tailing and cDNA
Synthesis

—

DNA-free kit (Life Technologies, AM1906).

Poly(A) Tailing Kit (Life Technologies, AM1350).

cDNA Synthesis System (Roche, 11117831001).

5 mg/ml Glycogen.

7.5 M Ammonium acetate.

Absolute ethanol.

Agilent RNA 6000 Nano Kit (Agilent, 5067-1511).
Isopropanol.

. Phenol:chloroform:isoamyl alcohol (25:24:1) (Ambion, 9730).

% N O Uk w
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2.3 cDNA Labeling

2.4 DNA Hybridization

2.5 Equipment

® N e

Cy3 Random Nonamers (Trilink, N46-0001).
Klenow Fragment (NEB, M0212M).

1 M Tris-HCI pH 7.4 (Sigma, T-2663).

1 M MgCI2 (Sigma, M-1028).
B-Mercaptoethanol (Sigma, M3148).

5 M NaCl (Sigma, 71386).

100 mM dNTPs (Life Technologies, 10297-018).
0.5 M EDTA (Sigma, E-7889).

Gene Expression Hybridization Kit (Agilent, 5188-5242).

. A thermo cycler, such as Surecycler 8800 (Agilent

Technologies).

A desktop refrigerated centrifuge such as the Eppendorf 5430
(Eppendorf).

. A spectrophotometer such as the NanoDrop 2000 (Thermo

Scientific).

4. A Bioanalyzer 2100 (Agilent).

A heat block.

. A Microarray Scanner such as SureScan Microarray Scanner

(Agilent).
Hybridization Oven (Agilent).

3 Methods

3.1 DNase Treatment

3.2 Poly (A) Tailing

3.3 First Strand
cDNA Synthesis

. In most cases, 2—-5 pg of total RNA is suitable as starting mate-

rial (see Note 1). To remove the contamination of DNA, incu-
bate 3 pg of RNA with 1 pl rDNase I (2 U) in a 15 pl reaction
for 30 min at 37 °C (se¢ Note 2).

Add 2 pl of DNase inactivation reagent to stop the reaction,
and incubate for 2 min at room temperature, mixing
occasionally.

Centrifuge at 10,000 x g for 1.5 min and transfer the RNA to
a fresh tube (se¢ Notes 3 and 4).

Add 4 pl 5x reaction buffer, 2 pl 25 mM MnCI2, 1 ul 1 mM
ATP, 1 pl poly A polymerase to the RNA (12 pl from last step),
adjust the final volume to 20 pl, mix well, and then incubate
the tube at 37 °C for 30 min (see Notes 5-7).

Add 2 pl oligo dT primer to the poly (A)-tailed RNA from last
step, incubate at 70 °C for 5 min (see Note 8), and then place
the tube immediately on ice.
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3.4 Second-Strand
Synthesis

3.5 Digestion of RNA

2. Add the following components and mix well:

Component Volume Final concentration
RT buffer, 5x conc 8 pl 1x

DTT, 0.1 M 4l 10 mM

AMV, 25 U/pl 2 pl 50U

Protector RNase inhibitor, 25 U/pul 1 pl 250

dNTP, 10 mM 3pul

Incubate the samples at 42 °C for 60 min. Then place the
tube on ice.

1. Add the following components to the first-strand reaction(s)

in the indicated order on ice:
Incubate at +16 °C for 2 h.

Component Volume
c¢DNA from RT reaction 40 pl
Second-strand synthesis buffer, 5x conc. 30 pl
dNTP mix, 10 mM 2.5 pl
Second-strand enzyme blend 6.5 pl
Water, PCR grade 71 pl
Total volume 150 pl

. Add 20 pl of 5 U/pl T4 DNA polymerase to each reaction.

Incubate at +16 °C for an additional 5 min. Do not allow the
reaction temperature to exceed +16 °C during this step.

. Stop reaction by adding 17 pl EDTA, 0.2 M.

. Add 1.5 pl of 15 U RNase I to the tubes from the step above,

and digest for 30 min at 37 °C.

. Add 190 pl of phenol:chloroform:isoamyl alcohol to stop the

reaction. Vortex well, and then centrifuge at 12,000x 4 for
5 min. Transfer the upper, aqueous layer to a clean, labeled
1.5 ml tube.

. Add 19 pl of 7.5 M ammonium acetate, then add 8 pl of

5 mg/ml glycogen to the samples, and mix by repeated inver-
sion at each step. Add 380 pl of ice-cold absolute ethanol to
the samples. Centrifuge at 12,000 x 4 for 20 min.

. Wash the supernatant with 500 pl of ice-cold 80 % ethanol

(v/v) once, and dissolve the DNA pellet in 20 pl of VWR
water (see Note 9).
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3.6 QC of cDNA

3.7 Labeling

1. Measure the concentration of cDNA by Nanodrop, and verify

that all samples meet the following requirements: concentra-
tion>100 ng/pl; A260/A280>1.8; A260/A230>1.8.
Analyze the samples using the Agilent Bioanalyzer and RNA
6000 Nano Kit, and verify that all samples meet the following
requirement for acceptance: median size >400 bp when com-
pared to a DNA ladder.

. Prepare Random 9mer Bufter (see Note 10) as follows:

VWR deionized water 8.6 ml

1 M Tris—=HCl 1.25 ml
1 M MgCl, 125 pl
B-Mercaptoethanol 17.5 pl
Total 10 ml

. Dilute Cy3 dye-labeled 9mers to 1 O.D./42 pl Random 9mer

Buffer. Aliquot 40 pl in 0.2 ml thin-walled PCR tubes and
store at =20 °C (see Note 10).

. Assemble the following components in separate 0.2 ml thin-

walled PCR tubes:
Component Volume
cDNA 1 pg
Cy3-9mer primers 40 pl
VWR water To volume
Total 80 ul

. Heat-denature samples at 98 °C for 10 min. Quick-chill in an

ice-water bath for 2 min (see Note 11).

. Prepare the following dNTP /Klenow Master Mix:

Component Volume
dNTP mix 10 pl
VWR deionized water 8 pl
Klenow (50 U /pl) 2 ul
Total 20 ul

6. Add 20 pl of ANTP/Klenow Master Mix to the denatured

samples from step 4. Mix well, and then incubate at 37 °C
for 2 h.

. Stop the reaction by addition of 10 pl 0.5 M EDTA.
. To precipitate the cDNA, add 11.5 pl 5 M NaCl and 110 pl of

isopropanol and then incubate for 10 min on ice.
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9.

10.

11.

3.8 Hybridization 1.

Centrifuge at maximum speed of 12,000x4 for 10 min.
Discard supernatant. Wash the pellet with 500 pl 80 % ice-cold
ethanol.

Air-dry the pellet, and then rehydrate pellets in 25 ul VWR
deionized water.

Determine the concentration of each sample (se¢ Note 12).

Prepare the hybridization mix as follows (see Notes 13 and 14):
Incubate at 100 °C for 5 min. Immediately transfer to an ice-
water bath for 5 min.

Component Volume
Labeled cDNA sample 5pug
10 GE blocking agent 11 pl

2x Hi-RPM hybridization buffer 55 pl
Total volume 110 pl

Quickly spin in a centrifuge to collect any condensation at the
bottom of the tube. Immediately proceed to hybridization.

. Hybridize at 55 °C for 18 h (see Note 15).

4 Notes

. High-quality RNA is required for optimal ¢cDNA synthesis

yield and ¢cDNA labeling for microarray hybridization (free of
interfering substances and with high integrity). Total RNAs
can be prepared by TRIzol Reagent or other commercially
available kits.

The reaction can be scaled up, but the RNA concentration
should not exceed 0.2 pg/pl.

. When transferring the RNA-containing supernatant to a fresh

tube, avoid introducing the DNase inactivation reagent into
solutions because it can sequester divalent cations and change
the buffer conditions.

. Analyze samples using the Agilent Bioanalyzer and RNA 6000

Nano Kit. Degraded samples appear as significantly lower
intensity traces with the main peak area shifted to the left and
typically exhibit much more noise in the trace. Verify that all
samples meet the following requirements: A,qp/Azg0>1.8;

Aseo/ Azz0>1.8.

. Enzymes (e.g., poly A polymerase) should be mixed gently

without generating bubbles. Pipet the enzymes carefully and
slowly; otherwise, the viscosity of the 50 % glycerol in the
buffer can lead to pipetting errors.
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. If high concentration of RNA is used, the concentration of

The no-PAP control cDNA can be prepared from a polyade-
nylation reaction in which the poly A polymerase is omitted.

. Heat denature the tailed RNA no longer than 5 min, since the

divalent cations from the tailing reaction can cause degrada-
tion of RNA in high temperature. The polyadenylated RNA
can also be purified with a phenol-chloroform extraction and
ethanol precipitation before the cDNA synthesis step.

cDNA is stable at —20 °C for 1 month, but try to avoid mul-

Cy3-9mer dilution buffer should be prepared freshly each
time when the primers are resuspended. Diluted primers can

Snap-chilling after denaturation is critical for high-efficiency

Use a NanoDrop spectrophotometer to measure the concen-
tration of labeled cDNA. Typical yields range from 25 to

To prepare the 10x blocking agent, add 500 pl of nuclease-free
water to the vial containing lyophilized 10x gene expression
blocking agent supplied with the gene expression hybridiza-
tion kit, and gently mix on a vortex mixer. If the pellet does
not go into solution completely, heat the mix for 4-5 min at
37 °C. It can then be stored at -20 °C for 2 months.

Cyanine dyes (Cy) are ozone sensitive. It is important to regu-
larly monitor ozone levels in the lab environment and take the
necessary precautions to maintain atmospheric ozone levels

6
ATP should be increased too.
7.
8
9.
tiple freeze-thaw cycles.
10.
be stored at -20 °C for 4 months.
11.
labeling.
12.
50 pg per reaction.
13.
14.
below 5 ppb (parts per billion).
15.
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Chapter 6

Long Noncoding RNA Expression Profiling
Using Arraystar LncRNA Microarrays

Yanggu Shi and Jindong Shang

Abstract

Arraystar LncRNA microarrays are designed for global gene expression profiling of both LncRNAs and
mRNAs on the same array. The array contents feature comprehensive collections of LncRNAs and include
entire sets of known coding mRNAs. Each RNA transcript is detected by a splice junction-specific probe
or a unique exon sequence, such that the alternatively spliced transcript isoforms or variants are reliably and
accurately detected. The highly optimized experimental protocols and efficient workflow ensure sensitive,
robust, and accurate microarray data generation. Standard data analyses are provided for microarray raw
data processing, data quality control, gene expression clustering and heat map visualization, differentially
expressed LncRNAs and mRNAs, LncRNA subcategories, regulatory relationships of LncRNAs with the
mRNAs, gene ontology, and pathway analysis. The LncRNA microarrays are powerful tools for the study
of LncRNAs in biology and disease, with broad applications in gene expression profiling, gene regulatory
mechanism research, LncRNA functional discovery, and biomarker development.

Key words Long noncoding RNA, LncRNA, lincRNA, Microarray, Gene expression profiling

1 Introduction

LncRNAs have diverse regulatory roles in gene expression [1-7]
and are involved in many biological processes and diseases [3, 8-
21]. Expression profiling of LncRNAs has become increasingly
essential to unravel how the genes are expressed and regulated.
Also, the LncRNA expression patterns during biological develop-
ment or pathogenesis are often more specific than those of mRNAs,
which may be utilized as a desirable property for biomarker appli-
cations [2, 22]. In a sense, past gene expression profiling studies
missing the LncRNAs may benefit from revisiting the LncRNA
expression to gain new insights.

For gene expression profiling that includes LncRNAs, micro-
array is a preferred platform compared to RNA-seq [23]. Typically,
LncRNAs are expressed at much lower abundance (~1/10 of the
median mRNA level) [1, 2, 24-28], which can be overwhelmed by
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the highly abundant mRNAs and impeded for accurate quantifica-
tion in RNA-sequencing [29-31]. On the other hand, different
RNA sequences are independently hybridized to the probes on the
microarray. LncRNAs at lower abundance levels are relatively unat-
fected by the presence of highly abundant but unrelated RNA mol-
ecules [23, 32]. Also, a significant population of LncRNAs
(50-70 %) are transcribed as natural antisense RNAs (NAT), the
strand directions of which can be readily and natively determined
by the complementarity of the array probes. Like mRNAs,
LncRNAs also undergo alternative splicing, which may, without
the protein-coding constraints, produce functionally diverse or
even opposite transcripts. Due to the difficulty of transcript recon-
struction from short RNA sequencing reads, less than 35 % of the
RNA transcript isoforms can be correctly reconstructed by the
state-of-the-art RNA-seq algorithms [ 33]. With Arraystar LncRNA
microarrays, the splice junction-specific or unique exon-specific
probes unambiguously and reliably detect RNAs at transcript level.
At a practical level, the microarray procedures are robust, efficient,
and simpler. Microarray RNA targets are generated by T7
promoter-driven linear amplification, which is better at preserving
the fidelity of native RNA abundance levels and avoids distortions
introduced by exponential PCR amplifications during the RNA-
sequencing processes [ 34-37].

Arraystar LncRNA microarrays curate from various data
sources and scientific publications for comprehensive LncRNA col-
lection. Subcategories of lincRNAs, enhancer LncRNAs, tran-
scribed HOX clusters, and pseudogenes are included. Importantly,
the stringent computational pipeline ensures that the LncRNA col-
lections are both extensive and of high quality. Based on the
genomic arrangements and the regulatory potentials on the nearby
protein-coding genes, LncRNAs are systematically and concisely
classified in five subgroups: intergenic, bidirectional, intronic, anti-
sense, and sense-overlapping. All the known protein-coding
mRNAs in the Collaborative Consensus Coding Sequence project
(CCDS) are entirely covered. The RNA labeling system is formu-
lated for both LncRNA and mRNA. Cy3-labeled cRNAs are gen-
erated along the entire length of the transcript without 3’-end bias.
The procedure enhances the detection of RNAs in limited quanti-
ties, degraded RNAs, and LncRNAs without a poly(A) tail. The
highly optimized protocols and well-established workflow maxi-
mize the success of producing sensitive, accurate, and reproducible
results. The standard data analyses are furnished with detailed
annotation, LncRNA subcategories, noncoding and coding rela-
tionships, abundance levels, differential expression, clustering heat
maps, Volcano plots, gene ontology, and pathway analysis, to get
close to the biology of LncRNAs.
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2 Materials

2.1 LncRNA
Expression
Microarrays

2.2 Arraystar Flash
RNA Labeling Kit,
One Color

2.3 Microarray
Hybridization

2.4 Compatible
Microarray Scanners
for Standard 1" x 3"
Slide Format

2.5 Agilent 2100
BioAnalyzer

2.6 NanoDrop
Spectrophotometer,
Equipped with
Microarray Module
(Thermo Scientific)

2.7 PCR Thermal
Cycler

2.8 Software
Packages

Arraystar LncRNA Expression Microarrays are available for human,
mouse, and rat species (Arraystar Inc., Maryland, USA). Due to
the low phylogenetic conservation of LncRNA sequences [2], an
LncRNA array designed for one species cannot be used for other
species. The technical specifications are listed in Table 1.

Arraystar Flash RNA Labeling Kit, One Color is designed to pre-
pare fluorophore-labeled RNA targets from an input RNA amount
between 1.5 and 3 pg. The kit reverse transcribes RNA to double-
stranded ¢cDNA using oligo(dT) and random primers, both con-
taining a T7 promoter. The target RNAs are then linearly amplified
from the T7 promoter by T7 polymerase in an in vitro transcrip-
tion (IVT) reaction. The reaction simultaneously amplifies cRNA
and incorporates Cy3- or Cy5-UTP substrate. The IVT linear
amplification preserves the native RNA abundance levels much
better than PCR-based exponential amplification.

Tecan HS Pro Hybridization Station, or

Agilent Microarray Hybridization Oven G2545A.

. Agilent SureHyb Microarray Hybridization Chamber G2534A.
Agilent Hybridization Gasket Slide Kit.

Rectangular slide staining dishes and slide rack.

TSI

Agilent Microarray Scanner, Model SureScan.
Agilent Microarray Scanner, Model G2565B.
GenePix® 4000A Microarray Scanner (Molecular Devices).
GenePix® 4000B Microarray Scanner (Molecular Devices).

s

1. Agilent Feature Extraction Software.
2. Agilent GeneSpring GX Software Package.
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2.9 Additional
Equipment

2.10 Additional
Reagents

Water bath /heating block.

Powder-free gloves.

Clean, blunt forceps.

Micropipettors.

Sterilized and nuclease-free pipette tips.

Sterilized and nuclease-free microcentrifuge tubes.

High-speed microcentrifuge.

® N e

Low-speed tabletop microcentrifuge with slide holder
attachment.

A

Vortex mixer.

Arraystar Spike-In RNA kit.

Agilent Gene Expression Wash Buffer Kit.
Deionized nuclease-free water.

TRIzol® Reagent (Life Technologies).
QIAGEN RNeasy® Mini Kit (Qiagen).

G

3 Methods

3.1 RNA Samples

3.2 RNA Sample QC

An LncRNA Expression Microarray experiment consists of several
major steps in a workflow shown in Fig. 1.

Plan the samples in biological replicates and set up comparison
groups based on the experimental objective and design (see Note 1).
The amount of total RNA per sample for a microarray experiment is
typically 2 pg (Table 2). A lower amount may place significant con-
straints on reliable handling, storage, recovery, sample QC, experi-
ment repeat, success rate, and data quality. As a good practice,
reserve an aliquot of the RNA from the same preparation for future
qPCR confirmation of the microarray result.

Total RNA can be extracted and purified in sufficient amount
from 2 x 10° cells or 10-25 mg tissue as the starting material. We
recommend using TRIzol® Reagent (Life Technologies) or
RNeasy® Mini Kit (Qiagen). Please refer to the manufacturer’s
instructions accordingly.

For RNA extraction from blood or plasma, heparin as antico-
agulant should be avoided. Heparin inhibits many enzymatic reac-
tions and is difficult to be removed. EDTA- or citrate-based
anticoagulants can be used instead.

The RNA sample quality and quantity are critical to the success of
microarray experiment, which should be evaluated before proceed-
ing with the experiment.
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Total RNA isolation and Sample QC

Spike-in control

Synthesis of Fluorescently labeled
cRNA

Microarray hybridization

Microarray washing

Microarray scanning and
data extraction

Data analysis and report

Fig. 1 Overview of IncRNA microarray experiment

Table 2
Input RNA amount per sample per array

Recommendation Input RNA amount (j1g)
Optimal 2

Minimum 1.5

Maximum 3

The concentration of RNA can be measured by UV absor-
bance at 260 nm with a NanoDrop spectrophotometer. A260/
A280 and A260,/A230 ratios are indicators for the presence of
impurities and the values should be close to 2.0 (1.9-2.1 are
acceptable).

The RNA integrity can be evaluated by one of the following
methods:

1. Agilent 2100 Bioanalyzer, with an RNA Integrity Number
(RIN) score greater than 7.
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3.3 Spike-In Control

3.4 cRNA Synthesis
and Labeling

Table 3

2. Denaturing gel electrophoresis, showing sharp and intense
28S and 18S rRNA bands, with a 28S:18S rRNA band intensity
ratio close to 2:1.

RNAs extracted from formaldehyde-fixed-paraffin-embedded
(FFPE) tissues are heavily degraded; it may be difficult to obtain a
reliable BioAnalyzer RIN number, and gel electrophoresis is used.

RNA samples are spiked with spike-in RNA mix as an internal con-
trol prior to RNA labeling. The spiked-in control RNA is then
fluorescently labeled and hybridized identically as the sample RNA
during the entire processes. The control serves as the embedded
reference in RNA labeling, scanner calibration, data normalization,
sensitivity, and variability, which greatly improves the data quality
assessment.

1. The spike-in mix is used in equal amount to the sample RNA
in labeling reaction. Decide an input RNA amount to use
(Table 2). Prepare fresh spike-in control dilution according to
Table 3. Diluted spike-in mix is for single use only and should
not be saved for reuse.

2. Add the volume of the diluted spike-in mix to the RNA
sample (see Tables 2 and 3).

Fluorescently labeled target RNA is synthesized using Arraystar
Flash RNA Labeling Kit, specially formulated for use with Arraystar
LncRNA Expression Microarrays (Fig. 2). The first-strand cDNA
synthesis uses a mixture of poly(dT) and random RT primers
tagged with a T7 promoter, allowing copying mRNAs and
LncRNAs either with or without polyadenylation. The mixed
primers also reduce 3’-biased reverse transcription from the poly(A)
tail. After the cDNA synthesis, the cRNA is transcribed in vitro
from the strong T7 promoter by T7 RNA polymerase, using fluo-
rescently labeled nucleoside triphosphate substrate.

Spike-in mix dilution and amount to use

Amount of sample RNA (j1g) Dilution of spike-in control Amount of spike-in control (jI)
1 1:100 1

1.5 1:100 1.5

2 1:100 2

3 1:100 3
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IncRNA lacking poly(A) tail mRNA or IncRNA with poly(A) tail
or degraded mRNA
ANANN INNNNN AR

Reverse transcription to cDNA

N\NANND INNANAN AAANA
(—NNNNNN\ @NNNNNN\(—'ITTTTI'\
T7 T7 T7
Random priming Random priming  Oligo(dT) priming

2ndstrand cDNA synthesis

T7

In vitro transcription by T7 polymerase
Cy3-UTP substrate

Cy3 Cy3 (Cy3 Cy3
INSNANANNS Oy3labeled cRNA

Fig. 2 Linear amplification and Cy-3 labeling of RNA targets

3.4.1 Double-Strand 1. Anneal T7-RT primer mix to the RNA sample in annealing
cDNA Synthesis mix. Incubate at 65 °C for 5 min, and then immediately chill
on ice for 1-2 min.

Annealing mix

x pl RNase-free water
y pl Total RNA sample (2 pg)
1pl T7-RT primer mix

5.2 ul Total reaction volume

2. Prepare cDNA synthesis master mix:

cDNA synthesis master mix

2.5 pl cDNA synthesis buffer
1 pl DTT

1 pl MuLV RT

0.3 ul RNase inhibitor

4.8 pl Total reaction volume
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3. Combine the cDNA synthesis master mix with the T7-RT
primer-annealed RNA sample. Incubate at 40 °C for 90 min,
and then at 65 °C for 10 min to inactivate the MuLV RT.

34.2 InVitro 1. Prepare In vitro transcription master mix on ice:
Transcription of cRNA
In vitro transcription master mix
8 ul T7 transcription buffer
0.5 pl Cy3-UTP
3.8 pl IVT enzyme mix
12.3 pl Total reaction volume

2. Add 12.3 pl of the in vitro transcription master mix to each
synthesized cDNA reaction. Incubate at 42 °C for 3.5—4 h in
the dark.

3.4.3  cRNA Purification Add 500 pl TRIzol Reagent to the mix. Proceed with the cRNA
extraction according to the manufacturer’s instructions (Life

Technologies).
3.4.4  Quantification To verity the RNA vyield and dye incorporation, we recommend
of the cRNA using a Microarray module-equipped NanoDrop ND-1000

Spectrophotometer. Select Cy3 dye setting in the Microarray mod-
ule. Please consult the NanoDrop manual for operating details.

1. Determine the cRNA yield by A260 reading, and select
“RNA” type for an extinction coefficient of 40 in the measure-
ment setting:

cRNA concentration (ng/ pl)x Volume (pl)
1000

cRNA amount (ug)=

A typical cRNA yield is >15 pg, which is sufficient for
hybridization of at least two slides.

2. Calculate the specific activity of the labeled cRNA (pmoles of
dye per pg of cRNA):

Dye (pmol / ul)

Specific activity= ————~
P Y cRNA(ug/ul)

It the cRNA yield is <1.65 pg or the specific activity is
<9.0 pmol/pg (dye/cRNA), do not proceed with the micro-
array experiment.

3.5 Microarray Microarray hybridization is carried out in Agilent Microarray
Hybridization Hybridization Chambers. Refer to its user manual for detailed
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Washing
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instructions of how to load samples, and assemble and disassemble
the chambers.

1. Prepare cRNA fragmentation mix as follows:

Component Amount

Labeled cRNA 1.65 pg

Blocking buffer 5 ul

Nuclease-free water Bring the volume to 24 pl
25x Fragmentation buffer 1 ul

Total volume 25 ul

. Incubate the mix at 60 °C for exactly 30 min to fragment the

labeled cRNA.

. Add 25 pl 2x hybridization buffer supplied with the Arraystar

LncRNA Microarray Kit to stop the fragmentation reaction.

. Spin at 13,000 x g for 1 min at room temperature to suppress

air bubbles.

. Place the sample on ice and pipette onto the array surface as

soon as possible.

. Place a 24x 30 mm cover slip on top of the slide; be careful

not to trap air bubbles.

. Clamp the microarray/backing gasket slide sandwich into the

SureHyb hybridization chamber. Rotate the slide assembly to
wet the surface. Ensure that the air pockets are not in stuck
positions and can move freely.

. Incubate at 65 °C for 17 h in a hybridization oven with a rota-

tion speed of 10 rpm. We recommend Tecan HS Pro hybrid-
ization station for microarray hybridization. Refer to its user
manual for detailed instructions.

For washing the array, we strongly recommend Agilent Gene
Expression Wash Buffer Kits. Please see its manual for detailed
instructions.

1. Prepare and pre-warm all washing solutions to their desired

temperatures 1 h prior to washing. Disassemble hybridization
chamber with the array surface facing up.

. Immerse the slide in 100 ml of wash solution B1 (pre-warmed

to 42 °C) in a Coplin jar until the cover slip moves freely away
from the slide.

. Remove the cover slip with a forceps and decant the wash

solution.



Long Noncoding RNA Expression Profiling Using Arraystar LncRNA Microarrays 53

3.7 Microarray
Scanning and Data
Extraction

3.7.1 Agilent Scanner
Settings

3.7.2 GenePix Scanner
Settings

3.7.3 Data Extraction

4. Move the slide to another jar filled with 100 ml of wash solu-
tion Bl (pre-warmed to 42 °C) and shake at room tempera-
ture for 3 min.

5. Move the slide to another jar filled with 100 ml of wash
solution B2 (pre-warmed to room temperature) and shake at
room temperature for 3 min.

6. Repeat step 5.

7. Move the slide to another jar filled with 100 ml of wash solu-
tion B3 (pre-warmed to room temperature) and shake at room
temperature for 3 min.

8. Repeat step 7.

9. Place the slide in centrifuge rack and centrifuge at 950 rpm for
5 min for drying.

10. The microarray slide is now ready for scanning.
The following microarray scanners are compatible with Arraystar
LncRNA Microarray products:

1. Agilent Microarray Scanner, Model SureScan.
2. Agilent Microarray Scanner, Model G2565B.
3. GenePix 4000A Microarray Scanner (Molecular Devices).
4. GenePix 4000B Microarray Scanner (Molecular Devices).

Turn on the scanner to pre-warm the laser for at least 20 min
before the scanning.

1. Set the scan settings for one-color scan:

Setting Value

Dye channel Green

Scan region 61x21.6 mm

Scan resolution (pm) 3

Tift 20 bit

Green PMT XDR Hi 100 %; XDR Lo 10 %

2. Scan the microarray at 3 pm resolution.
3. Save the TIFF images.

Only GenePix 4000A and 4000B models are supported for scan-
ning Arraystar LncRNA microarrays. Refer to the manufacturer’s
user guide for appropriate scanner settings.

After the microarray image scanning, raw data are extracted from
the .tif images using Agilent Feature Extraction Software. Please
refer to its Reference Guide for detailed instructions.
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3.8 Data Analysis

3.8.1 SetUp Raw
Data Import

LR s

Launch Agilent Feature Extraction (FE) software.

Add the image (.tif) files to be extracted to the FE Project.
Select options in the FE Project Properties.

Check the Extraction Set Configuration.

(a) Select the Extraction Set Configuration tab.

(b) Verify that the correct grid template is assigned to each
extraction set in the Grid Name column.

(¢) Verify that the correct protocol is assigned to each extrac-
tion set in the Protocol Name column.

Save the FE Project (.fep) by selecting File>Save As and
browse to a desired file location.

. Verify that the icons for the image files in the FE Project

Window no longer have a red X through them.
Select Project > Start Extracting.

. After the extraction is completed successfully, examine the QC

report for each extraction set by double-clicking the QC
Report link in the Summary Report tab (Fig. 3). Refer to
Agilent Feature Extraction Software Reference Guide for
detailed explanations.

We recommend using GeneSpring GX (Agilent, USA) software for
microarray data analysis, which features extensive, graphic user
interface-guided microarray analyses on raw or processed data.
Please refer to the User Manual for instructions. Many software are
also freely available for microarray data analysis (see Note 2).

The procedures to import Arraystar LncRNA microarray raw

data into GeneSpring are described below.

To read LncRNA microarray raw data into GeneSpring GX, set up
the import for the first-time use.

1.

Select Annotations/Create Technology/Custom from File
menu.

. Select Technology Type: “Single color,” Technology name:

desired_technology_name; Organism: select_one; Choose a
sample data file: a_rawdatafile; Number of samples in single
data file: “One Sample.”

The raw data will be displayed in a spread sheet in the “Format
data file” step.

. Define the data rows to be imported in the “Select Row Scope

tor Import.” Keep the rows starting with the column headings
to the end row.

. Select Identifier: “ProbeName”; BG Corrected Signal:

“gProcessedSignal.”
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Arrc:gﬁ-

QC Report -Agilent Technologies: 1 Color

Date Wednesday, August 14, 2013 - 15:11 Grid 045997_D_F_20121218
Image US10450393_S01 [1_3] FE Version 11.0.1.1
Protocol GE1_1100_July1l (Read Only) Saturation Value 778178 (g)
Spot Finding of the Four Corners of the Array Non-Control probes Net Signal Statistics:
Green
# Saturated Features 0
99% of Sig. Distrib. 19491
50% of Sig. Distrib. 72
HE D e 1% of Sig. Distrib. 42
Histogram of Signals Plot
= [
B00
Feature Local Background 700
Green Green E :
Non Uniform 29 53 ; o0
Population 127 2826 _5 200
200
100
Spatial Distribution of All Qutliers on the Array -
-” ' : ‘ -1 1] Loqllms‘:ﬂewi 4 5
' ., B Hisvogram of Signals
: M| UieY # Features (NonCtrl) with BGSubSignal < 0:11251 (Green)
\ ’ \ L}
N g Negative Control Stats
. IR Green
| ‘ & I B Average Net Signals 46.07
- ! ! StdDev Net Signals 4.29
’ Average BG Sub Signal -6.79
" StdDev BG Sub Signal 4.01
I A
' ," Local Bkg (inliers)
o Green
: T ' Number 58358
E T 1y Avg 32.78
| . o A sD 1.71
Al Reproducibility: Median %CV for Replicated Signal
(inliers) Non-Control probes
# FeatureNonUnif (Green) = 29 (0.05%) Green
# GeneNonUnif (Green) = 29 (0.049%) BGSubSignal 6.34
et niDm b ProcessedSignal 6.34

*Green FeaturePopulation *Green Feature NonUniform

Fig. 3 An example QC Report for a 8x60K microarray, generated by the Feature Extraction Software
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3.8.2 Create New Project 1.

for Data Analysis )

Select Project/New experiment menu.

. Select Experiment type: “Generic Single Color” and Workflow

type: “Advanced Analysis.”

. In the Load Data step, select the Technology: desired_tech-

nology_name you created previously.

4. Choose the raw data files.

Uncheck “Please select if your data is in log scale.” as the inten-
sity values in raw data are not log2 transformed. Threshold raw
signals to: “5.0.” Select Normalization Algorithm: “Quantile.”

In the Preprocess Baseline Options step, select “Do not per-
form baseline transformation.”

. Once the data are imported, proceed with microarray data

processing, analysis, interpretation, graphics, and result report-
ing using the functionalities provided by the software suite.

3.9 Standard The standard analyses provided by the Arraystar LncRNA
Analyses Expression Microarray service include common microarray data
analyses as well as annotations and analyses specific to LncRNAs.

—

—
IS =

13.

14.

W XN e

Microarray scan images.

Feature extraction and raw intensity values.

Array QC metrics.

Data quality and low-intensity filtering /flagging (see Note 3).
Data normalization (see Note 4).

Box plots of intensity distribution.

Scatterplots of intensities between groups or samples.
Differentially expressed LncRNAs (see Note 5).

Differentially expressed mRNAs (see Note 5).

Heat maps and hierarchical clustering (see Note 6).

. Volcano plots.

. LncRNA annotations with coding type, database source,

sequence accession, genomic location coordinates, transcrip-
tion, xhyb, probe name and sequence, relationship with asso-
ciated coding gene, and associated coding gene genomic
information (se¢ Note 7).

LncRNA classification and subgroup as enhancer LncRNAs,
antisense LncRNAs, lincRNAs, and the associated protein-
coding mRNA gene expression data.

mRNA annotations with coding type, database source,
sequence accession, genomic location coordinates, transcrip-
tion, xhyb, probe name and sequence, gene ontology terms,
and protein product.
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15.

16.
17.

Gene ontology analysis of differentially expressed mRNAs
(see Note 8).

Pathway analysis of differentially expressed mRNAs (see Note 9).

Gene Expression Omnibus (GEO) repository support. Minimum
Information About a Microarray Experiment (MIAME) compli-
ant (see Note 10).

4 Notes

. In a basic experiment design to compare gene expression

between conditions and to screen differentially expressed
genes, one group of samples are designated for each condition
for comparison. At least three samples per group are needed as
biological replicates. More biological replicates are strongly
recommended. The effect of replication on gene expression
microarray experiments has been discussed previously [38].
The variabilities in clinical samples are typically much larger
than experiments using cell line samples, requiring more bio-
logical replicates. Due to the high-quality manufacturing pro-
cess and excellent reproducibility of the microarrays, technical
replications, i.e., the same RNA sample on replicated arrays,
are not needed.

. Open-source or free software are also available for data analy-

sis, for example, GenePattern (www.broadinstitute.org,/can-
cer/software /genepattern), MultiExperiment Viewer MeV
(www.tm4.org/mev.html), Chipster (chipster.csc.fi), and R/
Bioconductor packages (www.bioconductor.org).

. Each microarray feature (spot) is evaluated and flagged as

“Present” or “Absent” based on whether the signal is positive
and significant, uniform, above the background, oversatu-
rated, or population outlier. Additionally, a feature may be
flagged as “Marginal” if the background is not uniform or the
background reading is a population outlier.

. The raw intensities need to be “normalized” first to be com-

parable. Quantile normalization is commonly used in microar-
ray data normalization [39]. The method does not rely on
housekeeping genes as the reference. The normalized intensity
values are log2 transformed.

. When comparing differential gene expression, for example,

Group2 vs. Groupl, the magnitude of change is expressed as
fold change (FC), which can be obtained by

FC _ 2‘N0rm2—Norm1‘

where Norm2 and Norml are the arithmetic means of the
log2-transformed normalized intensities for samples in Group2


http://www.broadinstitute.org/cancer/software/genepattern
http://www.broadinstitute.org/cancer/software/genepattern
http://www.tm4.org/mev.html
http://www.bioconductor.org/
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and Groupl, respectively. Conventionally, a decrease in gene
expression (downregulation) is indicated by a negative sign of
the FC:
FC=-|FC] if norm2 <norml, for down regulation.
For example, a gene is downregulated by 13.93-fold when
comparing Group2 vs. Groupl:
Groupl Group2 FC
Samplel Sample2 Sample3 Norml Sample4 Sample5 Sample6 Norm?2 3377173
(average) (average)
64413 7.2712 7.8067 7.1731 3.6496 3.2023 3.2670 3.3729 -13.93

The p-value for a gene expression comparison is calculated
by z-test. As many #-tests are performed for the genes on the
array, the p-values are adjusted for multiple testing correction
as false discovery rates (FDR), using Benjamini Hochberg
procedure [40].

Other statistical analyses have been devised to assess differ-
ential gene expression more robustly and accurately. For
example, R/Bioconductor /imma package implements linear
models and empirical Bayes methods to perform differential
expression analysis [41].

The differentially expressed genes (DEG) are initially
selected by using minimally stringent cutoffs of p<0.05 and
FC>2. These DEGs are displayed on Volcano plots along the
-logio(p) and log,( FC) axes. The DEGs on the list can be fur-
ther ranked by FC and applied with more stringent p-value (or
FDR) cutofts using the Excel Data/Filter functionality.

When selecting differentially expressed genes for confirma-
tion, the fold change magnitudes, p-values (adjusted), and raw
signal intensities should be considered. Genes showing signifi-
cant FC and p-values but having very low raw intensities may
still not be confirmed by qPCR. Empirically, at least one of the
group raw intensities must be greater than 200-500.

To confirm the differentially expressed genes, either SYBR®
Green qPCR or Tagman® assay can be used. It is a good prac-
tice to perform qPCR on the same RNA prep used for the
array and follow all the qPCR design guidelines by the qQPCR
manufacturer. The qPCR primers should be situated as close
as possible to the array probe location. If the LncRNA is a
natural antisense LncRNA, a strand-specific primer, instead of
oligo(dT) primer, should be used for first-strand cDNA syn-
thesis. qPCR has a typical limit of detection equivalent to 0.5
AACt (or FC~1.5) in differential expression analysis.

There are cases where (1) no or very few individual genes
meet the threshold for DEGs, because the relevant biological
differences are modest; (2) too many genes show up as DEGs;
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10.

and (3) single-gene analysis may miss important effects on
pathways. Biological processes often affect sets of genes acting
in concert. Consistent changes in all genes in a pathway may
have more significant effect by a large change of a single gene.
To overcome these challenges, Gene Set Enrichment Analysis
(GSEA) or gene ontology or pathway analysis can be consid-
ered to prioritize the genes for further studies [42].

. Correct sample grouping by unsupervised clustering is an indica-

tion of successful classification by gene expression patterns.
However, it the groups are identical or too similar in gene expres-
sion, samples may appear incorrectly clustered with other groups.
This is not necessarily an indication of microarray data problem.
Due to space limitation, gene names are not displayed on
the heat maps. To identify individual genes on the heat map,
an interactive software is needed. Alternatively, limit the num-
ber of the genes on the heat map by including only a small
subset of genes of interest, for example, DEGs at high strin-
gency in a pathway, to allow the gene names be printed.

. The LncRNAs on the array were collected from multiple data

sources. To obtain the sequences and to access the genomic
records, use the corresponding databases and accession num-
bers/IDs as indicated. In the report, a probe may have multi-
ple annotation entries for the same LncRNA, due to multiple
relationships with the protein-coding gene(s) or transcript(s).

. Gene ontology analysis is performed for protein-coding genes

only. The GO terms are hyperlinked to and described at
geneontology.org.

. Pathway analysis is performed for protein-coding genes only.

The default pathway database is KEGG: Kyoto Encyclopedia
of Genes and Genomes (http://www.genome.jp/kegg/).

GEO is a public functional genomics data repository support-
ing MIAME-compliant data submissions. Many journals
require microarray data to be deposited and the associated
GEO accession number obtained prior to publication. The
GEO platform records for Arraystar LncRNA Expression
Microarrays have been created by Arraystar (Table 1), which
can be referenced for the preparation of GEO submissions.
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Chapter 7

Nuclear RNA Isolation and Sequencing

Navroop K. Dhaliwal and Jennifer A. Mitchell

Abstract

Most transcriptome studies involve sequencing and quantification of steady-state mRNA by isolating and
sequencing poly (A) RNA. Although this type of sequencing data is informative to determine steady-state
mRNA levels it does not provide information on transcriptional output and thus may not always reflect
changes in transcriptional regulation of gene expression. Furthermore, sequencing poly (A) RNA may miss
transcribed regions of the genome not usually modified by polyadenylation which includes many long
noncoding RNAs. Here, we describe nuclear-RNA sequencing (nucRNA-seq) which investigates the tran-
scriptional landscape through sequencing and quantification of nuclear RNAs which are both unspliced
and spliced transcripts for protein-coding genes and nuclear-retained long noncoding RNAs.

Key words Transcriptome profiling, LncRNA, Nuclear RNA, Cellular fractionation, Massively parallel
sequencing

1 Introduction

RNA-sequencing (RNA-seq) is a technique that uses next-genera-
tion sequencing in order to investigate the dynamic transcriptome
of the cell [1]. Most transcriptomic studies are based on RNA-seq
that involves generation of poly (A)-positive RNA libraries
from total cellular RNA [2]. For mammalian genomes a large pro-
portion of the transcribed genome is noncoding and transcribed
along with protein-coding genes, contributing to the complexity
of mammalian transcriptomes [3]. Nuclear RNA-sequencing
(nucRNA-seq) characterizes genome-wide transcriptional output
by performing deep sequencing of a cDNA library generated from
nuclear RNA isolated from purified intact nuclei [4].

The quality of nucRNA-seq data depends on isolation of pure
intact nuclei from single cells, purification of RNA from the nuclear
fraction, and generation of the double-stranded ¢DNA library.
Isolation of intact nuclei is the first critical step and must be opti-
mized for different cell types to obtain pure nuclei. Here, we
describe an optimized nuclear isolation protocol for mouse
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embryonic stem (ES) cells. The optimal protocol for erythroid
cells has been described by Mitchell et al. [4] and was used to
develop the mouse ES cell protocol described here.

2 Materials

2.1 Gomponents
for Isolation

and Testing of Intact
Nuclei

Prepare all solutions using molecular biology-ygrade water and
reagients that ave certified R Nase free. Work on ice for all steps unless
otherwise indicated. Chill all buffers completely on ice prior to use.

1. Molecular biology-grade Sigma water: Sigma-Aldrich, W4502.

2. 1 M Sucrose: Weigh 17.115 g sucrose, transfer to a 100 ml
bottle, and dissolve in Sigma water to a final volume of 50 ml.

3. 1x PBS: Sigma-Aldrich.

4. 10x RSB: Mix 2.5 ml of 1 M Triss-HCI pH 7.5, 0.5 ml of 5 M
NaCl, 750 pl of 1 M MgCl,, and 21.25 ml of Sigma water to
make final concentrations of 100 mM Tris—sHCI, 100 mM
NaCl, and 30 mM MgCl,.

5. 1x RSB: 1/10 Dilution of 10x RSB with Sigma water.

6. Buffer A: Mix 0.5 ml of 10x RSB, 1.0 ml of 1 % Triton X-100,
2.5pulof 1 M DTT, and 0.5 ml of 1 M sucrose stock and adjust
final volume to 5 ml with Sigma water generating final con-
centrations of 1x RSB, 0.2 % Triton X-100 (see Note 1),
0.5 mM DTT, and 0.1 M sucrose.

7. Buffer B: Mix 0.5 ml of 10x RSB, 0.5 ml of 1 % Triton X-100,
2.5 pl of 1 M DTT, and 1.25 ml of 1 M sucrose and adjust
final volume to 5 ml with Sigma water generating working
concentrations as 1x RSB, 0.1 % Triton X-100, 0.5 mM DTT,
and 0.25 M sucrose.

8. Buffer C: Mix 16.7 ml of 1 M sucrose, 250 pl of 1 M MgCl,,
500 pl of 1 M Tris—=HCI (pH 8.0), and 25 upl 1 M DTT and
adjust final volume to 50 ml with Sigma water generating
working concentrations of 5 mM MgCl,, 10 mM Tris—HCI,
0.5 mM DTT, and 0.33 M sucrose.

9. 10x RIPA (Cell Signalling Technology, 9806), protease inhib-
itor cocktail (Roche 04693159001).

10. Antibodies used to test the purity of the nuclear fraction by
western blotting: Anti-Ubfl rabbit polyclonal (Santa Cruz
Biotechnology, sc-9131), anti-Cyclophilin A mouse monoclo-
nal (Abcam, ab58144), Goat anti-rabbit conjugated with
HRP (Bio-Rad, 1662408EDU), Goat anti-mouse conjugated
with HRP (Bio-Rad, 1721011).
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Trizol LS Reagent: Thermo Fisher Scientific, 10296-028.
Chloroform: Sigma-Aldrich 472476.
100 % Isopropanol: Sigma-Aldrich 19516.

75 % Ethanol: Mix 37.5 ml 100 % EtOH with 12.5 ml Sigma
water.

DNase I, RNase free: MBI Fermentas, EN0525, 1 U /pl.

6. Acid phenol/chloroform: Ambion, AM9720.

7. Ribolock: Thermo Fisher Scientific, E00382, 40 U /pl.

2.3 Required 1. Polypropylene round-bottom tubes: 14.5 ml, Sarstedt,
Equipment 62.515.006.

2. Dounce homogenizer: B-type (tight) 7 ml, VWR, 71000-518.

3. RNase Zap: For cleaning the Dounce homogenizers between
each use, Thermo Fisher Scientific, AM9780.

4. Centrifuge: To pellet the nuclei the centrifuge should ideally
be equipped with a swinging bucket rotor able to accommo-
date the 14.5 ml tubes.

3 Methods

3.1 Isolating Intact In order to perform optimal nuclear RNA sequencing, it is critical
Nuclei and Testing to isolate pure intact nuclei.

the Purity of the

Nuclear Fraction

3.1.1 Isolation
of Intact Nuclei

Note: Before starting make fresh 10x and Ix RSB, 1 M sucrose, and
buffers A, B, and C. Place all buffers on ice. Chill centrifuge to 4 °C.

1.

Pour an 8 ml sucrose cushion of buffer C in the 14.5 ml
round-bottom tube for each sample and chill on ice.

. Collect 1-5x107 dissociated single cells in cold 1x

PBS. Centrifuge cells at 120 x4 for 4 min at 4 °C.
Resuspend single cells in 1 ml ice-cold buffer A (see Note 2).

. Dounce gently with 10-12 strokes in a chilled B-type (tight)

7 ml Dounce homogenizer (see Note 3).

. Dilute with equal volume, 1 ml, of ice-cold buffer B. Wash

walls of Dounce as you add buffer B (see Note 4). Pipette
gently to mix the two buffers.

Pipette the 2 ml of buffer A /B suspension gently onto the wall
of the tube immediately above the sucrose cushion provided
by buffer C. There should be minimal mixing of the cell sus-
pension with the sucrose cushion (Fig. 1).

Centrifuge at 300 x g for 5 min at 4 °C.
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b

Cytosolic fraction

Dounced material Mixed interface

0.33 M sucrose cushion Pelleted nuclei

Fig. 1 (a) This cartoon demonstrates that dounced material should be placed over the sucrose cushion by tilt-
ing the round-bottom tube to an angle and adding the dounced material along the walls of the tube close to
the interface with the sucrose cushion. (b) This demonstrates the position for cytosolic and nuclear fraction.
Nuclei will be pelleted at the bottom of the tube whereas the top 1 ml fraction will be the cytosolic fraction

3.1.2 Testing the Purity
of Nuclear Fraction

3.2 Trizol Extraction
of Nuclear RNA

1.

1.

. If the cytoplasmic fraction is to be retained remove 1 ml of the
cytoplasmic fraction from the top layer avoiding the interface
with the sucrose cushion and place on ice in a fresh 14.5 ml
tube. Pipette off and dispose of the mixed interface of remain-
ing cytoplasm-contaminated solution and about half of the
sucrose cushion. Pour oft remaining sucrose cushion and
resuspend the nuclear pellet in 1 ml ice-cold 1x RSB.

Remove 50 pl of the suspended nuclei and cytoplasmic frac-
tion, dilute each with 50 pl 2x RIPA buffer containing prote-
ase inhibitors, mix by pipetting, and incubate on ice for 5 min.
Centrifuge at 10,000 x4 for 10 min at 4 °C.

. Nuclear and cytoplasmic fractions can be tested using a stan-
dard Western blotting protocol. After transfer the membrane
can be incubated with both rabbit polyclonal anti-Ubf] anti-
body (nuclear protein) at a 1:1000 dilution and mouse mono-
clonal anti-cyclophilin A (cytoplasmic protein) antibody at a
1:1000 dilution for 2 h at room temperature, washed and incu-
bated with secondary antibodies: goat anti-rabbit and goat anti-
mouse, HRP-conjugated both at 1:1000 dilution, and washed
and developed using Bio-Rad Clarity Western ECL kit (Fig. 2).

Working in the 14.5 ml round-bottom tubes, add 3 ml Trizol
LS to each 1 ml nuclear or cytoplasmic fraction, mix well by
pipetting to homogenize the sample; if necessary, snap freeze
on dry ice, and store at -80 °C for later processing while
checking the purity of the nuclear and cytoplasmic fractions.

2. When ready thaw samples completely on ice.

. Incubate at room temperature for 5 min.
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Cytoplasmic fraction Nuclear fraction

CE1 CE2 CE3 NE1 NE2 NE3

e s wses  UBF-1(90KDa)
Nuclear protein
extract loading
control

Cyclophilin A —— =

Cytoplasmic
protein extract
loading control

(~ 18KDa)

Fig. 2 Immunoblot showing the purity of three different ES cell cytoplasmic (CE1, CE2, CE3) and nuclear extrac-
tions (NE1, NE2, NE3). Cyclophilin A (cytoplasmic protein loading control) and UBF-1 (nuclear protein loading
control) were detected simultaneously in all fractions on one immunoblot. Only UBF-1 is detected in the nuclear
fractions and only Cyclophilin A is detected in the cytoplasmic fraction indicating that the fractions are pure

4.

Add 0.8 ml chloroform, cap tightly, and mix by inverting ten
times.

Incubate at room temperature for 2-15 min.

6. Centrifuge at 12,000 x g for 15 min at 4 °C.

10.

11.
12.
13.

14.

Remove the upper aqueous phase to a new tube avoiding the
interphase which contains genomic DNA.

. Add 2 ml of 100 % isopropanol to the aqueous phase. Cap

tightly, mix, and incubate for 10 min at room temperature.
Centrifuge at 12,000 x4 for 10 min at 4 °C.

Remove the supernatant from the tube, leaving the RNA
pellet.

Wash pellet with 4 ml of 75 % EtOH.

Centrifuge at 7500 x g for 5 min at 4 °C.

Mark the location of the RNA pellet on the outside of the tube

with an EtOH resistant marker and then carefully pour off the
supernatant.

Centrifuge briefly at 7500 x g at 4 °C to pellet any remaining
75 % EtOH which should be carefully removed with a pipette,
avoiding touching the RNA pellet.
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15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.
28.
29.
30.
31.

32.

33.

34.

35.

36.

Air-dry the pellet on ice for about 5 min but do not allow it to
dry completely or the RNA will become less soluble.

Resuspend the pellet in 50 pl RNase-free Sigma water and
transfer to a clear 1.5 ml tube. Quantitate samples to deter-
mine yield and purity.

Working on ice, for each sample take <10 pg of RNA and add
Sigma water to a final volume of 79 pl.

To each sample add 10 pl 10x DNase I buffer containing
MgCl,, 1 pl Ribolock, and 10 pl DNase I. Mix by flicking
gently and give the tubes a quick spin.

Incubate for 30 min at 37 °C.
Add 100 pl acid phenol/chloroform (see Note 5). Mix by

inverting ten times and incubate at room temperature for 2 min.
Centrifuge at 12,000 x4 for 15 min at 4 °C.

Remove the upper aqueous phase to a fresh tube avoiding the
interphase. Store this tube on ice during steps 23-25.

Add 150 pl Sigma water to the remaining acid phenol. Mix by
inverting ten times and incubate at room temperature for
2 min.

Centrifuge at 12,000 x4 for 15 min at 4 °C.

Remove the upper aqueous phase, avoiding the interphase,
and combine it with the first aqueous fraction.

Add 1/10 volume 3 M sodium acetate (pH 5.2) and 2.5 vol-
umes of ice-cold 100 % ethanol to precipitate the RNA.

Centrifuge at 12,000 x4 for 10 min at 4 °C.

Remove the supernatant from the tube leaving the RNA pellet.
Wash pellet with 1 ml of 75 % EtOH.

Centrifuge at 7500 x g for 5 min at 4 °C.

Mark the location of the RNA pellet on the outside of the tube
with an EtOH-resistant marker and then carefully pour off the
supernatant.

Centrifuge briefly at 7500 x g at 4 °C to pellet any remaining
75 % EtOH which should be carefully removed with a pipette,
avoiding touching the RNA pellet.

Air-dry the pellet on ice for about 5 min but do not allow it to
dry completely or the RNA will become less soluble.

Resuspend the pellet in 20-50 pl RNase-free Sigma water.
Quantitate samples to determine yield and purity.

Run the sample on an Agilent Bioanalyzer to determine RNA
integrity and quantity (se¢ Note 6).

RT-qPCR may be used to determine the location of specific
transcripts within the cell (see Note 7).
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In Mitchell et al. 2012 library preparation was performed accord-
ing to the Illumina PE protocol, incorporating improvements sug-
gested in Quail et al. 2008, with reactions scaled according to
starting DNA quantity [5]. Other methods that preserve RNA
strand information could also be used, for example the Illumina
TruSeq Stranded Total RNA Sample Preparation Kit.

4 Notes

1. Triton X-100 is a mild nonionic detergent used to solubilize
cytoplasmic membrane proteins but the nuclear membrane
needs to remain intact; vary the concentration of detergent to
optimize the protocol for different cell types. We routinely test
0.1, 0.2, and 0.5 %, although some cells may require more or
less detergent for optimal results.

2. In order to obtain a more concentrated cell suspension, less vol-
ume of buffers A and B can be used, for example 0.5 ml of each.

3. Gentle douncing is required to prevent bursting the nuclei.
Nuclei can be observed using an inverted microscope; nuclei
should be round and intact with few cytoplasmic shreds. The
Dounce homogenizer should be cleaned between each use
with RNase Zap (Thermo Fisher Scientific, AM9780) fol-
lowed by Sigma water.

4. Use 14.5 ml polypropylene round-bottom (Sarstedt,
62.515.000) tubes for sucrose cushions. Pipette solution gen-
tly and slowly onto the wall of the tube immediately above the
sucrose cushion. Tilting the tube will reduce mixing of the cell
fraction with the sucrose cushion (Fig. 1).

5. Acid phenol/chloroform is used to separate RNA from
DNA. The RNA will partition into the upper aqueous phase
while the DNA will remain at the interphase with the phenol
solution. Avoid contaminating the RNA with excessive DNA
by leaving the last 100 pl of the aqueous phase.

6. This step may be done for you by a sequencing facility prior to
library construction.

7. Perform reverse transcription using random primers as many
nuclear RNA will not be polyadenylated. For protein-coding
genes containing intron sequences, introns will be preferentially
found in the nuclear fraction as introns are co-transcriptionally
spliced [6], whereas exon sequences will usually be equally par-
titioned between the nuclear and cytoplasmic fractions. Many
IncRNAs are retained in the nucleus, for example Azrn, and will
be found almost exclusively in the nuclear fraction [4]. Primers
that can be used to detect intron, exon, and noncoding
transcripts in the mouse genome are provided in Table 1.
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Fig. 3 Relative quantities of each sequence in the nuclear (NucRNA) and cytoplasmic (CytoRNA) fractions

Note that these primers work well for qQPCR using iQ™ SYBR
Green Supermix (Bio-Rad, 170-8880). Absolute quantification
(using the standard curve method) per ng RNA used in the
reverse transcription reaction should be applied as a reference
gene is not used to normalize expression between the nuclear

and cytoplasmic fractions (Fig. 3).
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Chapter 8

Targeted LncRNA Sequencing with the SeqCap RNA
Enrichment System

John C. Tan, Venera D. Bouriakoy, Liang Feng, Todd A. Richmond,
and Daniel Burgess

Abstract

Sequencing-based whole-transcriptome analysis (i.e., RNA-Seq) can be a powerful tool when used to
measure gene expression, detect novel transcripts, characterize transcript isoforms, and identify sequence
polymorphisms. However, this method can be inefficient when the goal is to study only one component of
the transcriptome, such as long noncoding RNAs (IncRNAs), which constitute only a small fraction of
transcripts in a total RNA sample. Here, we describe a target enrichment method where a total RNA
sample is converted to a sequencing-ready ¢cDNA library and hybridized to a complex pool of IncRNA-
specific biotinylated long oligonucleotide capture probes prior to sequencing. The resulting sequence data
are highly enriched for the targets of interest, dramatically increasing the efficiency of next-generation
sequencing approaches for the analysis of IncRNAs.

Key words Target enrichment, SeqCap RNA, IncRNA sequencing, RNA-Seq, Rare transcript
detection

1 Introduction

Long noncoding RNAs (IncRNAs) have been increasingly appreci-
ated for their role in gene regulation and transcript splicing [ 1-3],
and impact on development [4-6] and disease [7-9]. Next-
generation sequencing (NGS)-based methods have greatly
advanced the identification and understanding of IncRNAs [10-
13]. However, standard whole-transcriptome sequencing-based
methods are inefficient when a researcher is interested primarily in
IncRNA transcripts, since a large proportion of the data is typically
derived from the transcripts of highly expressed protein-coding
genes. For example, Cabili et al. [13] observed approximately ten-
fold lower median maximal expression level of IncRNAs relative to
protein-coding genes in a dataset comprised of nearly 4.2 billion
sequencing reads.
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Researchers have demonstrated the use of Roche NimbleGen
Sequence Capture technology for hybrid capture of RNA follow-
ing conversion into cDNA libraries for targeted sequencing [ 14,
15]. These studies demonstrated that the target enrichment pro-
cess preserves the relative abundance of the transcripts. By
performing target enrichment with capture probes designed spe-
cifically for annotated IncRNAs, a researcher can focus their
sequencing output on IncRNA transcripts to reduce the number of
reads needed per sample to obtain results comparable to standard
RNA-Seq methods.

This document describes the Roche NimbleGen SeqCap RNA
Enrichment System. The general SeqCap RNA workflow is dis-
played in Fig. 1. The process, which starts with total RNA and
results in a sequencing-ready library, occurs over 2 days. On day 1,
total RNA is converted into a stranded ¢cDNA library which is
hybridized to capture probes in an overnight incubation step.
Multiple ¢cDNA libraries can be pooled prior to hybridization if
each library contains a unique molecular barcode (i.e., indexed
adapter); this is termed “pre-capture multiplexing.” On day 2, the
hybridized probe-target complexes are captured using streptavidin
beads, washed to remove non-targeted cDNA, and amplified by
PCR. If the enriched library meets the QC criteria, it is ready to
sequence.

The SeqCap IncRNA Enrichment Kit (Roche NimbleGen,
Inc., Madison, WI) contains a pool of capture probes targeting an
annotated set of IncRNAs and TUCPs (transcripts of uncertain
coding potential). The annotation for this design was obtained
from GENCODE [16] v19 and the Human Body Map Project
[13], and targets approximately 17 Mb of sequence representing
32,808 IncRNA and TUCP transcript isoforms. Target enrichment
with this capture design enriches for IncRNA transcripts when
compared to sequencing libraries without a target enrichment step
(i.e., standard RNA-Seq methods). Figure 2 shows the increased
sensitivity for IncRNA isoforms when comparing SeqCap RNA
with whole-transcriptome RNA-Seq. Even when comparing with
larger RNA-Seq datasets, the efficiency gain with SeqCap RNA is
clear; one million reads obtained using SeqCap RNA detected
more IncRNA isoforms than 20 million RNA-Seq reads. The cap-
ture methodology preserves the relative abundance of transcripts
in each sample and allows more sensitive detection of rare tran-
scripts, requiring less sequencing data on a per sample basis. If
desired, the capture probes used during the hybridization step can
be custom designed to target other transcripts of interest, and are
available as part of the SeqCap RNA Enrichment Kits (Roche
NimbleGen, Inc., Madison, WI).
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Fig. 2 Comparison of IncRNA isoform detection for captured (SeqCap RNA) and non-captured (RNA-Seq) librar-
ies. SeqCap RNA and RNA-Seq were used to analyze kidney and liver RNA samples. SeqCap RNA data was
generated starting with total RNA. RNA-Seq data was generated starting with ribo-depleted RNA. The sequence
data was subsampled to various numbers of reads (x-axis) from 1 to 20 million reads. SeqCap RNA data (red)
which includes a capture step detects more IncRNA isoforms than non-captured RNA-Seq data (black) even
with 20x less sequencing data

2 Materials

1. SeqCap IncRNA Enrichment Kit (4, 48, or 384 reactions:
Roche catalog # 07277270001, 07277288001, or
07277296001, respectively; see Note 1).

2. Consumables available from Roche Diagnostics.

(a) KAPA Stranded RNA-Seq Library Preparation Kit (24 or
96 reactions: Roche catalog # 07277261001 or
07277253001, respectively).

(b) SeqCap Adapter Kits A and/or B (96 reactions: Roche
catalog # 07141530001 or 07141548001 for Kit A and
B, respectively).

(c) SeqCap Hybridization and Wash Kit (24 or 96 reactions:
Roche catalog # 05634261001 or 05634253001,
respectively).

(d) SeqCap EZ Accessory Kit v2 (24 or 96 reactions: Roche
catalog # 07145594001 or 06776345001, respectively).

(e) SeqCap HE-Oligo Kits A and/or B (96 reactions: Roche
catalog # 06777287001 or 06777317001 for Kit A and
B, respectively).

(f) SeqCap Pure Capture Bead Kit (24 reactions: Roche cata-
log # 06977952001).

(g) Water, PCRgrade (4 x 25 ml: Roche catalog #03315843001).
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. Consumables purchased from other vendors.

(a) Agilent DNA 1000 Kit (1 kit: Agilent catalog #
5067-1504).

(b) Agilent RNA 6000 Nano Kit (1 kit: Agilent catalog #
5067-1511).

(c) Agencourt AMPure XP Beads (5, 60, or 450 ml: Beckman
Coulter catalog # A63880, A63881, or A63882,
respectively).

(d) ERCC RNA Spike-In Mix (1 kit: Life Technologies cata-
log # 4456740).

(e) Ethanol, 200 proof, for molecular biology.
(f) TE bufter, 1x solution pH 8.0, low EDTA.

(g) Elution buffer (10 mM Tris—HCI, pH 8.0) available from
multiple vendors.

3 Methods

3.1 Store the SeqCap
RNA Enrichment
System Reagents

3.1.1 Aliquot the SeqCap
RNA Enrichment System
Probe Pool (See Note 2)

3.1.2 Store the Frozen
Reagents

3.1.3 Store
the Refrigerated Reagents

. If frozen, thaw the tube of SeqCap RNA probe pool on ice.
2. Vortex the SeqCap RNA probe pool for 3 s.
. Centrifuge the tube of SeqCap RNA probe pool at 10,000 x g4

for 30 s to ensure that the liquid is at the bottom of the tube
before opening the tube.

. Aliquot the SeqCap RNA probe pool into single-use aliquots

(4.5 pl/aliquot) in 0.2 ml PCR tubes (or 96-well plates, it desired)
and store at —15 to -25 °C until use. The presence of some resid-
ual volume after dispensing all single-use aliquots is normal.

. When ready to perform the experiment, thaw the required

number of single-use SeqCap RNA probe pool aliquots on ice.

Note: The SeqCap RNA probe pool should not undergo multi-
ple freeze/thaw cycles. To help ensure the highest performance
of the SeqCap RNA probe pool, Roche NimbleGen recom-
mends aliquoting the SeqCap RNA probe pool into single-use
volumes to prevent damage from successive freeze /thaw cycles.

. Upon receipt, store the KAPA Stranded RNA-Seq Library

Preparation Kit, SeqCap EZ Accessory Kit v2, SeqCap
Hybridization and Wash Kit, SeqCap Adapter Kits A and B, and
SeqCap HE-Oligo Kits A and B at -15 to -25 °C until use.

. Upon receipt, store the SeqCap Pure Capture Bead Kit at +2

to +8 °C until use.
Note: The SeqCap Pure Capture Bead Kit must not be frozen
(see Note 3).



78 John C. Tan et al.

3.2 QcCthe RNA Note: Resuspend the Index Adapters on ice. Care should be taken
Sample and Prepare when opening tubes to avoid loss of the lyophilized pellet.

the Sample Library

3.2.1 Resuspend
the Index Adapters

322 QC 1.

the RNA Sample

3.2.3 Prepare 1.

the Sample Library

1.

Spin the lyophilized index adapters, contained in the SeqCap
Adapter Kit A and/or B, briefly to allow the contents to pellet
at the bottom of the tube.

. Add 50 pl cold, PCR-grade water to the each of the 12 tubes

labeled “SeqCap Index Adapter” in the SeqCap Adapter Kit A
and/or B. Keep adapters on ice.

. Briefly vortex the index adapters plus PCR-grade water and

spin down the resuspended index adapter tubes.

. The resuspended index adapter tubes should be stored at -15

to -25 °C.

Analyze RNA samples using the Agilent Bioanalyzer and RNA
6000 Nano Kit following the manufacturer’s instructions.

. Bioanalyzer traces of total RNA samples derived from human

tissue should exhibit two strong peaks from ribosomal RNA
with little background signal. Compare your traces to refer-
ence traces from RNA for the organism being researched. If
the RNA sample appears degraded, then obtain a new RNA
sample. Proceeding with a degraded RNA sample may lead to
suboptimal results (se¢ Note 4).

Spike-in ERCC controls into 100 ng of total RNA following
the manufacturer’s instructions.

2. Pipet up and down ten times to mix.

. Adjust the volume of the combined RNA sample and ERCC

spike-in control to a total volume of 10 pl in PCR-grade water.

. Perform RNA fragmentation.

(a) To each 10 pl spiked sample add 10 pl 2x fragment, prime,
and elute buffer, resulting in a total volume of 20 pl (Table 1).

(b) Keeping the samples on ice, mix thoroughly by gently
pipetting up and down several times.

(c) Fragment and prime sample(s) by incubating for 8§ min @
94 °C.

(d) Following incubation, place tube(s) on ice and proceed
immediately to the next step.

. Synthesize first-strand cDNA.

(a) Assemble first-strand synthesis master mix on ice (Table 2;
volumes include 20 % excess pipetting volume per sample).
(b) To each 20 pl fragmented RNA sample, add 10 pl of first-
strand synthesis master mix, resulting in a total volume of

30 pl (Table 3).
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Table 1
Fragment, prime, and elute reagents

Component Volume (jul)
RNA sample (100 ng)+ERCC control 10
2x fragment, prime, and elute buffer 10
Total 20
Table 2

First-strand synthesis master mix

First-strand synthesis master mix Per individual sample library (jul)

First-strand synthesis buffer 11

KAPA script 1

Total 12
Table 3

First-strand synthesis reagents

Component Volume (pl)
Fragmented, primed RNA 20
First-strand synthesis master mix 10
Total 30

(c) Keeping the sample on ice, mix thoroughly by gently
pipetting up and down several times.

(d) Synthesize first-strand cDNA following the first-strand
synthesis program (se¢ Note 2):
e Step 1: 10 min @ +25 °C.
e Step 2: 15 min @ +42 °C.
e Step 3: 15 min @ +70 °C.

e Step 4: Hold @ +4 °C.

(e) Keep the tube(s) on ice and proceed immediately to the
next step.

6. Synthesize and mark second-strand cDNA.
(a) Assemble second-strand synthesis and marking master

mix on ice (Table 4; volumes include 10 % excess pipetting
volume per sample).
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Table 4
Second-strand synthesis and marking master mix

Second-strand synthesis and marking Per individual sample
master mix library (pl)
Second-strand marking buffer 31
Second-strand synthesis enzyme mix 2
Total 33

Table 5

Second-strand synthesis reagents

Component Volume (pl)
First-strand cDNA 30
Second-strand synthesis and marking master mix 30
Total 60

(b) To each 30 pl sample add 30 pl of second-strand synthesis
and marking master mix, resulting in a total volume of

60 pl (Table 5).

(c) Mix thoroughly by gently pipetting up and down several
times.

(d) Synthesize and mark second-strand cDNA following the
second-strand synthesis program (se¢ Note 2):

e Step 1: 60 min @ +16 °C.
e Step 2: Hold @ +4 °C.

(e) Keep tube(s) on ice and proceed immediately to the next
step.

7. Clean up double-stranded cDNA.

(a) To each 60 pl second-strand cDNA synthesis reaction, add
108 pl of Agencourt AMPure XP beads, prewarmed to

room temperature, resulting in a total volume of 168 pl
(Table 6; see Note 5).

(b) Mix thoroughly by pipetting up and down multiple times.

(c) Incubate the tube at room temperature for 15 min to
allow the cDNA to bind to the beads.

(d) Place the tube on a magnet to capture the beads. Incubate
until the liquid is clear.

(e) Carefully remove and discard the supernatant.
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Table 6
Second-strand synthesis bead-based cleanup

Component Volume (jul)
Second-strand synthesis reaction 60
Agencourt AMPure XP beads 108
Total 168

Table 7

A-tailing master mix
A-tailing master mix Per individual sample library (jl)
PCR-grade water 24
10x KAPA A-tailing buffer 3
KAPA A-tailing enzyme 3
Total 30

(f) Keeping the tube on the magnet, add 200 pl of freshly
prepared 80 % ethanol (see Note 6).

(g) Incubate the tube at room temperature for >30 s.
(h) Carefully remove and discard the ethanol.

(i) Keeping the tube on the magnet, add 200 pl of freshly
prepared 80 % ethanol.

(j) Incubate the tube at room temperature for >30 s.

(k) Carefully remove and discard the ethanol. Try to remove
all residual ethanol without disturbing the beads.

(I) Allow the beads to dry at room temperature, sufficiently
for all the ethanol to evaporate.
Note: Over-drying the beads may result in dramatic yield
loss.

(m)Remove the tube from the magnet.
(n) Proceed immediately with the next step.

8. Perform A-tailing.

(a) Assemble A-Tailing master mix (Table 7).

(b) Thoroughly resuspend the beads with 30 pl of the A-tailing
master mix (per reaction) by pipetting up and down mul-
tiple times.
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Table 8
SeqCap adapter reagents

SeqCap adapter working dilution (700 nM)

Per individual sample
library (pl)

PCR-grade water 9.3

Stock concentration SeqCap Adapter (10 pM) 0.7

Total 10
Table 9

Adapter ligation master mix

Adapter ligation master mix

Per individual sample
library (pul)

PCR-grade water

5x KAPA ligation buffer
KAPA T4 DNA ligase
Total

16
14

5
35

(c) Perform A-tailing reaction following the cDNA A-tailing

program (see Note 2):

e Step 1: 30 min @ +30 °C.
e Step 2: 30 min @ +60 °C.
e Step 3: Hold @ +4 °C.

(d) Proceed immediately to the next step.

9. Adapter ligation.

(a) Generate a 700 nM adapter working dilution for the
adapter ligation reaction (Table 8; volumes include 100 %
excess pipetting volume per sample; se¢ Note 7).

(b) Assemble adapter ligation master mix (Table 9).

(c) To each 30 pl A-tailing reaction add 35 pl of the adapter
ligation master mix, resulting in a total volume of 65 pl.

(d) Mix by pipetting up and down multiple times.

(e) To the 65 pl mixture of ligation master mix plus cDNA
and beads add 5 pl of the SeqCap Library Adapter working
dilution (with the desired index), resulting in a total vol-

ume of 70 pl (Table 10).

Note: Ensure that you record the index used for each

sample.
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Table 10
Adapter ligation reagents

Component Per individual sample library (jul)
A-tailing reaction 30
Adapter ligation master mix 35
SeqCap library adapter 5
Total 70
Table 11

Adapter ligation, first cleanup reagents

Component Per individual sample library (jl)
Adapter ligation reaction 70
PEG/NaCl SPRI solution 70
Total 140

(f) Pipette up and down ten times to mix.
(g) Incubate the adapter ligation reaction for 15 min @ +20 °C.
(h) Proceed immediately to the next step.
10. First post-ligation cleanup.
(a) To each 70 pl adapter ligation reaction add 70 pl of thawed

PEG/NaCl SPRI solution, resulting in a total volume of
140 pl (Table 11).

(b) Mix thoroughly by pipetting up and down multiple times.

(¢) Incubate the tube at room temperature for 15 min to
allow the cDNA to bind to the beads.

(d) Place the tube on a magnet to capture the beads. Incubate
until the liquid is clear.

(e) Carefully remove and discard 135 pl of supernatant.

(f) Keeping the tube on the magnet, add 200 pl of freshly
prepared 80 % ethanol.

(g) Incubate the tube at room temperature for >30 s.
(h) Carefully remove and discard the ethanol.

(1) Keeping the tube on the magnet, add 200 pl of freshly
prepared 80 % ethanol.

(j) Incubate the tube at room temperature for >30 s.

(k) Carefully remove and discard the ethanol. Try to remove
all residual ethanol without disturbing the beads.
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Table 12
Adapter ligation, second cleanup reagents

Component Per individual sample library ()
First post-ligation cleanup 50
PEG/NaCl SPRI solution 50
Total 100

11.

(I) Allow the beads to dry at room temperature, sufficiently
for all the ethanol to evaporate.
Note: Over-drying the beads may result in dramatic yield
loss.

(m)Remove the tube from the magnet.

(n) Thoroughly resuspend the beads in 50 pl of elution buffer
(10 mM Tris—-HCI, pH 8.0).

(o) Incubate the tube at room temperature for 2 min to allow
the cDNA to elute off the beads.

(p)Proceed immediately to the next step.
Second post-ligation cleanup.
(a) To each 50 pl resuspended cDNA with beads add 50 pl of

thawed PEG,/NaCl SPRI solution, resulting in a total vol-
ume of 100 pl (Table 12).

(b) Mix thoroughly by pipetting up and down multiple times.

(¢) Incubate the tube at room temperature for 15 min to
allow the cDNA to bind to the beads.

(d) Place the tube on a magnet to capture the beads. Incubate
until the liquid is clear.

(e) Carefully remove and discard 95 pl of supernatant.

(f) Keeping the tube on the magnet, add 200 pl of freshly
prepared 80 % ethanol.

(g) Incubate the tube at room temperature for >30 s.

(h) Carefully remove and discard the ethanol.

(i) Keeping the tube on the magnet, add 200 pl of freshly
prepared 80 % ethanol.

(j) Incubate the tube at room temperature for >30 s.

(k) Carefully remove and discard the ethanol. Try to remove
all residual ethanol without disturbing the beads.

(1) Allow the beads to dry at room temperature, sufficiently
for all the ethanol to evaporate.
Note: Over-drying the beads may result in dramatic yield
loss.
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Table 13
Pre-capture LM-PCR master mix

Per individual sample library

Pre-capture LM-PCR master mix or control ()
2x KAPA HiFi HotStart Readymix 25
10x KAPA library amplification 5

primer mix*

Total 30

*Pre-capture LM-PCR oligos are in the 10x KAPA Library Amplification Primer Mix,
which is contained within the KAPA Stranded RNA Library Preparation Kit

(m)Remove the tube from the magnet.

(n) Thoroughly resuspend the beads in 22.5 pl of elution
bufter (10 mM Tris—HCI, pH 8.0).

(o) Incubate the tube at room temperature for 2 min to allow
the cDNA to elute oft the beads.

(p) Place the tube on a magnet to capture the beads. Incubate
until the liquid is clear.

(q) Transfer 20 pl of the clear supernatant to a new 0.2 ml
PCR tube.

(r) Proceed to the next step, or store the solution at +4 °C for
up to 1 week, or at —20 °C for up to 1 month.

3.3 Amplify 1. Assemble the pre-capture LM-PCR master mix on ice
the Sample Library (Table 13; see Note 8).

Using LM-PCR 2. Mix well by pipetting up and down ten times.

3.3.1 Prepare 3. To each 20 pl sample in a PCR tube/well add 30 pl of
the Pre-capture pre-capture LM-PCR master mix, resulting in a total volume
LM-PCR Master Mix of 50 pl.

4. Mix well by pipetting up and down several times. Do not vortex.

3.3.2  Perform the Pre- 1. Place the PCR tube (or 96-well PCR plate) in the
capture PCR Amplification thermocycler.

2. Amplify the sample library using the following cDNA pre-
capture LM-PCR program (se¢ Notes 2 and 9):
(a) Step 1: 45 s @ +98 °C.
(b) Step 2: 15 s @ +98 °C.
(c) Step 3: 30 s @ +60 °C.
(d) Step 4: 30 s @ +72 °C.
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3.3.3 Purify the Amplified
Sample Library

with Agencourt AMPure XP
Beads (See Note 10)

(e) Step 5: Go to step 2, repeat ten times (for a total of 11
cycles).

(f) Step 6: 5 min @ +72 °C.

(g) Step 7: Hold @ +4 °C.

. Allow the Agencourt AMPure XP Beads, contained in the

SeqCap Pure Capture Bead Kit, to warm to room temperature
for at least 30 min before use.

. Vortex the beads for 10 s before use to ensure a homogenous

mixture of beads.

. Add 50 pl (or 1.0x volume) Agencourt AMPure XP Beads to

the 50 pl amplified, sample library.

4. Mix thoroughly by pipetting up and down several times.

. Incubate at room temperature for 15 min to allow the cDNA

to bind to the beads.

. Place the tube on a magnetic particle collector to capture the

beads. Incubate until the liquid is clear.

7. Carefully remove and discard 95 pl of supernatant.

12.
13.

14.

15.

16.

17.
18.

19.

. Keeping the tube on the magnetic particle collector, add 200 pl

of freshly prepared 80 % ethanol.

. Incubate the tube at room temperature for >30 s.
10.
11.

Carefully remove and discard the ethanol.

Keeping the tube on the magnetic particle collector, add 200 pl
of freshly prepared 80 % ethanol.

Incubate the tube at room temperature for >30 s.

Caretully remove and discard the ethanol. Try to remove all
residual ethanol without disturbing the beads.

Allow the beads to dry at room temperature, sufficiently for all
the ethanol to evaporate.
Note: Over-drying the beads may result in dramatic yield loss.

Remove the tube from the magnetic particle collector and
resuspend the cDNA using 52 pl of PCR-grade water.

Note: It is critical that the amplified sample library is eluted
with PCR-grade water and not buffer EB or 1x TE.

Pipette up and down ten times to mix to ensure that all of the
beads are resuspended.

Incubate at room temperature for 2 min.

Place the tube back in the magnetic particle collector and allow
the solution to clear.

Remove 50 pl of the supernatant that now contains the ampli-
fied sample library and transfer into a new 1.5 ml tube.
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1. Measure the A260,/A280 ratio of the amplified sample library

to quantify the cDNA concentration using a NanoDrop spec-
trophotometer and determine the cDNA quality.

Note: When working with samples that will be pooled for
hybridization (i.e., pre-capture multiplexing; se¢ Note 11),
accurate quantitation is essential. Alternative quantitation
methods, such as those that are fluorometry based, should be
used in place of, or in addition to, the NanoDrop spectropho-
tometer. Slight differences in the molar concentration of each
sample pooled to form the “multiplex cDNA sample library
pool” will result in variations in the total number of sequenc-
ing reads obtained for each library in the pool.

(a) The A260,/A280 ratio should be 1.7-2.0.
(b) The sample library yield should be >1.0 pg.

(c) The negative control vield should be negligible. If this is
not the case, the measurement may be high due to the
presence of unincorporated primers carried over from the
LM-PCR reaction and not an indication of possible con-
tamination between amplified sample libraries.

. Run 1 pl of each amplified sample library (and any negative

controls) on an Agilent DNA 1000 chip. Run the chip accord-
ing to the manufacturer’s instructions.

(a) The Bioanalyzer should indicate that average fragment
size falls between 150 and 500 bp (Fig. 3) when fragment-
ing input RNA to a 100-250 bp size range.

T T 1
15 50

T
100

T T T T T T T T
150 200 300 400 500 700 1500 [bp]

Fig. 3 Example of an amplified sample library analyzed using an Agilent DNA 1000 chip
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3.4 Hybridize
the Sample

and SeqCap RNA
Probe Pool

3.4.1 Prepare
for Hybridization

3.4.2 Resuspend

the SeqCap HE Universal
and SeqCap

HE Index Oligos

3.4.3 Prepare
the Multiplex cDNA Sample
Library Pool

3.

(b) The negative control should not show any significant
signal within this size range, which could indicate contam-
ination between amplified sample libraries. A sharp peak
may be visible below 150 bp. If the negative control
reaction shows a positive signal by the NanoDrop spectro-
photometer but the Bioanalyzer trace indicates only the
presence of a sharp peak below 150 bp in size, then the
negative control should not be considered contaminated.

If the amplified sample library meets these requirements, pro-
ceed to the next step. If the amplified sample library does not
meet these requirements, reconstruct the library.

Note: The hybridization protocol requires a thermocycler capable
of maintaining +47 °C for 16-20 h (see Note 12). A programma-
ble heated lid is required.

1.

Turn on a heat block to +95 °C and let it equilibrate to the set
temperature.

. Remove the appropriate number of 4.5 pl SeqCap RNA probe

pool aliquots (one per sample library) from the -15 to -25 °C
freezer and allow them to thaw on ice.

. Spin the lyophilized oligo tubes, contained in the SeqCap HE-

Oligo Kits A and/or B, briefly to allow the contents to pellet
to the bottom of the tube.

. Add 120 pl PCR-grade water to the SeqCap HE Universal

Oligo tube (1000 pM final concentration).

. Add 10 pl PCR-grade water to each SeqCap HE Index Oligo

tube (1000 pM final concentration).

. Vortex the primers plus PCR-grade water for 5 s and spin

down the resuspended oligo tube.

. The resuspended oligo tube should be stored at 15 to =25 °C.

Note: To prevent damage to the hybridization-enhancing
(HE) oligos due to multiple freeze/thaw cycles, once resus-
pended the oligos can be aliquoted into smaller volumes to
minimize the number of freeze /thaw cycles.

. Thaw on ice (if frozen) each of the uniquely indexed amplified

cDNA sample libraries that will be included in the multiplex
capture experiment.

. Mix together equal amounts (by mass) of each of these ampli-

fied cDNA sample libraries to obtain a single pool with a com-
bined mass of 1 pg. This mixture will subsequently be referred
to as the “multiplex cDNA sample library pool.”

Note: To obtain equal numbers of sequencing reads from each
component library in the multiplex cDNA sample library pool
upon completion of the experiment, it is very important to
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34.5 Prepare
the Hybridization Sample

Table 14
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Example multiplex cDNA sample library pool

Component

Amount

SeqCap HE Universal Oligo
SeqCap HE Index 2 Oligo
SeqCap HE Index 4 Oligo
SeqCap HE Index 6 Oligo
SeqCap HE Index 8 Oligo
Total

1000 pmol (1 pl of 1000 pM)
250 pmol (0.25 pl of 1000 pM)
250 pmol (0.25 pl of 1000 pM)
250 pmol (0.25 pl of 1000 pM)
250 pmol (0.25 pl of 1000 pM)
2000 pmol (2 pl of 1000 pM)

combine identical amounts of each independently amplified
c¢DNA sample library at this step. Accurate quantification and
pipetting are critical.

. Thaw on ice the resuspended SeqCap HE Universal Oligo

(1000 pM) and each resuspended SeqCap HE Index oligo
(1000 pM) that matches a DNA Adapter Index included in the
multiplex cDNA sample library pool.

. Mix together the HE oligos so that the resulting multiplex

hybridization-enhancing oligo pool contains, by mass, 50 %
SeqCap HE Universal Oligo and 50 % of a mixture of the
appropriate SeqCap HE Index oligos. The total combined
mass of the multiplex hybridization-enhancing oligo pool
should be 2000 pmol, which is the amount required for a
single sequence capture experiment.

. For example, if a multiplex cDNA sample library pool contains

four cDNA sample libraries prepared with SeqCap Adapter
Indexes 2, 4, 6, and 8, respectively, then the multiplex
hybridization-enhancing oligo pool would contain the reagents
listed in Table 14:

Note: Due to the difficulty of accurately pipetting small vol-

umes, it is recommended to either prepare a larger volume of the
multiplex hybridization-enhancing oligo pool using the 1000 pM
stocks or dilute the 1000 pM stocks and then pool. These pools
can be dispensed into individual single-use aliquots that can be
stored at -15 to -25 °C until needed. Additionally, it is important
that the individual SeqCap HE oligos contained in a multiplex
hybridization-enhancing oligo pool are precisely matched with the
adapter indexes present in the multiplex cDNA sample library pool
in a multiplexed sequence capture experiment.

1. Add 5 pl of COT human DNA (1 mg/ml), contained in the
SeqCap EZ Accessory Kit v2, to a new 1.5 ml tube.
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Table 15

Multiplex library with blocker and hybridization-enhancing reagents

Component Amount Volume (pl)
COT human DNA 5ug 5
Multiplex cDNA sample library pool 1 pg <50
Multiplex hybridization-enhancing oligo pool 2000 pmol 2

Total <57

. Add 1 pg of multiplex cDNA sample library to the 1.5 ml tube

containing 5 pl of COT human DNA.

. Add 2000 pmol of Multiplex hybridization-enhancing oligo

pool (1000 pmol SeqCap HE Universal Oligo and 1000 pmol
SeqCap HE Index Oligo pool) to the multiplex cDNA sample
library pool plus COT human DNA (Table 15).

. Close the tube’s lid and make a hole in the top of the tube’s

cap with an 18-20 G or smaller needle.

Note: The closed lid with a hole in the top of the tube’s cap is
a precaution to suppress contamination in the DNA vacuum
concentrator.

. Dry the multiplex cDNA sample library pool/COT human

DNA/multiplex hybridization-enhancing oligo pool in a DNA
vacuum concentrator on high heat (+60 °C).

Note: Denaturation of the DNA with high heat is not prob-
lematic after linker ligation because the hybridization utilizes
single-stranded DNA.

. To each dried-down multiplex cDNA sample library pool/

COT human DNA/multiplex hybridization-enhancing oligo
pool, add the following reagents contained in the SeqCap
hybridization and wash kit:

(a) 7.5 pl of 2x Hybridization buffer (vial 5).
(b) 3 ul of Hybridization component A (vial 6).

The tube with the multiplex cDNA sample library pool/
COT human DNA/multiplex hybridization-enhancing
oligo pool should now contain the components listed in
Table 16:

. Cover the hole in the tube’s cap with a sticker or small piece of

laboratory tape.

. Vortex the multiplex cDNA sample library pool /COT human

DNA/multiplex hybridization enhancing oligo pool plus
hybridization cocktail (2x hybridization buffer + hybridization
component A) for 10 s.

. Centrifuge at maximum speed for 10 s.
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and Recover

the Captured Multiplex
cDNA Sample

3.5.1 Prepare Sequence
Capture and Bead Wash
Buffers
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-II\-ITtII)IIt?;ng library with blocker, hybridization-enhancing, and hybridization
buffer reagents

Component Solution capture
COT human DNA 5pg

Multiplex cDNA sample library pool 1 pg

Multiplex hybridization-enhancing oligo pool 2000 pmol*

2x Hybridization buffer (vial 5) 7.5 pl
Hybridization component A (vial 6) 3pul

Total 10.5 pl

*Composed of 50 % (1000 pmol) SeqCap HE Universal Oligo and 50 % (1000 pmol)
of a mixture of the appropriate SeqCap HE Index oligos

10.

11.

12.

13.
14.

15.

Place the multiplex c¢DNA sample library pool/COT
human DNA /multiplex hybridization-enhancing oligo pool/
hybridization cocktail in a +95 °C heat block for 10 min to
denature the cDNA.

Centrifuge the multiplex ¢cDNA sample library pool/COT
human DNA /multiplex hybridization-enhancing oligo pool/
hybridization cocktail at maximum speed for 10 s at room
temperature.

Transfer the multiplex ¢cDNA sample library pool/COT
human DNA /multiplex hybridization-enhancing oligo pool/
hybridization cocktail to a 4.5 pl aliquot of SeqCap RNA probe
poolina 0.2 ml PCR tube (the entire volume can also be trans-
ferred to one well of a 96-well PCR plate).

Vortex for 3 s.

Centrifuge at maximum speed for 10 s.
The hybridization sample should now contain the components
listed in Table 17:

Incubate in a thermocycler at +47 °C for 16-20 h. The ther-
mocycler’s heated lid should be turned on and set to maintain
+57 °C (10 °C above the hybridization temperature).

Note: If'a sample has noticeable volume loss after the hybridization
step (e.g., due to sample evaporation), do not proceed to sample
processing. Perform a new hybridization with remaining or newly
generated material. It is extremely important that the water bath
temperature be closely monitored and remains at +47 °C. Because
the displayed temperatures on many water baths are often
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Table 18
Wash buffer reagents

Table 17
Multiplex library with all SeqCap RNA hybridization reagents

Component Solution capture
COT human DNA 5pg

Multiplex cDNA sample library pool 1 pg

Multiplex hybridization-enhancing oligo pool 2000 pmol®

2x Hybridization buffer (vial 5) 7.5 pl
Hybridization component A (vial 6) 3pul

SeqCap RNA probe pool 4.5 pl

Total 15 pl

*Composed of 50 % (1000 pmol) SeqCap HE Universal Oligo and 50 % (1000 pmol)
of a mixture of the appropriate SeqCap HE Index oligos

Volume of concentrated Volume of PCR-grade Total volume

Concentrated buffer buffer (pul) water (pul) of 1x buffer? (ul)
10x Stringent wash buffer 40 360 400
(vial 4)
10x Wash buffer I (vial 1) 30 270 300
10x Wash buffer II (vial 2) 20 180 200
10x Wash buffer III (vial 3) 20 180 200
2.5x Bead wash buffer (vial 7) 200 300 500

sStore working solutions at room temperature (+15 to +25 °C) for up to 2 weeks. The volumes in this table are calcu-
lated for a single experiment; scale up accordingly if multiple samples will be processed

imprecise, Roche NimbleGen recommends that you place an exter-
nal, calibrated thermometer in the water bath.

Equilibrate 1x stringent wash buffer and 1x wash buffer I at
+47 °C for at least 2 h before washing the captured multiplex
cDNA sample.

Volumes for an individual capture are shown here. When
preparing 1x buffers for processing multiple reactions, prepare an
excess volume of ~5 % to allow for complete pipetting (liquid-
handling systems may require an excess of ~20 %).

1. Dilute 10x wash buffers (I, II, III, and Stringent) and 2.5x
bead wash butffer to create 1x working solutions. All butfers are
contained in the SeqCap hybridization and wash kit (Table 18).
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. Preheat the following wash buffers to +47 °C in a water bath:

(a) 400 pl of 1x stringent wash buffer.
(b) 100 pl of 1x wash buffer I.

Allow the capture beads, contained in the SeqCap Pure Capture
Bead Kit, to warm to room temperature for 30 min prior to
use (see Note 5).

2. Mix the beads thoroughly by vortexing for 15 s.

10.

11.

12.

3.5.3 Bind cDNA 1.

to the Capture Beads

. Aliquot 100 pl of beads for each capture into a single 1.5 ml

tube (i.e., for one capture use 100 pl beads and for four cap-
tures use 400 pl beads). Enough beads for six captures can be
prepared in a single tube.

. Place the tube in a DynaMag-2 device. When the liquid

becomes clear (should take less than 5 min), remove and dis-
card the liquid being careful to leave all of the beads in the
tube. Any remaining traces of liquid will be removed with sub-
sequent wash steps.

. While the tube is in the DynaMag-2 device, add twice the

initial volume of beads of 1x bead wash buffer (i.e., for one
capture use 200 pl of buffer and for four captures use 800 pl
bufter).

. Remove the tube from the DynaMag-2 device and vortex

for 10 s.

. Place the tube back in the DynaMag-2 device to bind the

beads. Once clear, remove and discard the liquid.

. Repeat above three steps for a total of two washes.

. After removing the buffer following the second wash, resus-

pend by vortexing the beads in 1x the original volume using
the 1x bead wash buffer (i.e., for one capture use 100 pl buffer
and for four captures use 400 pl bufter).

Aliquot 100 pl of resuspended beads into new 0.2 ml tubes
(i.e., one tube for each capture).

Place the tube in the DynaMag-2 device to bind the beads.
Once clear, remove and discard the liquid.

The capture beads are now ready to bind the captured
cDNA. Proceed immediately to the next step.

Note: Do not allow the SeqCap capture beads to dry out.
Small amounts of residual bead wash buffer will not interfere
with binding of cDNA to the capture beads.

Transfer the hybridization samples to the capture beads pre-
pared in the previous step. Ensure that at least 12.5 pl of each
hybridization sample can be transferred to the capture beads.
Mix thoroughly by pipetting up and down ten times.
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3.5.4 Wash the Capture
Beads plus Bound cDNA

p—

® N O Ul N

11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

. Bind the captured sample to the beads by placing the tubes

containing the beads and ¢DNA in a thermocycler set to
+47 °C for 45 min (heated lid set to +57 °C). Mix the samples
by vortexing for 3 s at 15-min intervals to ensure that the
beads remain in suspension. It is helpful to have a vortex mixer
located close to the thermocycler for this step.

. After the 45-min incubation, add 100 pl of 1x wash buffer I

heated to +47 °C to the 15 pl of capture beads plus bound cDNA.

. Mix by vortexing for 10 s.

. Transfer the entire content of each 0.2 ml tube to a 1.5 ml tube.

Place the tubes in the DynaMag-2 device to bind the beads.

. Remove and discard the liquid once clear.
. Remove the tubes from the DynaMag-2 device.
. Add 200 pl of 1x stringent wash buffer heated to +47 °C.

. Pipette up and down ten times to mix. Work quickly so that

the temperature does not drop much below +47 °C.

. Incubate at +47 °C for 5 min.
10.

Repeat above six steps (starting with “Place the tubes in the
DynaMag-2 device to bind the beads”) for a total of two
washes using 1x stringent wash buffer heated to +47 °C.

Place the tubes in the DynaMag-2 device to bind the beads.
Remove and discard the liquid once clear.

Add 200 pl of room-temperature 1x wash buffer I and mix by
vortexing for 2 min (see Note 13). Ifliquid has collected in the
tube’s cap, tap the tube gently to collect the liquid into the
tube’s bottom before continuing to the next step.

Place the tubes in the DynaMag-2 device to bind the beads.
Remove and discard the liquid once clear.

Add 200 pl of room-temperature 1x wash buffer II.

Mix by vortexing for 1 min.

Place the tubes in the DynaMag-2 device to bind the beads.
Remove and discard the liquid once clear.

Add 200 pl of room-temperature 1x wash buffer I11.

Mix by vortexing for 30 s.

Place the tubes in the DynaMag-2 device to bind the beads.
Remove and discard the liquid once clear.

Remove the tubes from the DynaMag-2 device.

Add 50 pl PCR-grade water to each tube of bead-bound cap-
tured sample.

Store the beads plus captured samples at -15 to -25 °C or
proceed to the next step.
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the Captured Multiplex
cDNA Sample
Using LM-PCR
3.6.1 Resuspend 2
the Post-LM-PCR 0ligos
3
4
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Note: There is no need to elute cDNA off the beads. The
beads plus captured cDNA will be used as template in the post-
capture LM-PCR.

Briefly spin the lyophilized “post-LM-PCR Oligos 1 and 2,”
contained in the SeqCap EZ Accessory Kit v2, to allow the
contents to pellet at the bottom of the tube. Please note that
both oligos are contained within a single tube.

. Add 480 pl PCR-grade water to the tube of centrifuged

oligos.

. Briefly vortex the resuspended oligos.

. Spin down the tube to collect the contents.

5.

The resuspended oligo tube should be stored at =15 to =25 °C.

3.6.2 Prepare the Post- Note: The post-capture LM-PCR master mix and the individual

capture LM-PCR PCR tubes must be prepared on ice. Instructions for preparing

Master Mix individual PCR reactions are shown here. When assembling a mas-
ter mix for processing multiple samples, prepare an excess volume
of ~5 % to allow for complete pipetting (liquid-handling systems
may require an excess of ~20 %). Note that each captured multi-
plexed cDNA sample requires two PCR reactions.

1.

o N O U

Table 19

Assemble the post-capture LM-PCR master mix on ice
(Table 19; see Note 14).

. Pipette 30 pl of post-capture LM-PCR master mix into two

reaction tubes or wells.

. Vortex the bead-bound captured cDNA to ensure a homoge-

nous mixture of beads.

. Aliquot 20 pl of bead-bound captured cDNA as template into

cach of the two PCR tubes/wells.

. Mix well by pipetting up and down.

. Add 20 pl of PCR-grade water to the negative control.

. Mix well by pipetting up and down five times.

. Store the remaining bead-bound captured cDNA at -15 to

-25 °C.

Post-capture LM-PCR master mix

Per individual PCR reaction (two reactions per

Post-capture LM-PCR master mix cDNA sample) (pl)
KAPA HiFi HotStart Readymix (2x) 25
Post-LM-PCR oligos 1 and 2, 5 pM?* 5
Total 30

“The post-LM-PCR oligos are contained within the SeqCap EZ Accessory Kit v2
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3.6.3 Perform the Post-
capture PCR Amplification

3.6.4 PFurify

the Amplified, Captured
Multiplex cDNA Sample
Using Agencourt AMPure
XP Beads

10.

11.
12.

13.

. Place PCR tubes/plate in the thermocycler.
. Amplify the captured cDNA using the following post-capture

LM-PCR program (see Note 2):

(a) Step 1: 45 s @ +98 °C.
(b) Step 2: 15 s @ +98 °C.
(c) Step 3: 30 s @ +60 °C.
(d) Step 4: 30 s @ +72 °C.
(e)

e) Step 5: Go to step 2, repeat 13 times (for a total of
14 cycles).

(f) Step 6: 5 min @ +72 °C.
(g) Step 7: Hold @ +4 °C.

. Store reactions at +2 to +8 °C until ready for purification, up

to 72 h.

. Allow the DNA Purification Beads, contained in the SeqCap

Pure Capture Bead Kit, to warm to room temperature for at
least 30 min before use.

. Pool the like amplified, captured multiplex ¢cDNA sample

libraries into a 1.5 ml microcentrifuge tube (approximately
100 pl). Process the negative control in exactly the same way as
the amplified sample library.

. Vortex the Agencourt AMPure XP Beads for 10 s before use to

ensure a homogenous mixture of beads.

. Add 180 pl Agencourt AMPure XP Beads to the 100 pl pooled

amplified, captured multiplex cDNA sample library.

. Vortex briefly.

. Incubate at room temperature for 15 min to allow the cDNA

to bind to the beads.

. Place the tube containing the bead bound ¢cDNA in a magnetic

particle collector.

. Allow the solution to clear.

. Once clear, remove and discard the supernatant being careful

not to disturb the beads.

Add 200 pl freshly prepared 80 % ethanol to the tube contain-
ing the beads plus cDNA. The tube should be left in the mag-
netic particle collector during this step.

Incubate at room temperature for 30 s.

Remove and discard the 80 % ethanol, and repeat the above
three steps for a total of two washes with 80 % ethanol.

Following the second wash, remove and discard all of the 80 %
cthanol.



3.6.5 Determine

the Concentration, Size
Distribution, and Quality
of the Amplified, Captured

14.

15.
16.
17.

18.
19.

20.
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Allow the beads to dry at room temperature, sufficiently for all
the ethanol to evaporate.

Note: Over-drying of the beads can result in yield loss.
Remove the tube from the magnetic particle collector.
Resuspend the cDNA using 52 pl of PCR-grade water.

Pipet up and down ten times to mix to ensure that all of the
beads are resuspended.

Incubate at room temperature for 2 min.

Place the tube back in the magnetic particle collector and allow
the solution to clear.

Remove 50 pl of the supernatant that now contains the ampli-
fied, captured multiplex cDNA sample library pool and trans-
fer to a new 1.5 ml tube.

. Quantify the DNA concentration and measure the A260/

A280 ratio of the amplified, captured multiplex cDNA sample
and negative control using a NanoDrop Spectrophotometer.

(a) The A260,/A280 ration should be 1.7-2.0.

Multiplex cDNA Sample
P P (b) The LM-PCR yield should be >500 ng.
(c) The negative control should not show significant amplifi-
cation, which could be indicative of contamination.

2. Run 1 pl of the amplified, captured multiplex cDNA and nega-
tive control using an Agilent DNA 1000 chip (Fig. 4). Run the
chip according to the manufacturer’s instructions. Amplified,
captured multiplex cDNA should exhibit an average fragment
length between 150 and 500 bp.

FU] o
[FU] KR
100
Na)
80
60
40
20
0 -
15 50 100 150 200 300 400 500 700 1500 [bp]

Fig. 4 Example of successfully amplified, captured multiplex sample library analyzed using an Agilent DNA

1000 chip
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. If the amplified, captured multiplex cDNA meets the require-

ments, proceed to sequencing (see Note 15). If the amplified,
captured multiplex ¢cDNA does not meet the A260,/A280
ratio requirement, purify again using Agencourt AMPure XP
Beads (or a Qiagen QIAquick PCR Purification column).

4 Notes

. Custom designs with new IncRNA or subsets of IncRNA

annotation can be created by contacting Roche NimbleGen to
request a custom design. Small RNA transcripts (<50 nt) are
not recommended as potential enrichment targets.

. Read through the entire protocol and enter all necessary ther-

mocycler programs prior to starting an experiment.

. The SeqCap Pure Capture Bead Kit must not be frozen in

order to avoid damage to the purification beads.

. High-quality RNA is required for optimal cDNA synthesis

yield. Care must be taken to avoid accidental sample exposure
to RNases. Precautions include cleaning work areas and equip-
ment with RNase removal agents, wearing gloves, changing
gloves after touching potentially contaminated surfaces or
equipment, and keeping reagents closed when not in use. RNA
contamination with DNA or RNA extracted from impure
tissue samples can cause inaccurate results.

. AMPure XP beads and SeqCap Capture Beads cannot be used

interchangeably. Ensure that SeqCap Capture Beads are used
only to recover a library that has been hybridized to a probe
pool. AMPure XP beads are used to purify the sample library
such as during library preparation or after amplification steps.

. Ensure that 80 % ethanol is freshly prepared daily for all bead

wash steps.

. Due to the multipurpose nature of the SeqCap Adapter Kits,

adapters must be diluted from the stock adapter concentration
for generating cDNA libraries as described in this protocol.

. Due to the multipurpose nature of the SeqCap Adapter Kits,

the pre-capture LM-PCR oligos contained in the SeqCap
Adapter Kit are not used for the SeqCap RNA workflow. The
10x KAPA Library Amplification Primer Mix is used in place of
the pre-capture LM-PCR oligos in the SeqCap Adapter Kit.

. The pre-capture LM-PCR program calls for 11 PCR cycles;

however the number of cycles may be adjusted higher to increase
yield if' 1 pg of amplified material is not consistently generated,
or lower to decrease PCR duplicate rate if a large amount of
material in great excess of 1 pg is consistently generated.
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If desired, Qiagen QIAquick PCR purification columns may be
used to clean up the pre-capture and post-capture LM-PCR
reactions in place of Agencourt AMPure XP beads.

The SeqCap IncRNA Enrichment Kit has been tested with up
to 12-plex pre-capture multiplexing.

The hybridization reaction can safely incubate for longer than
16-20 h and has been tested for up to 3 days; however the
sample should be monitored for evaporation in particular when
exposed to longer incubation periods.

Ensure that during washing, you progress from wash butfer I to
wash bufter II to wash buffer III and not in the opposite order.

Perform two individual post-capture LM-PCR reactions for
each captured multiplex cDNA sample, i.e., one cDNA sample
is divided and amplified in two, 30 pl post-capture LM-PCR
reactions.

A subset of ERCC controls are included in the IncRNA cap-
ture design. These controls can be used to estimate target
enrichment performance prior to sequencing through qPCR,
or after sequencing by analyzing the sequencing data. Prior
to sequencing, qPCR with primers designed to the ERCC
controls can be used to estimate target enrichment by com-
paring qPCR results from pre-capture vs. post-capture sam-
ples and/or analyzing results from post-capture samples by
analyzing ERCC controls included in the capture design vs.
ERCC controls excluded from the capture design. When ana-
lyzing sequencing results, estimate target enrichment by
comparing ERCC controls included in the capture design vs.
ERCC controls excluded from the capture design. More
information about estimating target enrichment based on
sequencing data is available by referring to the SeqCap RNA
user’s guide available from Roche NimbleGen.

When proceeding to sequencing, it is recommended that
users adhere to their standard sequencing practices including
library QC steps and sample loading concentration. Sample
libraries can be post-capture multiplexed (i.e., pooled immedi-
ately before sequencing); however care should be taken to
ensure that any pooled libraries can be distinguished by their
index sequences and that libraries are combined in equimolar
concentrations, as desired.
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Chapter 9

ChIP-Seq: Library Preparation and Sequencing

Karyn L. Sheaffer and Jonathan Schug

Abstract

Chromatin immunoprecipitation with massively parallel DNA sequencing (ChIP-Seq) has been used
extensively to determine the genome-wide location of DNA-binding factors, such as transcription factors,
posttranscriptionally modified histones, and members of the transcription complex, to assess regulatory
input, epigenetic modifications, and transcriptional activity, respectively. Here we describe methods to
isolate chromatin from tissues, immunoprecipitate DNA bound to a protein of interest, and perform next-
generation sequencing to identify a genome-wide DNA-binding pattern.

Key words Chromatin immunoprecipitation, Next-generation sequencing, DNA binding

1 Introduction

Gene expression is controlled by not only DNA sequence but also
the interaction of DNA-binding proteins with higher order chro-
matin structure. Transcription factors play an integral part of the
initiation of gene expression by interacting with transcriptional
machinery to regulate gene promoters [1, 2]. Histone proteins are
closely associated with DNA and posttranslational modifications
are highly correlated with chromatin accessibility [ 3]. Additionally,
many more small molecules have critical interactions with DNA
[4]. Chromatin immunoprecipitation with massively parallel DNA
sequencing (ChIP-Seq) provides a powerful method to map pro-
tein—-DNA interactions genome-wide [5-7]. DNA-binding pat-
terns merged with expression profiling is a powerful combination
to investigate the impact of DNA binding of specific factors on
gene expression [ 8, 9].

In this chapter we describe the steps to achieve successful ChIP-
Seq results. First, a sequencing plan should be considered taking in
account the nature of the protein of interest, cell type, controls,
and sequencing depth required. Chromatin immunoprecipitation
(ChIP) is carried out by isolating the cell type of interest and cross-
linking DNA-protein interactions to preserve chromatin.

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
DOI 10.1007/978-1-4939-3378-5_9, © Springer Science+Business Media New York 2016
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DNA-protein complexes are isolated by immunoprecipitation
using an antibody that recognizes the protein of interest.
Oligonucleotide adaptors are added onto the DNA isolated from
these complexes to enable high-throughput sequencing. Here we
provide a basic protocol and more detailed guidelines can be found
through the ENCODE project [10].

2 Materials

2.1 DNA-Protein
Cross-Linking

2.2 Chromatin
Shearing and Input
Analysis

2.3 Immunopre-
cipitation

2.4 Sequencing
Library Preparation

2.5 Sequencing
Library Validation

2.6 Next-Generation

Sequencing

Formaldehyde.

2. Protease inhibitor cocktail.

. ChIP whole-cell lysis buffer (10 mM Tris—HCI (pH 8), 10 mM

NaCl, 3 mM MgCl, 1 % NP-40, 1 % SDS, 0.5 % DOC).

Bioruptor (Diagenode).

2. PCR Purification Kit (Qiagen).

2100 BioAnalyzer (Agilent Technologies).

Protease inhibitor cocktail.

ChIP dilution buffer: 16.7 mM Tris-HCI (pH 8.1), 167 mM
NaCl, 0.01 % SDS, 1.1 % Triton-X 100, 1x protease
inhibitor.

Dynabeads Protein-A or —G (Life Technologies).

4. TSE I: 20 mM Tris—=HCI pH 8.1, 150 mM NaCl, 2 mM

EDTA, 0.1 % SDS, 1 % TritonX-100.

. TSE II: 20 mM Tris—=HCI pH 8.1, 500 mM NaCl, 2 mM

EDTA, 0.1 % SDS, 1 % TritonX-100.

ChIP bufter III: 10 mM Tris-HCI pH 8.1, 0.25 M LiCl,
1 mM EDTA, 1 % NP-40, 1 % deoxycholate.

7. TE: 10 mM Tris—-HCl pH 8.1, 1 mM EDTA.

. Elution buffer: 1 % SDS, 0.1 M NaHCO;

Multiplex Oligos (Illumina).

2. NEBNext ChIP-Seq DNA Sample Prep (NEB).

1.
2.

. AMPure XP beads (NEB). Use at room temperature.

2100 BioAnalyzer (Agilent Technologies).
Illumina Library Quantification qPCR mix (Kapa Biosystems).

Illumina NextSeq 500, HiSeq 2000, or HiSeq 2500. An Illumina
MiSeq could be used, but only for one or two samples at a time.
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3 Methods

3.1 Check Feasibility

The ideal number of moles and molarity of the final library can be
estimated by the following formula which provides a framework
for assessing the feasibility of a particular experiment. This formula
does not take into account splitting chromatin into aliquots for
input libraries, multiple IPs, etc. The final molarity of most ChIP-
Seq libraries is between 10 and 80 nM when working with a cell
count between 500,000 and a few million.

Library[moles] = (Ncx Nsx Ec + Nc x Gbp/Fbp x Lip) x
Eox2"NpxEb /6.022x10*

Library[ molarity] = Library[moles] /15 pl

where

* Ncis the number of cells.
* Nsis the number of sites in the diploid genome.

e Ec is the capture efficiency, between 0 and 1, for the ChIP
process.

e Gbp is the size of the diploid genome in bp.
e  Fbp is the average fragment size.

e Lip is the leakage rate of the unbound sites through the IP
process.

¢ Fo is the overall efficiency, between 0 and 1, of DNA frag-
ments passing through the washing and adapter ligation
process.

e Np is the number of PCR cycles in the final amplification—18
cycles in this protocol.

e Eb is the efficiency, between 0 and 1, of the bead cleanup.

The term in parenthesis is the number of moles from bound
sites plus unbound sites that manage to pass through the IP pro-
cess. The usual number of bound sites, Ns, in the genome can
range from a few hundred (for a very specific transcription factor)
to perhaps 50,000-100,000 for a widely binding transcription fac-
tor or a modified histone with broad distribution. The eftfective
number of bound sites is lower if occupancy has a stochastic com-
ponent; that is, the target protein is found at the site in a only frac-
tion of the cells at any given time.

The number of unbound fragments is estimated by the total
diploid genome divided by the average fragment size. Note that
for mouse or human samples, Gbp/Fbp is about 6¢9,/200=3¢7. A
PCR enrichment of 10x means a leakage rate of about 0.1, so Gbp/
Fbop*Lip=3e6. This is still much higher than even the upper
estimate of 100,000 bound sites from above. Excellent IPs may
yield enrichment values as high as 100 or more in which case the
DNA fragments after IP are about 50,/50 target/nontarget. Thus
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3.2 Generate
the Sequencing Plan

3.2.1

Sequencing Length

an excellent IP may make it difficult to make a library if there are
very few sites. Some background leakage allows a sufficient molar-
ity for the subsequent library prep process to succeed, especially
when considering losses.

The term Eo encapsulates the losses in the IP, washing, end-
repair, ligation, cleanup, etc. prior to PCR amplification.
Mathematically it can be merged with the efficiency of the post-
PCR bead cleanup, Eb, but this arrangement makes it a bit easier
to analyze. It is important not to overload the antibodies with too
much material as the excess will be wasted once the antibodies are
saturated.

The formula also illustrates that the molarity of many of the
intermediate steps is so low that it is difficult to measure them
unless a large number of cells are used.

Using the formula above and the guidelines in Subheading 3.3
below, assess the feasibility of your experiment.

When sequencing ChIP-Seq libraries the primary goal is to pro-
duce, in a cost-effective manner, adequate sequence reads which
satisty the statistical power necessary to identify the enriched bind-
ing regions. The main choices available to achieve these two goals
are (1) the sequencing length, and (2) the sequencing depth.

For most ChIP-Seq experiments, the actual bases in the sequence
reads are not important; rather, the goal is to obtain reads long
enough to map uniquely in the target genome. Most analysis tech-
niques cannot take effective advantage of reads that map to more
than one location in the genome, so these are usually discarded.
The locations reachable by a specific length of sequencing can be
identified using the mappability tracks at the UCSC genome
browser or by direct analysis of the genome [11]. The final length
chosen also depends on what your sequencing service is offering.
Sequencing lengths of 36, 50, 75, and 100 base pairs are common
on Illumina platforms. For humans and complex model organisms
36-50 bp will suffice in many cases. Longer reads can be used if it
is important to map more deeply into repetitive regions or to
achieve more coverage per base to recover genome variants in the
source organism. Paired-end sequencing can also be used to
achieve unique mapping in more repetitive areas, but it is rarely
worth the extra cost. However, paired-end sequencing can be use-
ful if'it is important to determine the length or exact end points of
the fragment being sequenced.

The sequencing length must be compatible with the average
fragment size. For example, if the average fragment size is 120 bp,
and the sequencing length is 100 bp, then nearly half of the reads
will contain adapter sequence at the 3’ end that will need to be
trimmed before alignment.



3.2.2 Sequencing Depth

3.2.3 Barcoding/
Pooling Plan
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In many ChIP-Seq experiments the number of reads needed to
ensure genome-wide coverage ranges between 10 and 50 million
reads. Illumina’s high-throughput sequencers, e.g., HiSeq 2500 in
rapid mode, HiSeq 2000,/2500 high-output mode, and NextSeq
500, generate between 150 and 400 million reads per lane or run.
Thus the capacity of a single lane can be enough to cover between
3 and 40 samples. To take advantage of this capacity, libraries are
barcoded, carefully checked for quality and molarity, and then com-
bined in equimolar pools before sequencing. It is important to
check with the manufacturer’s recommendation for compatible bar-
codes as a bad combination can adversely affect base calling of the
barcode and therefore the total data yield. If you are using a sequenc-
ing service or core, they may provide some or all of the necessary
quality checks for this step. Consult with them to determine an
exact plan. Your bioinformatician may also have suggestions or
requirements for barcoding. See below for our recommendations.

Note that the uniquely alignable portion of reads commonly
ranges from 60 to 85 % of the total number of reads; thus, your
calculation for the number of reads needed should take this ineffi-
ciency into account.

Another important factor in determining sequencing depth is read
redundancy. The library preparation protocol contains a PCR amplifi-
cation step where the library is amplified between 1,000 and 65,000
times or more depending on the number of cycles. Many ChIP-Seq
analysis packages or pipelines will rightly try to detect and remove PCR
duplicates. Detection is usually accomplished by identifying common
endpoints after alignment. When sonication is used to fragment the
DNA, duplicate endpoints are more likely to come from PCR duplica-
tion rather than from independent cells yielding the same fragment.
However, in a strong narrow peak, duplicate reads can come from
independent fragments—a fact of which some analysis programs can
take advantage. However, it is usually not worth sequencing a library
to a depth much beyond its unique fragment count. This number usu-
ally cannot be known before sequencing, but initial sequencing data
can be used to assess library complexity, and this analysis should be
taken into account when considering deeper sequencing.

We introduced barcoding and pooling as a way to reduce costs, but
it also provides some protection from lane-to-lane or run-to-run
variability that could affect the results of the experiment. We
generally find that technical replicates, i.e., resequencing the same
library on a different lane, run, or machine, will give very similar
results when performed properly. However, it is possible to see a
CG content or fragment length bias that could affect the results of
the data analysis by biasing for or against reads from different parts
of the genome. One way to mitigate this possibility is to pool sam-
ples and sequence them together. In this manner, all the samples in
the pool experience the same biases and therefore the biases will
not have as great an affect on downstream data analyses.
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3.3 DNA-Protein
Gross-Linking

The greatest protection is achieved by combining all samples for
the experiment together in one large pool, but this may not be
practical due to limitations of sample availability, barcode availabil-
ity, etc. However, the final pooling plan should attempt to pool
ChIP libraries with their corresponding inputs, and to keep sam-
ples from multiple conditions in the same pool as well.

There are two limiting factors in the amount of starting material
needed for ChIP-Seq: tissue/cell type and the chosen DNA-
binding factor.

1.

10.
11.

12.

13.

Generally it is recommended that a minimum of 2 mg fresh or
frozen tissue or 250,000 cells is sufficient for one ChIP-Seq
experiment. Chromatin yields from different tissue types can
vary and chromatin isolation techniques may need to be opti-
mized. In cases where there is little starting material, success-
ful libraries can be obtained from pooling several IPs.

The specific DNA-binding factor of interest also determines
the amount of starting material for ChIP-Seq. For proteins
that bind at specific nucleotide sequences and are found at low
frequency throughout the genome, such as transcription fac-
tors, 10 pg of starting material is recommended for successful
sequencing libraries. For proteins that are abundant through-
out the DNA, such as histones and histone modifications,
1-2 pg of chromatin is recommended.

. Spin down tissue/cells at maximum speed for 10 s at room

temperature and then aspirate supernatant.

Resuspend tissue/cell pellet in 500 pl 1x PBS and chop with
fine scissors if necessary (see Note 1).

. To cross-link protein to DNA, add 500 pl 2.22 % formalde-

hyde diluted in 1x PBS (see Note 2).

Incubate for 10 min at room temperature with constant
mixing.

Stop cross-linking reaction by adding 59 pl of 2.5 M glycine.
This provides a final concentration of 0.14 M.

. Incubate for 5 min at room temperature with constant

mixing.

Spin down cell material at maximum speed for 10 s at room
temperature and aspirate the supernatant.

To wash the pellet, add 1 ml 1x PBS and flick to resuspend.

Spin down cell material at maximum speed for 10 s at room
temperature and aspirate the supernatant.

Add 100-200 pl of cold ChIP whole-cell lysis buffer contain-
ing 1x protease inhibitor (see Note 3).

Snap freeze pellet in liquid nitrogen. The sample can be stored
at —-80 °C for several months.



3.4 Chromatin
Shearing and Input
Analysis

3.5 Immunopre-
cipitation
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. Use the Bioruptor sonication system to lyse cells and shear

chromatin. Follow the recommended protocols found at www.
diagenode.com (see Note 4).

. To remove cell debris after full sonication procedure, spin

samples for 15 min at maximum speed at 4 °C, and transfer
supernatant to new tube.

. Take 10 pl for input preparation. Snap freeze the remaining

chromatin in liquid nitrogen and store at -80 °C.

. To release input chromatin, add 90 pl 1x PBS and 3.5 pl 5 M

NaCl. Mix well.

. Incubate at 65 °C for 12-24 h.

6. To digest proteins away from DNA in the input chromatin,

add 4 pl 1 M Tris-HCI (pH 7.5), 2 pl 500 mM EDTA, and
1 pl 10 mg/ml Proteinase K.

. Incubate for 1 h at 45 °C.

. To isolate remaining DNA, use PCR purification kit and elute

in 50 pl elution buffer.

. Analyze DNA fragmentation by measuring input DNA concen-

tration and size range using the 2100 BioAnalyzer (Fig. 1).
Samples need to contain DNA fragments within the 100-200 bp
range before proceeding to the immunoprecipitation step.

. Thaw sheared chromatin quickly at 37 °C and immediately

place on ice.

. Add appropriate amount of chromatin (1-10 pg) and 20 pl

50x protease inhibitor to 1 ml ChIP dilution buffer.

. To immunoprecipitate DNA bound to the DNA-binding fac-

tor of interest, add 2 pg of a ChIP-grade antibody or control
antibody, if appropriate (se¢ Note 5).

4. Incubate for 12-14 h at 4 °C with constant mixing.

. During this same time, prepare blocked Dynabeads Protein-A

or -G (see Note 6).

(a) Add 40 pl bead slurry to 1 ml ChIP dilution buffer and
mix by inverting several times.

(b) Spin at 2000 rpm (400 4) for 30 s at room temperature.

(c) Allow beads to settle for 1 min and then remove superna-
tant with pipet tip. Be careful not to disturb agarose pellet.

(d) Repeat two more times.

(e) To block beads, resuspend beads in 68 pl cold ChIP dilu-
tion buffer, 10 pl 10 mg/ml BSA, and 2 pl 50x protease
inhibitor. Do not use other blocking agents, such as
salmon sperm or tRNA, because they will be incorporated
into the library and be sequenced.

(f) Incubate for 12-14 h at 4 °C with constant mixing.


http://www.diagenode.com/
http://www.diagenode.com/
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Fig. 1 Bioanalyzer trace of sheared input DNA. DNA size and quantity were deter-
mined using Agilent’s High Sensitivity DNA Kit. Electropherogram shows control
peaks at a lower marker (35 bp) and an upper marker (10380 bp), fluorescent
units (FU), and base pairs (bp). Optimal sonication of chromatin produces DNA
sizes between 150 and 2000 bp. This is a typical result with the majority of DNA
with average sizes of 160 bp (4) or 1500 bp (B). (4) Small-size fragments with an
average of 160 bp represent open chromatin regions that are more easily
sheared with sonication. This DNA is enriched for open chromatin genomic
regions, which are more likely to bind transcription factors. (B) Large-size frag-
ments with an average of 1500 bp represent closed chromatin that is resistant
to shearing. Loss of DNA within this size range may be due to over-sonication
causing loss of open chromatin and which can lead to poor ChIP results. However,
if you know that your ChlP target favors closed chromatin, additional sonication
may be required to bring these long fragments into optimal sequence fragment
size, at the expense of the open chromatin

6. Add 100 pl of blocked Dynabeads to each chromatin/antibody
sample.

7. Incubate for 1 h at 4 °C with constant mixing.
8. Spin at 2000 rpm for 30 s at room temperature.

9. Allow beads to settle for 1 min and then remove supernatant
with pipet tip.
10. Perform wash (steps 10a—d) with each of the following wash

buffers in order:
TSE I, TSE II, ChIP buffer 111, TE.

(a) Add 1 ml of the appropriate wash buffer to each sample.

(b) Incubate for 5 min at room temperature with constant
mixing.

(c) Spin at 2000 rpm for 30 s at room temperature.

(d) Allow beads to settle for 1 min and then remove superna-
tant with pipet tip.



3.6 Sequencing
Library Preparation
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11. To elute chromatin from beads, add 100 pl clution buffer to
final pellet.

(a) Incubate for 15 min at room temperature with constant
mixing.
(b) Spin at 2000 rpm for 30 s at room temperature.

(c) Allow beads to settle for 1 min and then transfer the
supernatant to a new tube.

12. Add an additional 100 pl elution buffer to pellet and repeat
elution (steps 11a—c). Combine eluates.

13. Add 8 pl 5 M NaCl to eluate (200 pl) and incubate at 65 °C
for 12-24 h.

14. To digest proteins in the input chromatin, add 8 pl 1 M Tris—
HCI (pH 7.5), 4 pl 500 mM EDTA, and 1 pl 10 mg/ml
Proteinase K.

15. Incubate for 1 h at 45 °C.

16. To isolate remaining DNA, use PCR cleanup kit and elute in
50 pl elution bufter.

17. It is important to validate that the immunoprecipitation
worked by testing for enrichment of genomic regions that are
known to bind your protein of interest. Enrichment is
determined by performing qPCR on a nonspecific genomic
region, such as 28S, compared to a known genomic region
that binds the protein of interest. The ChIP sample should
contain a higher quantity of the known genomic region
compared to the input sample (Fig. 2). Enrichment is
calculated from the Ct values: 2*[(28Scup — YourGenecyp) —
(28810 — YourGeney,pu) | (see Note 7).

The provided protocol provides steps multiple DNA purification
and size selection options. An input sample should be run as a
positive control, as this should achieve a library every time. We
strongly recommend sequencing the input library to provide a
control for data analysis.

Before starting this stage of the protocol, recheck your experi-
mental design for the multiplexing plan for samples. As discussed
in the next-generation sequencing step, most Illumina sequencers
generate more data per lane than are needed for a single sample.
To reduce the cost of the experiment, multiple samples can be
combined into a pool, and sequenced together in a single lane. The
data for each sample is then computationally identified using a
unique barcode, which has been assigned to each sample in the
pool. Barcodes must be chosen to form a compatible set, though
this is most important for small pools of 2—-6 samples. Make careful
note of which indexes are used for which samples and be prepared
to communicate this to your bioinformatician.
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Foxa2 Foxa2 Cdx2 Cdx2
POS1 POSs2 POS1 POS2
FoxA2 Ct |28S POS1 POS2 Cdx2 Ct |28S POS1 POS2
input 22.31 31.89 30.38||input 22.31 29.33 28.53
ChiP 27.4 32.46 31.53||ChlIP 26.42 33.09 32.11

Fig. 2 qPCR ChIP validation: (@) ChIP was performed using the FoxA2 antibody on chromatin isolated from colon
epithelia. Genomic regions POS1 and POS2 show robust enrichment of 22.9- and 15.3-fold, respectively, in ChIP
samples relative to input. Ct values are shown in chart under graph. (b) ChIP was performed using the Cdx2
antibody. No enrichment was found at POS1 (1.3-fold) or POS2 (1.4-fold) in ChIP samples compared to input

Sequencing libraries can be made using one of many commer-

cially available kits. In the following protocol, we use the NEBNext
ChIP-Seq DNA Sample Prep Kit.

1. To perform end repair of DNA fragments, add 5 pl of end

repair reaction buffer and 1 pl end repair enzyme mix to 44 pl
of IP DNA and input DNA (10 ng in 44 pl).

2. Incubate for 30 min at 20 °C.
. Purity DNA using AMPure XP beads and elute in 44 pl:

(a) Warm beads to room temperature and vortex until they
are well dispersed.

(b) Add 1.8x volume of beads to DNA sample and mix by
pipetting ten times.

(c) Incubate the tubes at room temperature for 12 min.

(d) Place tubes on magnetic stand and let sit for 2 min until
the liquid appears clear.

(e) Remove supernatant from each tube and discard.

(f) Add 200 pl 80 % EtOH, incubate for 1 min, then remove
supernatant, and discard.

(g) Repeat EtOH wash once.

(h) Let tubes stand at room temperature for 10 min to dry.
Make sure that all EtOH is removed.
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(i) Remove tubes from magnetic stand and resuspend beads
in appropriate volume of elution buffer (EB). Mix well by
pipetting ten times.

(j) Incubate at room temperature for 5 min.

(k) Place tubes on magnetic stand for 2 min until the liquid
appears clear.

(1) Transfer supernatant to new tube. Be careful to avoid
beads.

To prepare the DNA fragments for ligation to adapters by

adding an “A” base to the 3’ end, add 5 pl of dA-tailing reac-

tion buffer and 1 pl Klenow exonuclease to 44 pl DNA from

previous step.

Incubate for 30 min at 37 °C.

6. Purity DNA using AMPure XP beads and elute in 19 pl as

10.
11.

12.

13.

14.

15.
16.

17.

18.
19.

20.

21.

22.

described in step 3 of Subheading 3.5.

To ligate adapters to DNA fragments, dilute multiplexing
adapter 1:20 in EB.

. Prepare the following reaction mix: 6 pl 5x quick DNA ligase

buffer, 1 pl adapter oligo mix, and 4 pl quick DNA ligase.

Add reaction mix to 19 pl of DNA sample from step 6 of
Subheading 3.5.

Incubate for 15 min at 20 °C.

To size select 200 bp libraries using AMPure XP beads, add
70 pl EB to the previous sample and add 70 pl (0.7x) resus-
pended beads and mix well by pipetting ten times (se¢ Note 8).

Incubate for 5 min at room temperature.

Place tube on magnetic stand for 5 min until solution is clear
and transfer supernatant to a new tube.

Add 15 pl (0.15x) resuspended AMPure XP beads and mix
well by pipetting ten times.

Incubate for 5 min at room temperature.

Place tube on magnetic stand for 3 min until solution is clear
and discard supernatant.

Add 200 pl 80 % EtOH, incubate for 1 min at room tempera-
ture, then remove supernatant, and discard.

Repeat EtOH wash once.

Let tubes stand at room temperature for 10 min to dry. Make
sure that all EtOH is removed.

Remove tubes from magnetic stand and resuspend beads in
50 pl of EB. Mix well by pipetting ten times.

Place tubes on magnetic stand for 2 min until the liquid
appears clear.

Transfer supernatant to new tube. Be careful to avoid beads.
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3.7 Sequencing
Library Validation

23. To enrich the adapter-modified DNA fragments by PCR, add
2 pl of multiplex PCR primer 1, 2 pl multiplex PCR primer 2
with index, 50 pl Phusion HF PCR Master Mix, and 50 pl
DNA from previous step.

24. Amplify using the following PCR protocol:
(a) 30sat98 °C.

(b) 10 s at 98 °C.

(c) 30sat65-°C.

(d) 30sat 72 °C.

(e) Repeat steps b—d for 18 cycles.
(f) 5 minat 72 °C.

(g) Hold at 4 °C.

25. Purify DNA using AMPure XP beads and elute in 15 pl as
described in step 3 of Subheading 3.5.

The purpose of library validation is to ensure that the library is cor-
rectly prepared and of sufficient cluster-able molarity. When sonica-
tion is used to fragment DNA, the resulting fragments have random
lengths, so the distribution of sizes in the library should be smooth.
As discussed above, the inserts should be long enough to support
the sequencing dimensions planned. The molarity should be high
enough to be sequenced according to the Illumina’s protocol. The
nominal value is 2 nM, but in practice more ChIP-Seq libraries will
be at 20-100 nM depending on the cell number, pattern of target
binding, amount of material used, and number of PCR cycles. The
Agilent 2100 BioAnalyzer (or equivalent from other manufactur-
ers) measures the size distribution, but does not indicate if the
library can actually be clustered. A second PCR-based test (Kapa
Biosystems Library Quantification Kit) is suggested as it can pre-
cisely assess the molarity of fragments with the proper adapters in
the library. Only these fragments will generate sequence data.

1. After amplification, libraries are validated for size and purity
using the Agilent 2100 BioAnalyzer (Fig. 3). Depending on
the quality of starting material and amount of chromatin that
was immunoprecipitated, libraries may give various results
illustrated in Fig. 3.

2. Precise quantification of the library is performed using the
Kapa Library Quantification Kit for Illumina before proceed-
ing to the sequencing reaction (Fig. 4).

(a) Prepare library dilutions in EB (1,/1000-1,/100,000)
depending on expected concentration determined by
Bioanalyzer. Dilutions should allow the final concentra-
tion to fall within 0.0002-20 pM. One additional twofold
dilution is recommended, with a further fourfold provid-
ing additional robustness. Each dilution should be mea-
sured in triplicate.



3.8 Next-Generation
Sequencing
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Fig. 3 Bioanalyzer results using Agilent DNA-1000 Kit. Electropherogram shows
control peaks at a lower marker (15 bp) and an upper marker (1500 bp), fluores-
cent units (FU), and base pairs (bp). (a, b) Examples of multiplexed ChIP-Seq
libraries that were successfully sequenced. (a) Library with high molarity and one
sharp peak at the correct size (200—-250 bp). (b) Library with one peak at the cor-
rect size (200250 bp) and a smaller peak at 120 bp. A peak at 120 bp is from
adaptors that do not have an insert. These will generate sequence reads and will
reduce the number of usable reads. If this contamination is more than 10 % of the
total DNA then library is considered of insufficient quality to continue to sequenc-
ing. This example has minimal contamination and was successfully sequenced

(b) Follow appropriate qPCR protocol provided by Kapa
Biosystems.

(c) Use DNAstandardsprovidedin Kapa Library Quantification
kit to create a standard curve, which converts average Ct to
concentration (in pM). Adjust concentrations by size of
library. Multiply appropriate dilution factor to calculate
final library concentration.

Once the libraries have been precisely quantified using the Agilent
Bioanalyzer and Kapa kit, they can be pooled in equimolar ratios. It
is possible that sequencing will reveal a quantification failure, poor
libraries, or other issues that would suggest repooling, so it is
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Row | Parameter Library 1 Library 2
1 Average fragment length (Bioanalyzer) 340 bp 335 bp
2 Estimated concentration (Bioanalyzer) 17 ng/pl = 80.9 nM 18 ng/pl = 87.0 nM
3 Dilutions for gPCR 110K 1/20K 110K 1/20K
9.24 10.21 8.79 9.79
4 Triplicate Cq scores 9.25 10.12 8.84 9.81
9.21 1853 8.88 9.94
5 Average Cq score 9.23 10.17 8.84 9.85
5] ACq 0.93 1.01
. Average congentratlon for sample dilution 503 281 6.82 348
calculated using standard curve (pM)
8 ;‘:\veragel sge—ad]usted concentration for 6.96 3.74 .20 4.69
library dilution (pM)
Average final calculated concentration of
9 | undiluted library dilution (nM) 69.6 748 92.0 93.9
Deviation between final concentrations
10 calculated from different dilutions 7.5% 21%
) . 72.2 nM 92.9 nM
11 Working concentration ~15.2 ng/pl ~19.2 ng/ 4l

Fig. 4 Working example of gPCR-based quantification of sequencing libraries (Kapa Biosystems Technical

Sheets)

advisable to make a minimal volume of the pooled libraries. On the
other hand, sequencing runs can fail, so enough pool should be
made for a few runs if possible. We generally recommend making
pools at 5 or 2 nM, which can be matched easily with Illumina’s
sequencing protocols. The protocols vary by machine and chemistry
being used, so we refer the reader to the relevant Illumina manuals.

4 Notes

1. Tissue pieces need to be chopped into small pieces so that
formaldehyde can permeate all cells within the incubation
time. Cell pellets that are easily dissociated do not need extra
manipulation.

2. Cross-linking conditions can affect the quality of results. The
cross-linking must be strong enough to preserve the protein—
DNA interactions of interest, but not so strong as to prevent
the fragmentation of the chromatin by sonication. ChIP tar-
gets that are not bound directly to the DNA, but are bound
indirectly via other proteins, may require additional stabiliza-
tion such as XChIP [12].
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3. Protease inhibitor should be added to the ChIP whole-cell lysis
buffer immediately before tissue resuspension. Addition of
phosphatase inhibitors may also be recommended depending
on the modification status of the protein ofinterest. Resuspension
volume depends on the amount of starting material with large
visible cell pellets resuspended in the maximum volume.

4. Other sonication systems can be substituted. However, condi-
tions listed in this protocol may not be transferable and opti-
mization of the conditions must be performed.

DNA shearing can also be performed using the nuclease,
MNase, to randomly cut DNA [13]. Due to the nature of chro-
matin accessibility, MNase treatment can be performed so that
only open chromatin regions are digested leaving DNA associ-
ated with nucleosomes intact. Only ChIP-Seq experiments
using antibodies directed against histone proteins or histone
modifications can utilize this alternative protocol. Applying
digestion can leave transcription factor targets bound to a DNA
fragment that is too short to map reliably or to measure with
PCR. Even with histone modifications some care should be
taken to ensure that the primer fits within a nucleosome wrap.

5. The quality of'a ChIP experiment is highly dependent on the
specificity of the antibody. Guidelines for the criteria and
validation of ChIP-grade antibodies have been published by
the ENCODE consortium [10].

The data analysis phase of a ChIP-Seq experiment typically
requires a control sample to identify the regions of enriched
binding. The protocol described here uses input chromatin as
the control. Input chromatin is a good measure of the chro-
matin accessibility under the cross-linking and sonication con-
ditions used to prepare the ChIP-Seq sample. Some people
may prefer to use an IgG antibody or a genetically modified
organism with the target protein knocked out. We strongly
recommend preparing an input library for each (set of) ChIP-
Seq library prepared. ChIP can be performed using multiple
antibodies from the same chromatin prep and the single input
library can serve as a control for all of them.

6. Protein A and G have different binding strengths to immuno-
globulin variations between species. A table illustrating anti-
body binding compatibility to protein A or G can be found at
http: / /www.lifetechnologies.com/us/en /home /life-science /
protein-expression-and-analysis /protein-sample-preparation-
and-protein-purification /proteinspproteiniso-misc /protein-
isolation/immunoprecipitation-using-dynabeads-protein-a-or-
protein-g.html.

7. Itis possible to make ChIP-Seq libraries without having a pos-

itive control to assess the ChIP; however, in our experience
most such attempts have failed. The PCR test for enrichment


http://www.lifetechnologies.com/us/en/home/life-science/protein-expression-and-analysis/protein-sample-preparation-and-protein-purification/proteinspproteiniso-misc/protein-isolation/immunoprecipitation-using-dynabeads-protein-a-or-protein-g.html
http://www.lifetechnologies.com/us/en/home/life-science/protein-expression-and-analysis/protein-sample-preparation-and-protein-purification/proteinspproteiniso-misc/protein-isolation/immunoprecipitation-using-dynabeads-protein-a-or-protein-g.html
http://www.lifetechnologies.com/us/en/home/life-science/protein-expression-and-analysis/protein-sample-preparation-and-protein-purification/proteinspproteiniso-misc/protein-isolation/immunoprecipitation-using-dynabeads-protein-a-or-protein-g.html
http://www.lifetechnologies.com/us/en/home/life-science/protein-expression-and-analysis/protein-sample-preparation-and-protein-purification/proteinspproteiniso-misc/protein-isolation/immunoprecipitation-using-dynabeads-protein-a-or-protein-g.html
http://www.lifetechnologies.com/us/en/home/life-science/protein-expression-and-analysis/protein-sample-preparation-and-protein-purification/proteinspproteiniso-misc/protein-isolation/immunoprecipitation-using-dynabeads-protein-a-or-protein-g.html
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is important but does have some limitations and caveats: First,
the negative control, 28S in this protocol, should be chosen
with some care. While 28S is rarely bound by tissue-specific
transcription factors, it can be bound by general transcription
factors, modified histones, and members of certain transcrip-
tion complexes. In this case, alternate negative controls should
be identified. Multiple negative (and positive) controls can be
used for a more robust assessment of enrichment.

Second, we generally recommend that the enrichment be
10x or more, though this may not be achievable or may
depend on the distribution of the target protein. The goal is to
get an enrichment that is readily identifiable in the sequencing
data at a reasonable sequencing depth. If the enrichment were
only 2x then the enrichment would not be significantly above
the normal background fluctuations until the sequencing
depth was quite high. This increases the cost of the experiment
and, furthermore, may not be possible if the complexity of the
library is not high enough to support deeper sequencing.

Third, the enrichment is being measured on DNA that has
not been subjected to the size selection that will occur later in
library preparation. It is possible to obtain strong enrichment
in this PCR test that is derived largely from longer DNA frag-
ments that do not appear in the final library.

Fourth, if the target is not well studied, then it is not
uncommon for the few known sites to not be the strongest
sites in the genome. This is especially true when the positive
controls were identified from different tissues, developmental
stages, etc. The PCR enrichment for these sites may never be
very strong but nevertheless the IP has worked well.

8. Size selection is essential for removing excess adaptors and pro-
viding optimal sequencing efficiency. It is recommended that
ChIP-Seq libraries fall within the size range of 200-250 bp.
Size selection can also be achieved using a 2 % agarose gel.
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Chapter 10

Stellaris® RNA Fluorescence In Situ Hybridization
for the Simultaneous Detection of Inmature and Mature
Long Noncoding RNAs in Adherent Gells

Arturo V. Orjalo Jr. and Hans E. Johansson

Abstract

RNA fluorescence in situ hybridization (FISH), long an indispensable tool for the detection and localiza-
tion of RNA, is becoming an increasingly important complement to other gene expression analysis meth-
ods. Especially important for long noncoding RNAs (IncRNAs), RNA FISH adds the ability to distinguish
between primary and mature IncRNA transcripts and thus to segregate the site of synthesis from the site
of action.

We detail a streamlined RNA FISH protocol for the simultaneous imaging of multiple primary and
mature mRNA and IncRNA gene products and RNA variants in fixed mammalian cells. The technique
makes use of fluorescently pre-labeled, short DNA oligonucleotides (circa 20 nucleotides in length),
pooled into sets of up to 48 individual probes. The overall binding of multiple oligonucleotides to the same
RNA target results in fluorescent signals that reveal clusters of RNAs or single RNA molecules as punctate
spots without the need for enzymatic signal amplification. Visualization of these punctate signals, through
the use of wide-field fluorescence microscopy, enables the counting of single transcripts down to one copy
per cell. Additionally, by using probe sets with spectrally distinct fluorophores, multiplex analysis of gene-
specific RNAs, or RNA variants, can be achieved. The presented examples illustrate how this method can
add temporospatial information between the transcription event and both the location and the endurance
of the mature IncRNA. We also briefly discuss post-processing of images and spot counting to demonstrate
the capabilities of this method for the statistical analysis of RNA molecules per cell. This information can
be utilized to determine both overall gene expression levels and cell-to-cell gene expression variation.

Key words Exon, Intron, Fluorescence, In situ hybridization, FISH, qPCR, Single-molecule
detection, IncRNA, mRNA, Gene expression, Transcription burst, Nucleus

1 Introduction

The transcriptome in any given cell at any given time is the result
of combinatorial transcription of select genes followed by posttran-
scriptional processing and modification [1]. The discovery of new
coding and noncoding RNA variants continues to add to our
understanding of the sophistication of the transcriptome. Long
noncoding RNAs (IncRNAs; >200 nucleotides [nts]) are primarily

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
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restricted to cellular nuclei where they play extensive roles in the
central aspects of gene regulation, with wide-ranging effects on
numerous cellular functions such as cell cycle progression, cellular
differentiation, and metabolism [2-5]. High-throughput
approaches to study gene expression, such as RNAseq and qPCR,
have been instrumental for the discovery and independent mea-
surements of expression levels of new RNAs [6]. However, such
techniques require the extraction of RNA, with concomitant
destruction of cellular integrity and loss of cell-specific informa-
tion. To determine how the transcriptome correlates with the phe-
notype of individual cells and cell populations, gene expression
analysis instead must be performed on intact cells within a popula-
tion. Ideally, such analyses would facilitate the detection of multi-
ple coding and noncoding RNAs alike, unraveling the intrinsic
variation in gene expression and the gene expression networks to
which they belong.

In situ hybridization (ISH) is one gene expression analysis
method that has been employed to detect and determine the cel-
lular distribution of both DNA and RNA in cells and tissue. ISH
long remained a cumbersome process due to the need for long
cDNA- or gDNA-derived probes, and signal amplification to
detect cellular transcripts, whether it be through colorimetric,
radioactive, or fluorometric imaging [7].

Major advances for RNA FISH made in the Singer and Tyagi
groups, both using short synthetic and site-specifically labeled oli-
godeoxynucleotide probes (oligos), enabled the reliable detection
of single molecules of RNA in fixed, cultured cells (summarized in
ref. 8). Major advantages both with Singer’s use of three to five
multiply labeled 50-mers and with Tyagi’s 48 singly labeled
20-mers that bind to the same mRNA target are that they can be
designed to avoid repetitive RNA sequences and to hybridize with
similar Tm, as well as that they are more efficient at penetrating the
cell matrix to reach their target RNAs. Together this leads to a
non-amplified, yet strong and specific fluorescent signal with a
high signal-to-background ratio. Other advancements such as the
generation of an online probe designer and automation in the
manufacturing of these probe sets (oligo synthesis, pre-labeling
with fluorophores, and purification) have greatly reduced the time
and complexity of probe preparation [8, 9].

Thanks to the inherent rapid binding kinetics of these short
fluorescently labeled oligos, hybridization protocols have also been
much simplified and adapted for single-nucleotide variant detec-
tion (SNV FISH) [10], for more rapid detection through
TurboFISH [11], and even for combination with immunofluores-
cence [8, 12]. We expand on aspects of one such application here,
intron chromosomal expression (ice) FISH [13]. This method
relies on that RNA processing mostly occurs co-transcriptionally in
specialized transcription and processing factories [6, 7, 14-18],
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such that active transcription can be revealed by using probe sets
targeting intron sequences only. We anticipate the continual refine-
ment of ISH methods and novel advances in techniques designed
to distinguish highly similar RNAs.

Here, we provide a guide for successful RNA FISH assay
design for the co-detection of both nascent transcripts and mature
RNAs. The human genes for the primarily cytoplasmic MYC
mRNA and H19 IncRNA; as well as the nuclear PVT1 and XIST
IncRNAs, are used as examples. We present a streamlined RNA
FISH protocol where two or more probe sets are employed to
generate images that reveal transcription bursts and final localiza-
tion of mature RNAs, and even single-molecule resolution for
mature MYC, H19, and PVT1 RNAs in adherent cells.

These methods are suitable to determine the cell-to-cell distri-
bution of both mRNAs and IncRNAs in fixed cell cultures and tissue
sections and, as such, may be applied to interrogate the subcellular
(and potentially subnuclear) location of the target RNAs. By com-
paring signals from exon and intron probe sets it can be determined
it the site of action of IncRNAs is associated with or away from its
site of transcription (and processing). Overlapping exon and intron
signals additionally can provide cross-validation of each probe set.
The cell-specific readout that transcription burst analysis provides is
also suitable for measurements of dose- and time-dependent gene
activation, allele-specific epigenetic control [ 19, 20], as well as gene-
specific karyotyping of (engineered) cell lines. Lastly, we provide a
brief overview of RNA spot detection and quantification through
the means of image acquisition and post-analysis processes.

2 Equipment and Materials

2.1 Equipment

1. Wide-field fluorescence microscope (Nikon Eclipse Ti and
NIS-Elements Ar Imaging Software, or equivalent), with a
high numerical aperture (>1.3), 60-100x objective, and XYZ
motorized stage for automated z-stacking capabilities.

2. Cooled CCD camera (at least -20 °C), ideally optimized for
low-light-level imaging rather than for speed (13 pm pixel size
or less is preferred) (see Note 1).

3. Strong light source, such as a mercury or metal-halide lamp
over single-line light sources such as LEDs and lasers.

4. Filter sets appropriate for FAM, Quasar® 570, CAL Fluor®
Red 610, Quasar 670 fluorophores (e.g., those from Chroma
for FAM, catalog # 89000; Cy3™, catalog # SP102vl;
Cy3.5™ catalog # SP103v2; Cy5.5™, catalog # 49022).

5. Cell culture hood and variable temperature CO, incubator.

6. Laboratory oven set at 37 °C.
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2.2 Reagents
and Gell Culture

2.3 Formaldehyde
Fixation and Cell
Permeabilization

2.4 Alternative
Methanol:Acetic
Acid Fixation/

Permeabilization

2.5 Hybridization

2.6 Washing

All buffers and reagents are made with nuclease-free water.

1.

A549 (human lung adenocarcinoma cell line, ATCC, catalog
# CRM-CCL-185).

SK-BR-3 (human breast adenocarcinoma cell line, ATCC,
catalog # HTB-30).

F-12K medium (Kaighn’s Modification of Ham’s F-12
Medium) supplemented with 10 % fetal bovine serum and
penicillin-streptomycin A (A549 media).

. McCoy’s 5A medium supplemented with 10 % fetal bovine

serum and penicillin-streptomycin (SK-BR-3 media).

12-Well tissue culture plates.

6. Micro Cover Glasses, Round, No. 1 (VWR, catalog #

48380-040).

Phosphate-buffered saline (1x PBS).
Fixation buffer (4 % formaldehyde in 1x PBS) (sec Note 2).
Nuclease-free water (not DEPC treated).

Ethanol, molecular biology grade, diluted to 70 % in nuclease-
free water.

. Methanol:glacial acetic acid (MeOH:AcOH) fixative (3:1,v/V).

. Hybridization buffer (Biosearch Technologies, Inc. catalog #

SMFE-HBD2-10). Deionized formamide (Life Technologies,
catalog #AM9342). Formamide must be added to the hybrid-
ization buffer at a 10 % final concentration. The hybridization
bufter can be aliquoted and stored at =20 °C (see Note 2).

Stellaris RNA FISH Probes (Biosearch Technologies, catalog
numbers; H19 exons Quasar 570: VSMF-2162-5; MYC exons
Quasar 570: VSMF-2230-5; PVT1 exons Quasar 670: VSME-
2307-5; XIST exons Quasar 570: VSMF-2430-5; all intron
probes were custom designed, catalog numbers MYC FAM:
SMF1025-5; H19, and PVT1 CAL Fluor Red 610: SMF-
1082-5; and XIST Quasar 670: SMF-1065-5).

. Tris—EDTA butffer solution (10 mM Tris—-HCI, 1 mM diso-

dium EDTA, pH 8.0).

Humidified chamber: 150 mm tissue culture plate, Parafilm®.

. Wash butffer A (Biosearch Technologies, catalog number SMEF-

WADI1-60): Add formamide to a 10 % final concentration.
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2.7 Mounting

2. Wash buffer B (Biosearch Technologies, catalog number SME-
WBDI1-20): Wash buffer B must be diluted to the appropriate
concentration with water.

3. DAPI nuclear counterstain (5 ng/ml DAPI in wash buffer A).

1. Vectashield® Mounting Medium (Vector Laboratories, catalog

#H-1000).

Alternative GLOX (GLucose OXidase) anti-fade [21].

(a) GLOX bufter (0.4 % glucose in 2x SSC and 10 mM Tris—
HCI, pH 8.0): 10 % glucose stock solution (powdered
glucose [Sigma-Aldrich, catalog # 158968] dissolved in
nuclease-free water), 1 M Tris-HCI, pH 8.0.

(b) GLOX anti-fade: 100 pL. GLOX buffer+1 pL catalase
from bovine liver (Sigma-Aldrich, catalog # C3155)+1 uLL
glucose oxidase from Aspergillus niger (Sigma-Aldrich,
catalog # GO0543) diluted to 3.7 mg/mL in 50 mM
sodium acetate, pH ~5.0.

2. Microscope slides.

3. Clear nail polish.

3 Methods

3.1 Design of Probes

The human RNA targets of focus are from the myelocytomatosis
oncogene MYC, the neighboring plasmacytoma variant 1 onco-
gene PVTI, the oncofetal IncRNA gene H19, and XIST encoding
the X inactive specific transcript (Fig. 1). These targets illustrate
how alternative transcription initiation, splicing, and polyadenyl-
ation [22-24] contribute to the diversity of RNA variants. Note
that the 3" end of some IncRNAs is generated by RNase P cleavage,
and that they lack a polyA tails [25].

An advantage of RNA FISH over immunofluorescence is that
probe set specificity can be well controlled up front by using avail-
able genome and transcriptome information. Probe sets can be
chosen to detect single, many, or all RNA variants from a certain
gene, from several related genes, or even from several viral sero-
types. Probe sets for variant detection are thus referred to as inclu-
sive (many or all) or exclusive (single).

MYC, PVTI, and H19 belong to a triumvirate of aggressive
oncogenes [26-30]. As a general effector of transcription and
potentiator of cell proliferation and differentiation, MYC protein is
stabilized by the PVT1 IncRNA, and as such, the encoding genes
on 8q24 are frequently found co-amplified in tumors. In turn,
MYC activates the transcription of both PVT1 and H19. Note also
that both pre- and mature IncRNAs from PVT1 and H19 also har-
bor miRNAs. The XIST IncRNA is abundantly expressed in female
cells and intimately tied to dosage compensation through inactiva-
tion of one of the X-chromosomes [31, 32].
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1. Target sequence selection: In this initial pre-design process,

RNA variants from each encoding gene are evaluated for dif-
ferential transcription start site use, splicing, and polyadenyl-
ation. By using the sequence common to all variants as the
target, the same number of individual oligos in the probe set
can be predicted to bind each RNA variant. Such “inclusive”
probe sets therefore reveal fluorescent RNA spots with maxi-
mal uniform spot intensity, independently of subcellular local-
ization and half-lives, and in turn enable accurate spot counting.
“Exclusive” probe sets can be generated by targeting discrete
variant-specific exon sequences. When combined, differently
labeled inclusive and exclusive probe sets can yield otherwise
difficult-to-extract data on the actual number of different
splice variants in each cell and their cell-to-cell distribution.
The genes of interest (Fig. 1) are initially inspected at
NCBI’s website (www.ncbi.nlm.nih.gov/gene) (see Note 3).
In the case of MYC (gene ID: 4609; 8q24.1), two RefSeq
mRNAs are presented with three exons, whereas several shorter
(incomplete) mRNAs are found for the same gene at Ensembl
(ENSG00000136997). Two transcription start sites can be
discerned, but only one true polyadenylation signal and site.
Hence, the common CDS (opened by a noncanonical CTG)
of the full-length mRNA is chosen for design (nts 526-1890 of

A,~3kb

Fig. 1 A schematic of the design of inclusive probe sets to detect primary and mature and MYC mRNAs, as well
as primary and mature H19, PVT1, and XIST IncRNAs. Noncoding sequences are represented in black and
coding sequences in blue. Exons common to all variants are shown as thick lines, alternatively spliced exons
as medium thick lines, and introns as thin lines. All four exon probe sets are inclusive and target the common
regions of the mature RNA variants. The probe sets are color coded according to the dye label: MYC, H19, and
XIST exons with Quasar 570: orange; PVT1 exons with CAL Fluor Red 610: purple; MYC introns with FAM:
green; and H19, PVT1, and XIST introns with Quasar 670: dark blue
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NM_002467.4). (XM_005250922.1 excludes a single CAG
codon at the 5’ end of exon 2.) To further ensure specificity of
this probe set to MYC mRNAs, the common RefSeq sequence
is used to BLAST the human genome /transcriptome at NCBI
(www.ncbi.nlm.nih.gov/blast/). This exercise reveals seg-
ments of NM_000389.4 with homology to the mRNAs from
the MYCN and MYCLI1 genes. In addition to information
about potential cross-hybridization, the presence of potentially
transcribed pseudogenes may also be uncovered by the BLAST
process. The final target sequence for the generation of an
inclusive exon probe set that will detect both NM_000389.4
and XM_005250922.1 mRNAs was maintained. Both introns
(NG_007161.1, nts 5555-7178, 7951-9326) were chosen for
the intron probe set.

The PVT1I locus spans 350 kb (gene ID: 5280; 8q24.1),
and harbors in addition to the PVT1 IncRNA RefSeq another
IncRNA and four miRNAs within the introns of the PVT1
gene. At Ensembl several PVT1 variants are presented at vary-
ing support levels. In the absence of a published comprehen-
sive overview of PVT1 IncRNA variants and their expression,
the RefSeq IncRNA (NR_003367.2, nts 1-1221, 1426-1699),
excluding one frequently skipped exon, was chosen as a target
for the exon probe set. At the same time, >15 unique exons
leav19.7 pte room for the design of exclusive probe sets. The
first 8 kb of the intron common to the major variants was cho-
sen for the intron probe set (NC_000008.11 nts 127,890,999-
127,898,944). (8 kb is the maximal target sequence length
accepted by the probe designer.)

For H19 (gene ID: 283120; 11p15.5), one RefSeq IncRNA
and two miRNAs are presented over five major exons.
Alternatively spliced transcripts at varying support levels are
shown at Ensembl. The gene and exon structure is well con-
served in mouse, supporting the choice of the full-length IncRNA
(NR_002196.1 nts 1-2322), excluding the miRNA sequences,
as a target. For design of the intron probe set, 10 nts from each
flanking exon were added to the target introns (NG_016165.1,
nts 6307-6426, 6538-6656, 6746-6849, 6949-7053).

For XIST (gene ID: 7503; Xql3.2), one six-exon RefSeq
IncRNA is presented. Alternative transcripts at varying sup-
port levels are shown at Ensembl. The full-length RNA is the
major variant [33], and so the first 8 kb of mature IncRNA
NR _001564.2 and up to 2 kb of introns 1-5 (NG_016172.1
nts 16373-18374, 20315-22316, 24517-26356, 26385-
28286) were chosen as targets.

As a final step, differentially spliced exons in target
sequences for inclusive exon and intron probe sets are each
replaced by a single “n” before entry into the designer. This
last step prevents the design of oligos across the splice site,
which would otherwise only bind certain or nonexistent variants
(see Note 4).
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3.2 Cell Culture

3.3 Formaldehyde
Fixation and Cell
Permeabilization

3.4 Methanol-Acetic
Acid Fixation/
Permeabilization

2. Probe set design: The Stellaris probe set name, gene name,
and selected target sequence (with or without FASTA header)
are entered into the designated fields in the Stellaris
Probe Designer (http: //www.biosearchtech.com /stellarisde-
signer/). Choosing the organism (in this case human) allows
the designer to utilize genome-specific information to mask
against repetitive sequences, such as Alu elements. To start, a
masking level of 5 (the highest) is chosen. The maximum
number of oligos chosen for an exon probe sets is 48, and for
intron sets 32. The output for all chosen targets exceeded the
recommended 25 minimum number of oligos, except for the
H19 introns (12 oligos) (se¢ Note 4).

The procedure for the culture [33] and fixation detailed here is for
the male human lung adenocarcinoma cells (A549) and the mam-
mary gland adenocarcinoma SK-BR-3 cell lines in 12-well cell cul-
ture plates, but can be adapted to other cell lines with minor
modifications. A549 is haplotriploid [34] with the relevant karyo-
type: 8,8,8; 11,11,11; A10 [¢(11;8) (ql3;98.24)]. SK-BR-3 is
hypertriploid [35] with three X chromosomes.

Volumes should be adjusted accordingly when adapting this
protocol for use in cell culture dishes or multi-well plates of a dif-
ferent size.

1. Seed cells on sterile, 18 mm round #1 cover glass in a 12-well
plate. Plating density should range from 30,000 to 50,000 for
A549 cells and 70,000 to 90,000 for SK-BR-3 cells per well.

2. Incubate cells at 37 °C and 5 % CO,.

3. Allow cells to grow to approximately 80 % confluency prior to
fixation, usually 2—3 days.

1. Aspirate the growth medium from each well, and wash with
1 mL of 1x PBS.

2. Aspirate the 1x PBS, and add 1 mL of fixation buffer. Allow
the cells to incubate in the fixation buffer for 10 min at room
temperature. Aspirate the fixation buffer, and wash twice with
1 mL of 1x PBS, aspirating between washes.

3. To permeabilize the cells, immerse the cells in 1 mL of 70 %
ethanol for at least 1 h at 4 °C.

4. The cells can be stored submerged in 70 % ethanol at 4 °C for
up to a week prior to hybridization.

This alternative method of fixation and permeabilization provides
faster results, but may alter the overall cellular morphology and
may not be compatible with simultaneous immunofluorescence
[8,10-12, 36].
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3.5 Hybridization

1.

Aspirate the growth medium from each well, and wash with
1 mL of 1x PBS.

2. Aspirate the 1x PBS, and add 1 mL of MeOH:AcOH solu-

tion. Allow the cells to incubate in the fixative solution for
10 min at room temperature.

3. The cells can be stored submerged in MeOH:AcOH at 4 °C

and should be used within 48 h.

Reconstitute the Stellaris RNA FISH Probes in Tris—EDTA bufter
solution to create a probe stock of 12.5 pM. To ensure that the
probes are completely resuspended, thoroughly pipette up and
down, then vortex, and centrifuge briefly. Make sure that the
hybridization buffer and wash bufters are properly diluted and sup-
plemented with formamide. To prepare the hybridization solution,
add 0.5 pL of probe stock solution to 50 pL of hybridization buf-
fer, then vortex, and centrifuge. This creates a working probe solu-
tion of 125 nM.

1.

Aspirate the 70 % ethanol from the cover glass containing
adherent cells within the 12-well plate. Add 1 mL of wash but-
fer A, and allow the cells to incubate at room temperature for
2-5 min.

(a) For cells fixed and permeabilized with MeOH:AcOH,
aspirate the MeOH:AcOH from the cover glass contain-
ing adherent cells within the 12-well plate. Add 1 mL of
wash buffer A, and allow the cells to incubate at room
temperature for 2-5 min.

Create a humidified chamber using a 150 mm tissue culture
plate. Evenly line the bottom of the tissue culture plate with a
flat, water-saturated paper towel. Place a 10x 10 cm piece of
Parafilm on top of the water-saturated paper towel. This cham-
ber will help prevent evaporation of the probe solution from
under the cover glass.

. Within the humidified chamber, dispense 50 pL of the hybrid-

ization solution (containing probe) onto the Parafilm. Use
forceps to gently transfer the cover glass, cell side down, onto
the 50 pL droplet of hybridization solution. It is important
that both the paper towel and Parafilm are completely level so
that the hybridization solution will disperse evenly under the
cover glass. Avoid the formation of bubbles.

. Cover the humidified chamber with the tissue culture lid, and

seal it with Parafilm.

. Place the humidified chamber in a dark 37 °C oven for at least

4 h. The incubation can be continued overnight up to 16 h,
thus allowing for an entire day of imaging, if necessary, on the
next day (see Note 5).
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3.6 Washing

3.7 Mounting

3.8 Imaging

3.9 Image
Processing

1.

Add 1 mL of wash buffer A to a fresh 12-well plate. Remove
the humidified chamber from 37 °C, and gently transfer the
cover glass (cells side up) to the 12-well plate containing wash
bufter. Allow the cells to incubate in the dark at 37 °C for
30 min.

Aspirate the wash buffer A, and then add 1 mL of DAPI
nuclear counterstain. Allow the cells to incubate in the dark at
37 °C for 30 min.

. Aspirate the DAPI counterstain solution, and then add 1 mL

of ' wash buffer B. Allow the cells to incubate at room tempera-
ture for 2-5 min.

. Place a small drop (approximately 15 pl) of Vectashield

Mounting Medium onto a microscope slide. Gently lift the
cover glass, and briefly touch the bottom edge to a Kimwipe®
(or equivalent tissue) to remove excess buffer. Then place the
cover glass, with the cells facing down, onto the drop of
mounting medium. If necessary, GLOX anti-fade may be used
as an alternative (se¢ Note 6).

Gently wick away excess mounting media from the perimeter
of the cover glass. Seal the cover glass perimeter with a thin
coat of clear nail polish and allow it to dry. As needed, gently
wash away any dried salt oft the cover glass with water.

. For best results, image the samples on the same day.

. Use a wide-field fluorescence microscope with a 60 or 100x

oil objective to obtain single-molecule resolution. Acquire
z-sections with 0.3 pm spacing that span the entire thickness
of the cell. This ensures that each individual RNA spot is cap-
tured (see Note 7).

. The exposure times can range from 1 to 2 s (se¢ Notes 8 and 9).

. Image] (http://rsbweb.nih.gov/ij/) is a widely accessible

and useful collection of software for post-processing image
analysis. Each three-dimensional stack is exported out of the
Nikon software and imported into Image]J. The three-dimen-
sional stack is then merged into a two-dimensional image
using the Maximum Intensity Projection feature. Here, images
can be overlaid with DAPI images and /or another RNA target
image from the same field of view (Figs. 2, 3, and 4). There
are a variety of free or proprietary software to help facilitate
quantification of single-molecule RNA FISH. We use the soft-
ware developed by the Arjun Raj lab at University of
Pennsylvania rajlab.seas.upenn.edu/StarSearch /launch.html
[10, 13] (see Note 10). Alternate software has been discussed
elsewhere [8].
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MYC exonic RNA MYC intronic RNA

PVT1 exonic RNA PVT1 intronic RNA

Fig. 2 Quadruplex Stellaris RNA FISH detection of MYC and PVT1 RNAs. Fixed A549 cells with DAPI-stained
nuclei (blue) were probed simultaneously for mature MYC mRNAs, MYC introns, mature PVT1 IncRNAs, and
PVT1 introns, and imaged with a 60x/1.4 NA oil objective. The MYC exon probe set revealed ~100 cytoplasmic
mRNA spots. The exon and intron MYC probe sets both showed two bright and two weak (longer exposures)
co-localized nuclear foci indicating variable activity at the MYC loci. The PVT1 exon set revealed predominantly
nuclear single-molecule spots as well as four bright nuclear foci, and the PVT1 intron set revealed three to four
bright nuclear foci. When superimposed (right panel), the MYC (pseudo-colored green) and PVT1 (pseudo-
colored red) intron signals are adjacent and overlapping, consistent with the active expression of two neigh-
boring genes. The difference in signal between MYC and PVT1 indicates independent control. The two types of
signal by the PVT1 exon set also indicates that this IncRNA may have a clustered cis-function (or delayed
miRNA processing), in addition to a nuclear single-molecule frans-function. Addition of probe sets targeting
unique exons could add detail to the function of subsets of PVT1 IncRNAs

4 Notes

1. In general, spots observed in a wide-field fluorescence micro-
scope are too dim to view through the eyepiece. This empha-
sizes the need for a cooled CCD camera, which greatly
minimizes background noise. Furthermore, we discourage
using a confocal microscope as the primary means of imaging;
results tend to be inconsistent.

2. Formaldehyde and formamide are teratogens that are easily
absorbed through the skin and should be used in a chemical
fume hood. Be sure to warm the formamide to room tempera-
ture before opening the bottle.



130 Arturo V. Orjalo Jr. and Hans E. Johansson

H19 intronic RNA

H19 intronic RNA H19 intronic RNA

Fig. 3 Duplex Stellaris RNA FISH to detect H19 IncRNA introns and exons. Fixed A549 cells with DAPI-stained
nuclei (blue) were probed simultaneously for mature H19 IncRNA (upper left panel, pseudo-colored red) and
introns (upper right panel; pseudo-colored green), and were imaged with a 60x/1.4 NA oil objective. Single
nuclear transcription bursts are revealed by both H19 probe sets (lower panels; yellow) as expected for the
paternally imprinted gene [19]. The cytoplasmic punctate spots revealed by the exon probe set are consistent
with the reported localization of the mature H19 IncRNA [37]

3. Similar sequence information can be obtained from the UCSC
genome browser (www.genome.ucsc.edu) and Ensembl
(www.ensembl.org). Benefits with the Ensembl annotation are
modifiers for the quality confidence and completeness of
annotated transcripts. Variant specific IncRNA information is
also available elsewhere (www.Incipedia.org, Incrnadb.org).

4. To prevent the faulty design of probes, any nucleotide redun-
dancy must be represented as “n” in the sequence. Other
TUPAC letters are not allowed in the designer. It is also recom-
mended that output oligo sequences from lower masking lev-
els (3 and below) are BLASTed against the human transcriptome
at NCBI. By furnishing the oligos with individual FASTA
headers (>1, >2, etc.), the batch BLAST option can be uti-
lized. Both the oligos that produce hits with <4 mismatches
and the hit transcripts are tabulated. Transcript hits that are
represented more than once are identified and the oligos

responsible for the hits should be excluded from the final
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XIST intronic RNA

XIST intronic RNA XIST intronic RNA

Fig. 4 Duplex Stellaris RNA FISH to detect XIST IncRNA introns and exons. Fixed SK-BR-3 cells with DAPI-
stained nuclei (blue) were probed simultaneously for mature XIST IncRNA (upper left panel; pseudo-colored
red) and introns (upper right panel, pseudo-colored green), and cells were imaged with a 60x/1.4 NA oil objec-
tive. The partially overlapping location (lower two panels) of the nuclear foci indicates that XIST gene transcrip-
tion and X-chromosome inactivation in SK-BR-3 cells occur in ¢is on two of the three X-chromosomes

probe set to prevent oft-target binding (Fig. 1). For the eight
probe sets herein, all designed oligos were retained. Probe sets
with <25 oligos generally are only recommended for detection
of RNAs found in clusters, such as in transcription bursts or in
Cajal bodies, and then in cells with minimal autofluorescence.

5. In general, hybridization times of 4-16 h are sufficient for
quality results with Stellaris FISH Probe sets. However, for
probe sets thatinitially demonstrate a low signal-to-background
ratio, or that contain fewer that the recommended 25 oligos,
both the optimal hybridization time and probe concentration
must be determined experimentally.

6. The GLOX anti-fade is incompatible with the fluorescein
(FAM) dye.

7. Our microscope is equipped with a motorized stage that
enables the automatic capture of a series of z-sections at
0.3 pm. For each field of view, each different RNA target can
be imaged sequentially. The ability to multiplex is dependent
on the availability of filter sets with minimal spectral overlap.
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8.

10.

In general, probe sets labeled with higher wavelength emitting
fluorophores (e.g., Quasar 670) allow for the observation of
reduced autofluorescence. However, these fluorophores gen-
erally require longer exposure times, ranging from 2 to 5 s,
due to less efficient excitation light and emission detection.

Imaging via an unused filter at lower wavelengths (e.g., FAM/
FITC) allows for the visualization of inherent cellular
autofluorescence. This can greatly aid in the discrimination of
true spots of single-RNA molecules versus false spots of
autofluorescence.

The RNA quantification program processes a single TIFF
z-stack and applies a rough linear Laplacian filter to assess the
spatial derivation of the image with regard to intensity.
A Gaussian smoothing filter helps subtract background and
enhance spots of appropriate size and intensity. The convolved
filter generates a graphical output that displays the relative
signal-to-background ratio of every spot detected. The thresh-
old automatically defined can also be manually adjusted, if
necessary (i.e., low signal to background).
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Chapter 11

Simultaneous RNA-DNA FISH

Lan-Tian Lai, Zhenyu Meng, Fangwei Shao,
and Li-Feng Zhang

Abstract

A highly useful tool for studying IncRNAs is simultancous RNA-DNA FISH, which reveals the local-
ization and quantitative information of RNA and DNA in cellular contexts. However, a simple combi-
nation of RNA FISH and DNA FISH often generates disappointing results because the fragile RNA
signals are often damaged by the harsh conditions used in DNA FISH for denaturing the DNA. Here,
we describe a robust and simple RNA-DNA FISH protocol, in which amino-labeled nucleic acid
probes are used for RNA FISH. The method is suitable to detect single-RNA molecules simultaneously
with DNA.

Key words Fluorescence in situ hybridization (FISH), Single-molecule RNA FISH, Amino-labeled
probes, Simultanecous RNA-DNA FISH, IncRNA

1 Introduction

Long noncoding RNAs (IncRNAs) are nonprotein-coding tran-
scripts that are longer than 200 nucleotides. A long growing list
of IncRNAs is identified in the current research [1]. It is specu-
lated that many IncRNAs are components of nuclear architecture
and players of epigenetic regulation. Therefore, it is important to
study how IncRNAs interact with their DNA targets in the cel-
lular context. Simultaneous RNA-DNA fluorescence in situ
hybridization (RNA-DNA FISH) is a highly useful technique to
address this question.

FISH not only reveals the subcellular localization of nucleic
acids, but also provides quantitative information. For example,
single-molecule RNA FISH (SMRF) can detect single-mRNA
molecules in a single cell [2]. Furthermore, the DNA FISH sig-
nal intensity of telomeres can be used to measure individual telo-
mere length in a given cell [3]. However, simultaneous
RNA-DNA FISH was technically challenging. In a simple com-
bination of RNA FISH and DNA FISH, the RNA signals are

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
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often damaged in DNA FISH by the harsh conditions (high
temperature and low pH) used for denaturing the genomic DNA
[4,5].

We developed a robust method to protect the RNA signals in
RNA-DNA FISH by introducing multiple protein components
(immunostains) into the signal detection steps of RNA FISH [4].
This, followed by a formaldehyde fixation step, provides robust
protection on the RNA signals during the subsequent DNA FISH.
Introducing immunostains into RNA FISH is critical because
formaldehyde acts as a fixative in the cellular context mainly by
cross-linking the amino groups from the lysine residues of the pro-
tein matrix. Although introducing multiple layers of immunostains
into RNA FISH provides robust protection on the RNA signal, it
makes the protocol lengthy and tedious. It also unnecessarily
amplifies the RNA signals and raises the background noise.
Therefore, we further improved the method by adding amino
groups directly onto the nucleic acid probes used in RNA FISH
[6]. The improved method is simple and robust. Using amino-
labeled RNA FISH probes, we successfully detected single-mRNA
molecules simultaneously with DNA. Here, we describe the proto-
col in details.

2 Materials

2.1 Equipment

2.2 Commercial
Reagents

1. Cytospin centrifuge.
2. Reverse-phase HPLC equipped with C18 (10x250 mm).
3. Automated DNA synthesizer (Mermade 4, BioAutomation).

1. Molecular trap pack.

2. Phosphoramidites and reagents used in oligo nucleotide synthe-
sis: dT-CE Phosphoramidite, dmf-dG-CE Phosphoramidite,
dA-CE Phosphoramidite, Ac-dC-CE phosphoramidite, Activator,
Cap mix A, Cap mix B, Oxidizing solution, 3 % DCA/DCM
Deblocking Mix.

. 200 nmole size of CPG resin in Mermade column.

. Nick translation Kkit.

. Cy3-dUTPD.

. Aminoallyl-dUTP (Jena Bioscience, Cat# NU-803S).
. Cytology funnels.

. Superfrost/Plus microscopic slides.

O 0 N N Uk W

. 18x18 mm #1.5 cover slips.
10. DAPI-containing mounting media with antifade.



2.3 Buffers
and Solutions

11.
12.
13.
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Transparent nail polish.
Rubber cement.

Coplin jars.

All solutions for RNA FISH are prepared with RNase-free water.

1.

Prepare phosphoramidite solutions including the four natural
nucleotides, amino-dT (Y,T), terminal amino linker (NH,-
C6), and fluorescein phosphoramidites (FAM). To each phos-
phoramidite, add 1.492 mL of anhydrous acetonitrile to
directly prepare 0.067 M of solution.

. Deprotection solution I: 40 % w/w Methylamine/water

solution. 5.7 mL of methylamine is dissolved in 6 mL of
water.

. Deprotection solution II: 28 % Ammonium hydroxide solution.

4. HPLC buffer: 0.1 M TEAA buffer, pH 7.0. Dissolve 5.72 mL

of acetic acid in 500 mL water. Add 10.12 g of triethylamine
to the acetic acid solution. Adjust pH to 7.0 by adding either
triethylamine or acetic acid. Make up the solution to 1 L and
filter the solution by a 0.45 pm filter unit.

. Cy5 coupling solution: Dissolve 1 mg of Cy5 NHS ester in

20 pL anhydrous DMSO. Dilute Cy5/DMSO solution by
2 mL of acetonitrile. 400 pL of N, N-Diisopropylethylamine is
added right before the solution is applied to DNA resin.

. Hybridization buffer: 50 % formamide, 2x SSC, 2 mg/mL

BSA, 10 % dextran sulfate-500 K.

. CSK buffer: 100 mM NacCl, 300 mM Sucrose, 3 mM MgCl,,

10 mM PIPES (pH 6.8). The solution is autoclaved and stored
at 4 °C.

. 4 % (w/v) Paraformaldehyde (PFA) in 1x PBS: Dissolve para-

formaldehyde in 4 mM NaOH, add in 10x PBS, adjust pH to
7.4, and bring up the solution to the final volume with water.
The solution should be stored in dark at 4 °C for no more
than 3 weeks.

. 2 % PFA: Dilute from 4 % PFA using PBS.
10.
11.
12.
13.
14.
15.
16.

70, 80, 90, and 100 % ethanol (v/v in water).

20x SSC.

10 % Formamide, 2x SSC with 4 mM Vanadyl ribonucleoside.
PBS with 0.5 % Triton X-100.

PBS with 0.2 % Tween-20.

70 % Formamide, 2x SSC.

50 % Formamide, 2x SSC.
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3 Methods

3.1 Probe
Preparation

3.1.1 Synthesis

of a Single Oligo
Nucleotide Probe Dually
Labeled with Fluorescein
and Amino Group

A single fluorescently labeled oligo probe can be used in RNA
FISH to detect RNA transcripts with repetitive sequences. In this
section, to illustrate the probe synthesis process, we describe the
procedure of synthesizing a fluorescein and amino dually labeled
oligo probe with the sequence 5'-FITC-(™,TAACCC)¢-3'. This
probe was used to detect the telomeric repeat-containing RNA
(Terra) [6].

1.

Install ™, T phosphoramidite solution on DNA synthesizer as
the first unnatural nucleobase (see Note 1). Input the sequence
of Terra probe to the synthesizer software with N, T as 1. Start
a 200 nmole scale of DNA synthesis via standard solid-phase
phosphoramidite chemistry on DNA synthesizer (sec Notes 2
and 3). Leave the probe on CPG resin for FAM labeling in the
next step.

. Install FAM phosphoramidite solution on DNA synthesizer as

the second unnatural nucleobase. Input DNA sequence as
5’-2 T-3’ to the synthesizer software. Start the synthesis and
follow the standard synthetic procedure on DNA synthesizer
(see Note 4). T is only used to represent the oligonucleotides
already on GPG resin. In this step, only FAM is added to DNA
probes as one nucleobase.

. To cleave and deprotect DNA probe from CPG resin, load

250 pL of deprotection solution I onto the resin twice. Leave
the solution on the resin for 10 min each time. Combine the
two solutions and stand the solution for 2 h at room tempera-
ture. Simultaneously, protection groups on all the nucleobases
are removed.

. Dry solution from step 3 by vacuum concentrator to yield a

slightly yellow pellet.

. Dissolve the probe crudes from step 4 in 400 pL water to pre-

pare samples for HPLC purification.

. Inject 200 pL solution from step 5 to reverse-phase

HPLC. Elute the desired probe by acetonitrile over TEAA
buffer (5-35 % over 30 min). The peak with absorption at both
260 and 490 nm is collected.

. Repeat step 6 to purify the rest half of probe crudes.

. Combine the two collections and remove the solvent by lyophi-

lization. The probe is dissolved in hybridization buffer and stored
at -20 °C. The working concentration of the probe is 1 pM.

. For quality control, the dually labeled probe is characterized

by ESI-MS and is quantified based upon UV-Vis absorption of
either DNA (260 nm) or fluorescein dye (490 nm).
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Sequences of amino-labeled probe set for single-molecule RNA FISH of EGFP mRNA

Probe Sequence? Probe Sequence?

1 GTCCAGCTCGACCAGGATGG 11 CGATGCCCTTCAGCTCGATG
2 CTGAACTTGTGGCCGTTTAC 12 ATGTTGCCGTCCTCCTTGAA
3 AGCTTGCCGTAGGTGGCATC 13 GTAGT TGTACTCCAGCTTGT
4 GTGGTGCAGATGAACTTCAG 14 CATGATATAGACGTTGTGGC
5 CACTGCACGCCGTAGGTCAG 15 ATGCCGTTCTTCTGCTTGTC
6 GACTTGAAGAAGTCGTGCTG 16 GCGGATCTTGAAGTTCACCT
7 TGGACGTAGCCTTCGGGCAT 17 CGCTGCCGTCCTCGATGTTG
8 CTTGAAGAAGATGGTGCGCT 18 TGTGATCGCGCTTCTCGTTG
9 CGGGTCTTGTAGTTGCCGTC 19 GTCACGAACTCCAGCAGGAC
10 GTTCACCAGGGTGTCGCCCT 20 GTCCATGCCGAGAGTGATCC

*Cy5 fluorophore is attached to 5’-end of each probe. Thymines highlighted in szalics are N9, T

3.1.2 Synthesis of Cy5
and Amino Dually Labeled
Probe Set for SMRF

A set of 2040 fluorescently labeled oligo probes is required in
SMREF to detect single-RNA molecules. In this section, we describe
the procedure of synthesizing a set of 20 Cy5 and amino dually

labeled oligo probes, which was used to detect the single molecules

of EGFP mRNA [6].

1. Synthesize 20 DNA probes with sequences listed in Table 1 on

200 nmole scale via standard solid-phase synthesis. Use M, T
phosphoramidite solution to incorporate M,T at indicated
positions (Table 1) by following the same procedure in
Subheading 3.1.1, step 1.

. Adding an amino Cg-alkyl chain: Install NH,-Cg phosphorami-

dite solution on DNA synthesizer as the second unnatural
nucleobase. Add the NH,-C4 chain to 5'-terminal of each
probe, via phosphoramidite chemistry on DNA synthesizer by
tfollowing the same step as Subheading 3.1.1, step 2. Take off
MMT protection group from terminal amine (se¢ Note 5).

. Transfer CPQG resin of each probe from step 2 into a 2 mL

Eppendort. Swell the resin in ACN for 20 min at room tem-
perature. Centrifuge to set down the resin at the bottom of the
Eppendorf and remove ACN completely.

. Add 60 pL of Cy5 coupling solution to the resin from step 3.

Vortex the mixture vigorously at room temperature for 2 h to
conjugate Cy5 dye to alkyl amino terminal of DNA probes
(see Note 6).
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3.1.3  Nick Translation

5. Centrifuge to set down the resin at the bottom of the Eppendorf
and remove Cy5 coupling solution.
6. Repeat steps 4 and 5 (se¢ Note 7).

7. Cleave Cy5-labeled probes by incubating the resin in 200 pL of
deprotection solution II. The solution is shaken gently for 1 h to
cleave probes from resin. After the resins are removed by filtra-
tion, the blue-colored solution is kept in the dark at room tem-
perature for 24 h to complete the deprotection of nucleobases.

8. Gently blow the surface of solution with nitrogen to remove
most of the ammonium hydroxide.

9. Dilute solution from step 8 with 200 pL water to prepare sam-
ple for HPLC purification.

10. Inject the solution from step 9 to reverse-phase HPLC. Desired
probes are eluted with ACN over TEAA buffer (5-50 % over
30 min). Collect the peak with UV-Vis absorptions at both
260 nm and 630 nm. Remove the solvent by lyophilization.
The probes are dissolved in hybridization buffer at desired
concentrations (se¢ Note 8) and stored at -20 °C.

11. For quality control, the probes are characterized by ESI-MS
and are quantified by UV-Vis absorption of both DNA
(260 nm) and Cy5 dye (630 nm).

In general, the probe used in RNA FISH or DNA FISH can be
prepared by nick translation. The template DNA used in the nick
translation reaction can be an appropriate BAC clone. For exam-
ple, it a BAC clone contains no other transcribed regions than the
target RNA, then the BAC can serve as the template DNA in nick
translation to generate RNA FISH probes for the RNA target.

1. Add the following components (Nick Translation Kit) into a
0.2 mL tube and adjust the reaction volume to 50 pL with water:
e 2.5 pg template DNA.
e 7.5 uL dATP (0.4 mM).
e 7.5 uL dCTP (0.4 mM).
e 7.5 uL dGTP (0.4 mM).
e 1.5pL Cy3-dUTP (1 mM).
e 1.5 pL Aminoallyl-dUTP (1 mM) (see Note 9).
e 5 pL 10x Nick translation bufter.
e 5 pL Enzyme mix.
. Incubate the reaction at 15 °C for 2 h and 65 °C for 10 min.
. Add 25 pg of Cot-1 DNA into the reaction mix.
. Ethanol precipitation of the DNA in the reaction mix.
. Resuspend the DNA pellet in 50 pL of hybridization bufter.
. Store the probe in the dark at =20 °C.

QN Ul B W



3.2 Slide Preparation

3.2.1 Cytospin

3.2.2 Cell Culture
on Cover Slips

3.3 FISH

3.3.1  Single-Molecule
RNA FISH (SMRF)
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The cytospin method helps to deposit cells cultured in suspension
onto microscope slides. It also helps to separate cell clusters into
single cells, for example the colonies of embryonic stem cells.

1. Trypsinize the cells and resuspend them in a concentration of
8x 10° cells per mL in PBS (sec Note 10).

2. Cytospin 100 pL cells onto microscope slides using cytology
funnels at 254 g4 for 10 min.

3. Air-dry the slides for 2—-3 min.
4. Rinse the slides in ice-cold PBS for 5 min in a Coplin jar.

5. Treat the slides with CSK buffer for 3 min (optional, see
Note 11).

6. Fix the sample in 2 % PFA for 10 min at room temperature (see
Note 12).

7. Store the slides in 70 % ethanol at 4 °C until use.

Cells can be directly cultured on cover slips before FISH experi-
ments. In this way, better protection on cellular components and
structures can be achieved because the cells are directly fixed on the
cover slips without trypsinization and other physical manipulations.

1. Sterilize cover slips and lay the cover slips onto the bottom of
a tissue culture container. Directly culture cells on the cover
slips until the cell culture reaches a desired cell density.

2. Briefly rinse the cover slips in PBS twice.

3. Fix the cells in 2 % PFA for 10 min at room temperature (see
Note 12).

4. Store the cover slips in 70 % ethanol at 4 °C until use.

The protocol of SMRF is adapted from the method described by
Raj and colleagues [2]. A detailed protocol was published [7].

In this section, we describe the details of how to handle the
cells directly cultured on cover slips. Readers are referred to
Subheading 3.3.2 for details of how to handle the cells deposited
onto microscope slides by cytospin.

1. Warm the probe to room temperature (se¢ Note 8).
2. Aspirate 70 % ethanol off the cover slip.

3. Wash the cover slip three times with 2 mL of wash buffer (10 %
tormamide, 2x SSC with 4 mM Vanadyl ribonucleoside) each.

4. Pipette 10 pL of the probe onto a new microscope slide and
place the cover slip with the cell-side down onto the probe.

5. Incubate the slide in a dark and humidified chamber at 30 °C
overnight.

6. Slowly remove the cover slip and wash the cover slip with 2 mL
of wash buffer (10 % formamide, 2x SSC with 4 mM Vanadyl
ribonucleoside) at 30 °C for 30 min.
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3.3.2 RNAFISH

3.3.3 DNAFISH

7.
8.
9.

Aspirate the wash buffer.
Fix the cover slip in 4 % PFA at room temperature for 10 min.

Briefly rinse the cover slip twice with PBS. The sample is ready
tor the subsequent DNA FISH.

In this section, we describe the details of how to handle the cyto-
spin slides. Readers are referred to Subheading 3.3.1 for details of
how to handle the cells directly cultured on cover slips.

1.

Dehydrate the slide through 80, 90, and 100 % ethanol sequen-
tially for 2 min each.

2. Air-dry the slide at room temperature for 2—3 min.

. Denature the probe at 75 °C for 10 min, and pre-anneal the

probe at 42 °C for 10-60 min (se¢ Note 13). It is important to
coordinate steps 2 and 3, so that when the slide is dried, the
probe is also ready to be applied onto the slide.

. Deposit 6 pL. denatured probe onto the slide. The probe

should be directly applied onto the “area” of cells. After the
probe is added, a cover slip is laid on top of the area.

. Probe hybridization is carried out at 42 °C in a dark and humid

environment overnight.

. Remove the cover slip gently.
. Wash the slide three times (5 min for each wash) in 50 % for-

mamide, 2x SSC at 45 °C with slight agitation.

. Wash the slide three times (5 min for each wash) in 2x SSC at

45 °C with slight agitation.

. Rinse the slide briefly in PBS.
10.
11.

Fix the slides in 4 % PFA at room temperature for 10 min.

Rinse the slides again briefly in PBS. The sample is ready for
the subsequent DNA FISH.

. Permeabilize the sample with PBS 0.5 % Triton X-100 for

15 min (optional).

. For DNA FISH using the chromosome paint, treat the slides

with freshly prepared 0.1 M HCI 0.25 % Tween-20 for 1 min
and wash with 2x SSC for 5 min (optional, see Note 14).

. Denature the sample in 70 % formamide, 2x SSC at 75 °C for

10 min.

. Dehydrate the sample through 80, 90, and 100 % ice-cold eth-

anol sequentially for 2 min each.

. Air-dry the slides at room temperature for 2—-3 min.

6. Denature the probe at 75 °C for 10 min, and pre-anneal the

probe at 42 °C for 10-60 min (se¢ Note 13). It is important to
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12.
13.
14.
15.
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coordinate steps 5 and 6, so that when the slide is dried, the
probe is also ready to be applied onto the slide.

. Add 6 pL probe, lay the cover slip on top of the probe, and seal

the four edges of the cover slip with rubber cement.

. Probe hybridization is carried out overnight at 42 °C in a dark

and humid environment.

. Remove the rubber cement and then the cover slip carefully.
10.

Wash the sample three times (5 min for each wash) in 50 %
formamide, 2x SSC at 45 °C with slight agitation.

Wash the sample three times (5 min for each wash) in 2x SSC
at 45 °C with slight agitation.

Rinse briefly in PBS with 0.2 % Tween-20.
Briefly dry the sample for less than 1 min.
Apply mounting media with DAPI. Lay the cover slip.

Seal the four edges of the cover slip with minimal amount of nail
polish. The sample is ready to be examined under microscopes.

4 Notes

. Solutions of phosphoramidites, activator, and acetonitrile are

dried over molecular trap packs 2 days before synthesis.

. 200 nmole size of CPG resin in Mermade column are used for

solid-phase synthesis unless indicated otherwise.

. M2T and natural nucleoside phosphoramidites are incorpo-

rated with standard coupling time, 60 s.

. 5’-Fluorescein phosphoramidite is incorporated with a 3-min

coupling time.

. Turn on “DMT-off” function during the initial setup of DNA

sequence on the synthesizer. 4-Monomethoxytrityl group on
terminal amine is removed by deblocking mix when the probes
are still attached to CPG resin.

. Vigorously vortex the resins are highly recommended to

increase the coupling yields. Cover the Eppendort with alumi-
num foil to protect the resin from light.

. After Cy5 coupling, the resin turns to deep blue color.

. In SMREF, it is important to test a wide range of probe concen-

trations (5-50 nM) to determine the optimized probe concen-
tration for each experiment [7].

. Not all the amino-labeled dNTPs are compatible substrates for

DNA polymerase I in the nick translation reaction. If a different
amino-labeled dANTP is chosen for the nick translation reaction,
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10.

11.

12.

13.

14.

it is important to confirm whether the amino-labeled dNTP is a
compatible enzyme substrate in the nick translation reaction.

The concentration needs to be optimized for different cell
types. 8x 10° cells per mL is suitable for mouse ES cells and
fibroblasts.

CSK treatment permeabilizes cells and improves probe pene-
tration in FISH. This step is necessary for detecting nuclear
RNA signals. The treatment time needs to be optimized for
individual experiments.

In RNA-DNA FISH experiments, the sample is fixed twice in
PFA solutions, one before RNA FISH (pre-fixation), and the
other one after RNA FISH (post-fixation). To make sure that
the amino probes used in RNA FISH can be fixed efficiently
with the matrix of cellular proteins in the post-fixation step, we
pre-fix the cells in a milder condition (2 % PFA).

If double-stranded DNA is used as probe for FISH, it is neces-
sary to denature the probe. Probe denaturation also helps to
reduce the secondary structures of single-stranded probes. In
some experiments, unlabeled Cot-1 DNA (a fraction of repeti-
tive DNA fragments isolated from genomic DNA) is mixed
with the probe. After probe denaturation, the probe is pre-
annealed with Cot-1 DNA at 42 °C to block unspecific probe
hybridization during FISH. The time for the pre-annealing
step needs to be optimized for individual experiments.

For some difficult DNA targets, briefly subjecting the cells to
0.1 M HCI 0.25 % Tween-20 enhances the accessibility of the
probe to the DNA target.
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Chapter 12

Visualizing Long Noncoding RNAs on Chromatin

Michael Hinten, Emily Maclary, Srimonta Gayen,
Clair Harris, and Sundeep Kalantry

Abstract

Fluorescence in situ hybridization (FISH) enables the detection of specific nucleic acid sequences within
single cells. For example, RNA FISH provides information on both the expression level and localization of
RNA transcripts and, when combined with detection of associated proteins and chromatin modifications,
can lend essential insights into long noncoding RNA (IncRNA) function. Epigenetic effects have been
postulated for many IncRNAs, but shown for only a few. Advances in in situ techniques and microscopy,
however, now allow for visualization of IncRNAs that are expressed at very low levels or are not very stable.
FISH-based detections of RNA and DNA coupled with immunological staining of proteins/histone modi-
fications offer the possibility to connect IncRNAs to epigenetic effects. Here, we describe an integrated set
of protocols to detect, individually or in combination, specific RNAs, DNAs, proteins, and histone modi-
fications in single cells at a high level of sensitivity using conventional fluorescence microscopy.

Key words Immunofluorescence, Fluorescence in situ hybridization, RNA FISH, DNA FISH, Long
noncoding RNAs, Epigenetic, Chromatin, Histone modifications

1 Introduction

LncRNAs are increasingly invoked as factors that establish epigen-
etic profiles [1, 2]. Some IncRNAs are hypothesized to regulate
gene expression at specific loci [3]. Other IncRNAs are postulated
to regulate gene expression chromosome-wide, as in the case of
the inactive X-chromosome [1, 4]. Refinements of fluorescence in
situ hybridization (FISH) techniques have resulted in the ability to
visualize IncRNAs at their sites of synthesis on the chromosome or
site of function in the genome [5]. Combined with immunofluo-
rescence (IF) detection of epigenetic factors and histone modifica-
tions, FISH techniques can permit the formulation of specific
hypotheses of IncRNA function. For example, colocalization of
epigenetic modifiers or histone modifications with IncRNA tran-
scripts can suggest the recruitment of epigenetic factors to discrete
loci in the genome.

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
DOI 10.1007/978-1-4939-3378-5_12, © Springer Science+Business Media New York 2016
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Here, we describe detection via FISH of IncRNAs both with

probes that do not distinguish the DNA strand of synthesis and
with strand-specific probes. We additionally describe methods for
IF-based detection of proteins and histone modifications and DNA
FISH procedure to mark specific DNA loci of interest in cultured
and embryonic cells. These protocols can be used individually or in
combination. We provide examples of cells profiled by IF and RNA
FISH and RNA FISH followed by DNA FISH interrogating the
X-linked Xist and Tsix IncRNAs that are expressed from and func-
tion #n cis on the X-chromosome along with histone H3 lysine 27
trimethylation (H3-K27me3).

Sterile, gelatinized glass cover slips (se¢ Note 1).

. 0.2 % Gelatin: 0.2 g Gelatin per 100 ml of ultrapure DNase/

RNase-free water. Autoclave to dissolve and sterilize.

. 6-Well tissue culture dish.

4. Cytoskeletal buffer (CSK): 100 mM NaCl, 300 mM sucrose,

2 Materials
2.1 Sample 1.
Preparation: Cultured 2
Cells
3
5
6
7
8
2.2 Sample 1.
Preparation: Mouse 2
Embryos/Embryo
Fragments

3 mM magnesium chloride, 10 mM PIPES (CgH,;3N,OsS,,
pH 6.8; be sure to avoid using the sodium-salt version of
PIPES). For PIPES, make 0.25-0.5 M stock; bring into solu-
tion by adding NaOH while measuring pH.

. CSK buffer with 0.4 % Triton X-100: Make stock of 10-20 %

Triton X-100 solution in ultrapure DNase /RNase-free water
before adding to CSK.

.4 % Paraformaldehyde (PFA; Electron Microscopy Science

16 % Paratormaldehyde in aqueous solution (Fisher, #50-980-
487), diluted in ultrapure DNase /RNase-free water and with
a final concentration of 1x phosphate-buftered saline [PBS]).

. 70 % Ethanol made with filtered ddH,O.

. Plate sealer tape.

Sterile, gelatinized glass cover slips (see Note 1).

. 0.2 % Gelatin: 0.2 g Gelatin per 100 ml of ultrapure DNase /

RNase-free water. Autoclave to dissolve and sterilize.

. Pipette for plating embryos or embryo fragments: A glass

Pasteur pipette pulled to a width only slightly larger than the
embryos/embryo fragments.

. 1x PBS with 6 mg/ml of bovine serum albumin (BSA): To

make 50 ml, combine 4 ml BSA (Invitrogen, 7.5 g /100 ml
#15260037), 5 ml 10x PBS, and 41 ml ultrapure DNase/
RNase-free water.



2.3 Immunof|
uorescence (IF)

2.4 RNA and DNA
FISH: Probe Labeling
for Double-Stranded
Probes (See Note 6)

O 0 NN O

N

o N O Ul

12.

13.

14.
15.

N~ W N

Detecting IncRNAs In Situ 149

. Fixation and permeabilization solution: 1 % PFA with 0.05 %

Tergitol in a final concentration of 1x PBS.

. 1 % PFA.
. 70 % Ethanol made with filtered ddH,O.
. 6-Well dish, or similar container for storage (se¢ Note 2).

. Plate sealer tape.

. 1x PBS.

. 6-Well dish, or similar chamber to be used for washing cover

slips (se¢ Note 2).

. Blocking buffer: 1x PBS with 0.5 mg/ml BSA, 50 pg/ml

tRNA, 80 units/ml RNase inhibitor (such as Invitrogen’s
RNaseOUT), and 0.2 % Tween-20 (make and use a 10 %
Tween-20 stock). Pre-warm to 37 °C.

. Primary antibody of choice.

. Small glass plate (see Note 3).
. Parafilm.

. Forceps.

. IF chamber: A small humid chamber for incubating slides,

humidity provided by 1x PBS (see Note 4).

. Incubator set to 37 °C.
10.
11.

1x PBS with 0.2 % Tween-20.

Fluorescently conjugated secondary antibody: AlexaFluor
(Invitrogen) secondary antibodies work well with this proto-
col; AF488, AF555, and AF647 have very similar absorption
and emission spectra to the Fluorescein-12, Cy3, and Cy5 dyes
used for FISH, respectively. These antibodies can be used in
conjunction with FISH probes for multicolor imaging with the
same set of fluorescence microscope filters.

4’ 6-Diamidino-2-phenylindole, dihydrochloride (DAPI) (Life
Technologies, 10 mg) (for IF without subsequent RNA FISH).
Mounting medium (for IF without subsequent RNA FISH, see
Note 5).

Microscope slides (for IF without subsequent RNA FISH).
2 % PFA (for IF followed by RNA FISH only).

. BioPrime DNA Labeling System (Life Technologies,

#18094011) (see Note 7).

. Ultrapure DNase /RNase-free water.
. TE buffer: 10 mM Tris-HCI, 1 mM EDTA, pH 8 (se¢ Note 8).
. DNA template for labeling: Large templates, such as fosmids or

BACGCs, work best for labeling by random priming. BACs are
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recommended for DNA FISH probes, as the larger template
size will maximize the signal despite low copy number of DNA
compared to transcribed RNA in the cell. Ensure that the tem-
plate preparation is extremely pure; contaminating bacterial
DNA will lead to high levels of background fluorescent signal.

5. Custom dANTP mixture:

(a) For use with Cy3 or Cy5 fluorescently labeled dCTP (see
below): 2 mM dATP, 2 mM dGTP, 2 mM dTTP, 1 mM
dCTP.

(b) For use with fluorescein-labeled dUTP (fluorescein-12-
dUTP; see below): 2 mM dCTP, 2 mM dATP, 2 mM
dGTP, 1 mM dTTP.

6. 1 mM Fluorescently labeled nucleotide: Fluorescein-12-dUTP
(Roche)-labeled probes excite maximally at 495 nm and emit
maximally at 521 nm. Cy3-labeled dCTP (GE Healthcare)-
labeled probes excite maximally at 550 nm and emit maximally
at 570 nm, while Cy5-labeled dCTP (GE Healthcare)-labeled
probes absorb maximally in the far-red end of the spectrum, at
649 nm, and emit maximally at 670 nm. The spectra for these
dyes do not overlap significantly, and labeled probes can be
combined with other FISH probes and used with DAPI, which
absorbs maximally at 358 nm and emits maximally at 461 nm
when bound to double-stranded DNA, or fluorescently conju-
gated antibodies for multicolor imaging.

7. G-50 ProbeQuant Micro Columns (GE Healthcare).
8. Tabletop centrifuge.

9. 20 mg/ml Yeast tRNA: Reconstitute lyophilized yeast tRNA
(Invitrogen, #15401-029) in ultrapure DNase/RNase-free
water. Aliquot and store at =20 °C.

10. 3 M Sodium acetate, pH 5.2 (se¢ Note 8).
11. Molecular biology-grade 100 % ethanol.
12. Heat block set to 37 °C.

2.5 RNA FISH: Probe 1. MAXIscript T3 /T7 Kit (Ambion, AM1326).

Label_il.ly for Strand- 2. Linear DNA template, PCR amplified with T3 or T7 promoter
Specific Probes (See sequence upstream of the sequence to be labeled: To detect
Note 6) RNA transcribed from the desired strand, the probes must be

synthesized complementary to the target transcript; the T3 or
T7 RNA polymerase promoter sequences must therefore be
incorporated at the appropriate ends of the template DNA. See
MAXIscript kit instructions for details on template preparation.

3. Custom NTP mixture (se¢ Note 9):

(a) Foruse with Cy3 or Cy5 fluorescently labeled CTP: 2 mM
ATP, 2 mM GTP, 2 mM TTP, I mM CTP.



2.6 RNA and DNA
FISH: Probe
Precipitation

2.7 RNA FISH:
Sample Hybridization

1.

13.
14.
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(b) For use with fluorescein fluorescently labeled UTP
(fluorescein-12-UTP: 2 mM CTP, 2 mM ATP, 2 mM
GTP, 1 mM TTP.

. 100 nmol Fluorescently labeled nucleotide: Fluorescein-12-

UTP (Roche), Cy3-CTP (GE Healthcare), or Cy5-CTP (GE
Healthcare) (see notes on emission spectra in Subheading 2.4).

. 0.5 M EDTA (see Note 8).
. 20 mg/ml Yeast tRNA: Reconstitute lyophilized yeast tRNA in

ultrapure DNase /RNase-free water. Aliquot and store at =20 °C.

. 5 M Ammonium acetate (se¢ Note 8).

. 100 % Molecular biology-grade ethanol.
. Ultrapure DNase /RNase-free water.
10.
11.
12.

37 °C Heat block.
Mini Quick Spin RNA Columns (Roche, #11814427001).
Tabletop centrifuge.

Fluorescently labeled probes in ethanol (see Subheadings 3.4
and 3.5): A combination of double-stranded and strand-specific
probes may be used.

. 20 mg/ml Yeast tRNA: Reconstitute lyophilized yeast tRNA

in ultrapure DNase/RNase-free water. Aliquot and store at
-20 °C.

. 1 mg/ml COT-1 DNA (Invitrogen) (Optional, se¢ Note 10).
. 10 mg/ml Salmon sperm DNA.

5 M Ammonium acetate (see Note 8).

. Ultrapure DNase /RNase-free water.

. 100 % Molecular biology-grade ethanol.

. Tabletop centrifuge.

. 70 % Ethanol: Dilute 100 % ethanol using filtered ddH,O.
10.
. 20x Sodium saline citrate (SSC) (Invitrogen).
12.

Deionized formamide.

2x Hybridization solution: Two parts ultrapure DNase/
RNase-free water, one part 20x SSC, two parts 50 % dextran
sulfate (see Note 11).

Vacuum centrifuge.

Heat block set to 90 °C.

. 100 % Molecular biology-grade ethanol: Use filtered ddH,O

to make stocks of 70, 85, and 95 % ethanol.

. Fluorescently labeled probes (see Subheadings 2.4-2.6).
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2.8 DNA FISH:
Sample Hybridization

N O\ Ul W

10.
11.
12.
13.
14.
15.

. 6-Well dish, or similar chamber to be used for dehydration and

for washing cover slips (se¢ Note 2).

. Small glass plate (see Note 3).
. Parafilm.
. Forceps.

. Hybridization chamber: A small humid chamber for incubat-

ing slides, humidity provided by 2x SSC/50 % deionized for-
mamide (se¢ Note 4).

. Incubator set to 37 °C, for overnight incubation.
. 2x SSC/50 % deionized formamide: 5 ml 20x SSC, 25 ml

deionized formamide, 20 ml filtered ddH,O.

2x SSC: 5 ml 20x SSC, 45 ml filtered ddH,0.

1x SSC: 2.5 ml 20x SSC, 47.5 ml filtered ddH,O.
DAPI.

Incubator set to 39 °C, for washes.

Mounting medium (se¢ Note 5).

Microscope slides.

. 1x PBS.

2. 1 % PFA with 0.5 % Tergitol and 0.5 % Triton X-100.

. 100 % Molecular biology-grade ethanol: Use filtered ddH,O

to make stocks of 70, 85, and 95 % ethanol.

. 6-Well dish, or similar chamber to be used for dehydration and

for washing cover slips (see Note 2).

. RNase A solution: 1.25 pg/pl RNase A, diluted in 2x SSC.

6. 2x SSC/70 % deionized formamide: 5 ml 20x SSC, 35 ml

13.
14.

15.

deionized formamide, 10 ml filtered ddH,O.

. Heat block set to 95 °C.
. Fluorescently labeled double-stranded probe (see Subheadings 2.5

and 2.06).

. Small glass plate (see Note 3).
10.
11.
12.

Parafilm.
Forceps.

Hybridization chamber: A small humid chamber for incubat-
ing slides, humidity provided by 2x SSC/50 % deionized for-
mamide (see Note 4).

Incubator set to 37 °C, for overnight incubation.

2x SSC/50 % deionized formamide: 5 ml 20x SSC, 25 ml
deionized formamide, 20 ml filtered ddH,O.

2x SSC: 5 ml 20x SSC, 45 ml filtered ddH,O.



16.
17.
18.
19.
20.
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1x SSC: 2.5 ml 20x SSC, 47.5 ml filtered ddH,O.
DAPI.

Incubator set to 39 °C, for washes.

Mounting medium (se¢ Note 5).

Microscope slides.

3 Methods

3.1 Sample 1.

Preparation: Cultured
Cells

Grow cells to desired confluency on sterile, gelatinized glass
cover slips (see Note 1) in the bottom of a 6-well tissue culture

dish.

. Prepare reagents for fixation and permeabilization: Make and

sterile filter CSK and CSK with 0.4 % Triton X-100 buffers and
chill to 4 °C. Prepare 4 % PFA. All subsequent steps should be
performed in the tissue culture hood. The CSKand CSK+0.4 %
Triton X-100 bufters should be kept chilled on ice during the
procedure.

. Aspirate media from all six wells of a 6-well dish

4. Pipette 2 ml of ice-cold CSK butffer in each well of the 6-well

11.

12.

3.2 Sample 1.

Preparation: Mouse
Embryos

dish.

. After 30 s, aspirate the CSK buffer: By the time CSK buffer has

been pipetted into each of the six wells, the first well has incu-
bated in the CSK buffer for ~30 s, so simply pipette CSK buf-
fer into the six wells and then aspirate right afterward from the
first well onward.

. Pipette 2 ml of ice-cold CSK+0.4 % Triton X-100 buffer in

each well of the 6-well dish.

. After 30 s, aspirate the CSK+0.4 % Triton X-100. See details in

step 3.

. Pipette 2 ml of ice-cold CSK buffer in each well of the 6-well

dish.

. After 30 s, aspirate the CSK buffer. See details in step 3.
10.

Pipette 2 ml of 4 % PFA in each well of the 6-well dish. Incubate
the cells in PFA for 10 min.

Aspirate the PFA and pipette in 5 ml of cold 70 % ethanol in
each well. Repeat the ethanol wash a total of three times, to
remove all traces of PFA.

Seal dish with plate sealer tape and store cells at =20 °C (see
Note 12).

Plate embryos or dissected embryo fragments on sterile, gela-
tinized glass cover slips (22 x 22 cm square cover slips, see Note 1)
in 1x PBS 6 mg/ml BSA using finely pulled Pasteur pipette.
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3.3 Immunofl
uorescence (IF) (Fig. 1)

2.

Aspirate excess 1x PBS 6 mg/ml BSA and let dry for about
20-30 min.

. Fix and permeabilize with 50 pl of 1 % PFA in 1x PBS with

0.05 % Tergitol for 5 min (to get rid of excess solution on
cover slip after the 5-min permeabilization /fixation, simply tap
solution off onto a paper towel).

. Fix again with 50 pl of 1 % PFA (no Tergitol) in 1x PBS for

5 min. Drain the excess solution onto a paper towel.

. Place cover slips with plated embryos in a 6-well dish. Rinse with

three changes of 70 % ethanol. Seal dish with plate sealer tape
and store in 70 % ethanol at =20 °C until use (see Note 12).

. Begin with fixed, permeabilized cells or embryo samples,

plated on gelatinized glass cover slips and stored in 70 % etha-
nol (see Subheadings 3.1 and 3.2).

2. Make blocking buffer and warm to 37 °C.

. Place sample cover slip in a 6-well dish that contains 2 ml of 1x

PBS in each well (see Note 2).

. Wash briefly with three changes of 1x PBS to remove

ethanol.

. Wash with 1x PBS three times, 3 min each on a rocker.

6. Wrap a glass plate tightly with parafilm for incubating cover

10.

11.

slips for subsequent steps.

. Block slides for 30 min at 37 °C in 50 pl pre-warmed blocking

buffer in a humid chamber: Place a 50 pl drop of blocking buf-
fer on the parafilm-wrapped glass plate and invert the cover
slip, sample side down, into the blocking buffer. Place the
parafilm-wrapped plate in the humid chamber, and incubate
tor 30 min at 37 °C. All incubations in blocking buffer, pri-
mary antibody, or secondary antibody should be set up in this
manner.

. Carefully lift cover slip from blocking buffer with forceps and

place into a 50 pl droplet of diluted primary antibody on a
parafilm-wrapped plate. Incubate with 50 pl primary antibody
diluted in pre-warmed blocking buffer (dilution based on primary
antibody you are using) in a humid chamber at 37 °C for 1 h.

. Remove cover slip from primary antibody solution and place,

sample-side up, in a 6-well dish. Wash three times with 1x
PBS/0.2 % Tween-20 for 3 min on a rocker.

Incubate in 50 pl pre-warmed blocking buffer on a parafilm-
wrapped plate in a humid chamber for 5 min at 37 °C.

Incubate with 50 pl secondary antibody diluted in pre-warmed
blocking buffer in humid chamber at 37 °C for 30 min.
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-

Fig. 1 Immunofluorescence followed by strand-specific RNA FISH in female mouse trophoblast stem cells.
Histone H3 lysine 27 trimethylation (H3-K27me3; in green) is enriched on the inactive X-chromosome that is
marked by Xist IncRNA accumulation (purple). The active X-chromosome is marked by nascent expression of
the Xist antisense Tsix IncRNA (red pinpoints). Nuclei are stained blue with DAPI

12.

Antibody dilution depends on secondary antibody used;
AlexaFluor-conjugated secondary antibodies should be used at
a 1:300 dilution.

Remove cover slip from secondary antibody and wash three
times with 1x PBS/0.2 % Tween-20 for 3 min each on a
rocker.

(a)

If processing samples only for IF, the first wash of step 11
should contain a 1:100,000 to 1:200,000 dilution of
DAPI (see Note 13). Then, rinse once briefly with
PBS/0.2 % Tween-20 and wash two more times for
5-7 min each while rocking to remove excess
DAPI. Remove cover slip from dish, tap oft excess liquid,
and then mount on a slide, sample-side down, in mount-
ing medium. Image samples or store at —20 °C for later
imaging.

If samples will be stained by RNA FISH probes following
IF, pipette a 100 pl drop of 2 % PFA on a glass plate
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3.4 RNA FISH: Probe
Labeling for Double-
Stranded Probes

3.5 RNA FISH: Probe
Labeling for Strand-
Specific Probes

11.

12.
13.
14.
15.
16.

17.

18.

19.
20.

o

wrapped in parafilm. Place the cover slip sample-side down
in PFA and place in the humid chamber. Incubate the
sample for 10 min at room temperature, and then proceed
to RNA FISH hybridization (Subheading 3.7).

. Dissolve 50-100 ng DNA template in TE buffer in a final vol-

ume of 19 pl.

. On ice, add 20 pl 2.5x% random primer solution (supplied with

BioPrime labeling kit).

. Denature DNA by heating for 5 min in a 90 °C heat block.

. Immediately cool on ice for 5 min.

. Add 5 pl of custom dNTP mixture.

. Add 5 pl of 1 mM fluorescently labeled nucleotide.

.Add 2 pl (80 units) Klenow fragment (supplied with the

BioPrime Labeling Kit, see Note 14).

. Incubate at 37 °C overnight. Cover the tube with aluminum

toil to protect the probe from light during this step.

. Add 5 pl of stop buffer.
10.

Prepare G-50 column: Vortex briefly to mix the Sephadex
beads. Twist off the bottom and place the column in one of the
provided collection tubes. Spin at 750 x g for 1 min.

Move column to a new microcentrifuge tube and pipette your
probe into the center of the column. Spin at 750 x g for 1 min.
Measure eluted volume by pipette (see Note 15).

Add 10 pl of 20 mg/ml yeast tRNA.

Add 3 M sodium acetate to a final concentration of 0.3 M.
Add 2.5 volumes of 100 % ethanol.

Spin at 4 °C for 20 min at top speed, ~21,100 x 4.

Careftully aspirate the supernatant using the vacuum apparatus
(see Note 16).

Resuspend the pellet in 360 pl of RNase /DNase-free ultrapure
ddH,0. Make sure that the pellet is fully dissolved before
moving to the next step.

Add 40 pl 3 M sodium acetate.
Add 1 ml 100 % ethanol.
Store labeled probe at -20 °C in the dark (see Note 17).

. Start with 1 pg template DNA.
. Add RNase/DNase-free ultrapure ddH,O so that the total

volume at the end of step 6 will be 20 pl.

. Add 2 pl 10x transcription buffer (supplied with MAXIscript kit).
. Add 5 pl NTP mixture (supplied with MAXIscript kit, sec Note 9).



3.6 RNA FISH: Probe
Precipitation (Figs. 1
and 2)
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. Add 2 pl of fluorescently labeled NTP.

6. Add 2 pl T3 (60 units) or T7 (30 units) enzyme mix (supplied

10.
11.

12.

13.
14.
15.
16.
17.

18.

19.

20.
21.

with MAXIscript kit, see Note 9).

. Mix thoroughly.
. Incubate for 2 h at 37 °C.
. Add 1 pl of TURBO DNase (supplied with MAXIscript kit)

and mix well.
Add 1 pl of 0.5 mM EDTA.

Prepare Quick Spin RNA Column: Vortex briefly to mix the
Sephadex beads. Remove cap, twist off the bottom tip, and
then place the column in a microcentrifuge tube. Spin at
1000 x4 for 1 min.

Move column to a new microcentrifuge tube and pipette your
probe into the center of the column (se¢e Note 15). Spin at
1000 x g for 1 min. Measure your new volume by pipette.

Add 10 pl of 20 mg/ml yeast tRNA.

Add 5 M ammonium acetate to a final concentration of 0.5 M.
Add 2.5 volumes of 100 % ethanol.

Spin at 4 °C for 20 min at top speed, 21,100 x 4.

Carefully aspirate the supernatant using the vacuum apparatus
(see Note 16).

Resuspend the pellet in 360 pul RNase/DNase-free ultrapure
ddH,0O. Make sure that the pellet is fully dissolved before
moving to the next step.

Add 40 pl of 5 M ammonium acetate.
Add 1 ml of 100 % ethanol.
Store labeled probe at -20 °C in the dark (see Note 17).

All spin steps should be completed at top speed, ~21,100x 4.

1.

Aliquot 100 pl of fluorescently labeled probe in ethanol. A
combination of double-stranded and strand-specific probes
may be precipitated together (sec Note 18). Vortex all probe
stocks before aliquoting.

. Add 15 pl of 20 mg/ml tRNA (300 pg). Mix thoroughly by

pipetting (see Note 19).

. Add 15 pl of 1 mg/ml mouse COT-1 DNA (15 pg). Mix thor-

oughly by pipetting. (Optional: See Notes 10 and 19. If not using
COT-1 DNA, add 15 pl of RNase /DNase-free ultrapure water.)

. Add 15 pl of 10 mg/ml sheared boiled salmon sperm DNA

(150 pg). Mix thoroughly by pipetting (see Note 19).

. Add 20 pl 5 M ammonium acetate. Vortex briefly to mix (see

Note 20).
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XistRNA @
’

Fig. 2 RNA followed by DNA FISH in female mouse epiblast stem cells. Strand-specific RNA FISH detection of
Xist IncRNA (white) and the Xist antisense Tsix INcRNA (green) followed by DNA FISH detection of the Xist/Tsix
locus. Nuclei are stained blue with DAPI

6.

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Add 45 pl of DNase/RNase-free ultrapure water. Vortex
briefly to mix (see Note 20).

Add 250 pl of 100 % ethanol. Vortex briefly to mix (see
Note 20).

. Spin for 20-30 min at 4 °C to precipitate probe.

. Carefully aspirate the supernatant using a vacuum apparatus

(see Note 16).
Add 500 pl of 70 % ethanol. Vortex thoroughly. Spin at room
temp for 4 min.

Carefully aspirate the supernatant using a vacuum apparatus
(see Note 16).

Add 500 pl of 100 % ethanol. Vortex thoroughly. Spin at room
temp for 4 min.

Carefully aspirate the supernatant using a vacuum apparatus
(see Note 16).

Dry in a speed vacuum without heat for 5 min, or alternatively
air-dry. No ethanol should remain in the tube for the next step.

Add 50 pl of 100 % deionized formamide to the tube. Make
sure that the pellet is submerged in the formamide.

Denature in a heat block at 80-90 °C for 10 min. At ~5 min,
pipette the formamide up and down to make sure that the pel-
let goes into solution. Place back into the heat block.

Immediately cool on ice for 5 min.

Add 50 pl 2x hybridization solution. Mix thoroughly by pipet-
ting up and down.

Preanneal at 37 °C for 1-1.5 h. (Optional: Se¢ Note 10.
Preannealing is not required for strand-specific probes or for
double-stranded probes precipitated without COT-1 DNA.)

Store probe at -20 °C in the dark.



3.7 RNA FISH:
Sample Hybridization
(Fig. 2)

3.8 DNA FISH:
Sample Hybridization

10.
11.

12.

13.

14.
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. Start with permeabilized and fixed samples plated on cover

slips in 70 % ethanol (see Subheading 3.1 or 3.2), or samples
previously processed for IF (see Subheading 3.3).

. Dehydrate the cover slips by moving them through a room-

temperature ethanol series (85, 95, and 100 % ethanol) for
2 min each.

. Remove the cover slips from the well and air-dry at room tem-

perature for 15 min (see Note 21).

. Set up the FISH hybridization. Use 8-10 pl of probe per

22x22 mm cover slip. Pipette the probe onto a parafilm-
wrapped glass plate (see Note 3), invert the cover slip onto the
droplet of probe, and tap lightly with forceps to help the probe
spread across the cover slip.

. Hybridize overnight at 37 °C in a humid chamber (humidity

provided by 2x SSC/50 % formamide) (se¢ Note 4).

. Make all wash solutions (2x SSC/50 % formamide, 2x SSC,

and 1x SSC), and warm the solutions to 39 °C.

. Carefully peel the cover slip off of the parafilm, re-invert, and

place in a well containing pre-warmed 2x SSC/50 % for-
mamide. Be sure that the cover slip goes into the well with the
sample-side up.

. Wash with pre-warmed 2x SSC/50 % formamide at 39 °C,

three times for 7 min each.

. Wash with pre-warmed 2x SSC at 39 °C, three times for 7 min

cach. Add DAPI into the last 2x SSC wash at a 1:100,000-
1:200,000 dilution (se¢ Note 13).

Rinse once quickly with pre-warmed 1x SSC.

Wash with pre-warmed 1x SSC at 39 °C, two times for 7 min
each.

Use mounting medium to mount the cover slip onto a labeled
microscope slide. Invert the slide onto a paper towel and press
gently but firmly to remove excess mounting medium from
under the cover slip.

Seal the cover slip and let dry thoroughly before viewing under
a microscope.

Slides can be stored in the dark at =20 °C to preserve the fluo-
rescent signal.

. Begin with fixed, permeabilized cells or embryo samples,

plated on gelatinized glass cover slips (22 x22 cm square cover
slips) and stored in 70 % ethanol (se¢ Subheadings 3.1 and 3.2)
or with samples previously stained for RNA FISH (see
Subheading 3.7). For samples previously stained by RNA
FISH, RNA FISH signals will be degraded during DNA FISH,
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10.

11.

12.

13.

14.

so samples should be imaged prior to beginning this protocol.
Take note of the visual fields imaged, so that RNA FISH
images can be aligned with DNA stains later.

. I using samples previously stained for RNA FISH, use a razor

blade to cut away the nail polish used to seal the cover slip to the
slide. Then submerge the entire slide with the cover slip still
attached in a solution of 2x SSC. While the sample is still sub-
merged gently peel off the cover slip by letting the solution of
2x SSC infiltrate between the cover slip and the slide. For sam-
ples not previously processed for RNA FISH, proceed to step 5.

. Wash the cover slip with 1x PBS three times quickly and then

incubate in 1x PBS for 5 min at room temperature.

. Refix the cell /embryos with 1 % PFA containing 0.5 % Tergitol

and 0.5 % Triton X-100. Fix for 10 min at room temperature.

. Dehydrate the cover slips by moving them through a room-

temperature ethanol series (70, 85, and 100 % ethanol) for
2 min each.

. Remove the cover slips from the well and air-dry at room tem-

perature for 15 min (see Note 21).

. RNase treatment: Treat with 1.25 pg/pl RNase A in 2x

SSC. Invert slides onto a 100 pl drop of RNase A solution on
parafilm stretched over a glass slide. Incubate at 37 °C for 30 min.
RNase treatment allows the probe to gain access to the DNA.

. Dehydrate the cover slips by moving them through a room-

temperature ethanol series (85, 95, and 100 % ethanol) for
2 min each.

. Remove the cover slips from the well and air-dry at room tem-

perature for 15 min (see Note 21).

Denature the samples in a pre-warmed solution of 2x SSC /70 %
formamide on a glass slide or glass plate stationed on top of a
heat block set at 95 °C for 11 min.

Immediately dehydrate through a -20 °C ethanol series (70,
85, 95, and 100 % ethanol) for 2 min each.

Remove the cover slips from the well and air-dry at room tem-
perature for 15 min (see Note 21).

Set up the FISH hybridization. Use 8-10 pl of probe per
22x22 mm cover slip. Pipette the probe onto parafilm-
wrapped glass plate (see Note 3), invert the cover slip onto the
droplet of probe, and tap lightly with forceps to help the probe
spread across the cover slip. Be sure to avoid air bubbles that
may result in uneven distribution of the probe.

Hybridize overnight at 37 °C in a humid chamber (humidity
provided by 2x SSC/50 % formamide, se¢ Note 4).



15.

16.

17.
18.

19.
20.

21.

22.

Detecting IncRNAs In Situ 161

Make all wash solutions (2x SSC/50 % formamide, 2x SSC),
and warm the solutions to 39 °C.

Carefully peel the cover slip off of the parafilm, re-invert, and
place ina well containing pre-warmed 2x SSC /50 % formamide.
Be sure that the cover slip goes into the well with the sample
side up.

Wash with 2x SSC /50 % formamide at 39 °C twice, 7 min each.

Wash with pre-warmed 2x SSC plus a 1:100,000-1:200,000
dilution of DAPI for 7 min at 39 °C (se¢ Note 13).

Wash with pre-warmed 2x SSC without DAPI.

Use mounting medium to mount the cover slip onto a micro-
scope slide. Invert the slide onto a paper towel and press gently
but firmly to remove excess mounting medium from under the
cover slip.

Seal the cover slip with clear nail polish and let dry thoroughly
before viewing under a microscope.

Image and store the slide at -20 °C. When combining RNA
FISH with DNA FISH, RNA FISH-stained samples must be
imaged first and the coordinates of the cells on cover slip
recorded. Following DNA FISH, the same cells should be
imaged, to allow for analysis of overlaid images.

4 Notes

. To make gelatinized cover slips:

(a) For tissue culture cells, sterilize cover slips by dipping in
100 % ethanol and running through a flame. Once the
cover slip is sterilized in this manner, place it in a well of
the 6-well dish. In the tissue culture hood, pipette
0.5-1 ml sterile 0.2 % gelatin onto the cover slip and
spread around. Keep the gelatin on the surface of the
cover slip and avoid letting the gelatin infiltrate between
the cover slip and the bottom of the well, or the cover slip
may stick to the tissue culture surface. Aspirate excess gel-
atin and let dry.

(b) For embryos, place a 25-50 pl droplet of 0.2 % sterile gel-
atin solution on the cover slip, spread liberally around with
pipette tip, and let dry.

. Use 22 x22 mm cover slips, which fit well within a single well

of'a 6-well dish. All the dehydration and washing steps can be
performed in the wells of this dish.

. Short glass plates designed for casting protein gels are a good

size for the hybridization. For example, BioRad’s Mini-
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10.

PROTEAN Short Plates fit well in the humid chamber
described in Note 4.

. For humid chambers, a microscope slide box (i.e., one that

holds 100 slides) works well. Place paper towels soaked in 1x
PBS in the bottom of the box to create a humid chamber for
immunofluorescence. For RNA and DNA FISH hybridization
procedures, create a humid chamber by placing paper towels
soaked in 2x SSC/50 % formamide in the bottom of the box.

. For mounting medium, use Vectashield (Vector Labs) or simi-

lar anti-fade mounting medium and seal cover slips with clear
nail polish after mounting on slides.

. For “double-stranded” probes (Subheadings 2.4 and 3.4),

while the labeled probes are single stranded, the probes are
created from a double-stranded fosmid or BAC template using
random primers. As such, these probes will hybridize to both
strands of DNA or RNA. Double-stranded probes can be used
for DNA FISH and for RNA FISH for most genes. With
strand-specific probes (Subheadings 2.5 and 3.5), only one
strand is labeled, and the probe will detect RNA from only the
complementary strand. These probes can be used to distin-
guish sense and antisense transcription from a single locus.

. This kit was originally designed for the preparation of biotinyl-

ated probes. The protocol outlined above modifies the
BioPrime labeling procedure to make fluorescently labeled
probes. Do not use the supplied 10x dNTP mixture, which
includes biotinylated nucleotides. Prepare your own dNTP
mixture, and add in the fluorescently labeled nucleotides sepa-
rately (Subheading 3.4, steps 5 and 6). Alternative random
primer solutions have been tested, but do not work as well as
the 2.5x solution provided with this kit.

. While these solutions can be prepared from scratch, purchas-

ing them is preferred to ensure their RNase /DNase-free purity.

. Aset of 10 mM NTPs and the T3 and T7 enzymes are included

in the MAXIscript kit. Both the NTPs and enzymes can be
replaced with other commercially available substitutes with no
apparent loss of enzymatic activity.

COT-1 DNA can be added to double-stranded probes to help
reduce background by hybridizing to repetitive sequences, if
necessary. COT-1 DNA should not be used in strand-specific
probes, as these probes are specific to the target sequence.
While we do not routinely use mouse COT-1 in the precipita-
tion of mouse probes, we do usually add species-specific
COT-1 to double-stranded probes for other species (i.e.,
human, rat; but have not tested whether background staining
would increase if COT-1 were omitted). If COT-1 is omitted,
preannealing is not required.
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50 % Dextran sulfate is very viscous. Make the 2x hyb solution
in a tube with graduations. If you add the dextran sulfate last,
instead of pipetting it you can use a pipette tip to scoop it into
the tube up to the appropriate measurement marking on the
side of microtube. Vortex thoroughly to mix.

Fixed cells and embryos on cover slips in 70 % ethanol can be
stored in -20 °C for at least 1 year. Seal with plate sealer tape
to minimize evaporation of ethanol, and replace the ethanol in
the wells occasionally (once every 2 months or so), as it will
evaporate over time despite the plate sealer.

Dilute DAPI 1:500 in RNase/DNase-free ultrapure water,
and store in the dark at -20 °C. Add 6-10 pl of this dilution
into each well while washing samples.

The Klenow Fragment included with the BioPrime kit can be
replaced with other commercially available Klenow enzymes
with no apparent loss of enzymatic activity.

Be sure to pipet your probe into the center of the beads in the
column during column purification. The probe must travel
through the beads, not down the side.

The pellet is usually attached to the bottom of the tube, but be
careful during aspiration of the supernatant. You can put a
10 pl pipette tip on the end of your aspiration hose to slow
down the suction.

Ethanol stocks of probes should last up to 1 year when stored
sealed and protected from light.

At this stage, multiple probes that were labeled with different
fluorophores can be combined. To start, precipitate 100 pl
ethanol stock of each probe together. If any of the probes are
too bright or too faint, the initial starting volume of the etha-
nol stock of the probes can be adjusted.

The volumes of tRNA, Cot-1 DNA, and salmon sperm DNA
(Subheading 3.6, steps 2—4) are determined by the final vol-
ume of probe; these will stay constant whether you are precipi-
tating one or multiple probes together.

The volumes of ammonium acetate, H,O, and 100 % ethanol
(Subheading 3.6, steps 5-7) are determined by the starting vol-
ume of ethanol; these will need to be scaled up proportionately
if you are precipitating multiple probes together. For example, if
precipitating two probes together and using 100 pl of each etha-
nol stock, then the volumes of ammonium acetate, H,O, and
ethanol need to be doubled.

Do not simply aspirate the 100 % ethanol out and leave the
cover slip to dry in the well; the glass cover slip may stick to the
bottom of the well. Find a safe place to set the cover slip to dry.
Laying them across the inside of a empty pipette tip box (for
example, a p1000 tip box) works well.
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Chapter 13

Non-isotopic Method for In Situ LncRNA Visualization
and Quantitation

Botoul Maqsodi and Corina Nikoloff

Abstract

In mammals and other eukaryotes, most of the genome is transcribed in a developmentally regulated
manner to produce large numbers of long noncoding RNAs (IncRNAs). Genome-wide studies have iden-
tified thousands of IncRNAs lacking protein-coding capacity. RNA iz sitn hybridization technique is
especially beneficial for the visualization of RNA (mRNA and IncRNA) expression in a heterogeneous
population of cells/tissues; however its utility has been hampered by complicated procedures typically
developed and optimized for the detection of a specific gene and therefore not amenable to a wide variety
of genes and tissues.

Recently, bDNA has revolutionized RNA 27 situ detection with fully optimized, robust assays for the
detection of any mRNA and IncRNA targets in formalin-fixed paraffin-embedded (FFPE) and fresh frozen
tissue sections using manual processing.

Key words IncRNA i situ hybridization, IncRNA visualization, Branched DNA assay, bDNA assay

1 Introduction

Genome-wide studies have been used successfully to identify that
the majority of the human and mouse genomes are transcribed,
yielding a vast and complex network of transcripts that includes
thousands of long noncoding RNAs (ncRNAs), longer than
200 nt, and microRNA (miRNA), around 24 nt, with no protein-
coding capacity [ 1-5]. Only a small number of IncRNAs have been
studied in detail and are associated with a function [6, 7]. LncRNAs
have been associated with numerous molecular functions such as
modulating transcriptional patterns, regulating protein activities,
serving structural or organizational roles, and altering RNA
processing events [8]. They also have been identified as having a
crucial role in cancer biology and as a driver of tumor suppression
and oncogenic functions [9, 10].

The majority of IncRNAs are expressed at very low levels, some
as low as one or less than one copy per cell [11], making it difficult
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to validate their expression levels and the function. A complete
understanding of the function requires molecular and cell biology
characterization and iz sitw validation. In sitw quantitation of
IncRNA has been limited by a number of problems. For example,
in sitw detection of IncRNA cannot be accomplished using
antibody-based techniques such as IHC, whereas RNA expression
assays have had limited utility due to long and complicated work-
flows (e.g., radioactive formats), low sensitivity (e.g., nonradioac-
tive formats), and/or the inability to multiplex.

ViewRNA® technology is an established bDNA technique that
allows routine visualization of any RNA or IncRNA in FFPE (sin-
gle sections, tissue microarrays, fine-needle aspirates, animal,
human, and plant) and fresh frozen tissues. ViewRNA technology
is designed to amplify signal without amplifying background. The
technology enables up to 8,000-fold signal amplification in manual
assays allowing reliable visualization of low-, medium-, and high-
expressing IncRNA targets.

2 Materials

2.1 NBF FFPE Block
Components

2.2 PFA FFPE Block
Components

Prepare all solutions using ultrapure water and analytical grade
reagents. Diligently follow all waste disposal regulations when dis-
posing waste materials.

1. Reagents: 50 mL 37 % formaldehyde, 450 mL distilled water,
3.25 g sodium phosphate, dibasic (Na,HPO,), 2 g sodium
phosphate, monobasic (NaH,POy).

2. Preparation: Combine all ingredients in a 500 mL glass bottle
and mix well. Store at room temperature (RT).

1. Reagents: Deionized water, HCI (dilute), NaOH (1 N), para-
formaldehyde powder, 1x PBS (0.137 M NaCl, 0.05 M
NaH,PO,, pH 7.4).

2. Preparation: For 1 L of 4 % paraformaldehyde, add 800 mL of
1x PBS to a glass beaker on a stir plate in a ventilated hood.
Heat while stirring to approximately 60 °C. Take care that
the solution does not boil. Add 40 g of paraformaldehyde
powder to the heated PBS solution. The powder will not
immediately dissolve into solution. Slowly raise the pH by
adding 1 N NaOH dropwise from a pipette until the solution
clears. Once the paraformaldehyde is dissolved, the solution
should be cooled and filtered. Adjust the volume of the solu-
tion to 1 L with 1x PBS. Recheck the pH, and adjust it with
small amounts of dilute HCI to approximately 6.9. The solu-
tion can be aliquoted and frozen or stored at 2-8 °C for up
to 1 month.



2.3 FFPE Slide
Components

2.4 IncRNA In Situ
Hybridization
Components
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. Non-Clipped X-tra® Slides (Leica Biosystems); Superfrost™

Plus Slides (Fisher). 50, 70, and 100 % ethanol. Dry incubator,
oven, and ThremoBrite instrument (Abbott Molecular).

. ViewRNA ISH Tissue 2-Plex Assay, ViewRNA Probe(s) (TYPE

1 and/or TYPE 6), Tissue-Tek® Staining Dish (clear color),
Tissue-Tek Clearing Agent Dish (green color), and Tissue-Tek
Vertical 24 Slide Rack (Affymetrix).

. 1,000 mL Glass beaker, forceps, hydrophobic barrier pen,

rectangular cover glass 24 x55 mm, aluminum foil, double-
distilled water (ddH,O), 100 % ethanol (200 proot), 37 %
formaldehyde, 27-30 % ammonium hydroxide, DAPI
(optional: for fluorescent detection), 10x PBS (pH 7.2-7.4),
Gill’s Hematoxylin I, and Xylene or Histo-Clear.

. Mounting media: UltraMount Permanent Mounting Medium

or ADVANTAGE Mounting Medium.

. Equipment: Microplate shaker (optiona); ThermoBrite System

with Humidity Strips (Abbott Molecular) or tissue culture incu-
bator with >85 % humidity and 0 % CO,, and three aluminum
slide racks; ViewRNA Temperature Validation Kit (Aftymetrix);
waterproof remote probe thermometers validated for 90-100 °C;
pipettes: P20, P200, P1000; fume hood; Isotemp™ hot plates;
tabletop microtube centrifuge; water bath capable of maintaining
40+ 1 °C; vortexer; dry incubator or oven capable of maintaining
60+ 1 °C; bright-field and /or fluorescent microscope.

3 Methods

3.1 FFPE Tissue
Block Preparation

3.2 FFPE Tissue
Slide Preparation

Carry out all procedures at room temperature unless otherwise
specified.

1.

Immediately place freshly dissected tissues in >20 volumes of
fresh 10 % neutral buffered formalin (NBF) or 4 % paraformal-
dehyde (PFA) for 16-24 h at RT.

. Trim larger specimens to <3 mm thickness to ensure faster dif-

fusion of the fixative into the tissue. Rinse, dehydrate, and
embed in paraffin block.

. Store FFPE tissue blocks at RT.

. Section FFPE tissue to a thickness of 5+ 1 pm. The maximum

tissue area is 20 x 30 mm and should fit within the hydropho-
bic barrier (Fig. 1).

. Mount sections onto one positively charged glass slide. Avoid

other colored labels as they tend to give high background.
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Fig. 1 FFPE tissue slide preparation. Tissue placement to avoid drying and nonspecific background

3.3 Optimal
Pretreatment
Conditions

for FFPE Tissue Slides
for Manual Processing

3.4 Prepare Buffers
and Reagents

. Air-dry freshly mounted sections at RT overnight or at 37 °C for

5 h. Bake slides at 60 °C for 1 h to immobilize tissue sections.
Slides are ready to use in the ViewRNA protocol.

. For short term store sections in a slide box at 4 °C for up to

2 weeks. For long term store sections in a slide box at -20 °C
for up to 1 year.

. Use the Pretreatment Lookup Table (Table 1) to find the optimal

conditions and the range of tolerance for your sample. Always
run a no-probe control slide to assess assay background.

. If your tissue type is not listed in Pretreatment Lookup Table,

and you have only limited slides available for pretreatment
optimization, the Heat Pretreatment and Protease Incubation
Times for Limited Sample (Table 2) provide the recommended
pretreatment times.

. Verify that the hybridization system is set to 40 °C and that it

is appropriately humidified.

. Prepare the following reagents: 3 L 1x PBS (300 mL 10x

PBS+2.7 L ddH,0), 200 mL 4 % formaldehyde (178 mL 1x
PBS+22 mL 37 % formaldehyde), 4 L of wash buffer (add in
the following order: 3 L ddH,0 + 36 mL Wash Comp 1+ 10 mL
Wash Comp 2 and adjust total volume to 4 L with ddH,0),
500 mL 1x pretreatment solution (in 1 L glass beaker add
5 mL 100x pretreatment solution +495 mL ddH,O), 200 mL
storage buffer (60 mL Wash Comp 2 + 140 mL ddH,0), 1 L of
0.01 % ammonium hydroxide (in a fume hood add 0.33 mL
30 % ammonium hydroxide +999.67 mL ddH,0), and 200 mL
DAPI (final dilution 3.0 pg/mL in 1x PBS, store in the dark at
4 °C—if planning to use fluorescence detection).

. Ensure availability of 600 mL 100 % ethanol, 1.4 L. ddH,O;

600 mL xylene or 400 mL Histo-Clear, 200 mL Gill’s
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Pretreatment lookup table for manual processing

Range of tolerance

Tissue information Optimal conditions (minutes) (minutes)
Species  Type Heat treatment at Protease at (Heat treatment, protease)
90-95 °C 40 °C
Mouse  Brain 10 10
Heart 10 40 (20, 20)
Kidney 20 20 (10, 20)
Liver 20 20 (5,40); (10, 20)
Lung 10 20
Retina 10 10
Rat Kidney 10 20 (10, 10); (20, 20)
Liver 10 20 (10, 40)
Spleen 20 10
Thyroid 10 20
Human Brain 20 10 (10, 10); (10, 20)
Breast 20 15 (20, 20); (25, 250); (30, 20);
(25, 20)
Colon 5 20 (5, 10)
Kidney 20 10 (5, 20)
Liver 20 20 (10, 20)
Lung 10 20
Lymph node 10 20
Nasal polyp 5 5
Osteoarthritic tissue 20 20
Pancreas 10 10 (10, 20), (5, 10)
Prostate 10 20 (5, 10), (20, 10), (10, 10)
Salivary gland 10 10 (5, 10)
Skin 50 10
Tonsil 10 20
Thyroid 10 20
Salmon Heart 10 10
Muscle 10 20
Monkey Mucosal rectum 10 20

Hematoxylin I, and 200 mL of 3 pg/mL DAPI in 1x PBS
(optional, for fluorescence detection store in the dark at 4 °C
until use).

. Thaw probe(s), briefly centrifuge to collect contents, and place

on ice until use.

. Prewarm 40 mL 1x PBS, Probe Diluent QT, PreAmplifier Mix QT,

Amplifier Mix QT, and Label Probe Diluent QF buftfers to 40 °C.

. Bring Fast Red Tablets, Naphthol Buffer, Blue Buffer, and AP

Enhancer Solution to RT.
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Table 2

Heat pretreatment and protease incubation times for limited sample

Number of available slides Heat treatment time (minutes) Protease time (minutes)
3 5 10
10 10
10 20
5 5 10
5 20
10 10
10 20
20 10
7 5 10
5 20
10 10
10 20
20 10
20 20
0 0
3.5 Tissue . Start with prepared tissue (slides baked at 60 °C for 1 h from
Pretreatment Subheading 3.2). Label the slides using a pencil.
for IncRNA . Deparaffinize using xylene (work in a fume hood). Transfer the
Visualization

rack of baked slides to a green clearing dish containing 200 mL
of xylene. Incubate the slides at RT in xylene for 5 min with
frequent agitation. Repeat step twice with fresh xylene. Remove
the slide rack from the xylene and wash the slides twice, each
time with 200 mL of 100 % ethanol for 5 min with frequent
agitation. Remove the slides from the rack and place them face
up on a paper towel to air-dry for 5 min at RT.

. Dab the hydrophobic barrier pen on a paper towel several

times before use. Trace a hydrophobic barrier (Fig. 1). Allow
the barrier to dry at RT for 20-30 min.

. Heat pretreatment (use the optimal time for the tissue of inter-

est—Table 1). Tightly cover the beaker containing the 500 mL
of 1x pretreatment solution with aluminum foil, place it on a
hot plate, and heat the solution to 90-95 °C. Load the slides
into the vertical slide rack. Using a pair of forceps, submerge
the slide rack into the heated 1x pretreatment solution. Cover
the glass beaker with aluminum foil and incubate at 90-95 °C
for the optimal time determined for your tissue. After the pre-
treatment, remove the slide rack with forceps, submerge it into
a clear staining dish containing 200 mL of ddH,0, and wash
for 1 min with frequent agitation. Repeat the wash step one
more time with another 200 mL of fresh ddH,O. Transfer the
slide rack to a clear staining dish containing 1x PBS.



3.6 Probe
Hybridization to Target
IncRNA Using
ViewRNA Probes

3.7 Branched DNA
Signal Amplification
Using ViewRNA
Reagents
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IMPORTANT: Do not let the tissue sections dry out from this
point forward. After heat pretreatment, sections can be stored
covered in 1x PBS at RT overnight.

. Dilute Protease QF 1:100 in prewarmed 1x PBS and briefly

vortex to mix.

. Remove each slide, flick, and tap on its edge and then wipe the

backside on a laboratory wipe. Place the slides face up on a flat
platform and immediately add 400 pL of the diluted Protease
QF onto the tissue section. Transfer the slides to the hybridiza-
tion system and incubate at 40 °C for the optimal time for
the tissue.

. Take out one slide at a time, and decant the protease.

Immediately place each slide in the slide rack submerged in a
clear staining dish filled with 200 mL of 1x PBS. Wash the
slides twice, each time with 200 mL of fresh 1x PBS for 1 min
with frequent agitation.

. Transfer the slide rack to a clear staining dish containing

200 mL of 10 % NBF and fix for 5 min at RT under a fume
hood. Wash the slides twice, each time with 200 mL of fresh
1x PBS for 1 min with frequent agitation.

. Dilute ViewRNA Probe 1:40 in prewarmed Probe Diluent QT

and briefly vortex to mix.

. Remove each slide, flick, and tap on its edge and then wipe the

backside on a laboratory wipe. Place the slides face up on a flat
platform and immediately add 400 pL of diluted ViewRNA
Probe. Transfer the slides to the hybridization system, and
incubate at 40 °C for 2 h.

. Take out each slide one at a time, and decant the probe solu-

tion. Immediately place each slide in the slide rack submerged
in a clear staining dish filled with 200 mL of wash bufter. Wash
the slides three times, each time with 200 mL of fresh 1x wash
buffer for 2 min with constant and vigorous agitation.

. Briefly swirl PreAmplifier Mix QT bottle to mix the solution.

Remove each slide and flick to remove the wash bufter. Tap the
slide on its edge and then wipe the backside on a laboratory
wipe. Place slides face up on a flat platform and immediately
add 400 pL of PreAmplifier Mix QT to each tissue section.
Transfer slides to the hybridization system and incubate at
40 °C for 25 min.

. Take out each slide one at a time, and decant the PreAmplifier

Mix QT. Immediately place each slide in the slide rack submerged
in a clear staining dish filled with 200 mL of wash buffer. Wash the
slides three times, each time with 200 mL of fresh 1x wash buffer
for 2 min with constant and vigorous agitation.
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3.

10.

Briefly swirl Amplifier Mix QT bottle to mix the solution.
Remove each slide and flick to remove the wash buffer. Tap the
slide on its edge and then wipe the backside on a laboratory
wipe. Place slides face up on a flat platform and immediately
add 400 pL of Amplifier Mix QT to each tissue section.
Transfer the slides to the hybridization system and incubate at
40 °C for 15 min.

. Take out each slide one at a time, and decant the Amplifier Mix

QT. Immediately place each slide in the slide rack submerged
in a clear staining dish filled with 200 mL of wash buffer. Wash
the slides three times, each time with 200 mL of fresh 1x wash
bufter for 2 min with constant and vigorous agitation.

. Dilute Label Probe 6-AP 1:1,000 in prewarmed Label Probe

Diluent QF and briefly vortex to mix. Remove each slide, flick,
and tap on its edge and then wipe the backside on a laboratory
wipe. Place slides face up on a flat platform and immediately
add 400 pL of diluted Label Probe 6-AP solution to each tis-
sue section. Transfer slides to the hybridization system and
incubate at 40 °C for 15 min.

. Take out one slide at a time; decant the Label Probe 6-AP

solution. Immediately place each slide in the slide rack
submerged in a clear staining dish filled with 200 mL of wash
buffer. Wash the slides three times, each time with 200 mL of
fresh 1x wash buffer for 2 min with constant and vigorous
agitation.

. Prepare Fast Blue Substrate to use in the next step. Ina 15 mL

conical tube add 5 mL of Blue Buffer and 105 pL of Blue
Reagent 1, and vortex. Add 105 pL of Blue Reagent 2 and
vortex. Add 105 pL Blue Reagent 3 and briefly vortex. Protect
from light by wrapping in aluminum foil until use.

. Remove each slide, flick, and tap on its edge and then wipe the

backside on a laboratory wipe. Place slides face up on a flat
platform and immediately add 400 pL of Fast Blue Substrate.
Transfer the slides to the hybridization system and incubate in
the dark at RT for 30 min.

. Take out one slide at a time; decant the Fast Blue Substrate.

Immediately place each slide in the slide rack submerged in a
clear staining dish filled with 200 mL of wash bufter. Wash the
slides three times, each time with 200 mL of fresh 1x wash
buftfer for 2 min with constant and vigorous agitation.

Remove each slide, flick, and tap on its edge and then wipe the
backside on a laboratory wipe. Place slides face up on a flat
platform. Immediately add 400 pL of the AP Stop QT and
incubate in the dark at RT for 30 min. Take out each slide
one at a time, and decant the AP Stop QT solution.



3.8 Counterstain
with Hematoxylin
and/or DAPI

11.

12.

13.

14.

15.

16.
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Immediately place each slide in the slide rack submerged in a
clear staining dish filled with 200 mL of PBS. Wash the slides
three times, each time with 200 mL of fresh 1x PBS for 1 min
by moving the slide rack up and down.

Dilute Label Probe 1-AP 1:1000 in prewarmed Label Probe
Diluent QF and briefly vortex to mix. Remove each slide, flick,
and tap on its edge and then wipe the backside on a laboratory
wipe. Place slides face up on a flat platform and immediately
add 400 pL of diluted Label Probe 1-AP solution to each tis-
sue section. Transfer slides to the hybridization system and
incubate at 40 °C for 15 min.

Take out one slide at a time; decant the Label Probe 1-AP solu-
tion. Immediately place each slide in the slide rack submerged
in a clear staining dish filled with 200 mL of wash buffer. Wash
the slides three times, each time with 200 mL of fresh 1x wash
bufter for 2 min with constant and vigorous agitation.

Remove each slide, flick, and tap on its edge and then wipe the
backside on a laboratory wipe. Place slides face up on a flat
platftorm. Immediately add 400 pL of the AP-Enhancer
Solution to each tissue section and incubate at RT for 5 min
while preparing the Fast Red Substrate.

Prepare the Fast Red Substrate: In a 15 mL conical tube add
5 mL of naphthol buffer and one Fast Red Tablet. Vortex at
high speed to completely dissolve the tablet. Protect from light
until use by wrapping the tube in aluminum foil.

Decant the AP Enhancer Solution and flick the slide twice to
completely remove any excess AP Enhancer Solution. Tap the
slide on its edge then wipe the backside on a laboratory wipe.
Immediately add 400 pL of Fast Red Substrate onto each tis-
sue section. Transfer the slides to the hybridization system and
incubate at 40 °C for 30 min.

Take out one slide at a time; decant the Fast Red Substrate.
Immediately place each slide in the slide rack submerged in a
clear staining dish filled with 200 mL of PBS. Move the slide

rack up and down for 1 min.

. Transfer the slide rack to the clear staining dish containing the

200 mL of Gill’s hematoxylin and stain for 30-60 s at RT.

. Wash the slides three times, each time with 200 mL of fresh

ddH,O for 1 min by moving the slide rack up and down. Pour
off the ddH,0, refill with 200 mL of 0.01 % ammonium
hydroxide, and incubate the slides for 10 s. (Unused 0.01 %
ammonium hydroxide can be stored at RT for up to 1 month.)
Wash the slides once more in 200 mL of fresh ddH,O by mov-
ing the rack up and down for 1 min.
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3.9 Mount and
Image Using DAKO
Ultramount
Mounting Medium

3.10 Mount

and Image Using
ADVANTAGE
Mounting Medium

3. Optional—If'you plan to view slides using a fluorescent micro-

scope, move the slide rack into a clear staining dish containing
200 mL DAPI (3 pg/mL). Stain the slides for 1 min, and then
rinse them in 200 mL of fresh ddH,O by moving the slide rack
up and down for 1 min. Remove each slide, flick, and tap on its
edge and then wipe the backside on a laboratory wipe. Place
them face up on a paper towel to air-dry in the dark. Ensure
that slide sections are completely dry before mounting
(~20 min).

. Place slide flat on countertop with specimen facing up. Dab

the first 2-3 drops of Ultramount onto a paper towel to remove
bubbles. Apply sufficient amount of Ultramount to completely
cover the specimen with a thin layer (3—4 drops) of mounting
medium.

. Place slides horizontally in a 70 °C oven/incubator to dry the

mounting medium (10-30 min). Drying time will depend on
the amount of mounting medium applied. Image or store
slides at RT.

. Place a 24 x55 mm cover glass horizontally onto a clean, flat

surface. Dab the first 2-3 drops of mounting media onto a
paper towel to remove bubbles. Add two drops of the
ADVANTAGE medium directly onto the middle of the cover
glass.

. Use a pipette tip to draw out any air bubbles in the droplets.

Invert the specimen slide and slowly place it onto the mount-
ing medium at an angle. Make sure that the tissue comes into
contact with the mounting medium first before completely let-
ting go of the glass slide to overlap with the cover glass. After
mounting, flip the slide over and place it on its edge on a labo-
ratory wipe to soak up and remove excess mounting medium.
Allow the slide to dry at RT in the dark for 15 min. Do not
bake the slides to speed up the drying process.

. To prevent bubble formation, seal all four edges of the cover

glass with a flat black-colored nail polish (iridescent or colored
nail polish can autofluoresce and interfere with fluorescent
imaging). Image the results using a bright-field and/or fluo-
rescence microscope. Store slides at RT.

4 Notes

. Reagent preparation: Always scale reagents according to the

number of assays to be run. Include one slide volume overage.

2. Avoid colored labels as they tend to give high background.
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When dispensing reagents on slides, make sure that the tissue
section is fully covered with solution.

Endogenous alkaline phosphatase: The bDNA assays use alka-
line phosphatase to convert a chromogenic substrate into a
colored signal. For this reason it is important to assess the level
of'endogenous alkaline phosphatase (AP) activity in your tissue
of'interest prior to performing the assay. Certain types of tissue
(such as stomach, intestine, placenta, and mouse embryo) are
known to possess high levels of endogenous AP activity that
can interfere with the assay. To empirically determine the level
of endogenous AP activity in your tissue type, perform the pre-
treatment protocol as instructed. After the protease treatment
and fixation in 10 % NBF, wash the samples in 1x TBS (Sigma,
T5912-1 L), and incubate the sections with either Fast Blue
Substrate or Fast Red Substrate. If present, endogenous AP
can be inactivated with 0.2 M HCI/300 mM NaCl at RT for
15 min just before the probe hybridization but after the sample
has undergone protease treatment, 10 % NBF fixation, and
two washes in 1x PBS.

ViewRNA is a hybridization-based assay. Therefore all tem-
peratures must be closely monitored.

The most critical step in the assays is the tissue pretreatment. If
tissue is not properly pretreated, RNA may not be exposed and
available for detection (under treatment) or RNA may be float-
ing out of the tissue (over treatment).

Always run a no-probe control to assess background and a
housekeeping gene probe to assess RNNA integrity in the
sample.

8. When designing TMAs to be used in RNA ISH assay, it is

important to understand that only one optimized condition
can be used when running the assay. Therefore, if you want
multiple tissue types within the same TMA block, you should
choose tissues with similar optimal conditions.

. Two-plex assays considerations: The advantage of using alka-

line phosphatase-conjugated label probe for the enzymatic sig-
nal amplification is the availability of substrates with dual
property, such as Fast Red and Fast Blue, which allows for both
chromogenic and fluorescent detection of the targets.
However, for a 2-plex assay in which both Label Probe 1 and
Label Probe 6 are conjugated to the same alkaline phospha-
tase, the enzyme conjugates are unable to differentiate between
Fast Red and Fast Blue if both substrates are added simultane-
ously. As a result, the enzymatic signal amplification has to be
performed sequentially in order to direct substrate /color spec-
ificity to each target. Additionally, complete inactivation of the
first alkaline phosphatase-conjugated label probe (LP6-AP) is
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necessary, especially when employing fluorescence mode for
the detection of the targets. Otherwise, the residual LP6-AP
activity can also convert Fast Red substrate in subsequent step
into a red signal even at locations where TYPE 1 target is not
present, giving a false impression that the Fast Blue and Fast
Red signals are co-localized. For this reason, it is absolutely
necessary to quench any residual LP6-AP activity with the
ViewRNA AP Stop QT prior to proceeding with the second
label probe hybridization and development of the Fast Red
color as this will ensure specific signals in fluorescent mode and
brighter aqua blue dots in chromogenic mode.

10. Fast Red has a very broad emission spectrum and its bright
signal can bleed into adjacent Cy5 channel if one uses the stan-
dard Cy3/Cyb5 filter sets for imaging. For this reason, it is criti-
cal that the recommended filter set for Fast Blue detection is
used to avoid spectral bleed through of the Fast Red signal into
the Fast Blue channel and interfering with Fast Blue detection.
For Fast Red Substrate, use Cy3/TRITC filter set: excitation:
530+20 nm; emission: 590+20 nm; dichroic: 562 nm. For
Fast Blue Substrate, use custom filter set: excitation:
630+20 nm; emission: 775+25 nm; dichroic: 750 nm. For

DAPI filter set: excitation: 387 /11 nm; emission: 447 /60 nm.
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Chapter 14

Detection of Long Noncoding RNA Expression
by Nonradioactive Northern Blots

Xiaowen Hu, Yi Feng, Zhongyi Hu, Youyou Zhang, Chao-Xing Yuan,
Xiaowei Xu, and Lin Zhang

Abstract

With the advances in sequencing technology and transcriptome analysis, it is estimated that up to 75 % of
the human genome is transcribed into RNAs. This finding prompted intensive investigations on the bio-
logical functions of noncoding RNAs and led to very exciting discoveries of microRNAs as important
players in disease pathogenesis and therapeutic applications. Research on long noncoding RNAs (IncRNAs)
is in its infancy, yet a broad spectrum of biological regulations has been attributed to IncRNAs. As a novel
class of RNA transcripts, the expression level and splicing variants of IncRNAs are various. Northern blot
analysis can help us learn about the identity, size, and abundance of IncRNAs. Here we describe how to
use northern blot to determine IncRNA abundance and identify different splicing variants of a given
IncRNA.

Key words Long noncoding RNA, RNA expression, Northern blots

1 Introduction

IncRNAs are operationally defined as RNA transcripts larger than
200 nt that do not appear to have coding potential [1-5]. Given
that up to 75 % of the human genome is transcribed to RNA, while
only a small portion of the transcripts encodes proteins [6], the
number of IncRNA genes can be large. After the initial cloning of
functional IncRNAs such as H19 [7, 8] and XIST [9] from cDNA
libraries, two independent studies using high-density tiling array
reported that the number of IncRNA genes is at least comparable
to that of protein-coding genes [ 10, 11]. Recent advances in tiling
array [ 10-13], chromatin signature [ 14, 15], computational analy-
sis of cDNA libraries [16, 17], and next-generation sequencing
(RNA-seq) [18-21] have revealed that thousands of IncRNA genes
are abundantly expressed with exquisite cell type and tissue speci-
ficity in human. In fact, the GENCODE consortium within the
framework of the ENCODE project recently reported 14,880
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manually annotated and evidence-based IncRNA transcripts origi-
nating from 9,277 gene loci in human [6, 21], including 9,518
intergenic IncRNAs (also called lincRNAs) and 5362 genic
IncRNAs [14, 15, 20]. These studies indicate that (1) IncRNAs are
independent transcriptional units; (2) IncRNAs are spliced with
fewer exons than protein-coding transcripts and utilize the canoni-
cal splice sites; (3) IncRNAs are under weaker selective constraints
during evolution and many are primate specific; (4) IncRNA tran-
scripts are subjected to typical histone modifications as protein-
coding mRNAs; and (5) the expression of IncRNAs is relatively
low and strikingly cell type or tissue specific.

The discovery of IncRNA has provided an important new per-
spective on the centrality of RNA in gene expression regulation.
IncRNAs can regulate the transcriptional activity of a chromosomal
region or a particular gene by recruiting epigenetic modification
complexes in either cis- or trans-regulatory manner. For example,
Xist, a 17 kb X-chromosome-specific noncoding transcript, initi-
ates X chromosome inactivation by targeting and tethering
Polycomb-repressive complexes (PRC) to X chromosome in cis
[22-24]. HOTAIR regulates the HoxD cluster genes in trans by
serving as a scaffold which enables RNA-mediated assembly of
PRC2 and LSD1 and coordinates the binding of PRC2 and LSD1
to chromatin [12, 25]. Based on the knowledge obtained from
studies on a limited number of IncRNAs, at least two working
models have been proposed. First, IncRNAs can function as scaf-
folds. IncRNAs contain discrete protein-interacting domains that
can bring specific protein components into the proximity of each
other, resulting in the formation of unique functional complexes
[25-27]. These RNA-mediated complexes can also extend to
RNA-DNA and RNA-RNA interactions. Second, IncRNAs can
act as guides to recruit proteins [24, 28, 29], such as chromatin
modification complexes, to chromosome [24, 29]. This may occur
through RNA-DNA interactions [29] or through RNA interac-
tion with a DNA-binding protein [24]. In addition, IncRNAs have
been proposed to serve as decoys that bind to DNA-binding pro-
teins [ 30], transcriptional factors [ 31], splicing factors [ 32-34 ], or
miRNAs [35]. Some studies have also identified IncRNAs tran-
scribed from the enhancer regions [36-38] or a neighbor loci [18,
39] of certain genes. Given that their expressions correlated with
the activities of the corresponding enhancers, it was proposed that
these RNAs (termed enhancer RNA/eRNA [36-38] or ncRNA-
activating/ncRNA-a [18, 39]) may regulate gene transcription.

As a novel class of RNA transcripts, the expression level and
splicing variants of IncRNAs are various. Northern blot analysis can
help us learn about the identity, size, and abundance of IncRNAs.
Here we describe how to use northern blot to determine IncRNA
abundance and identify different splicing variants of a given
IncRNA.
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2 Materials

2.1 Materials
for DIG-Labeled RNA
Probe Synthesis

2.2 Materials
for Separating RNA
by Electrophoresis

2.3 Materials
for Transferring RNA
to the Membrane

N I S

(92

o
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11.
12.
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. DNA template (se¢ Note 1).

. Restriction enzyme.

. 10x DIG RNA labeling mix (Roche, 11277073910).

. T7 RNA polymerase (10 U/pL) and 5x transcription buffer

(Agilent, 600123).

. Dnase I (NEB, M0303S, 2000 U/mL).
. Agarose gel electrophoresis supplies for DNA fragment

purification.

. Quick Spin Columns for radiolabeled RNA purification

Sephadex G-50 (Roche, 11274015001).

. Gel Extraction Kit (Qiagen, 28704).

. Nucleic acid agarose.

. 55 °C water bath.

. 10x Denaturing gel buffer (Invitrogen, AM8676).

. Heat block.

. Gel electrophoresis apparatus.

. 3-(N-morpholino) propanesulfonic acid (MOPS).

. Sodium acetate.

. 0.5 M EDTA.

. 10x MOPS buffer: 200 mM MOPS, 50 mM sodium acetate,

20 mM EDTA, adjust pH to 7.0. To make 1x MOPS gel run-
ning buffer, mix one part of 10x MOPS buffer with nine parts
of RNase-free water.

RNA loading buffer (Invitrogen, AM8552).
Ethidium bromide (only if RNA visualization is needed).
DIG-labeled RNA marker (Roche, 11373099910).

. 20x SSC (Invitrogen, 15557-036).

. Razor blade.

. 3 M Filter paper.

. Positively Charged Nylon Membrane (Roche).

. Blunt end forceps.

. Paper towel.

. RNase-free flat-bottomed container as buffer reservoir.
. Clean glass pasture pipet as roller.

. Lightweight (150-200 g) object serving as weight during

transfer.
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2.4 Materials
for Probe-RNA
Hybridization

2.5 Materials
for Detection of Probe-
RNA Hybrids

—
=)

. Supports of the reservoir (i.e., a stack of books).

. Stratalinker® UV Crosslinker.

p—
—

. 20x SSC.

. 10 % SDS.

. DIG easy Hyb Granules (Roche, 11796895001 ).

. 68 °C Shaking water bath.

. Heat block.

. Hybridization oven.

. Hybridization bags.

. Low-stringency buffer: 2x SSC with 0.1 % SDS.

. High-stringency butffer: 0.1x SSC with 0.1 % SDS.

O 0 NI O O B N~

—

. Washing and blocking buffer set (Roche, 11585762001).

2. Anti-DIG-alkaline phosphatase antibody (Roche,
11093274910).

3. NBT/BCIP Stock Solution (Roche, 11681451001).
4. CDP-Star, Ready-to-Use (Roche, 12 041 677 001).

5. TE buffer: 10 mM Tris-HCL, 1 mM EDTA, adjust pH to
approximately 8.

3 Methods (See Note 2)

3.1 DIG-Labeled RNA
Probe Synthesis

by In Vitro
Transcription

3.2 Separating RNA
Samples
by Electrophoresis

3.2.1 Gel Setup

IncRNA northern blot analysis aims to characterize IncRINA expres-
sion. The protocol includes five parts: (1) RNA probe synthesis and
labeling; (2) RNA sample electrophoresis; (3) RNA transfer; (4)
RNA-probe hybridization; and (5) RNA-probe hybrid detection.

The DIG-labeled RNA probe synthesis is very similar to the bioti-
nylated RNA synthesis described in IncRNA pull-down assay. The
differences between the two procedures are the following:

1. Since the probe needs to be complement to the target sequence,
the probe RNA is transcribed from the 3’ end of the target
sequence. We clone the gene of interest in reverse orientation
to make the in vitro transcription template for northern probes.

2. Use DIG labeling mix in place for the biotin-label mix.

1. Wipe the gel rack, tray, and combs with RNAZap, rinse with
water, and let dry.

2. Weight 100 g agarose in a clean glass flask and mix with 90 mL
RNase-free water. Melt the agarose completely by heating with
a microwave. Put the flask with melted agarose in a 55 °C
water bath.
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322 RNA
Electrophoresis

3.3 Transfer RNA
from Agarose Gel
to the Membrane

3.3.1  Material
Preparation

3.

In a fume hood (se¢e Note 3), add 10 mL 10x denaturing gel
buffer to the gel mix that is equilibrated to 55 °C. Mix the gel
solution by gentle swirling to avoid generating bubbles. Slowly
pour the gel mix into the gel tray, pop any bubbles, or push
them to the edges of the gel with a clean pipet tip. The thick-
ness of the gel should be about 6 mm. Slowly place the comb
in the gel. Allow the gel to solidify before removing the comb.

. Right before RNA eclectrophoresis, place the gel tray in the

electrophoresis chamber with the wells near the negative lead
and add 1x MOPS gel running buffer in the chamber until it is
0.5-1 cm over the top of the gel (see Note 4).

. Mix no more than 30 pg sample RNA with 3 volumes of RNA

loading buffer (see Notes 5 and 6). To destruct any secondary
structure of the RNAs, incubate the RNA with loading buftfer
at 65 °C for 15 min using a heat block. Spin briefly to collect
samples to the bottom of the tube and put the tubes on ice (see
Note 7).

. Carefully draw the RNAs in the tip without trapping any bub-

bles at the end of pipet tip, place the pipet tip inside of the top
of the well, slowly push samples into the well, and exit the tip
without disturbing the loaded samples. If markers are needed,
load one lane with DIG-labeled RNA marker.

. Run the gel at 5 V/cm (see Note 8).
. (Optional) Stain the gel with ethidium bromide and visualize

the RNA under UV (see Note 9).

. Use a razor blade to trim the gel by cutting through the wells

and discard the unused gel above the wells. For marking the
orientation, make a notch at a corner.

. Cut the membrane to the size slightly larger than the gel. Make

a notch at a corner to align the membrane with gel in the same
orientation. Handle the membrane with care—only touching
the edges with gloved hands or blunt tip forceps.

. Cut eight pieces of filter paper the same size of the

membrane.

. Cut a stack of paper towels that are 3 cm in height and 1-2 cm

wider than the gel.

. Pour 20x SSC into a flat-bottomed container that has bigger

dimension of the agarose gel. This serves as the buffer reser-
voir and can also be used to wet the paper and membrane. Put
the reservoir on a support (i.e., a stack of books) so that its
bottom is higher than the paper towel stack.

. Cut three pieces of filter paper that are large enough to cover the

gel and long enough to reach over to the reservoir. These papers
serve as the bridge to transfer buffer from the reservoir to the gel.
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3.3.2 Transfer Setup

. Stack paper towel on a clean bench and put three pieces of dry

filter paper on top.

. Wet two more pieces of filter paper and put on top of the dry

filter paper. Gently roll out any bubbles between the filter
paper layers.

. Carefully put the membrane on top of the wet filter paper.

Gently roll out any bubbles between the membrane and the
filter papers.

. Put the trimmed gel onto the center of the membrane with the

bottom of the gel touching the membrane (i.e., the gel plane
that faces down during electrophoresis will be in contact with
the membrane), and align the notches of the gel and mem-
brane. Roll out bubbles between the membrane and the gel.

. Place three more pieces of pre-wet filter paper on top of the gel

and roll out bubbles between filter paper layers.

. Wet the three pieces of paper bridge and place them with one

end on top of the stack and the other end in buffer reservoir.
Make sure that there is no bubble between any layers of paper
(see Note 10).

. Place a 150-200 g object with the size similar to the gel on top

of the stack.

. Transfer the gel for 15-20 min per mm of gel thickness. It usu-

ally takes about 2 h (see Note 11).

3.3.3 RNA Cross-Link Disassemble the transfer stack carefully and rinse the member
with 1x MOPS gel running buffer to remove residual agarose.
Blot off excessive liquid and immediately subject the membrane
to cross-link treatment. Cross-link the RNA to the membrane
with Stratalinker® UV Crosslinker using the autocross-link setting
(see Note 12). Air-dry the membrane at room temperature. At
this point, the membrane can be subjected to hybridization imme-
diately or stored in a sealed bag between two pieces of filter paper
at 4 °C for several months before hybridization.

3.4 Hybridization

of DIG-Labeled Probes
to the Membrane (See
Note 13)

3.4.1 Prehybridization

1. Reconstitute the DIG easy Hyb Granules: Add 64 mL RNase-

free water into one bottle of the DIG easy Hyb Granules, and
stir for 5 min at 37 °C to completely dissolve the granules.
DIG easy Hyb buffer will be used in prehybridization and
hybridization. The reconstituted DIG easy Hyb buffer is stable
at room temperature for up to 1 month.

. For every 100 cm? membrane, 10-15 mL Hyb buffer should

be used for prehybridization. Measure the appropriate amount
of Hyb buffer for prehybridization, place it in a clean tube, and
pre-warm it in a 68 °C water bath (see Note 14).
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3.4.2 Hybridization

3.5 Detection
of DIG-Probe/Target
RNA Hybrids

3.5.1 Localizing
the Probe-Target Hybrid
with Anti-DIG Antibody

3.

Put the membrane in a hybridization bag, add the pre-warmed
Hyb buffer from the previous step, seal the bag properly, and
incubate the membrane in Hyb buffer at 68 °C for at least
30 min with gentle agitation (se¢ Note 15). Prehybridization
can be up to several hours as far as the membrane remains wet.

. For every 100 cm? membrane, 3.5 mL Hyb buffer is needed

for hybridization. Measure the appropriate amount of Hyb
buffer for hybridization, place it in a clean tube, and pre-warm
it in a 68 °C water bath (se¢ Note 14).

. Determine the amount of RNA probe needed (see Note 16)

and place it into a microcentrifuge tube with 50 pL RNase-free
water. Denature the probe by heating the tube at 85 °C for
5 min and chill on ice immediately.

. Mix the denatured probe with pre-warmed Hyb buffer by

inversion.

. Remove prehybridization buffer from the membrane and

immediately replace with the pre-warmed hybridization buffer
containing the probe.

. Seal the bag properly and incubate the membrane in probe-

containing Hyb buffer at 68 °C overnight with gentle agita-
tion (see Note 15).

. The next day, pre-warm the high-stringency buffer to 68 °C

and pour low-stringency buffer in an RNase-free container at
room temperature and make sure that it is enough to cover the
membrane.

. Cut open the hybridization bag, remove the Hyb buffer, and

immediately submerge the membrane in the low-stringency
buffer.

. Wash the membrane twice in low-stringency buffer at room

temperature for 5 min each time with shaking.

. Wash the membrane twice in high-stringency buffer at 68 °C

for 5 min each time with shaking (se¢ Note 17).

. Transfer the membrane from the last wash in high-stringency buf-

fer to a plastic container with 100 mL washing buffer. Incubate
for 2 min at room temperature and discard the washing buffer.

. Add 100 mL blocking bufter onto the membrane and incubate

for more than 30 min (up to 3 h) with shaking at room
temperature.

. Dilute anti-DIG-alkaline phosphatase antibody at the ratio of

1:5000 in blocking buffer and incubate the membrane in 20 mL
diluted antibody for 30 min at room temperature with shaking.

. Wash membrane twice with 100 mL of washing buffer for

15 min each time at room temperature.
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3.5.2 Visualizing
Probe-Target Hybrids Using
Chromogenic or
Chemiluminescent Method
(See Note 18)

1. Equilibrate the membrane in 20 mL detection buffer for 3 min

at room temperature. If using the chromogenic method, pre-
pare the color substrate solution while equilibrating the
membrane.

. For chromogenic detection:

(a) Put the membrane with the RNA side facing up in a con-
tainer and incubate in 10 mL color substrate solution in
the dark without shaking.

(b) When the desired intensity for the band is observed, dis-
card the color substrate solution and rinse the membrane
in 50 mL of TE buffer for 5 min (see Note 19).

(c) Document the result by photographing the membrane
(see Note 20).

. For chemiluminescent detection:

(a) Put the membrane with the RNA side facing up on a plas-
tic sheet (i.e., cut out of a hybridization bag) and add 20
drops of CDP-Star, Ready-to-Use reagent.

(b) Immediately cover the membrane with another sheet to
evenly distribute the reagent without creating any bubbles.

(¢) Incubate for 5 min at room temperature.
(d) Squeeze out excess reagent and seal the bag.

(e) Develop the membrane with an X-ray film in a darkroom
(see Note 20).

4 Notes

. The desired DNA template should be a plasmid containing a

promoter for in vitro transcription (i.e., T7 or T3) and a target
sequence whose 5’ end is placed as close as possible to the 3’
end of the promoter. We usually use pBluescript SK(+) and
transcribe the target sequence using T7 polymerase. Minimize
any unnecessary addition of non-IncRNA sequence into the
plasmid to avoid impropriate RNA folding.

. Northern blot analysis is a golden standard in RNA detection

and analysis. There are many protocols developed by laborato-
ries specialized in RNA research or companies. The protocol
described here is adapted from the NorthernMax procedure
from Invitrogen and DIG application manual for filter hybrid-
ization from Roche. In our hand, this protocol is time efficient
and gives satisfying results without using radioactivity.

3. Always cast the gel in a fume hood as the denaturing solution

contains formaldehyde. Solidified gels can be wrapped up and
stored at 4 °C for overnight.
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4.

10.

11.

12.

13.

Do not let gel soaked in running buffer for more than 1 h
before loading.

. Load no more than 30 pg total RNA in each lane. As the bind-

ing capacity of the membrane is limited, more RNA loaded
does not guarantee a stronger signal. Overloading can lead to
the detection of minor degradation of targeted RNAs.

. If the total volume of sample and dye exceeds the capacity of

the wells, it is necessary to concentrate the RNA by precipita-
tion and suspend the pellet in smaller volume of water before
adding the loading dye.

. Use a heat block instead of a water bath to avoid contaminat-

ing the samples with water.

. The voltage is decided by the distance between the two elec-

trodes (not the size of the gel). Usually, the run takes about
2 h. If the run is longer than 3 h, exchange the buffer at the
two end chambers to avoid the pH gradient.

. RNA gels that stained with ethidium bromide are not suitable

for northern blot analysis. Therefore, if'a visual examination or
photograph of total RNA samples is needed as a reference for
the northern blot, we suggest the researchers to either run the
same set of samples on a separate gel or stain with ethidium
bromide the gel just for visualization; or de-stain the gel before
continuing northern blot analysis. If a gel will be subjected to
northern analysis after UV visualization, avoid prolonged
exposure of the gel to UV light.

It is essential to ensure that the only way for the transfer bufter
to run from reservoir to the dry paper stack is through the gel.
Therefore, extra care is needed to assemble the stack properly
to avoid shortcut. The most common shortcut happens
between the bridge and the paper beneath the gel. One can
cover the edges of the gel with Parafilm to prevent this from
happening.

Transfer longer than 4 h may cause small RNA hydrolysis and
reduce yield.

The autocross-link Mode of Stratalinker® UV Crosslinker
delivers a preset exposure of 1200 pJ to the membrane and
takes about 40 s. Other methods of cross-linking RNA to
membrane are available and can be used at this step as well.

Once the membrane is wet during prehybridization, it is
important to avoid it getting dry during the hybridization and
detection process. Dried membrane will have high background.
Only if the membrane will not be stripped and reprobed, it can
be dried after the last high-stringency wash and stored at 4 °C
for future analysis.
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14.

15.

16.

17.

18.

19.

20.

For most northern blot hybridization using DIG easy Hyb
buffer, 68 °C is appropriate for both prehybridization and
hybridization. In cases of more heterologous RNA probes
being used, the prehybridization and hybridization tempera-
ture need to be optimized.

Prehybridization /hybridization can be performed in contain-
ers other than bags, as far as it can be tightly sealed. Sealing the
hybridization container can prevent the release of NH,, which
changes the pH of the buffer, during incubation.

For RNA probe synthesized by in vitro transcription, it is rec-
ommended that the probe concentration should be 100 ng per
mL Hyb buffer.

If the probe is less than 80 % homologous to the target RNA,
the high-stringency wash should be performed at a lower tem-
perature, which needs to be empirically determined.

The DIG probe-target RNA hybrids can be detected in two
ways. One uses chemiluminescent method, whereas the other
uses chromogenic method. The chemiluminescent method is
sensitive and fast, but it requires the usage of the films and the
accessibility of a darkroom. The chromogenic method requires
no film or darkroom and different targets can be detected
simultaneously using different colored substrate. However, the
chromogenic method may not be sensitive enough for low-
abundance targets.

At this step, if there are multiple membranes, process one at a
time. Depending on the abundance of target RNAs, the band
may appear as quickly as a few minutes after adding the chro-
mogenic agents. The reaction can be stopped when the band
reaches a desired intensity.

If reprobing is needed, photograph the result while the mem-
brane is wet and proceed to stripping and reprobing. If no
reprobing is needed, dry the membrane, document the result
by photograph, and store the dried membrane in a clean bag at
room temperature.
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Chapter 15

Assessment of In Vivo siRNA Delivery
in Gancer Mouse Models

Hiroto Hatakeyama, Sherry Y. Wu, Lingegowda S. Mangala,
Gabriel Lopez-Berestein, and Anil K. Sood

Abstract

RNA interference (RNAI) has rapidly become a powerful tool for target discovery and therapeutics. Small
interfering RNAs (siRNAs) are highly effective in mediating sequence-specific gene silencing. However,
the major obstacle for using siRNAs as cancer therapeutics is their systemic delivery from the administra-
tion site to target cells in vivo. This chapter describes approaches to deliver siRNA effectively for cancer
treatment and discusses in detail the current methods to assess pharmacokinetics and biodistribution of
siRNAs in vivo.

Key words siRNA, Ovarian cancer, Delivery, Cancer therapy, Stem-loop RT-PCR

1 Introduction

Classical analyses of gene function are performed by generating
knockout (KO) mouse models and observing a phenotype [1].
Even though KO of genes offers powerful means to discover disease
related-genes such as oncogenes in vivo, development of drugs
such as small-molecule compounds or antibodies is required for
clinically relevant therapeutic strategies. However, these approaches
do have limitations [2]. Small-molecule inhibitors are frequently
associated with undesirable toxicities and antibodies are only useful
for targets accessible in the circulation or located on the surface of
target cells. Since the discovery of RNA interference (RNAi) [3]
and the application of small interfering RNA (siRNA) to silence
desired target genes [4], siRNA has become an alternative technology
to analyze gene function and discover drug targets. Since siRNAs
can inhibit the expression of any gene of interest, we can utilize this
technology for targeting previously undruggable genes. Hence, the
use of siRNA is attractive for cancer therapy.

Despite the promise, several hurdles must be overcome for
successful use of siRNA in the clinic. SIRNA is easily degraded in the
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bloodstream by ribonucleases (RNase), eliminated by renal excretion,
and cannot pass through a cellular membrane readily because of its
large molecular weight, high hydrophilicity, and negative charge [5].
Thus, effective siRNA delivery systems are needed for this approach to
be successful. Many groups are developing siRNA delivery systems for
cancer using a variety of formulations, such as liposomes, polymers, or
micelles [5-7]. The physical properties of delivery systems such as
size, shape, and surface charge are critical factors for delivery of
nanoparticles to tumors after systemic administration. It is well estab-
lished that long-circulating nanoparticles with an average diameter of
<100 nm accumulate efficiently in tumor tissues via the enhanced
permeability and retention (EPR) effect based on the fact that tumor
vessels are irregularly shaped, defective, and leaky and have varying
widths compared with normal capillaries [8, 9]. Intratumoral mobility
of nanoparticles may be affected by higher interstitial fluid pressure
and soluble factors in solid tumors, population of stromal cells, and
density of extracellular matrix in tumor. For example, polymeric
micelles of 30 nm in diameter showed penetration in stromal-rich
pancreatic tumors but those of 70 nm showed no penetration [10].
After being taken up by target cells through endocytosis, siRNAs need
to be released from endosomes into cytosol. These sequential steps
from administration site to cytosol in target cells should be considered
for development of siRNA delivery systems for cancer treatment [2, 5,
7]. Importantly, siRNAs need to be effectively delivered to tumors to
exert therapeutic effect. Therefore, determination of pharmacokinetic
profiles of administrated siRNA in the body is an important issue for
the clinical development of siRNA medicine. Here, we describe in vivo
siRNA delivery in orthotopic ovarian cancer (OvCa) models using
chitosan/siRNA nanoparticles [ 11, 12 ], and quantification of siRNAs
by stem-loop quantitative reverse transcribed (qRT)-PCR and
fluorescence-based assays [13].

2 Materials

2.1 Gommercial
Reagents

. Chitosan (CH), low molecular weight (Sigma-Aldrich).
. Sodium tripolyphosphate (TPP; Sigma-Aldrich).

. Glacial acetic acid (Thermo Scientific).

. siRNAs (Sigma-Aldrich).

. Human ovarian cancer cell lines, SKOV3, HeyA8 and A2780
(ATCCQC).

. Hanks’ Balanced Salt Solution (HBSS) (Mediatech, Inc).
7. Trizol (Life Technologies).
8. Direct-zol RNA Kit (Zymo Research).

[ 2 B N I S
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9. Verso cDNA Synthesis Kit (Thermo Scientific).
10. TagMan miRNA assays (Applied Biosystems).
11. 2x Fast SYBR Green Master Mix (Applied Biosystems).

1. Centrifuges, 5417R and 5810R (Eppendorf).

2. A homogenizer, TISSUE MASTER 125 homogenizer (OMNI
International, Kennesaw GA, USA) for homogenization of tissue
samples.

3. A spectrophotometer, NanoDrop 2000c (Thermo Scientific)
for RNA quantification.

4. A thermal cycler, Mastercycler pro (Eppendorf) for RT-PCR.

5. A real-time thermal cycler, 7500 Fast Real-Time PCR System
(Applied Biosystmes) for real-time PCR.

6. In vivo imaging system, IVIS 200 system (Xenogen) for ex vivo
imaging for siRNAs.

3 Methods

3.1 Preparation
of siRNA/Chitosan
(SiRNA/CH)
Nanoparticle

Chitosan (CH) is a linear polysaccharide composed of randomly
distributed p-linked d-glucosamine and N-acetyl-d-glucosamine.
CH is biodegradable, biocompatible, less immunogenic, and less
toxic, which makes it a very attractive tool for clinical and biological
applications [14-16]. Due to the presence of protonated amino
groups, negatively charged nucleic acids can be loaded in CH, and
siRNA /CH nanoparticles can effectively interact with cell membranes.
Therefore, we developed CH nanoparticles to deliver siRNA into
tumors [11, 12]. siRNA/CH nanoparticles are prepared based on
ionic gelation of anionic TPP and siRNA with cationic CH.

1. 0.25 % Acetic acid is prepared by dissolving 0.25 ml glacial
acetic acid in 99.75 ml of water.

2. CH solution is obtained by dissolving CH (2 mg/ml) in
0.25 % acetic acid.

3. TPP is prepared by dissolving 0.25 g of TPP in 100 ml of water.

4. Nanoparticles are spontaneously generated by the addition of

TPP (0.25 % w/v) and siRNA (1 pg/pl) to CH solution under
constant stirring at room temperature.

5. After incubating at 4 °C for 40 min, siRNA/CH nanoparticles
are collected by centrifugation at 11,000 xg for 40 min at 4 °C.

6. The pellet is washed three times to remove unbound chemicals or
siRNA and siRNA /CH nanoparticles are stored at 4 °C until use.
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3.2 Development
of Orthotopic In Vivo
Models

of Ovarian Cancer

3.3 RNA Isolation
from Blood, Plasma,
and Tissue

1.

Female athymic nude mice (8-12 weeks old) are obtained
from the National Cancer Institute.

. Human ovarian cancer cells such as SKOV3ipl, HeyAS8, or

A2780 are cultured in RPMI1640 supplemented with 15 %
fetal bovine serum in 10 or less passage prior to injection into
mice.

. Cells are detached with trypsin and complete media is added.

Cells are then pelleted at 300 x4 for 5 min at 4 °C.

4. Cells are then washed twice with PBS.

. Resuspend cells using HBSS at a concentration of 5 x 10° cells

per ml.

. Cells (1 x10° cells per 200 pl per mouse) are injected into the

peritoneal cavity using 30 G needles.

. After tumors have been established, siRNA /CH nanoparticles

are injected intraperitoneally into tumor-bearing mice at a dose
of 1.25-5.0 pg siRNA per mouse.

Sample preparation from blood:

(a) At different time points, mice are put under anesthesia
using isoflurane and blood is collected from abdominal
vena cava or by cardiac puncture into RNase-free cryo-
tubes using 25-G needles.

(b) Blood (typically 200 ul) is mixed with three times volume
of Trizol (600 pL). Vortex the mixture thoroughly (see
Note 1).

(c) The mixture is centrifuged at 12,000x4 for 10 min at
4 °C to obtain supernatants. The resulting supernatant is
processed for total RNA isolation.

2 Sample preparation from plasma:

(a) Blood is to be stored in RNase-free tubes with each tube
containing 84.3 pL K,EDTA per mL of blood.

(b) Mix blood and anticoagulant thoroughly by inverting
tube immediately ten times (see Note 2).

(c) Centrifuge the mixture at 12,000xg for 10 min at
4 °C. This will give three layers: (from top to bottom)
plasma, leucocytes (bufty coat), and erythrocytes. Carefully
aspirate the supernatant (plasma) to a tube. Prior to use,
the plasma can be stored at -80 °C.

(d) Plasma (typically 200 pl) is mixed with three times volume
of Trizol (600 pL).

(e) The mixture is centrifuged at 12,000x4 for 10 min at
4 °C to obtain the supernatants. The resulting supernatant
is processed for total RNA isolation.
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3 Sample preparation from tissues:

(a) Tissues, such as tumor, brain, lung, heart, liver, spleen,
and kidney, are collected in RNase-free cryotubes using
sharp scissors and forceps, and snap freeze them in liquid
nitrogen. The organs can be stored at -80 °C until use.

(b) Just prior to use, thaw the tissues on ice. Weighed tissue
(typically 50-100 mg) is transferred into 5 ml polystyrene
round-bottom tubes with 750 pL of Trizol (see Note 3).

(c) Atissue is homogenized with a homogenizer (see Note 4).

(d) The resulting tissue homogenate is centrifuged at 12,000 x g4
for 10 min at 4 °C to obtain the supernatants. The result-
ing supernatant is processed for total RNA isolation.

4 Total RNA is isolated from the supernatant of blood, plasma,
or tissue using Direct-zol RNA Kit according to the manufac-
turer’s protocol.

5 RNA concentration is quantified using a spectrophotometer.

Stem-loop qRT-PCR has been utilized to quantify small RNA
fragments (e.g., miRNA) [17]. First, a miRNA-specific stem-loop
RT primer is hybridized to the miRNA and then reverse transcribed.
Next, the RT product, cDNA, is amplified by regular real-time
PCR using a miRNA-specific forward primer and the universal
reverse primer. Stem-loop qRT-PCR method can also be applied for
quantification of siRNA, which gives high sensitivity, selectivity, and
wide dynamic range of detection of siRNA as compared with other
means such as enzyme-linked immunosorbent assay (ELISA) or
high-performance liquid chromatography (HPLC) [18]. Therefore,
stem-loop qRT-PCR technique can be used for the quantification
of administered siRNA in blood and tissues. The primer for siRNA
in stem-loop PCR is designed for each sequence. The forward
primer in PCR amplification is designed based on the siRNA
sequenceand auniversalreverse primer (5’-GACCTGTCCGATCAC
GACGAG-3) is used.

1. Standard siRNA is prepared by serial twofold dilutions of
siRNA with RNase-free water.

2. Standard blood sample is prepared by directly adding 5 ng
siRNA to 200 pl of naive blood or plasma obtained from non-
treated mouse, and the siRNA/blood or plasma mixture is
subjected to RNA isolation as mentioned before.

3. Isolated total RNA (1-10 pg) from blood and tissues, and
standard siRNAs (~2.5 pg) are subjected to stem-loop PCR
using TagMan miRNA assays according to the manufacturer’s
protocol. 10 pl of total RNA /siRNA is combined with 5 pl of
master mix of stem-loop PCR and 2 pmol stem-loop PCR
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primer, and then stem-loop PCR is carried using Mastercycler
pro. Condition for the stem-loop PCR reaction is as follows:
16 °C for 30 min, 42 °C for 30 min, 85 °C for 5 min, then
hold at 4 °C.

4. 1.3 pl of cDNA is added into the PCR amplification reaction
mix (10 pl 2x Fast SYBR Green Master Mix and 20 pmol of
forward and reverse primer sets at a volume of 20 pl).

5. PCR amplification is carried out using the 7500 Fast Real-Time
PCR System. Condition for the RT reaction is as follows: 95 °C
for 15-min enzyme activation, then 40 cycles of 95 °C for 15-s
denaturation, and 60 °C for 1-min annealing/extension.

6. siRNA amount in blood sample is calculated using the standard
curve (Fig. la).

7. Blood concentration of siRNA at collected time points, C(#), is
expressed as the amount of siRNA per ml of blood.
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Fig. 1 Stem-loop PCR for siRNA quantification. (a) Standard curve showing a plot of log amount of siRNA vs.
Ct values quantified using gRT-PCR method. The equation derived from this plot is used for calculating the
absolute amount of siRNA. (b) Time profile of plasma siRNA concentration. Closed squares and line represent
actual concentration of siRNA in blood and calculated curve of siRNA concentration by fitting the data using
two-compartment model using MULTI program, respectively. (c) SiRNA amount in organs is calculated using
the siRNA standard curve shown in (a)
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8. Pharmacokinetic analysis is performed as described below:

C(?) is fitted by an appropriate equation for one- or two-
compartment models using software such as Graphpad prism and
MULTTI, or other appropriate programs (Fig. 1b) (see Note 5).

One compartment: C(#)=Ae™, two compartment:
C(t)=Aec™ +Be™

Area under the curve (AUC,,) of blood concentration is
calculated by integration of C(¢) up to a given time point:

AUC = [C(¢)dr

9. Levels of siRNAs in various organs are also calculated using
standard siRNA curve (Fig. 1¢).

In vivo imaging has become an important tool for the development
of drug delivery systems. The near-infrared (NIR) fluorescence
provides simultaneous acquisition of full-color white light imaging
with NIR images, deeper penetration of NIR signal, and decreased
tissue autofluorescence compared to visible light [19]. Therefore,
nanoparticle labeled with NIR fluorophore such as Cy5.5 or DiR
allows determination of amount in organs ex vivo and noninvasive
evaluation of biodistribution in vivo after their administration.

1. Cy5.5-labeled siRNA-loaded nanoparticle is administered i.p.
into tumor-bearing mice at a dose of 2.5 pg siRNA.

2. At time points (typically 24 or 48 h), tumor and organs are
excised.

3. Excised organs are washed with cold PBS and put on 6-well
plate.

4. Fluorescence image in excised organs are captured using the
Xenogen IVIS 200 system with Cy5.5 fluorophore excitation
(678 nm) and emission (703 nm) filter.

5. Fluorescent images are analyzed using Living image 2.5 software.
Regions of interest are drawn for each organ and total radiant
efficiency ps™ pW! em? is measured (Fig. 2).

1. Isolated RNA (500-1000 ng) from tumor tissue is reverse
transcribed using a Verso cDNA Synthesis Kit as per the manu-
facturer’s instructions using a Mastercycler pro.

2. 2 pl Diluted ¢cDNA (typically two- to tenfold dilution) is then
subjected to PCR amplification with 10 pl 2x Fast SYBR Green
Master Mix and 20 pmol of forward and reverse primer sets at
a volume of 20 pl.

3. PCRis performed using the 7500 Fast Real-Time PCR System.
Each cycle consists of 15 s of denaturation at 95 °C and 1 min
of annealing and extension at 60 °C (40 cycles).

4. Relative levels of gene expression are quantified using the
AACt method.
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Fig. 2 Fluorescence-based images of Cy5.5-labeled siRNA in organs. The levels of Cy5.5-siRNA were mea-
sured in various organs at 48 h post-administration of nanoparticles in tumor-bearing mice. The scale bar
represents the fluorescence intensity in ps~' mW-' cm?

4 Notes

. Blood samples should be vortexed immediately after mixing

with Trizol, or blood solidifies in Trizol. If storage is necessary
prior to use, blood needs to be collected in a tube with antico-
agulant agent and stored at -80 °C.

. Process samples as soon as possible. If storage is necessary prior

to use, store the blood at room temperature, shielded from light.

. Hard tissues should be cut into small pieces with scissors before

adding Trizol, which results in efficient homogenization.

. Output power of homogenizer should be adjusted depending on

the softness of organ. Soft organs such as brain and liver are
homogenized at low power to avoid bubble; hard organs such as
spleenand heartare homogenized athigh power. Homogenization
should be done with tubes immersed in ice-cold water to avoid
generating heat.

. Five or more time points are required for curve fitting of the

time profile of siRNA concentration in blood or plasma.
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Chapter 16

Targeting Long Noncoding RNA with Antisense
Oligonucleotide Technology as GCancer Therapeutics

Tianyuan Zhou, Youngsoo Kim, and A. Robert MacLeod

Abstract

Recent annotation of the human transcriptome revealed that only 2 % of the genome encodes proteins
while the majority of human genome is transcribed into noncoding RNAs. Although we are just beginning
to understand the diverse roles long noncoding RNAs (IncRNAs) play in molecular and cellular processes,
they have potentially important roles in human development and pathophysiology. However, targeting of
RNA by traditional structure-based design of small molecule inhibitors has been difficult, due to a lack of
understanding of the dynamic tertiary structures most RNA molecules adopt. Antisense oligonucleotides
(ASOs) are capable of targeting specific genes or transcripts directly through Watson—Crick base pairing
and thus can be designed based on sequence information alone. These agents have made possible specific
targeting of “non-druggable targets” including RNA molecules. Here we describe how ASOs can be
applied in preclinical studies to reduce levels of IncRNAs of interest.

Key words Antisense oligonucleotide, Control ASO, Non-druggable targets, Oft-target, RNA
therapeutics, Target reduction, RNase H, QRT-PCR, Transfection, Free uptake

1 Introduction

Targeted drug discovery efforts have mostly focused on proteins,
particularly enzymes, secretary factors, and G-protein-coupled
receptors [1]. Many proteins are considered “non-druggable”
targets because closely related protein family members exist, making
specificity difficult [2]. The “non-druggable” category of proteins
includes transcription factors, structural proteins, and RNAs [3].
Indeed, direct targeting of RNAs, including both protein-encoding
genes and noncoding transcripts, would potentially allow modula-
tion of all transcriptional products, such as specific splice variant
forms [4], eRNAs [5], long noncoding RNAs (IncRNA), and all
protein coding RNAs [6, 7]. Antisense oligonucleotides is a tech-
nology that enables the direct targeting of RNA and greatly expands
the freedom of drug target selection for the treatment of human
diseases.

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
DOI 10.1007/978-1-4939-3378-5_16, © Springer Science+Business Media New York 2016

199



200 Tianyuan Zhou et al.

1.1 Design of ASOs

LncRNAs, arbitrarily defined as RNA transcripts longer than
200 nucleotides that do not encode proteins, have been proposed
to modulate diverse biological functions. Although the functional
roles and mechanisms of actions for the majority of IncRNAs
remain unknown, recent studies have revealed that IncRNAs
are involved in chromosome dosage compensation, modulation of
chromatin status, and cell differentiation among other cellular
processes [ 8, 9]. Moreover, mutation or dysregulation of IncRNAs
have been linked to many human diseases including diabetics, car-
diovascular diseases, central nervous system disease, and cancer
(reviewed in [10, 11]). Thus, the selective depletion of specific
IncRNA will allow us to both experimentally explore IncRNA
functions and to pursue the most attractive of these as therapeutic
targets to the diseases. The selective depletion of IncRNAs has
posed a common challenge in IncRNA research [9]. Knocking
down IncRNA by RNAI is a well-established approach. However,
the presence and activities of RNAi machinery in nucleus is not
thought to be robust and its existence in this compartment has
been under intense debate. It is possibly for this reason that RNAi
is limited in its ability to target nuclear-retained IncRNAs [12].
The difficulty of knocking down nuclear-retained IncRNA may be
overcome by ASOs, another nucleic acid-based technology which
enables specific targeting of any gene in human transcriptome.
ASOs rely on RNAse H to cleave target RNAs irrespective of their
subcellular localization due to RNase H’s ubiquitous presence
in both cytoplasm and the nucleus [13, 14]. Importantly, ASOs’
efficacy in man has recently led to the FDA approval of Kynamro®,
an ASO drug targeting ApoB, that lowers cholesterol in patients
with homozygous familial hypercholesterolemia (HoFH) [15].
More than 30 ASO drugs are currently in preclinical or clinical
testing [16, 17]. In this chapter we discuss the design of ASOs to
target IncRNA and methods employed to evaluate ASOs in both
cell-based assays and animals.

ASO, as we discuss here, refers to a synthetic molecule comprising
a string of nucleotides or nucleotide analogs that bind to comple-
mentary RNA sequences with high specificity through Watson—
Crick base pairing. ASOs can modulate levels of the targeted
RNA through several mechanisms: (1) ASOs with properties of
deoxyoligonucleotides may recruit RNase H to the DNA-RNA
heteroduplex to degrade RNA [14]. (2) Binding of ASOs to target
sequences may inhibit biogenesis or translation of the transcript
of gene [3, 18]. Splicing [19], 3’ polyadenylation [20], RNA
localization [ 7] are some examples where ASOs were demonstrated
to achieve potential therapeutic goals. ASOs acting through
RNAse H mechanism are typically 12-20 nucleotides in length,
because approximately 12 nucleotides are required to recognize a
unique sequence in the genome given the size of human genome.
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Unlike siRNAs, which are duplexes, ASOs are single-stranded
molecules. Compared to double-stranded nucleotide compounds
including siRNAs that are rigid, hydrophilic and have average
molecular weight of 13,300 Da, ASOs are on average 5000-8000 Da,
amphiphilic in nature and are more flexible, which allows efficient
binding to target RNA.

Through chemical alterations of the natural nucleotides,
ASOs have been designed to have drug-like properties. Naturally
occurring nucleic acids are composed of ribonucleotides or
deoxynucleotides linked with phosphodiester bonds. One of the
first modifications made to ASOs was the phosphorothioate modi-
fication of the linkage. This modification protects ASOs from deg-
radation by nucleases and increases half-life in serum, while still
supporting RNase H activities [21 ]. These so-called first-generation
ASOs were typically 20 nucleotides in length and are composed
solely of deoxy residues [14]. However, due to low metabolic
stability and suboptimal target binding affinity, the application of
these early generation ASOs was limited in clinics [22]. Second-
generation ASOs contain a central region of 8-10 phosphorothio-
ate DNA nucleotides flanked by nucleotides modified at the
sugar; this is called “gapmer” design [23]. Over the years, numer-
ous nucleotide modifications have been tested in attempts to
enhance binding affinity [24]. The bulky 2’- O-methoxyethyl (2'-
MOE modification) improved metabolic stability of ASOs and pre-
vented nonspecific protein interactions and thus improved overall
safety profile relative to the first-generation ASOs [25]. Kynamro®
is a systematically delivered 2’-MOE-modified 20-mer [26]. A
more recently developed ASO chemistry incorporates the next
generation 2’, 4'-constrained ethyl (cEt modification) in the resi-
dues flanking the deoxy central region. Because of the enhanced
affinity provided by the cEt modification relative to the 2nd-gener-
ation ASOs, the cEt ASOs can be shorter; this contributes to higher
ASO potency as the smaller molecular weight ASOs are more
efficiently released in a cell [27]. Furthermore, ASOs of the same
chemical class all have very similar pharmacodynamics, pharmaco-
kinetic, and tissue accumulation features, making the overall drug
development process more predictable and efficient for a given
ASO drug. STAT3-Rx (AZD9150) is the first Gen 2.5 cEt ASO to
enter clinical trials. It has shown single agent efficacy in patients
with diffuse large B-cell lymphoma at modest doses [28].

Like many other drug classes, ASOs potentially have both
“on-target” and “off-target” effects. “Off-target” effects occur
due to ASOs’ binding to unintended sequences in non-target
RNAs or through direct interactions with proteins independent
of target hybridization [29, 30]. Binding to off-target transcripts
can be avoided in large part with the use of computational algo-
rithms that ensure that ASO sequences have little homology
to genomic sequence other than that of the desired target.
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1.2 Applications
of ASO Designs
with Different
Mechanisms

of Actions

Off target effects have been further minimized with careful choice
of chemical modifications and by extensive screening ¢z vitro and
in animal models.

The ability of ASOs to inhibit target RNAs does not depend
on the abundance of the transcript. Levels of both rare transcripts
such as enhancer RNAs, a class of relatively short noncoding
RNAs that function to enhance gene expression, as well as very
abundant transcripts such as metastasis associated lung adenocar-
cinoma transcript 1 (MALAT1) can be reduced equally well by
ASOs that activate RNase H [5, 31, 32]. However, certain RNAs
have proven difficult to target efficiently with ASOs despite
repeated efforts. We speculate that specific features of the RNA
such as transcript half-life, transcript secondary structures, and
rates of RNA processing and nuclear export may contribute to
such difficulties. On the other hand, targeting repeated sequences
unique to the RNA transcript has been shown to greatly increase
ASO potency [33]. Importantly, ASOs are capable of distinguish-
ing between transcripts that differ by a single nucleotide, allow-
ing for allele-specific suppression of a mutant gene while sparing
the wild-type form [34, 35]. Such exclusive specificity achieved
by ASOs has the potential for therapeutic targeting of otherwise
essential genes.

ASOs decrease gene expression or disrupt the action of a func-
tional RNA through two general mechanisms: RNase H-mediated
and occupancy-based [3, 18]. ASOs that direct RNA degradation
by RNase H bind to pre-mRNA or processed RNA through
Watson—Crick base pairing, followed by RNase H1 recruitment to
initiate cleavage of the target RNA. RNase H1 is a ubiquitously
expressed nuclease that cleaves the RNA strand of an RNA-DNA
hybrid. The enzyme is found in the cell nucleus, mitochondria,
and, to a lesser extent, the cytoplasm. This makes ASO action dif-
ferent from the nucleic acid-based siRNA technology. The siRNA
activity is mediated by the actions of the RNA-induced silencing
complex (RISC), which is mainly localized to the cytoplasm. ASOs
that mediate RNase H cleavage efficiently reduce levels of tran-
scripts localized exclusively in the nucleus [7, 31, 32].

ASOs have also been shown to act through occupancy-based
mechanisms, such as those designed to alter RNA splicing events.
These ASOs bind to splicing regulatory sequences and function by
hindering access of the splicing machinery. For an example, an
ASO alters splicing of mutant SMN2 pre-mRNA to generate the
exon-incorporating productive form in mammalian cells and in
mouse models of spinal muscular atrophy (SMA) [19]; the splice-
altering SMN2 ASO is currently being evaluated in clinical trials in
SMA patients [36]. Additionally, ASOs have been designed to
induce nonsense-mediated decay [37], to affect 3’ polyadenylation
[20], to alter RNA localization [7], and to affect other RNA
processing events [ 18]. In this chapter, we focus on applications of



Targeting LncRNAs with Antisense Oligonucleotides 203

RNase H-mediated ASO and describe procedures to inhibit the
expression of target RNAs.

2 Materials

1. ASOs targeting MALATI1 in various species ISIS399479,
1818395240, ISIS556089.
Ultraviolet—visible spectrophotometer.

2. Cell lines:

4T1, a mouse mammary carcinoma cell line; LNCaP, a human
prostate cancer cell line; THP-1, a human myeloid leukemia
cell line. All cells were obtained from American Type Culture
Collection (ATCC) and were maintained in RPMI1460 sup-
plemented with 10 % fetal bovine serum and antibiotics.

ASO solutions adjusted to 200 pM.

RNAIMAX (Life Technologies).

Opti-MEM (Life Technologies).

96-well electroporation manipulator (BTX Harvard Apparatus).

High-throughput electroporation plates (BTX Harvard
Apparatus).

3. Male 6-8 weeks CD.1 mice (Charles River Laboratories, USA).

3 Methods for Validation of ASO Activity

3.1 Preparation
of ASOs

In this chapter, we describe protocols to reduce levels of a IncRNA
MALAT]1 with Gen 2.0 1S1IS399479, 1S1S395240 or the more
potent Gen 2.5 ISIS556089 ASOs. These protocols can be applied
to additional Gen 2.0 and Gen 2.5 ASOs for in vitro and in vivo
preclinical studies.

Dissolve ASOs directly in PBS to approximately 10 mg/ml (see
Note 1). Like all nucleic acids, ASOs absorb ultraviolet light. The
extinction coefficient of an oligonucleotide depends on base
composition in the ASO sequence [38]. The extinction coefficients
for the ASOs used in this protocol are listed in Table 1. ASO
concentrations are determined by measuring the absorbance of
the solution at 260 nM in a UV-visible light spectrometer after
1:1000 dilutions and calculating using the formula:

Concentration (mM) =

A, x dilution factor / extinction coefficient

ASOs can be stored in aqueous buffer at 4 °C for ~1 month or at
-20 °C for years without loss of activities. Occasionally some ASO
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3.2 Evaluation
of ASO Activity In Vitro

3.2.1 Delivery of ASOs
to Cells by Free Uptake
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solutions precipitate after extended storage at 4 °C. If precipitation
is observed, filter the solution and recalculate the concentration.

Many cancer cell lines take up ASOs under physiological condi-
tions without lipid-mediated transfection reagent (referred to as
“free uptake” hereinafter) [31, 39]. This process is independent
of clathrin or caveolin pathways but specific receptors have not
been identified yet [39]. In our extensive efforts to test free uptake
in cancer cell line panels, we have identified at least one cell line in
each cancer cell origin that takes up ASO very efficiently without
the need for lipid transfection. Primary and early passage cells
used for patient-derived xenograft models have higher propensity
to take up ASOs for a particular type of cancer. This observation
implies that the loss of free uptake abilities may be an artifact dur-
ing cell line establishment. We have observed that the ability of a
given cell line to take up ASO correlates with the ASO pharmaco-
dynamics in the tumor models established from the same cell line
[31]. Thus when possible, we test ASOs in cell lines i vitro by
free uptake.

1. Log phase 4T1 cells are plated at 2-5x 10 cells per well into
96-well plates and are incubated for 16 h in 95 pl of culture
medium (sec Note 2).

2. Pre-diluted ASOs (5 pl of appropriate concentration stock) are
added to cells to the desired final concentrations. A typical
dose response analysis involves testing of the final concentra-
tions at 80 nM, 400 nM, 2 pM, and 10 pM (see Note 3).

3. Cells are harvested 24 h after addition of ASO, and RNA is
prepared. ASO activity is examined by qRT-PCR using Tagman
assays with the primers and probe sequences designed to
amplify the RNA of interest, normalized to the expression of a
housekeeping gene; the primers and probe used to amplify
mouse MALAT] are:

Forward primer: 5'-AGGCGGGCAGCTAAGGA-3';
Reverse primer: 5'-CCCCACTGTAGCATCACATCA-3';

Probe: 5-FAM-TTCCTCTGCCGGTCCCTCGAAAG-TAM
RA-3" (se¢e Note 4). Primers and probe sequences for
housekeeping gene mouse Cyclophilin A are:

Forward primer: 5-TCGCCGCTTGCTGCA-3’;
Reverse primer: 5'-ATCGGCCGTGATGTCGA-3’;

Probe: 5-FAM-CCATGGTCAACCCCACCGTGTTC-TAM
RA-3' [26].

Typical data are shown in Fig. 1. ISIS399479 reduces levels
of MALAT1 RNA with an ICs, of ~70 nM in 4T1 cells
(see Note 5).
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3.2.2 Delivery of ASOs
into Cells Using
Transfection Reagents

MALAT1 Knock Down in 4T1

150

G 125

5 M 20nM

& 100 -

< L M 100 nM

£ 75

E 0.5 uM

2 0 W25 M

% 25 o H

I ¥ 10 uM

0 -

Control ASO ISIS399479

Fig. 1 Mouse mammary tumor 4T1 cells were treated with ISIS399479, a Gen
2.0 ASO targeting mouse MALAT1 along with a control ASO for 24 h. RNA was
harvested, and target reduction was examined by gRT-PCR. ISIS399479 caused
dose-dependent inhibition of target gene expression, whereas the control ASO
had little effect. UTC: Untreated cells

It is not always possible to find a cell line model that is amenable
to free uptake. To obtain proof of concept data in vitro, ASOs
can be delivered to cells by lipid-mediated transfection. The
following is a protocol for 96-well format. Reagents can be scaled
up proportionally for other plate formats.

1.

To examine the proliferation of LNCaP cells after ASO
treatments, LNCaP are plated on 96-well plates at 2,000 cells
per well in 100 pl 24 h prior to experiments.

. For each well, 0.15 pl of RNAiMax is mixed with 12.5 pl of

Opti-MEM by brief vortexing.

. Five minutes later, 200 nM ASO diluted in 12.5 pl Opti-MEM

is mixed with RNAIMAX by brief vortexing.

. The 25-pl ASO-RNAiIMAX solution is incubated at room tem-

perature for 15 min and is subject to fivefold stepwise dilution
in Opti-MEM to 20, 4, and 0.8 nM.

. The 25-pl aliquot of ASO-RNAIMAX solution is added to

each well containing cells to yield final concentrations of 20, 4,
0.8, and 0.16 nM.

. Cells are harvested after 24 h for RNA analyses and 5-6 days

later for cell proliferation assays (see Note 6). The primers and
probe used to amplify human MALATT are:

Forward primer: 5'-AAAGCAAGGTCTCCCCACAAG-3’;
Reverse primer: 5'-TGAAGGGTCTGTGCTAGATCAAAA-3’;
Probe: 5-FAM-TGCCACATCGCCACCCCGT-TAMRA-3".
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Target Reduction in LNCaP Target Reduction in LNCaP
(Transfection) (Free Uptake)
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Fig. 2 Human prostate cancer LNCaP cells were treated with ISIS556089, a Gen 2.5 ASO targeting human
MALAT1 along with a control ASO. (a) ASOs were transfected by transfection using RNAiMax reagents as
described and RNA was harvested after 24 h. (b) ASOs were delivered to the cells by free uptake and RNA was
collected after 48 h. Target knockdown was evaluated by qRT-PCR. UTC: Untreated cells

3.2.3 Delivery of ASOs
to Cells by Electroporation

Human f-actin gene is used to normalize RNA amounts and
sequences for primers and probe are:

Forwardprimer: 5'-CGGACTATGACTTAGTTGCGTTACA-3';
Reverse primer: 5'-GCCATGCCAATCTCATCTTGT-3';

Probe: 5'-FAM-CCTTTCTTGACAAAACCTAACTTGCGC
AGA-TAMRA-3'. Representative data is shown in Fig. 2,
where ASOs were introduced to cell by transfection (a) or
by free uptake (b).

Some cell lines, including many suspension cells, are recalcitrant to
lipid-mediated transfection. For analysis of ASO effects in these
cells, we resort to electroporation in 96-well format.

1. THP-1 cells proliferating in log-phase are collected and resus-
pended at 1 x107 cells per ml in complete growth medium.

2. Aliquots of 90 pl of cells are mixed with 10 pl ASOs at appro-
priate concentration; the solution is pipeted up and down (or
vortexed gently) to mix (see Note 7). Samples are transferred
to 96-well electroporation plate.

3. Cell mixtures are pulsed at desired voltage for electroporation,
typically 130 V for 6 ms. Cells are then collected from each
well and washed twice with 120 pl of fresh medium.

4. All cells are combined and plated at 50-100,000 cells per well
for RNA extraction and 10,000 cells per well for analysis of
proliferation.
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3.3 Systemic
Delivery of ASO
in Mice

300

Blood Chemistry

1.

ASOs are formulated in PBS containing Ca?** and Mg?* at
5 mg/ml and filtered through 0.45 pm sterile filters
before use.

. ASOs can be administered via intraperitoneal (see Note 8),

subcutaneous, or intravenous injection.

. To examine whether ASO is tolerated in normal animals,

CD.1 mice are treated with the target-specific ASO (in this
case, IS1S395240 and ISIS399479 for mouse MALATI) at
50 mg/kg, twice weekly for 6 weeks (see Note 9). Body
weights are recorded after each dose is given. Twenty-four
hours after the last dose, animals are sacrificed, and blood
is collected by cardiac puncture. Liver, kidney, and spleen
are weighed, and liver pieces are collected to prepare RNA
(see Note 10).

. Plasma is tested on a clinical analyzer for blood chemistry

parameters, including alanine amino transferase (ALT), aspar-
tate amino transferase (AST), total bilirubin, and blood urea
nitrogen (see Note 11).

. RNA is prepared from liver or other relevant organs or tissues,

and target reduction is evaluated by qRT-PCR. Typical data is
shown in Fig. 3 (se¢ Note 12).

Target Knockdown in Liver
(100 mg/kg x 6 weeks)
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140

120

100

200

150

80 —

100

Blood Chemistry (% PBS)

50 —

60 -

40

|

>

5
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Fig. 3 Male CD.1 mice were treated intraperitoneally with indicated ASOs designed to target mouse MALATT.
(a) Blood chemistry markers were evaluated in plasma collected by cardiac puncture. (b) Mouse MALAT1
levels were measured in mouse livers using qRT-PCR. There were no notable changes in the blood chemistry
from animals treated with two MALAT1 ASOs



Targeting LncRNAs with Antisense Oligonucleotides 209

4 Notes

. The chemically modified ASOs described here are typically

soluble up to 50 mg/ml in water. Sometimes at high concen-
trations (>20 mg,/ml), some compounds show slight yellow or
green tint.

. ASO treatment affects the attachment of some cell lines, and

thus we recommended that cells are incubated for at least 8 h
after plating prior to ASO treatment. Cell plating densities
between 10,000 and 100,000 cells per ml do not affect cells’
free uptake ability.

. Control ASOs designed to have no matches in human and

mouse genome should also be included at the same concentra-
tions. Some cell lines are especially sensitive to high concentra-
tions of ASOs (>10 pM). In these lines, cell growth can be
inhibited by ASOs in a sequence-independent manner. These
ASO class effects can be better distinguished from on-target
events when the control ASOs are included in the experiments
in parallel.

. It is important to design qRT-PCR assays outside the ASO-

hybridizing sequences. ASOs remain in RNAs purified from
ASO-treated samples and would interfere with RT-PCR reac-
tions if ASOs hybridize to the PCR products defined by the
PCR primers, generating extremely low “false” signals, and
misleadingly high degree of target knockdown.

. Typically cells are incubated with ASO-containing culture

medium continuously for 24-96 h before cells are harvested
for RNA analyses. Maximal RNA knockdown is observed in
some non-dividing cells after 7-10 days. Incubation with
MALAT1 ASO for merely 3 h is sufficient to initiate the neces-
sary events leading to MALAT1 RNA downregulation 48 h
later (Liang XH et al., manuscript in preparation). We observe
that the incubation time required for the onset of ASO activi-
ties is cell line-specific. A careful time course study is necessary
to reveal the dynamics of target RNA expression and inhibition
for each ASO compound and each cell type.

. A control ASO that has no matching sequence in the human

and mouse genome should always be included in transfection
experiments to determine whether cell growth inhibition is
due to the inhibition of specific target or general class effects of
ASOs. Some cell lines are highly sensitive to lipid-mediated
transfection and as little as 10 nM ASO leads to the inhibition
of cell growth; in these cells, observed growth inhibition is not
target-related as similar effects are typically observed with both
targeted and control ASOs.
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7.

10.

11.

Optimal experimental conditions are dependent on each cell
line and electroporation apparatus used. We typically mix
200 pM of ASO with cell aliquots ranging from 0.5x 10° to
2x10° cells. Tests are run with electroporation voltages rang-
ing from 120 to 170 V. Cell viability is checked by trypan blue
exclusion assay after electroporation. In order to ensure reli-
able data, we make sure at least 80 % cells survive the electric
pulse. Efficiency of target reduction can be evaluated by com-
paring target RNA levels to levels in cells treated with control
ASO and in mock electroporated cells. We always use the low-
est voltage where >50 % target reduction is achieved.

. Intraperitoneal injection of ASOs results in greater target

reduction in peritoneal macrophages than does subcutaneous
dosing, presumably because intraperitoneal dosing allows direct
access of ASOs to peritoneal monocyte /macrophage cells.

. The Gen 2.0 and Gen 2.5 ASOs discussed here demonstrate

very similar tissue distribution profiles irrespective of their
sequences. Target reduction in liver is observed 24 h after a
single systemic administration with a peak in inhibition
observed after 48—72 h. Generally a repeated dosing scheme is
employed and we observe target inhibition in tumor cells in
the 4T1 mouse model of breast cancer between 24-72 h after
the last dose.

ASOs distribute widely into tissues within 2 h after systemic
administration [40, 41]. Organs of high ASO accumulation
include kidney, liver, and spleen. Efficient downregulation of
target RNA in fat, muscle, and small intestines has also been
reported despite low concentrations of ASOs [32]. ASOs
remain efficacious for 2-4 weeks in liver and more than 6
months in muscle [41]. ASOs do not cross the blood-brain
barrier, thus need to be administered directly to cerebral spinal
fluid to reduce target RNA levels in the central nervous system
[19]. ASOs are carried by serum proteins in plasma and either
taken up by tissues or gradually degraded by various nucleases
and cleared in urine [41].

ASOs are considered “well-tolerated” it mice treated with the
ASOs show no significant changes in organ and body weights,
no significant elevations in liver transaminases (ALT and AST)
in serum, and no obvious signs of sickness. Different mouse
strains may have different susceptibilities to ASOs’ non-target
related toxicities. Therefore ASOs should be tested for tolera-
bility under the same condition as the intended animal model.
Toxicities in mice caused by off-target effects of ASOs can
complicate interpretation of experimental results. Off-target
effects may be distinguished from on-target pharmacology by
dose-response experiments using two or more ASOs targeting
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the same target gene in the relevant animal models. We encour-
age the use of'a second ASO designed to hybridize to a differ-
ent region of the target RNA to confirm that observed
pharmacology is not limited to one ASO compound. The rela-
tive potency of the two ASOs should be the same both in vitro
and in vivo: the more potent ASO with a greater target reduc-
tion is predicted to demonstrate better efficacies in animals

12. To ensure efficient target reductions in tumor-bearing mice,
various ASO dosing schemes should be tested for each animal

model. Depending on mouse strain, ASOs can be tolerated at

100-1000 mg/kg/week.

Antisense oligonucleotide drugs can be used to specifically and

efficiently reduce levels of any RNA of interest, including many
IncRNAs, both in cultured cells and in animals without the need
for formulation with delivery vehicles. Antisense technology is a
promising, versatile modality in preclinical studies for target valida-
tion, and for the therapeutic targeting of previously non-druggable
targets to treat human diseases.
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Chapter 17

Characterization of Gircular RNAs

Yang Zhang, Li Yang, and Ling-Ling Chen

Abstract

Accumulated lines of evidence reveal that a large number of circular RNAs are produced in transcriptomes
from fruit fly to mouse and human. Unlike linear RNAs shaped with 5’ cap and 3’ tail, circular RNAs are
characterized by covalently closed loop structures without open terminals, thus requiring specific treat-
ments for their identification and validation. Here, we describe a detailed pipeline for the characterization
of circular RNAs. It has been successfully applied to the study of circular intronic RNAs derived from
intron larjats (ciRNAs) and circular RNAs produced from back spliced exons (circRNAs) in human.

Key words Circular RNAs, ciRNAs, circRNAs, RNA fractionation, RNase R

1 Introduction

Single-stranded circular RNA molecules were firstly observed by
electron microscopy in plant viroids [ 1], yeast mitochondrial RNAs
[2], and hepatitis § virus [3]. Later, a handful of circular RNAs
processed from splicing were identified by Northern blots and /or
RT-PCRs in higher eukaryotes, including human and mouse [4-
6]. Due to their low abundance and scrambled order of exon—exon
joining, these circular RNAs had long been considered as by-
products of aberrant splicing, thus unlikely with important biologi-
cal functions [6]. Nevertheless, circular RNAs produced from
human INK4a/ARF or CDRI locus were reported to affect
human atherosclerosis risk [7] or regulate gene expression [8-101],
suggesting that some circular RNAs can be functional.

The application of next generation sequencing in transcriptome
analyses (mRNA-seq) has provided unprecedented insight and
quantitative measurements of gene expression, alternative splicing,
etc. [11]. However, as formed covalently closed structures, circular
RNAs lack canonical 3’ polyadenylation, thus falling below the
radar of most canonical polyadenylated (linear) transcriptome pro-
filing. Until recently, non-polyadenylated RNAs could be enriched
from total RNAs by depleting both polyadenylated RNAs and
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ribosomal RNAs for high throughput sequencing analyses [12],
allowing the identification of new RNA transcripts. Non-
polyadenylated RNA-seq signals were frequently identified in spe-
cific intron and exon regions [12], many of which were further
proven to be circular RNAs produced from either introns [13] or
exons [14, 15].

So far, two major groups of circular RNAs have been described
[16]. One is produced from intronic regions (circular intronic
RNAs, ciRNAs) [13] by escaping from debranching after splicing.
The other group of circular RNAs (circRNAs) is generated from
reversely back-spliced exons [10, 15, 17, 18]. Importantly, these
two groups of circular RNAs have been successfully recapitulated
with specific expression vectors [13, 15]. Currently, ten thousands
of circular RNAs have been widely identified in metazoans from
fruit fly to mouse and human [10, 15, 17-20], greatly expanding
the complexity of transcriptomes and the diversity of noncoding
RNAs [16]. To be noticed, special attention is required for circular
RNAs enrichment and detection due to their intrinsic circular
structures.

In this chapter, we describe an integrated pipeline for circular
RNA characterization (Fig. 1), from the fractionation of non-
polyadenylated RNAs from total RNAs, to the enrichment of cir-
cular RNAs with the RNase R digestion, and then to the validation
of their existence by Northern blots and divergent PCRs. This
pipeline provides a standard lab protocol to characterize circular
RNAs, and has been successfully applied to the study of ciRNAs
[13] and circRNAs [15] in human.

Fractionation of ribo— (or poly(A)-) RNAs
(Yin et al, Methods Mol Biol, 2015, 1206: 69-80)

l

Method 3.2 RNase R digestion
M (Figures 3-5)

|
| | !

: 3.3.1 3.3.2 3.3.3
Method 3.3 : RNA-seqand  Denaturing PAGE ~ RT-PCRs with

! bioinformatics ~ and Northern blots  divergent primers

: (Figure 2) (Figure 3) (Figure 4)

Method 3.1

A4

Fig. 1 A diagram of circular RNA fractionation, enrichment, and validation. See text for details
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2 Materials

2.1 RNA
Fractionations

2.2 RNase
R Digestion

2.3 Validation
of Gircular RNAs

2.3.1  RNA Deep-
Sequencing and Genome-
Wide Analysis

of Circular RNAs

2.3.2 Denaturing Urea
Polyacrylamide Gel
Electrophoresis (Urea
PAGE)

All solutions/recipes are prepared from analytical grade chemicals
with deionized DEPC-treated water. All reagents are RNase-free.
Sterilized reagents are aliquoted and stored at room temperature
for immediate usage or -20 °C for long term storage. 1.5 ml
RNase-free microcentrifuge tubes are purchased from Crystalgen
(catalog number 1.-2507). 15 ml RNase-free centrifuge tubes are
from Nest (catalog number 601052). 50 ml RNase-free centrifuge
tubes are from Corning (catalog number 430829). Equipment
required for polyacrylamide gel electrophoresis and electropho-
retic transfer are from BIO-RED (catalog numbers 165-8001 and
170-3930, respectively).

All reagents and recipes needed in this step have been described
previously in great details [21].

1. Ribonuclease R (RNase R): Epicentre, catalog number
RNRO07250, lot number RNR40620.

2. Phenol—-chloroform—-isoamyl alcohol (25:24:1, v/v): Life
Technologies, catalog number 15593-031.

3. 4 M LiCl solution: weigh 3.3912 g LiCl (Sigma-Aldrich, cata-
log number 1.9650-500 G) and transfer to a 15 ml RNase-free
centrifuge tube, add DEPC-treated water to 10 ml. Mix thor-
oughly and filter through a 0.22 pm Millex-GP Syringe Filter
Unit (Millipore, catalog number SLGP05010). Split into small
aliquots and store at -20 °C.

4. Glycogen, RNA grade: Thermo SCIENTIFIC, catalog num-
ber RO551.

1. 75 % ethanol (v/v): transter 30 ml absolute ethanol to a 50 ml
RNase-free centrifuge tubes and add 10 ml DEPC-treated
water. Mix well and store at -20 °C.

1. Urea: aMRESCO, catalog number 037-1 KG.
2. 30 % acrylamide: Sangon Biotech, catalog number SD6017.

3. 10x TBE Electrophoresis Buffer: weigh 108 g Tris base (Sigma-
Aldrich, catalog number 15456-3), 55 g boric acid (Sigma-
Aldrich, catalog number B6768-500 G), transfer to a beaker
with 40 ml 0.5 M EDTA (pH 8.0), and add DEPC-treated
water to 1 |. Filter through a 0.22 pm Millex-GP Syringe Filter
Unit, and store at room temperature. 1x TBE buffer is diluted
from 10x TBE bufter with DEPC-treated water.
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10.
11.

12.
13.

14.

15.

16.

.05 M EDTA, pH 8.0: weigh 186.1 g Na,EDTA-2H,0

(Sigma-Aldrich, catalog number E5134-250 G), transfer to a
beaker with 500 ml DEPC-treated water, adjust pH to 8.0
with 10 M NaOH, and add DEPC-treated water to 1 1. Filter
through a 0.22 pm Millex-GP Syringe Filter Unit, and store at
room temperature.

. 10 % (w/v) ammonium persulfate (APS): dissolute 0.1 g APS

(Sigma-Aldrich, catalog number A3678-25 G) with DEPC-
treated water to 1 ml. Store at 4 °C for few weeks.

. TEMED ((N,N,N',N'-tetramethylethylenediamine): BIO-

RED, catalog number 161-0801.

. 2x urea loading buffer: 8 M urea, 90 % formamide (Sigma-

Aldrich, catalog number F9037-100 mL), 20 mM EDTA,
0.1 % (w/v) xylene cyanol, bromophenol blue. Store at 4 °C.

. 50x Transfer Buffer: weigh 30.285 g Tris base, 17.02 g sodium

acetate trihydrate (Sigma-Aldrich catalog number 236500-
500 G), and 9.306 g EDTA, transfer to a beaker with 10 ml
acetate, and add DEPC-treated water to 500 ml. Filter through
a 0.22 pm Millex-GP Syringe Filter Unit, and store at room
temperature. 1x transfer buffer is diluted from 50x transfer
buffer with DEPC-treated water.

. RIboMAX™ Large Scale RNA Production Systems: Promega,

catalog number P1280 (SP6), P1300 (T7) for prepare RNA
probe.

Dig RNA Labeling Mix: Roche, catalog number 11277073910.

DNA-free™ Kit, DNase Treatment and Removal Reagents:
Ambion, catalog number AM1906.

Dig Easy Hyb Granules: Roche, catalog number 11796895001.

20x SSC: weigh 175 g NaCl (Sigma-Aldrich, catalog number
§9625-1 KG) and 88 g sodium citrate dihydrate (Sigma-
Aldrich, catalog number W302600), transfer to a beaker with
500 ml DEPC-treated water, adjust pH to 7.0 with 1 M HCI,
and add DEPC-treated water to 1 1. Filter through a 0.22 pm
Millex-GP Syringe Filter Unit, and store at room temperature.
2x SSC and 0.2x SSC are diluted from 20x SSC with DEPC-
treated water.

10 % (w/v) SDS: dissolute 100 g SDS (Sigma-Aldrich, catalog
number L3771-1KG) with DEPC-treated water to 1 1, filter
through a 0.22 pm Millex-GP Syringe Filter Unit, store at
room temperature. 0.1 % SDS dilute from 10 % SDS.

DIG Wash and Block Buffer Set: Roche, catalog number
11585762001.

Anti-Digoxigenin-AP, Fab fragments: Roche, catalog number
11093274910.
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17. CDP-Star, ready-to-use solution: Roche, catalog number
12041677001.

1. SuperScript™ III Reverse Transcriptase: Invitrogen, catalog
number 18080.

2. Random hexamers: TaKaRa, catalog number RRO37A.
3. dNTP mixture: TaKaRa, catalog number T4030.

4. Recombinant RNasin® Ribonuclease Inhibitor: Promega, cata-
log number N2511.

3 Methods

3.1 Fractionation

of Non-polyadenylated
RNAs from
Mammalian Cells

3.2 RNaseR
Digestion (See Note 2)

Ribo-minus RNAs (ribo- RNAs) is enriched from DNase I treated
total RNAs by depleting most redundant ribosomal RNAs with
RiboMinus™ Human/Mouse Transcriptome Isolation Kit
(Invitrogen™, catalog number K1550-01) as previously described
[21]. In addition, fractionation of non-polyadenylated and ribo-
minus RNAs (poly(A)-/ribo— RNAs, poly(A)- RNAs for short)
from total RNAs by removal of poly(A)+RNA transcripts and
ribosomal RNAs [21] shows cleaner background for circular RNA
analysis (see Note 1).

1. Dissolve fractionated ribo— RNAs (or poly(A)- RNAs) from
20 pg total RNAs from Subheading 3.1 with 52 pul DEPC-
treated water. Mix well.

2. Split RNAs to two aliquots in new 1.5 ml RNase-free micro-
centrifuge tubes: one for RNase R digestion and another for
control with digestion buffer only.

3. For RNase R digestion, add 3 pl 10x RNase R Reaction Buffer
and 1 pl RNase R (20 U /ul); tor control, add 3 pl 10x RNase
R Reaction Buffer and 1 pl DEPC-treated water. Mix well and
quick spin the tubes for a few second. Incubate the samples at
37 °C for 1-2 h according to manufacturer’s instructions (se¢
Note 3).

4. After incubation, add 30 pl of phenol-chloroform-isoamyl
alcohol to stop the exonuclease digestion. Vertex the tubes
vigorously, and spin the tubes in a microcentrifuge at 13,000 x g
at 4 °C for 5 min.

5. Caretully remove the upper aqueous layers and transfer them to
new 1.5 ml RNase-free microcentrifuge tubes, add 6 pl 4 M
LiCl, 1 pl glycogen, 90 pl prechilled absolute ethanol (-20 °C).
Mix well by inverting the tubes several times, and incubate the
tubes at -80 °C for 1 h to precipitate RNAs. These RNA samples
(RNase R treated or untreated) can be stored at -80 °C until use.
This is a good stopping point in the process (sec Note 4).
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3.3 Validation
of Circular RNAs

3.3.1 High-Throughput
Sequencing Analysis
of Circular RNAs

3.3.2 Northern Blots
with Denaturing
Polyacrylamide Gel
Electrophoresis (PAGE)

Prepare the Gel

. Precipitate RNAs by spinning at 13,000 x 4 at 4 °C for 20 min.

Remove the supernatants and wash the RNA pellet twice with
700 pl prechilled 75 % (v/v) ethanol and air-dry.

. Resuspend RNA pellets with 20 pl DEPC-treated water.

. Isolated ribo— RNAs (or poly(A)- RNAs) and /or their RNase

R treatment can be directly used for RNA-seq library prepara-
tion according to the manufacturer’s instructions, and then
subjected to deep sequencing [21].

. Specific pipelines can be used for genome-wide identification

of ciRNAs [13] and/or circRNAs [10, 15, 17] by retrieving
junction reads for circular RNAs.

. Circular RNAs can be individually visualized at genome

browser with uploaded track files, as indicated in Fig. 2
(Fig. 2(a) ci-ankrd52 and (b) circCAMSAPI).

. Assemble the gel plates according to the manufacturer’s

instructions, and fix the gel plates in the gel-casting
apparatus.

. Prepare the appropriate denaturing polyacrylamide gel solu-

tion by mixing 8 M urea, 10x TBE and 30 % acrylamide with
DEPC-treated water (see Note 5). 10 ml gel solution is enough
for a denaturing polyacrylamide gel of 10 cmx 7.5 cmx 1 mm.
Dissolve the mixture by rotation, and filter the solution
through 0.22 pl Millex-GP Syringe Filter Unit. Sequentially
add 100 pl 10 % APS and 8 pl TEMED, and mix thoroughly.
Immediately pour the gel solution between the gel plates and
insert the comb. Wait for about 30 min to let the gel
polymerize.

a b
chri2: 56,650,000 56,651,0001 56,652,0001 chrd: 138,774,000 138,774,500 1 138,775,000 1
ANKRD52 <— Transcription CAMSAP1 <« Transcription
944 - — - - .
189 -
. H9 poly(A)-/RNase R ‘ o A H9 poly(A)-/RNase R ‘
39 - 36 -
0—mn  HoPOIVA- _ahall o A roeova- e
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Predicted ci-ankrd52 | m— 4

Fig. 2 Visualization of two types of circular RNAs with RNA-seq. (a) An example of ciRNAs (circular intronic
RNAs), ci-ankrd52, from the second intron of ANKRD52 gene. Deep sequencing signal from poly(A)+ (black),
poly(A)— (red), poly(A)—/RNase R (purple) are shown. The predicted ci-ankrd52 is indicated in pink.(b) An
example of circRNAs from back spliced exons, circCAMSAP1, from the CAMSAP1 loci. Deep sequencing signal
from poly(A)+ (black), poly(A)— (red), poly(A)—/RNase R (purple) are shown. The predicted circCAMSAP1 is

indicated in blue
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Meanwhile, prepare RNA samples. Total RNAs (Subheading 3.1)
were digested with RNase R (Subheading 3.2), cleaned up with
phenol, precipitated by ethanol, and resuspended by DEPC-
treated water. The final RNA concentration /amount was deter-
mined by measure UV absorption with a spectrophotometer.
RNA concentration is determined by the OD reading at
260 nm. To get better signals for circular RNAs, similar amounts
of RNAs with or without RNase R treatment were used for
Northern blots (se¢ Note 6).

. Add 2x urea loading buffer to RNA samples (10 pl total vol-

ume is recommended to get sharp bands), for example RNAs
with or without RNase R treatment as Subheading 3.2. Boil
the RNA samples at 100 °C for 5 min, and chill on ice
immediately.

Dismount the gel from the casting chamber, and assemble the
gel electrophoresis apparatus according to the manufacturer’s
instructions.

. Remove the comb, and fill the chamber with 1x TBE electro-

phoresis buffer (se¢ Note 7).

. Load denatured RNA samples and run the gel at 120 V for 3 h

(see Note 8).

Dissemble the gel electrophoresis apparatus, and assemble the
gel transfer “sandwich” in a transfer blot. Put the bottom of
the gel face to the nylon membrane, remove bubbles between
the gel and nylon membrane. Transfer the RNA from gel to
membrane in 1x transfer buffer with 100 V for 90 min.

. Dissemble the gel transfer apparatus. Immobilize RNAs with

UV cross-linking by an Ultravoliet Crosslinker (UVP,
CL-1000, 254-nm wavelength) for the appropriate length of
time (usually 180 mJ/cm? is used) (see Note 9).

Prepare Dig (Digoxigenin)-labeled RNA probes according to
the manufacturer’s instructions (RiboMAX™ Large Scale RNA
Production Systems, Promega). Briefly, mix DNA template
(with T7 or SP6 promoter), 10x Dig labeling mixture, 5x
transcription bufter (T7 or SP6) and enzyme mixture (T7 or
SP6) with DEPC-treated water. Mix gently by pipetting, and
incubate reaction at 37 °C for 2-3 h.

Add 1 pl DNase I and mix well. Incubate at 37 °C for 15 min
to remove the DNA template.

To precipitate the RNA probe, sequentially add 4 pl 4 M LiCl,
100 pl DEPC-treated water and 300 pl prechilled absolute
ethanol (-20 °C), mix well by inverting the tubes several times,
and incubate the tubes at -20 °C for 1 h.
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Hybridization

Immunological Detection

3.3.3 RI-PCR
with Divergent Primers

First Strand cDNA
Synthesis

13.

14.

15.

16.

17.

Spin the tubes at 13,000 x4 at 4 °C for 15 min. Remove the
supernatants and wash the RNA pellet twice with 700 pl 75 %
(v/v) cold ethanol (-20 °C) and air-dry.

Dissolve the RNA probes by adding 40 ul DEPC-treated water
(usually 8-10 pg RNA probes can be obtained).

Pre-hybridize membrane with DIG Easy Hyb (3 ml/100 cm?)
for 30 min at 68 °C with gentle rotation.

Denature DIG-labeled RNA probe by heating at 100 °C for
5 min, and immediately place the tube on ice.

Discard prehybridization buffer, and add new prewarmed DIG
Easy Hyb with denatured DIG-labeled RNA probe (100 ng/
ml). Incubate overnight with gentle rotation.

The following steps followed protocol for DIG Wash and Block Buffer
Set, and all performed at room temperaturve (unless indicated
otherwise).

18.

19.

20.

21.

22.

23.

24.

25.

26.

Wash the membrane twice with 2x SSC, 0.1 % SDS for 5 min
with gentle rotation.

Wash the membrane twice with 0.2x SSC, 0.1 % SDS at 68 °C
for 30 min with gentle rotation.

After stringency washes, briefly rinse the membrane in 1x
Washing buffer.

Incubate the membrane in 1x Blocking solution for 30 min in
an appropriate container with gentle agitation.

Incubate the membrane in Antibody Solution for 30 min with
gentle agitation.

Wash the membrane three times with 1x Washing buffer for
20 min.

Incubate in Detection buffer for 5 min.

Place the membrane (RNA side-up) on a development folder,
add CDP-Star ready-to-use solution (1 ml for 100 cm? mem-
brane), and incubate for 2-5 min.

Expose to X-ray film for an appropriate time. Multiple expo-
sures can be taken to achieve appropriate signals. Examples of
Northern blots of circular RNAs migration in denaturing
PAGE are shown in Fig. 3 (Fig. 3(a) ci-ankrd52, (b)
circCAMSAPI).

. Before the first strand cDNA synthesis, ribo- RNAs

(Subheading 3.1)were digested with RNase R (Subheading 3.2),
cleaned up with phenol, precipitated by ethanol, and resus-
pended by DEPC-treated water. The final RNA concentra-
tion/amount was determined by measure UV absorption with
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Fig. 3 Validation of circular RNAs by Northern blots. (a) Northern blot of ci-ankrd52. RNase R treated or untreated
total RNAs from H9 cells are loaded on 5 % denaturing urea PAGE for Northern blot with a DIG-labeled antisense
RNA probe (pink bar) as previously reported [13]. Note that ci-ankrd52 remains stable after RNase R treatment
and runs slowly on the denaturing urea PAGE. (b) Northern blot of circCAMSAP1. RNase R treated or untreated
total RNAs from H9 cells are loaded on 5 % denaturing urea PAGE for Northern blot with a DIG-labeled antisense
RNA probe (blue ban as previously reported [15]. Note that circCAMSAP1 remains stable after RNase R treat-
ment and runs slowly on the denaturing urea PAGE. Asterisk, linear mRNAs

a spectrophotometer. RNA concentration is determined by the
OD reading at 260 nm. To get better signals for circular RNAs,
similar amounts of ribo— RNAs with or without RNase R treat-
ment were used for RT-PCR validation (se¢ Note 6). Prepare
the first strand cDNA according to the manufacturer’s instruc-
tions (SuperScript™ III Reverse Transcriptase, Invitrogen).
Briefly, mix RNAs samples, random hexamers (100 pM),
dNTP (2.5 mM each) with DEPC-treated water. Heat at
65 °C for 5 min, and immediately chill on ice for at least 1 min.

2. Briefly spin the tubes, add 5x First-Strand Bufter, 0.1 M DTT,
RNasin, and SuperScript™ III RT. Pipette gently and incubate
reaction at 25 °C for 5 min.

3. Incubate at 50 °C for 60 min, and inactivate the reaction by
heating at 70 °C for 15 min.
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Fig. 4 Validation of circular RNAs by divergent PCRs. (a) PCR validation of ci-ankrd52 with a divergent primer
set (pink arrows) as previously reported [13]. Primers for linear mRNA are indicated as black arrows. Note that
ci-ankrd52 remains stable after RNase R treatment, while the linear mRNA is largely degraded with RNase R
treatment. (b) PCR validation of circCAMSAP1 with a divergent primer set (blue arrows) as previously reported
[15]. Primers for linear mRNAs are indicated as black arrows. Note that circCAMSAP1 remains stable after
RNase R treatment, while the linear mRNA is largely degraded with RNase R treatment

Circular RNAs Divergent 1.

Primer PCR

Unlike linear RNA, circular RNAs can be amplified by diver-
gent primers from both ribo— RNAs with or without RNase R
treatment. Examples of circular RNAs semi-quantitative RT-
PCR results are shown in Fig. 4 (Fig. 4(a) ci-ankrd52, (b)
circCAMSAPI).

4 Notes

2.

. Ribo-minus RNAs (ribo- RNASs) is enriched from total RNAs

by depleting ribosomal RNAs, which contain both poly(A)+
and poly(A)- RNAs. However, the fractionation of poly(A)- /
ribo— RNAs (poly(A)- RNAs for short) removes both
poly(A)+RNAs and ribosomal RNAs, which shows a much
cleaner background for circular RNA analysis. We thus prefer
to use poly(A)- RNAs (with or without further RNase R diges-
tion) for RNA-seq analyses.

RNase R is a magnesium-dependent 3’ — 5’ exribonuclease that
digests linear RNAs and Y-structure RNAs, while preserving
circular RNAs [22]. Besides RNase R, tobacco acid phospha-
tase and terminator exonuclease can also efficiently degrade lin-
ear RNAs, while leave circular RNAs intact [9].
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Fig. 5 Time course of the RNase R treatment. Ribo— RNAs from 10 pg total RNAs in either wild type (a) or
transfected (b) cells are incubated with 1 ul RNase R at 37 °C for 0, 5, 15, 30, 60, 120 min, respectively, and
then applied for Northern blots on either native agarose gel for endogenous circCAMSAPT (a) or denaturing
PAGE for over-expressed circPOLR2A (b). The probes are the same ones as previously reported [15]. Note that
linear RNAs (asterisks) are largely degraded with the short time of RNase R incubation, and circular RNAs are
also reduced during the prolonged incubation

3. RNase R activity may vary from batch to batch. Thus, check the
amount of enzyme and the incubation time for your particular
experiment is highly recommended before carrying out further
sequencing. For example, we have observed that circular RNAs
can also be degraded with the RNase R incubation (Fig. 5). In
this case, some RNase R-sensitive circular RNAs could be lost
with long time incubation with RNase R. From the time course
of the RNase R treatment (Fig. 5), we recommend that one-
hour incubation of this batch of RNase R is good enough for
circular RNA validation by Northern blots. Meanwhile, it is
worthy to note that the short time course of RNase R digestion
can lead to only partial digestion of linear RNAs, which may in
turn result in unwanted linear RNA signals when such samples
are applied to RNA-seq analyses (data not shown).

4. RNA samples are recommended to be used immediately or
stored at —80 °C for later usage. RNA precipitation in ethanol
can be stored at -80 °C for years.

5. Although we have applied the denaturing urea PAGE to detect
some long circular RNAs [13], such PAGE is usually used to
analyze RNAs less than 500 nt. In addition, due to the special
covalently closed loop structure, circular RNAs migrate much
more slowly than linear RNAs with the same molecular weight
[13, 15]. On the contrast, the migration of circular RNAs on
native agarose gels is similar with linear RNAs with similar
molecular weights [13].
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6.

During the preparation of the RNase R treated RNA samples or
RNA samples subjected to other treatments, RNAs will be lost
due to different treatments and the subsequent RNA recovery.
Thus, we generally use similar amounts of RNAs prior to any
treatment (total RNA) and after the treatment of interest for
Northern blots. For instance, about 20 pg total RNAs were first
digested with RNase R (about 5-10 pg RNAs could be
retrieved) and then applied for Northern blot; correspondingly,
about 5-10 pg total RNAs were directly applied for Northern
blot without RNase R digestion (Fig. 3). A similar strategy has
been applied to RT-PCR analyses (Fig. 4).

Before loading the samples, rinse gel wells several times to
remove dissolved urea, and then load the samples immediately.

. The time of electrophorese depends on the molecular weights

of interested circular RNAs. Usually, it requires about 3 h at
120 V to sufficiently resolve 400—nt circular RNAs in 5 % dena-
turing PAGE.

. The cross-linked membrane can be immediately used for prehy-

bridization or store at —80 °C for weeks after drying up.
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Chapter 18

Methods for Characterization of Alternative RNA Splicing

Samuel E. Harvey and Chonghui Cheng

Abstract

Quantification of alternative splicing to detect the abundance of differentially spliced isoforms of a gene in
total RNA can be accomplished via RT-PCR using both quantitative real-time and semi-quantitative PCR
methods. These methods require careful PCR primer design to ensure specific detection of particular splice
isoforms. We also describe analysis of alternative splicing using a splicing “minigene” in mammalian cell tissue
culture to facilitate investigation of the regulation of alternative splicing of a particular exon of interest.

Key words Alternative splicing, RNA, RT-PCR, Variable exon, Minigene, Splicing factors, Splicing
regulation

1 Introduction

Alternative splicing is a key cellular process whereby particular
combinations of exons in a nascently transcribed pre-mRNA are
either included or excluded to generate different mature mRNA
splice isoform transcripts, resulting in multiple protein isoforms
encoded by a single gene. It is estimated that nearly all protein-
coding genes in the human genome are alternatively spliced, pro-
viding an essential source of protein diversity [1, 2]. Differentially
spliced isoforms may exert distinct biological functions, therefore
accurate quantification of the relative amounts of splice isoforms of
a gene is essential to explore the role of alternative splicing in bio-
logical processes as well as disease [3]. The pre-mRNA of an alter-
native spliced gene contains both constitutive exons and variable
exons interspaced by introns that are ultimately spliced out and
excluded from the final mRNA transcript. In this chapter, we
describe the characterization of exon-skipping, the most common
form of alternative splicing, where one or more variable exons are
either included or skipped from the final transcript to make up the
array of spliced isoforms of a gene [4].

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
DOI 10.1007/978-1-4939-3378-5_18, © Springer Science+Business Media New York 2016
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Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
is one of the most convenient methods for studying RNA tran-
scripts and can generally be used with total RNA extracted from
any biological source. Quantitative PCR (qPCR) following RT is
often the method of choice given its extreme sensitivity of detec-
tion and accurate comparison of amplification of PCR products
during the exponential phase of the PCR reaction [5]. Semi-
quantitative methods are less useful for precise quantification of
the relative abundance of splice isoforms, however, combined with
electrophoresis, these methods allow for the direct visualization
and comparison of splice isoform abundance based on size dispar-
ity between differentially spliced transcripts.

Quantification of levels of different splice isoforms is especially
useful in studying the regulation of alternative splicing. Regulation
of alternative splicing is accomplished by the recognition of cis-
acting sequences in the pre-mRNA, usually located in the variable
exonic or adjacent intronic sequences, by trans-acting RNA-
binding proteins known as splicing factors [6]. In this protocol, we
make use of a splicing “minigene” construct to study the regula-
tion of alternative splicing of a variable exon within an alternatively
spliced gene [7]. This minigene then offers a versatile tool for
studying the regulation of splicing of a particular exon as it can be
expressed in cell-culture along with potential splicing factors that
could influence variable exon inclusion or skipping.

2 Materials

2.1 RNA Source
Material

2.2 RNA
Extraction and RT

23 qPCR

Table 1

Alternative splicing can be examined using RNA from any source.
In this protocol we use RNA extracted from mammalian cells
grown in tissue-culture.

1. E.Z.N.A.® Total RNA Isolation Kit (Omega Bio-Tek).

2. GoScript™ Reverse Transcriptase Reagents (Promega).

1. GoTaq® Green Master Mix (Promega).

2. Primers for specific splice isoform detection and a housekeeping
gene. As an example, primers for the detection of CD44 splice
isoforms and housekeeping gene TBP are included in Table 1.

qPCR Primers for the analysis of CD44 alternative splicing

Primer name

Forward (5'-3') Reverse (5'-3')

CD44v with v5 /v6 exons
CD44s
Human TBP

GTAGACAGAAATGGCACCAC CAGCTGTCCCTGTTGTCGAA
TACTGATGATGACGTGAGCA  GAATGTGTCTTGGTCTCTGGT
GGAGAGTTCTGGGATTGTAC CTTATCCTCATGATTACCGCAG
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Primers for the analysis of CD44 v8 minigene alternative splicing

Primer name

Forward (5'-3") Reverse (5'-3')

qPCR v8 minigene inclusion CAATGACAACGCTGGCACAA  CCAGCGGATAGAATGGCGCCG
qPCR v8 minigene skipping GAGGGATCCGGTTCCTGCCCC CAGTTGTGCCACTTGTGGGT

Semi-quantitative PCR v8

GAGGGATCCGGTTCCTGCCCC CCAGCGGATAGAATGGCGCCG

2.4 Semi-
quantitative PCR

2.5 Co-transfection
of Splicing Minigene
and Splicing Factors

2.6 Equipment

. HotStarTaq Plus DNA Polymerase Reagents (Qiagen).

. Primers for detecting minigene splice isoforms. As an example,

primers for the detection of a CD44 variable exon 8 (v8)
minigene are included in Table 2.

. 0.5x TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM

EDTA) for electrophoresis.

. 1.5 % agarose gel prepared with 0.5x Tris—borate—-EDTA

(TBE) bufter and 0.5 pg/mL ethidium bromide.

. Transfectable mammalian cell line, such as HEK293T (ATCC®

CRL-3216™).

. Gibco® Dulbecco’s Modified Eagle Medium High Glucose

(plain media as well as media supplemented with 1-glutamine
and 10 % fetal bovine serum).

. Lipofectamine 2000 Reagent (Invitrogen).

4. Mammalian expression plasmids encoding splicing minigene

and splicing factors of interest. As an example, we use a CD44
v8 minigene plasmid, splicing factor hnRNPM plasmid, and
pcDNA3 control plasmid for co-transfection.

. Thermo Fisher Scientific NanoDrop 1000 Spectrophotometer

for quantification of RNA.

. A thermal cycler, such as the Bio-Rad DNA Engine Tetrad® 2,

for Reverse Transcriptase reaction and semi-quantitative PCR.

. A real-time thermal cycler such as the Roche Lightcycler® 480

IT System with associated LightCycler software for qPCR.

4. Horizontal electrophoresis apparatus.

. A UV transilluminator with camera such as the Bio-Rad Gel

Doc XR System with Quantity One 1-D Analysis Software for
visualization and densitometric analysis of ethidium-bromide
stained DNA.

. A tabletop centrifuge such as the Eppendorf Centrifuge 5424.
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Prepare all reactions with molecular grade nuclease-free water to
prevent RNA degradation.

Total RNA from mammalian cells in tissue culture is extracted
using the E.Z.N.A.® Total RNA Isolation Kit (Omega Bio-
Tek) by following the product manual (see Note 1). For RNA
isolation via this kit, cells can be directly lysed using the pro-
vided lysis buftfer.

As per the manufacturer protocol, first collect cells in 350 pL
RNA lysis buffer.

. Add 350 pL of 70 % ethanol to the lysate and mix thoroughly.

Then transfer the sample to the RNA purification column.

4. Centrifuge at 10,000 x g for 1 min and discard flow-through.

3 Methods

3.1 RNA Extraction 1.

and Purification
2.
3
5
0.
7.
8

3.2 RT Reaction 1.
2.

3.3 Primer Design 1.

for qPCR

. Wash the column once with 500 pL. of RNA wash buffer I and

twice with RNA wash buffer II, centrifuging at 10,000 x g for
1 min between each wash and discarding flow-through.

Remove residual RNA wash buffer II from the column by cen-
triftugation at maximum speed for 2 min.

Transfer the column into a new 1.5 mL tube, add 50 pL
nuclease-free water at the center of the column matrix, and
elute RNA by centrifugation at the maximum speed for 1 min.

. Determine RNA quantity using a UV spectrometer (such as

NanoDrop). High quality RNA should have 260 nm /280 nm
absorbance ratio of approximately 2.0. RNA should be stored
at —80 °C for long-term storage.

In a reaction totaling 20 pL, combine 250-1000 ng of total
RNA with 0.05 pg random hexamer primers, 50 pmol MgCl,,
10 pmol dNTPs, 2 pL 5x GoScript™ Butffer, and 1 pL of
GoScript™ Reverse Transcriptase (see Note 2). Mix by vortex
and briefly centrifuge.

Incubate reaction mixture 25 °C for 5 min for primer anneal-
ing, 42 °C for 60 min for the RT reaction, and 70 °C for 5 min
to inactivate the RT enzyme. These incubations are best per-
formed in a programmable thermocycler. Completed reac-
tions may now be frozen at =20 °C for long-term storage.

In this protocol we provide an example to detect the most com-
mon form of alternative splicing, exon skipping. In a hypotheti-
cal four-exon pre-mRNA (Fig. la), exon 3 is a variable exon
that is either included in the mature mRNA to generate a longer
isoform or skipped to generate a shorter isoform. Three primers
are designed to differentiate one splice isoform from another.
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Fig. 1 Characterization of alternative splicing by gRT-PCR. (a) A schematic illustrating a hypothetical four-exon
gene with a variable exon 3 that undergoes exon-inclusion or exon-skipping. Three primer sets for gPCR indi-
cated by the paired arrows are designed to amplify the total mRNA, the variable exon 3 inclusion isoform, or
the exon-skipping isoform. (b) A schematic depicting the exon structure of the transmembrane protein CD44,
with the nine constitutive and nine variable exons labeled. CD44v3-v10 and CD44s are predominant splice
isoforms and are depicted. Paired arrows indicate primer sets to amplify CD44v v5-v6 containing isoforms and
the CD44s isoform which lacks all variable exons. (¢) Representative qRT-PCR results using primers in Table 1
to show the relative expression of CD44v5/v6 and CD44s, normalized to TBP, in an immortalized human mam-
mary epithelial cell line (HMLE)

A forward primer lies within the variable exon 3 with a reverse
primer in the immediately downstream constitutive exon 4.
These primers allow the selective amplification of the longer
isoform with variable exon 3 included. To detect the shorter
isoform with the variable exon 3 skipped, a forward primer is
designed that spans the junction between exon 2 and 4.
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3.4 Quantification
of Splicing via qPCR

The junction between exon 2 and 4 is disrupted with exon 3
inclusion. Thus, together with the corresponding reverse primer
located in constitutive exon 4, this primer set only amplifies
mRNA isoforms where exon 3 is skipped. When multiple con-
secutive variable exons exist in the gene of interest, primers can
be designed in two different variable exons for detection of spe-
cific variable exon-containing isoforms (Fig. 1b).

. Ttis useful to design qPCR primers that can detect all isoforms

of the mRNA of interest. In this way the total expression of
the gene as well as the expression of individual isoforms can be
compared. In the hypothetical four-exon pre-mRNA (Fig. 1a),
exons 1 and 2 are constitutive exons immediately adjacent to
one another without any variable exons in between. By design-
ing a forward primer in exon 1 and a reverse primer in exon 2,
all mature mRNA isoforms generated from this pre-mRNA
can be detected via PCR.

. Primers should also be designed to amplity a reference “house-

keeping” gene that is expected to be uniformly expressed in all
samples. In this protocol we use primers amplifying a segment
of human TATA-binding protein (TBP) (Table 1).

. Primers should be designed with an ideal melting tempera-

ture (71;,) of approximately 55 °C. The primer length is gener-
ally 18-22 nucleotides. T;, of each primer can be estimated
using online tools such as the oligoanalyzer of Integrative
DNA Technologies (http://www.idtdna.com/analyzer/
applications /oligoanalyzer). The amplicon for each primer
pair should be between 80 and 150 base pairs.

. As an example, we have depicted primer design to detect alter-

natively spliced isoforms of the CD44 gene that encodes a
family of CD44 transmembrane proteins (Fig. 1b, Table 1).
CD44 contains nine constitutive exons and nine variable
exons, and in our example primers have been designed to
detect isoforms containing CD44 variable exons 5-6
(CD44v5-6) and isoforms in which all variable exons have
been skipped (CD44s).

. Prepare qPCR reactions in a total volume of 20 pL by combin-

ing 0.1-1.0 pL of cDNA generated from the RT reaction with
10 pL GoTaq® Green Master Mix and 5 pmol each of forward
and reverse primers. Be sure to include reactions for the refer-
ence gene.

. Perform triplicate qPCR reactions with 40-50 cycles of the

following steps: 95 °C denaturation for 10 s, 58 °C annealing
for 10 s, 60 °C extension for 30 s. Include a thermal denatur-
ing step to generate dissociation curves that can be used to
verify specific amplification of PCR products (se¢ Note 3).


http://www.idtdna.com/analyzer/applications/oligoanalyzer
http://www.idtdna.com/analyzer/applications/oligoanalyzer

3.5 Primer Design
for Detection of Splice
Isoforms via Semi-
quantitative PCR
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3. After the PCR is completed, the amplified signal from each
reaction is presented as a threshold cycle (Ct) determined
using an arbitrary detection threshold, usually set by the qPCR
software to reside within the exponential range of PCR ampli-
fication. Relative quantification of splice isoforms is accom-
plished via comparison to expression of a reference gene such
as TBP. Relative quantification assumes that the PCR amplifi-
cation efficiency for each primer pair is perfect, resulting in
doubling of PCR amplicons with every cycle. Since the refer-
ence gene expression remains constant between experimental
samples, the quantity of mRNA for each splice isoform relative
to the reference gene is calculated using the following for-
mula: 272 where ACt=(Ct splice isoform-Ct reference
mRNA). As an example, quantification of two splice isoforms
of CD44 was conducted via qPCR using RNA extracted from
the immortalized human mammary epithelial cell line HMLE
(Fig. 1c). The primers used are in Table 1.

4. Relative levels of splice isoforms of the same gene can also be
expressed as a ratio of one splice isoform to another, for exam-
ple a variable exon inclusion/variable exon skipping ratio. In
such a scenario, a reference gene is not required because splice
isoforms of the same gene from the same sample are com-
pared. The ratio of splice isoforms is calculated using the fol-
lowing formula: 2-2¢*, where ACt=(Ct inclusion splice isoform
mRNA - Ct skipping splice isoform mRNA in the same
sample). Relative comparison of this ratio between differ-
ent experimental samples is accomplished via the formula:
2-ACt(experiment) /7 -ACt(control) “ywhere ACt(experiment) = (Ct inclu-
sion splice isoform mRNA in experimental sample - Ct skip-
ping splice isoform mRNA in experimental sample) and
ACt(control)=(Ct inclusion splice isoform mRNA in control
sample - Ct skipping splice isoform mRNA in control sample).
In this way the fold change in inclusion/skipping ratio com-
pared to the control sample is obtained.

Through careful primer and PCR design, differences in splice iso-
form expression in cDNA generated from total RNA can be visual-
ized using agarose gel electrophoresis. Returning to a hypothetical
example of a four-exon pre-mRNA, a forward primer in constitu-
tive exon 2 and a reverse primer in constitutive exon 4 will amplify
differently sized PCR amplicons depending on whether or not the
template includes variable exon 3 (Fig. 2). Using semi-quantitative
PCR, these primers facilitate the amplification, separation via elec-
trophoresis, and approximate quantification of different splice
isoforms. Primers should be designed with an ideal T, of 55 °C,
and ideal amplicons should be no more than 300 base pairs long
(see Note 4).
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Fig. 2 Semi-quantitative PCR for examination of exon skipping. A schematic is shown depicting a hypothetical
four-exon gene with variable exon 3 undergoing alternative splicing. The paired arrows indicate primer sets
that flank the variable exon 3 and thus amplify both variable exon-inclusion and skipping isoforms from a
cDNA template. The different splice isoforms can be distinguished by size using semi-quantitative PCR and

electrophoresis

3.6 Performing
and Analyzing
Semi-quantitative PCR

3.7 Generating

a Splicing Minigene
to Analyze Regulation
of Alternative Splicing
of a Variable Exon

1. In a 20 pL reaction, combine 0.1-1.0 pL. ¢cDNA with 2 pL.
10x PCR Buffer (Qiagen), 4 pL 5x Q-Solution (Qiagen),
0.5 pL HotStarTag DNA Polymerase (Qiagen), and 5 pmol
each of forward and reverse primers.

2. Complete PCR reaction using the following “hot start” pro-
gram: 95 °C denaturation for 5 min, approximately 30 cycles
of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and lastly
72 °C for 10 min. Ensure that PCR is completed in the expo-
nential range (se¢ Note 5).

3. Visualize PCR reactions via horizontal gel electrophoresis
using a 1.5 % agarose-TBE gel prepared with 0.5 pg/mL
ethidium bromide (see Note 6). Detection of two distinct
bands differing in size by exactly the length of the variable
exon indicates a successtul PCR amplification. The approxi-
mate quantity of each splice isoform present in the original
RNA sample can be inferred using densitometric analysis by
comparing the fluorescence intensity of the inclusion and skip-
ping PCR amplicons using a UV transilluminator with camera
and image intensity quantitation software (such as the Bio-
Rad Gel Doc XR system with Quantity One 1-D Analysis
Software). Brighter intensity of the band is equivalent to
higher expression of the splice isoform in the original RNA.

Splicing minigenes are useful tools to interrogate the regulation of
splicing of a variable exon of interest. A splicing minigene is an
expression plasmid consisting of a variable exon of interest flanked
by two constitutive exons. It is important to include the immedi-
ately upstream and downstream intronic sequences flanking the
variable exon where potential cis-acting sequences important for
determining the inclusion or skipping of the exon may be located
[7] (see Note 7). As an example, we have included a CD44 v8
minigene with variable exon 8 (v8) of CD44 bounded by the
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adjacent 250 base pairs of its upstream and downstream introns.
This sequence is flanked by two constitutive exons from the human
insulin gene with functioning 5" and 3’ splice sites. Primers for
detection of exon inclusion and exon skipping were designed in
accordance with the principles mentioned in Subheadings 3.3 and
3.5 (Fig. 3a, Table 2).

a CD44 v8 Minigene .

CD44v8 with
~ 250 bp flanking
intronic sequences

qRT-PCR detection / \Semi—PCFl detection

|

—
primer set amplifying v8 inclusion

= <=
common primer set
amplifying both inclusion
and skipping isoforms

|
primer set amplifying v8 skipping

b 1
c
5 Ctrl hnRNPM
'(_}2) 0.6 INClUSION | [ mm |
§ 0.4 Skipping —Tr
T 0.2 % inclusion 94 17

Ctrl hnRNPM

Fig. 3 A splicing minigene assay for characterization of exon skipping. (a) A schematic of the CD44 v8 minigene
is shown. The CD44 v8 variable exon flanked by approximately 250 bp of upstream and downstream intronic
sequence is cloned between constitutive exons ¢1 and c¢2. Exons are shown as boxes and introns as /ines.
Primer sets in black are used for qRT-PCR reactions. The primer set in white is designed for semi-quantita-
tive methods. (b) qRT-PCR data after co-transfection of 100 ng CD44 v8 minigene with 400 ng of splicing
factor hnRNPM using v8 inclusion and skipping primers in Table 2. A relative Inclusion/Skipping ratio (Incl/Skip)
is plotted indicating that the Incl/Skip ratio decreases when hnRNPM is transfected. (¢) Semi-quantitative PCR
image showing decreased percent inclusion (% inclusion) after transfection with 400 ng hnRNPM using semi-
quantitative v8 primers in Table 2. Both images were from the same gel with uniform exposure time. % inclu-
sion was calculated using densitometric image analysis software to divide the pixel intensity of the inclusion
band by the combined pixel intensity of both inclusion and exclusion bands. Figure 3b and ¢ was modified from
Fig. 4 in our previous publication [8] under Creative Commons License CC-BY-NC 4.0
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3.8 Investigating
the Regulation

of Alternative Splicing
via Co-transfection

of a Splicing Minigene
and Splicing Factors

1. As the splicing minigene contains native cis-acting splicing reg-

ulatory sequences within or near the variable exon, trans-acting
RNA binding proteins are capable of modulating inclusion or
skipping of the variable exon in the minigene in a transfectable
cell model. As an example, we describe co-transfection of the
CD44 v8 minigene plasmid and a plasmid expressing splicing
factor hnRNPM in the HEK293T mammalian cell line. In this
case, hnRNPM promotes exon-skipping of the CD44 v8
minigene [8] (Fig. 3b, ¢).

. In a tissue culture hood using aseptic technique, plate

2.25x10° HEK293T cells in 24-well tissue culture plates
using DMEM containing 10 % FBS (see Subheading 2).

. 24 h after seeding cells, at which time the cells are approxi-

mately 90 % confluent, conduct transfections using
Lipofectamine 2000 (Invitrogen) (see Note 8). Per well of a
24-well plate, combine 1.5 pL Lipofectamine 2000 with 50 pL
plain DMEM (see Note 9) and incubate for 5 min at room
temperature.

. Combine Lipofectamine and media with transfecting plasmids

diluted in 50 pL plain DMEM and mix well. As an example,
transfect all wells with 100 ng CD44 v8 minigene, one well
with a control plasmid such as pcDNA3, and other wells with
splicing factors of interest such as hnRNPM. Each well should
be transfected with a total of 800 ng of plasmid, so add in the
remaining DNA with a control vector such as pcDNA3 (for
example, a well could be transfected with 100 ng CD44 v8
minigene, 400 ng hnRNPM, and 300 ng pcDNA3). Incubate
mixture for 20 min at room temperature.

. During the above incubation, replace media on HEK293T

cells with fresh DMEM containing 10 % FBS.

. Add lipofectamine—transfectant mixture dropwise slowly over

cells and incubate at 37 °C for 24 h (se¢ Note 10).

. Collect cells using RNA extraction protocol detailed in

Subheading 3.1.

. As an example, QRT-PCR data (Fig. 3b) and semi-quantitative

RT-PCR data (Fig. 3¢) from the CD44 v8 splicing minigene
experiments were collected using primers in Table 2 [8]
(see Note 11).

4 Notes

. Using the E.Z.N.A.® Total RNA Isolation Kit (Omega Bio-

Tek), genomic DNA contamination is minimal. In addition,
as described in Subheading 3, the primers are designed in
different exons. This would eliminate PCR products amplified
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from genomic DNA which contains long intronic sequences.
Therefore, the RNA may be used directly for RT-PCR analy-
sis. If genomic DNA contamination is a concern, the manufac-
turer provides instructions for an on-column DNase treatment
protocol. Also, during the elution step, we elute with RNAse-
free H,O. If DEPC-treated H,O is used as an eluent, it can
interfere with quantification of RNA via UV spectrometry [9].

2. Depending on the expression level of the gene of interest and
the amount of different splice isoforms in the mRNA, the total
input RNA into the Reverse Transcriptase reaction can be
adjusted. Usually 250 ng of total RNA is sufficient, however
up to 1 pg of RNA may be added to the reaction to increase
the ¢cDNA concentration without saturating the Reverse
Transcriptase during cDNA synthesis.

3. The thermal denaturing step in qPCR is critical to determine
the specific amplification of the target PCR product. The ther-
mal denaturation curve for each pair of primers per reaction
should show a single isolated peak with a uniform melting
temperature. If multiple peaks with different melting tempera-
tures are observed, then nonspecific amplification is occurring
and the PCR reaction must be optimized before qPCR results
can be analyzed [5]. Redesigning primers and adjusting the
annealing temperature of the reaction may be necessary. We
also recommend electrophoresing the PCR products on an
agarose gel and visualizing the product using ethidium-
bromide under UV. If amplification is specific, a single band of
the appropriate size should be observed.

4. Designing primers so that the PCR amplicons for each splice
isoform are relatively small (i.e., 300 base pairs or less) ensures
that both the large and small amplicons are amplified with
similar efficiency during the PCR reaction.

5. Accuracy of semi-quantitative PCR for visualizing the relative
amounts of splice isoforms is dependent on the number of
PCR cycles. The relative quantities of splice isoforms in a sam-
ple of mRNA remain proportional during the exponential
phase of a PCR reaction, but this proportional relationship is
less accurate in later PCR cycles once the reaction reaches the
linear and plateau phases as PCR reagents and the polymerase
are exhausted [5]. This is the reason qPCR offers more accu-
rate quantification of expression compared to semi-quantitative
PCR. It is important to perform a series of PCR cycles to iden-
tify the range of cycles where the proportional intensity of the
different splice isoform bands remains constant [10]. This
range also depends on the expression level of the gene in the
original RNA sample. It is also recommended to conduct
32P-labeled PCR by adding 32P-labeled dCTP to the PCR
reaction to increase the sensitivity of detecting bands on a gel.
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In 3P-labeled PCR, the total PCR cycle number can be
reduced to approximately 20 cycles to ensure that results are
captured during the exponential phase of the reaction.

6. To improve the resolution of PCR product bands, it may be
necessary to increase to the concentration of the agarose gel to
2 %. Polyacrylamide gel electrophoresis (6 %) may also be used
to resolve even smaller PCR products or resolve splice isoform
bands that differ by a small size.

7. Splicing minigenes using constitutive exons not derived from
the gene of interest offer a convenient tool for cloning differ-
ent variable exons of interest into the same minigene con-
struct. However, the actual exons flanking the variable exon
may also be included in the minigene to better approximate
the genomic cis-acting sequences present for native splicing of
the gene. These cis-elements are located in both the variable
exon of interest as well as adjacent introns [6].

8. When using the transfection reagent Lipofectamine 2000
(Invitrogen), it is essential that cells be at a high confluency of
at least 90 %. This is to ensure that cells are still dividing to
maximize uptake of transfected DNA while minimizing the
impact of cell death that can occur during transfection.

9. Do not use DMEM containing serum when preparing trans-
fection mixtures with the transfection reagent and transfected
DNA. Serum proteins can interfere with the formation of the
DNA-lipid transfection complexes and reduce transfection
efficiency.

10. Although 24 h is usually sufficient to observe efficient expres-
sion of transfected DNA, cells can be incubated for up to 48 h
to obtain even higher transgene expression.

11. To confirm protein transgene expression, for example trans-
fected splicing factor expression constructs, Western blot anal-
ysis using cell lysates and an antibody specific for the protein of
interest can be conducted. Efficient expression should result in
an intense band on Western blot compared to control.
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Chapter 19

NONCODEv4: Annotation of Noncoding RNAs with Emphasis
on Long Noncoding RNAs

Yi Zhao, Jiao Yuan, and Runsheng Chen

Abstract

The rapid development of high-throughput sequencing technologies and bioinformatics algorithms now
enables detection and profiling of a large number of noncoding transcripts. Long noncoding RNAs
(IncRNAs), which are longer than 200 nucleotides, are accumulating with important roles involved in
biological processes and tissue physiology. In this chapter, we describe the use of NONCODEwv4, a data-
base that provide a comprehensive catalog of noncoding RNAs with particularly detailed annotations for
IncRNAs. NONCODEv4 stores more than half million transcripts, of which more than 200,000 are
IncRNAs. NONCODEWV4 raises the concept of IncRNA genes and explores their expression and functions
based on public transcriptome data. NONCODEv4 also integrated a series of online tools and have a web
interface easy to use. NONCODEv4 is available at http://www.noncode.org/ http://www.bioinfo.
org/noncode.

Key words Sequencing, IncRNA, IncRNA gene, Expression, Function

1 Introduction

Noncoding RNAs (ncRNAs) participate in many biological pro-
cesses such as translation [1], RNA splicing [2], and DNA replica-
tion [3]. It has been recognized that the number of ncRNAs is
much larger than expected. Although long noncoding RNAs
(IncRNAs) which refer to ncRNAs longer than 200 nucleotides [4]
form a group, they have diverse functions and mechanisms [4].
The continuously developed high-throughput sequencing tech-
nology has resulted in an explosion of transcriptome data [5, 6].
Through exploring these data resource, NONCODEv4 identified
a large number of IncRNAs from both qualitative and quantitative
perspective [7].

In the situation that more and more interest has been focused
on IncRNAs, NONCODEv4 provides a platform that would felici-
tate and benefit researches into IncRNAs for both traditional biolo-
gists and bioinformaticians. In order to provide a reliable list of
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ncRNAs with detailed annotation, NONCODEv4 integrated
information following a pipeline described below:

1. Collecting ncRNA sequences from literature, the latest version
of specialized databases [8, 9] and the third version of
NONCODE [10] following redundancy elimination, exclusion
of protein coding transcripts, and mapping to various genome.
Currently, NONCODEv4 contains more than half million
ncRNA sequences from more than 1000 organisms. Of them,
the majority comes from model organism: human, mouse, nem-
atode, and fly. The genomic location for some short sequences
that could not be mapped to unique position is not shown.

2. Defining IncRNA genes and classifying IncRNA genes into
four categories according to their position relationship with
protein coding genes. A IncRNA gene is region of genome
which  encodes  overlapping  IncRNAs.  Currently,
NONCODEv4 defines IncRNA genes for only human and
mouse. 56,018 and 46,475 IncRNA genes of human and
mouse are further classified into four categories: intergenic,
antisense, sense non-exonic, and sense exonic [11].

3. Constructing expression pattern of IncRNA transcripts and
IncRNA genes respectively based on public RNA-Seq data
from different tissues of human and mouse. Expression profile
is represented as a bar graph.

4. Predicting functions of IncRNA genes based on expression
correlation between IncRNA genes and protein coding genes
inferred from public RNA-Seq data.

All data curated in NONCODEV4 are available for browse and
download. There is also an online pipeline named “iLncRNA”
incorporated in order to provide an access to deal with their own
raw RNA-Seq data for users to identity novel IncRNAs.
NONCODEW4 also encourages users to submit their own discov-
eries of novel IncRNAs to facilitate future updates. Other tools
have been incorporated to make NONCODEvV4 more friendly to
use, such as Genome Browser by which users could check neigh-
boring genes and isoforms of the IncRNA they are interested in
and an ID conversion tool which quickly convert accessions of
NONCODE to those of other databases.

2 Materials

NONCODEW4 is available online via the URL http://www.non-
code.org/. A Web browser is needed by a workstation of UNIX,
Windows, or Macintosh with an Internet connection. In addition,
decompression software is required since files provided for down-
load is compressed.
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3 Methods

3.1 Browsing

The methods presented in this chapter describes how to use the
NONCODEv4 Web interface to obtain information for a specific
IncRNA (Subheading 3.1), how to navigate the record of'a IncRNA

of interest (Subheading 3.2),
NONCODEW4 server (Subheading 3.3).

and how to submit data to

Access to the data content of NONCODEv4 may be performed by

Information browsing the list of all IncRNAs which provides a quick overview
for a Specific IncRNA about the dataset. The following steps describe how to browse the
list of all IncRNAs and the detailed information:

1. Click “Browse DB” on the home page to open the browse
page. A user who is interested in specific organism might first
select it from the list of species (Fig. 1). By default, IncRNA
transcripts are listed. It could be switched to the list of IncRNA
genes by selection through the check box followed by clicking
“Display”. An accession designated by NONCODEv4,
genomic coordinates, exon number, length and CNCI score
suggesting coding potential are all listed in the shown table.

R rorcoo: | [T T N e Tonwiws [ 1rc_
Whatls NETWATCH E")
Browse NONCODE e :
NONCODE p— Sciemqe NG_I# Brnfet
What is ncRNA
DAS Filters (or Click here to view the transcripts with no genome position got )
Help Species:  Human ;;IGene: Transcript [j I’Disulay | 115 items per page
SOAP API
MOMNCODE News | With Expression Profile:
Site Map | Page | 1 Total Page:9689 Total amount:145331 first page|previous page|next page|last page
Links to the World -EE-
Authors NONHSAT000001 chr1 11868 14409 1657 -0.0595617
NONHSATO00002 chr1 11871 14412 + 3 1653 -0.0871273
G g NONHS. chri 11873 14409 + 4 1483 -0.0909892
W EiocTools NONHSAT000004 chrl 12008 13670 + 6 632 -0.0415077
ncFANS NONHSATO00005 chri 14777 16668 & 507 -0.2468852
CNCl NONHSAT000006 chr1 15602 29370 2 1213 -0.2869570
cPC NONHSATO00007 chr1 15602 29370 3 1271 -0.2869570
NONHSATO00008 chri 16857 17751 2 77 -0.1812693
" NONHSAT000009 chri 16996 20348 1 B30 -0.1965167
:f.‘\ Related NONHSATO00010 chri 17606 29370 - 7 868 -0.3184266
Databases NONHSAT000011 chri 29563 31097 . 3 712 -0.0930418
NP{rtér NONHSAT000012 chri 30266 31109 + 2 535 0.5111472
LncRNADisease NONHSAT000013 chri 34553 36081 3 1187 -0.0102261
RMNAcentral NONHSATO00014 chri 35244 36073 2 590 -0.0473680
GeneCards NONHSATO00015 chri 36272 50281 7 2373 -0.0672186
NCBI
Ensembl
GENCODE

Fig. 1 A screenshot of browse page. The species of interest might be selected by check box. It is optional to
browse IncRNA transcript list or InCRNA gene list. ncRNAs have no exact genomic coordinates might be
browsed by clicking “here” above the check box
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3.2 Navigating
to the Record
for a Specific IncRNA

2. Click on the accession listed on the first column of the table to
launch a detailed page providing further information on that
IncRNA transcript or gene (Figs. 2 and 3).

3. The detailed information for a specific IncRNA transcript
includes five sections (Fig. 2):

(a) In the section for general information, clicking the
“NONCODE Gene ID” will link to the webpage of the
IncRNA gene encoding the IncRNA transcript described
at present page.

(b) In the second section, the full length of sequence is pro-
vided in a fasta format [12].

(c) In the third section, the expression pattern of the IncRNA
transcript across different tissues is given by both numeri-
cal value and bar graph.

(d) Inthe section for isoforms, the accessions of other IncRNA
transcripts encoded by the same IncRNA gene are listed.

(e) In the section for data resources, accessions of Ensembl,
RefSeq, or NONCODE v3 might be listed to indicate the
origin of the IncRNA transcript.

4. The detailed information contained in the page of IncRNA
gene (Fig. 3) includes four sections. The first three sections are
similar to those of IncRNA transcript. Notice that the category
of the IncRNA gene is classified into (intergenic, antisense,
sense non-exonic, or sense exonic) is provided in the section
for general information. The last section listed predicted func-
tion of the IncRNA gene by the software ncFANs [13].

From the browse page, it might not be easy to quick navigate to
the right webpage for the IncRNA of interest. Navigating to the
exact webpage for a specific IncRNA might be performed via three
options summarized below.

1. Click “Search” on the home page to open the search page,
which enables users to search ncRNAs by keywords or acces-
sions. Single word or multiple words separated by whitespace
might be entered into the blank box, “HOTAIR” for example
(Fig. 4). Multiple types of terms, including accessions from
NONCODEv4, NONCODEv3, RefSeq, and Ensembl,
IncRNA name, and other keywords, are supported. Click
“Search” to view the search result. Selecting and clicking an
accessions from the list in the result page would direct a new
page for browsing annotations for the IncRNA transcript.

2. For a ncRNA of which none information except sequence is
known, search based on keywords might not work. Sequence
alignment [14] is a solution for this situation. Click “Blast” on
the home page to open the blast page, which enables users to
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Bl NoncoDE

What is NONCODE
What is ncRNA
DAS

Help

SOAP APL
NONCODE News
Site Map

Links to the World
Authors

| [

Keyword Search 151 Web of Kno NETWATCH ! _:_4

Sdence |Md grr

W™ Bio-Tools
ncFANs

CNCI

CPC

-_EA. Related Databases

NPInter
LncRNADisease
RMNAcentral
GeneCards
NCBI

Ensembl
GENCODE

HOTAIR

This page allows you to search All, unig-ncRMNA and reference in NONCODE by keywords. You can enter multiple words separated by
whitespace into the box and these will be implicitly joined with a logical AND. Here is the query tips.

Wb W

. Search NONCODE, you can use NONCODE id as keywords.

Search Refseq, you can use refseq id as keywords.

Search Ensembl, you can use ensembl id as keywords. [Note: Search Ensembl supports only transcripts. ]
. Search Name, you can use name as keywords.

. Search NONCODEv3, you can use NONCODEv3 id as keywords.

Fig. 4 A sample screenshot of search page. It is recommended for users to follow the query tips listed to
determine their keywords

search ncRNAs by sequences (Fig. 5). Enter the sequences in
fasta format into the blank box or upload the file containing
sequences in fasta format from local disk. Click “Search” button
to start the search. Parameters for BLAST might be adjusted
through check boxes below. In the result page of BLAST out-
put, the top NONCODEv4 accessions with highest score might
match the input sequence. If there are no match records with
score high enough according to the length of input sequence,
then the sequence might not be curated in NONCODEv4.

. Another option is navigating to the record for a specific IncRNA

based on its genomic coordinates. NONCODEv4 provides
Genome Browser, a visualization tool, to quickly navigate to a
specific genome region. Click “Genome” on the home page to
open the Genome Browser page. Select the genome of interest
as described above, and then type the genomic coordinate of
the IncRNA of interest into the “genomic position” text box.
Click “submit” button. In the display page (Fig. 6), all IncRNA
transcripts and genes overlapping the submitted genomic
coordinates are shown, as well as annotation from other tracks
within the region. Clicking a track item within the browser
launches a detailed page providing further information on that
item. The width of the displayed coordinate range could be
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B\ noncoDE
Whatis NONCODE
Whatis ncRNA
DAS

| | | [ sinet |

Blast in NONCODE 151 Web of Kn

NETWATCH

Science

-~

NEM  Bmice

Help

SOAP API
NONCODE News
Site Map

FAQ

Links to the World

Choose program to use and database to search:
Program | blastn T] Database NONCODEw T

Enter sequence below in FASTA format

Orload itfrom disk [LFFILPE | ik 531

Setsubsequence: Fram To
The querysequence is fillered for low complexty regions by default.
Filter ¥/ Low complexity Mask for lockup table only

Expect 10 E‘ Matrix BLOSUM&E‘ Perform ungapped alignment
Query Genetic Codes (blastxonly) Standard (1) 3
Database Genetic Codes (tblastin only) Standard (1) [~]
Frame shift penalty for blastx Mo OOF :ZI
Other advanced options:
4| Graphical Ovendew Alignmentview Pairwise E
Descriptions 100 3 Alignments | 50 z‘ Coler schema | No color schema E

 Clear sequence | [ Search |

[ and to:< blast-h bi.nlm.nih.gov >

Last medified: Jan 11, 2002

Fig. 5 A screenshot of BLAST page. Query sequence could either be entered into the blank box in format or

uploaded in a file from |

3.3 Submitting Raw
Data to NONCODEv4
Server

ocal disk. Parameters for blast could be adjusted

adjusted by clicking the “zoom out” or “zoom in” button. The
genomic coordinates could also be shifted to the left or right by
clicking “move left” or “move right” button. Custom tracks
might be uploaded to compare it with tracks on NONCODEv4
server. Optionally, it could be custom determined which track
should be shown of hidden through the track option track.

There is continuing emergence of high-throughput sequencing
data. NONCODEv4 provides an online pipeline named “iLn-
cRNA” to help users with identification of novel IncRNAs based

on their own deep-sequencing data.
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T\ noncoDE | | | | |

What is NONCODE NETWATCH | [,

iLncRNA(Identification of LncRNA)

What is ncRNA Scdience NG—I# Brmicc
DAS

Help Mame:

SOAP AP

NONCODE News nsiitse:

Site Map ACCESSIONS:

Links to the World -
Organsim: Mouse({mmé) Ll

Authors
Select your file:
Wi Bio-Tools BED Format | #hardl: | ik #ct
e GTF Format [l ] Ak 4 H ©
e *E-mail:
cPC
[ submit | [ clear |

‘f‘ Related Databases

NPInter
LncRMNADisease
RMAcentral
GeneCards
NCBI

Ensembl
GENCODE

Fig. 7 A screenshot of iLncRNA webpage. The species of interest should be selected. User supplied files should
be either bed format or gtf format. An e-mail address is needed for receiving message when analysis is done

1. Click “iLncRNA” on the home page to open the webpage for
iLncRNA pipeline (Fig. 7).

2. Enter information including name, institute and accessions of
the user into the corresponding boxes. Select organism
(human or mouse) in the check box and upload the file in bed
format or gtf format generated by assembly software or other
tools. User’s e-mail is necessary for receiving feedback when
the analysis is done.

3. After reading user supplied files, the iLncRNA server would
first extract sequences with length more than 200 nucleotides.
Then transcripts completely matching known protein coding
transcripts from RefSeq or pseudogenes from Ensembl would
be discarded. CNCI [15] would be used to judge whether the
sequences which have passed the previous filtration have cod-
ing potential. Sequences with no coding potential are kept
for further annotation by Cuffcompare [16]. Sequences
which do not completely match IncRNA transcripts curated
in NONCODEv4 would be classified as novel IncRNAs.
The result would be sent to the email address which user filled
in the check box.
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4 Notes

1. NONCODEw4 is under periodically update. There would be
statement of the latest modification highlighted in red on the
home page. In turn, it is encouraged for users to report their
problems regarding to usage of NONCODEv4 or interpret-
ing annotations made by NONCODEwv4 to the group work-
ing for NONCODEv4 by e-mail.

2. It is supported to search accessions from Ensembl or RefSeq
on the search webpage (se¢ Subheading 3.1). Besides,
NONCODEv4 provided an online tool named “ID
Conversion”. It enables quick conversion between accessions
of NONCODEv4 and other resources including Ensembl,
RetSeq, and NONCODEv3. Batch conversion is supported.

3. All data of NONCODEvV4 are stored in relational tables of
MySQL database. Accessions of ncRNAs in NONCODEv4
are designated systematically. Take human as an example,
IncRNA transcripts of human are designated with accessions
from NONHSAT000001 to NONHSAT148172. The prefix
of “NON?” stands for “noncoding”. The following “HSA”
stands for “Homo sapiens”. Similarly, it should be replaced by
other letters for other organisms, such as “MMU?” for “Mus
musculus”. The next letter “T” stands for “transcript”, which
should be replaced by “G” in accessions of IncRNA genes. By
default, the numeric string with which NONCODEv4 acces-
sions end is according to the order of transcripts or genes
sorted by chromosome. Additionally, it is a little different for
ncRNAs with unclear genomic coordinates, with “NOBED”
in the middle. For example, NONHSANOBEDTO000001
denotes a ncRNA sequence form human which could not be
uniquely mapped to human genome.
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Chapter 20

Computational Analysis of LncRNA from cDNA Sequences

Susan Boerner and Karen M. McGinnis

Abstract

Based on recent findings, long noncoding (Inc) RNAs represent a potential class of functional molecules
within the cell. In this chapter we describe a computational scheme to identify and classify IncRNAs within
maize from full-length cDNA sequences to designate subsets of IncRNAs for which biogenesis and regu-
latory mechanisms may be verified at the bench. We make use of the Coding Potential Calculator and
specific Python scripts in our approach.

Key words Long noncoding RNA, miRNA, siRNA, NATs, Maize

1 Introduction

Single sequence (alignment-free) de novo identification of long
noncoding (Inc)RNAs has traditionally been based on three char-
acteristics: base pair length (>200 bp), open reading frame (ORF)
length (variable, but generally < 100 aa), and homology of the
amino acid sequence of the open reading frame to known proteins
[reviewed in ref. 1]. Classification based on this scheme is prob-
lematic, however. For example, there are mRNA molecules that
have a dual role, and both code for a short peptide and serve a
function as a noncoding RNA. In addition, IncRNAs can have long
OREFs that do not code for a functional protein, or very short ORFs
that code for a functional peptide [reviewed in ref. 1]. In an attempt
to refine this approach, computational tools have been developed
to increase the accuracy of coding vs. noncoding prediction by tak-
ing advantage of support vector machines (SVM) and logistic
regression models [2—4]. The Coding Potential Calculator (CPC)
was one of the first tools developed to address coding vs noncod-
ing prediction using an SVM, and takes into account six features of
the sequence associated with the ORF and the BLASTX results
of the ORF to the UniRefY0 database of nonredundant protein
sequences. Although more recent, and faster, alignment-free
computational tools have been developed to classify transcripts as

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
DOI 10.1007/978-1-4939-3378-5_20, © Springer Science+Business Media New York 2016

255



256 Susan Boerner and Karen M. McGinnis

coding or noncoding [3, 4], we use CPC for the identification of
potential IncRNAs in maize herein due to the accessibility of the
webserver.

As IncRNAs are emerging as an important class of molecules
within the cell with a range of potential functional roles [reviewed
in ref. 5], their identification and functional classification is of
increasing interest. Towards this end, we have paired the identifica-
tion of potential IncRNAs in maize using CPC with further classi-
fication schemes based on location and small RNA content, to
create small subsets of potential IncRNAs that can be verified at the
bench. Our starting point is a set of strand-specific full-length
cDNA sequences [6]. After selecting sequences greater than 200 bp,
and passing these through CPC to distinguish potential noncoding
sequences, we classify them further based on small RNA content
and location within the genome (either genic or intergenic).
Sequences that share homology with (presumably transcribed
from) either verified or predicted gene models in maize are further
localized and oriented (sense vs. antisense) within their respective
gene model (Fig. 1). This secondary classification beyond CPC is

full- " full-
length 1I 5|z.e length 2 CPC potential known
o selection <DNAS IncRNAs miRNA genes

(>200 bp) 3. map known
* miRNA

potential
IncRNAs

4. map small |RNA sequences

small RNA non-precursor
precursors IncRNAs
5. genome | localization 5. genome | localization

! !

genic e

6. genic localization lsense—) antisense< 6. genic localization |sanse-) antisense<

flanking UTRs exon intron htergenic flanking UTRs exon intron e
c1>3]ers]ers]er» s cl1>3]els]elr]er» >

Fig. 1 This flowchart gives an overview of the identification and classification of IncCRNAs in this analysis. Our
starting point is a set of full-length cDNA sequences. We retain sequences greater than 200 bp in length
(step 1) and run these through the Coding Potential Calculator (CPC) (step 2). We then filter sequences contain-
ing known miRNAs (step 3), and map sequenced small RNAs to the remaining set (step 4). Next, we localize
each set (those with small RNA sequences and those without) within the genome (either genic or intergenic)
(step 5), and finally localize genic IncRNAs within their respective gene model (step 6)
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achieved with a set of simple Python scripts that take advantage of
a Biopython wrapper for the BLAST algorithm.

This analysis in its current form is specific for maize, but can be
adapted to other species. The subgroups of potential IncRNAs gen-
erated are very useful if the goal is to narrow a search for a specific
type of IncRNA to verity at the bench. This analysis is by no means
exhaustive, however, and multiple tools are available to further clas-
sify predicted IncRNAs. These could include miRNA prediction
tools [7], RNA structural prediction tools [8], and homology
searches against noncoding RNA databases [9] (sec Note 1).

2 Materials

2.1 Hardware
Requirements

2.2 Software
Requirements

Personal computer, preferably with a multi-core processor.

1. Python 2.7. The website https://wiki.python.org,/moin/
BeginnersGuide has everything you need to get started with
Python.

2. Biopython. The latest version with prerequisite software and
installation instructions can be found here: http://biopython.
org/wiki/Download. Also install NCBI Standalone BLAST,
listed under Optional Software.

3. NCBI BLAST+ executables. The following website contains
links to manuals on how to download, install, and run BLAST

on your machine: http://www.ncbi.nlm.nih.gov/books/
NBK1762/.

3 Methods

3.1 Size Selection
of Long Noncoding
RNAs

1. Downloading full-length cDNA sequences
The full-length ¢cDNAs we use for this analysis can be down-
loaded from the Maize full-length ¢cDNA project website:
http:/ /www.maizecdna.org/download/ [6]. Download the
five individual FASTA files listed under “Finished sequences”
and combine them into one FASTA file (se¢ Notes 2 and 3).
Rename this file: maize flcDNA .fasta.

2. Size selection of cDNA sequences
The following Python script (see Notes 4 and 5) will select
c¢DNA sequences greater than 200 base pairs in length and
write them to a new FASTA file. The input and output file
names are in bold text in the Python script, and can be changed

if desired.
#!/usr/bin/env python
from Bio import SeqIO

inputl = open("maize_ flcDNA.fasta", "rU")


https://wiki.python.org/moin/BeginnersGuide
https://wiki.python.org/moin/BeginnersGuide
http://biopython.org/wiki/Download
http://biopython.org/wiki/Download
http://www.ncbi.nlm.nih.gov/books/NBK1762/
http://www.ncbi.nlm.nih.gov/books/NBK1762/
http://www.maizecdna.org/download/
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3.2 Identification
of Potential IncRNAs
Using the Coding
Potential Calculator

L = list(SeqIO.parse(inputl, "fasta"))
1=[]
for record in L:

if len(record.seq) > 200:

1.append(record)

print "number of starting cDNA sequences:", len (L)
print "number of cDNAs over 200 bp:", len(l)
output =open ("maize flcDNA over 200bp.fasta", "w")
SeqIO.write (1, output, "fasta")
output.close ()

inputl.close ()

. Running the Coding Potentinl Calculator

Go to the Coding Potential Calculator website: cpc.cbi.pku.
edu.cn. Click on “Run CPC” from either the top or side menu.
Under “file upload” click “Browse” and select the FASTA file
that you created in Subheading 3.1, step 2 (maize_flcDNA_
over_200bp.fasta), and click “run” (see Note 6). Depending
on how many cDNA sequences you have, this analysis can take
several minutes or several hours to complete. After the run
begins, you are given a Task ID. Save this ID so you can retrieve
your results at a later time (if needed) by clicking on “Get
Results” and entering your Task ID.

. Extracting noncoding cDNA sequence IDs and creating o

FASTA file of potential IncR NAs
If you saved your Task ID, you can return to the CPC website
and click on “Get Results” from the side menu, enter your
Task ID and click “view”. At the top of the page, click on
“Raw Data” (red text), and then click on “CPC Results”. Save
the results as a text file (e.g., right click and select “save as”),
and name the file “cpc.txt”. Run the following Python script to
extract the necessary data from this file and create a new FASTA
file containing the cDNA sequences identified as noncoding
by CPC (see Note 7). Again, the input and output files are in
bold text.
#!/usr/bin/env python
from Bio import SeqIO
inputl = open("cpc.txt", "rU")
report = file("noncoding.fasta", 'w')
for line in inputl:
line = line.rstrip()
if line[14] == "n":
if int(line[25]) >= 1:
print >> report, ">" + line [0:8]
report.close()

input2 = open ("maize flcDNA over 200bp.fasta", "rU")
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miRNA Precursors
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input3 = open ("noncoding.fasta", "ru")
a = list(SeqIO.parse(input2, "fasta"))
b = list(SeqlO.parse (input3, "fasta"))
noncoding = []
for record in a:

for rec in b:

if record.id == rec.id:
noncoding.append (record)

print "number of potential 1ncRNAs identified by CPC:",
len (noncoding)

output = open ("lncRNAs.fasta", "w")
SeqIO.write (noncoding, output, "fasta")
output.close ()

inputl.close ()

input2.close ()

input3.close ()

You now have a new FASTA file of potential IncRNAs, in this
case named “IncRNAs.fasta”.

1. Download known miRNA sequences from ensembl

Go to http://ensembl.gramene.org,/Zea_mays/Info/Index
(see Note 8). Under “Gene annotation”, click on the FASTA
link next to “Download genes, cDNAs, ncRNA, proteins”.
Click on the “ncrna” folder. Click on Zea_mays.AGPv3.23.
ncrna.fa.gz to download the file. Unzip the file, which contains
known miRNA sequences in Zea mays, and rename it “known_
miRNA fasta”.

2. Run Python script to filter known miR NA genes from IncR NAs
Before running the following Python script, you need to create
a BLAST database of the IncRNAs generated in Subheading 3.2
(see Note 9). At the command line, pass the following:

makeblastdb -in 1ncRNAs.fasta -dbtype nucl -title
IncRNA db -out I1ncRNA db

The script creates a text file that lists the IncRNA ID with its
associated known miRNA ID, the hsp score, and hsp identities for
their alignment. The script determines IncRNA precursor potential
based on a 98 % identity match between the entire known miRNA
sequence and the IncRNA (without gaps in the alignment). This
stringency can of course be adjusted if desired. The percent iden-
tity, the name of the report file, input and output files, and the
BLAST database name are in bold text in the script.

#!/usr/bin/env python
from Bio import SeqIO
from Bio.Blast.Applications import NcbiblastnCommandline

from Bio.Blast import NCBIXML


http://ensembl.gramene.org/Zea_mays/Info/Index
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inputl = open ("known miRNA.fasta", "rU")
RNAs = list(SeqIO.parse (inputl, "fasta"))
report = ﬁle("known_miRNA;in_lncRNAs.txt", 'w')
IncRNA list = file("1IncRNAs with RNA list.fasta", 'w')
for record in RNAs:
sequence = open("fastal.fasta", "w")
SeqIO.write (record, sequence, "fasta")

sequence.close ()

blast _cline = NcbiblastnCommandline (db="1ncRNA db",
ungapped="yes", num alignments=1, num_threads=4,
query="fastal.fasta", outfmt=5, out="out.xml",

max target segs=1)
blast cline()
handle = open("out.xml", "rU")
blast record = NCBIXML.read (handle)
for alignment in blast record.alignments:
for hsp in alignment.hsps:
if hsp.identities >= (len(record.seq)*0.98):
print >> report, "RNA:", record.id

print >> report, "length (bp) :", len(record.
seq)

print >> report, "lncRNA:", alignment.
title

print >> report, "length(bp):", align-
ment.length

print >> report, "hsp score:", hsp.score

print >> report, "hsp identities:", hsp.
identities

print >> report, "--------- "
print >> IncRNA list, ">" +

alignment.title[alignment.title.
find ("BT") : (alignment.title.
find ("BT") ) +10]

handle.close()
IncRNA list.close()
input2 = open ("1lncRNAs.fasta", "rU")
input3 = open("1lncRNAs with RNA list.fasta", "rUu")
IncRNA = list(SeqIO.parse (input2, "fasta"))
IncRNAlist = list(SeqIO.parse (input3, "fasta"))
1ncRNARNA = []
for record in 1ncRNA:

for rec in 1ncRNAlist:
if record.id == rec.id:
1ncRNARNA. append (record)

1IncRNARNA = list (set (1ncRNARNA))
print "number of IncRNAs with miRNA:", len (1ncRNARNA)
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for record in 1ncRNARNA:

IncRNA. remove (record)
print "number of IncRNAs without miRNA:", len (1lncRNA)
output = open ("lncRNAs with known miRNAs.fasta", "w")
SeqIO.write (IncRNARNA, output, "fasta")
output.close ()
output = open ("1lncRNAs without known miRNAs.fasta", "w")
SeqIO.write (1ncRNA, output, "fasta")
output.close
report.close

0)
0
inputl.close ()
input2.close ()

0

input3.close

We can now move forward with the new set of IncRNAs with-
out known miRNA genes.

1. Generation of & small RNA FASTA file

There are many possible sources of small RNA sequences
(see Note 10). For this analysis, we use a dataset of maize
siRNAs available on Gene Expression Omnibus via NCBI[10].
Visit http://www.ncbi.nlm.nih.gov/geo/ and enter the fol-
lowing accession number: GSE15286. From here, you can
download four sets of small RNA sequences: shRNA.root.
fa.gz, shRNA.shoot.fa.gz, siRNA.root.fa.gz, and siRNA.shoot.
fa.gz (see Note 11). These files are quite large; see Note 2 for
the fastest way to combine them into one file, if desired.

2. Mapping small RNA sequences to IncR NAs
Before running the Python script, you need to create a BLAST
database of the IncRNAs generated in Subheading 3.3. At the
command line, pass the following:

makeblastdb -in 1ncRNAs without known miR-
NAs.fasta -dbtype nucl -title 1ncRNAs with-
out known miRNAs db -out 1ncRNAs without
known miRNAs db

To map small RNA sequences to the set of IncRNAs use the
Python script from Subheading 3.3, step 2 (see Note 12). For an
exact sequence alignment of small RNAs, change the bold text
value “0.98” to “1”. Be sure to change the file names and database
names accordingly. We can now move forward with our two sets of
IncRNAs, those with small RNA sequences and those without.

1. Downloading genome and gene model sequences
To download chromosomal sequences (see Note 13) for the
maize genome, go to: http://ensembl.gramene.org/Zea_
mays/Info/Index. Under “Genome assembly: AGPv3”, click
on “Download DNA sequence”, and then click on “Zea_mays.


http://www.ncbi.nlm.nih.gov/geo/
http://ensembl.gramene.org/Zea_mays/Info/Index
http://ensembl.gramene.org/Zea_mays/Info/Index
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AGPv3.23.dna.chrmosome.1.fa.gz” to download the file. Then
download the remaining chromosome FASTA files (through
10). Extract the files, and combine them into one FASTA file
(se¢e Note 3). Rename the file “maize_v3_chromosomes”.
Next, we use Biomart to extract gene model sequences. Go to:
http://plants.ensembl.org/biomart/martview,/7b4abd04a0d
0c38a22a7c261cda9abdf. Select “Plant Mart” under the
“CHOOSE DATABASE” drop down menu, and then “Zea
mays genes (AGPv3 (5b))” under the “CHOOSE DATASET”
drop down menu. Click on “Filters” on the left-side menu,
and under “GENE” check the box for “Limit to genes” and
select “with Affymetrix array Maize ID(s)”. Click on
“Attributes” on the left-side menu, then select “Sequences” at
the top, and select “Unspliced (Gene)” under “SEQUENCES”.
Then check the two boxes corresponding to “Upstream flank”
and “Downstream flank” below and enter a value for the num-
ber of base pairs of the flanking region to include in the gene
model sequence file. For this analysis, we focus on 1500 base
pairs of flanking sequence for both upstream and downstream
regions of the gene models. Click on “Results” on the top left
menu bar, and for “Export all results to” select “File” and
“FASTA” and check the “Unique results only” box. When the
FASTA file of gene models has finished downloading, rename
it “maize_v3_genemodels_flank1500.fasta”.
2. Localize IncR NAs within genome

To run the following Python script to localize IncRNAs within
the genome you will need to create two BLAST databases, one
for the chromosome sequences, and one for the gene model
sequences (maize_v3_chromosomes_db and maize_v3_gen-
emodels_flank1500_db). The script prints IDs for IncRNAs
that were not classified, and the total number of genic and
intergenic IncRNAs that were classified.

#!/usr/bin/env python
fromBio.Blast.Applications import NcbiblastnCommandline
from Bio import SeqIO

inputl = open("lncRNAs without known_smallRNAs.fasta",
"y

L = list(SeqIO.parse(inputl, "fasta"))

intergenic = []

for record in L:
sequence = open("fastal.fasta", "w")
SeqgIO.write (record, sequence, "fasta")
sequence.close ()

blast cline = NcbiblastnCommandline (db="maize v3
genemodels flank1500_db", num alignments=1, num_
threads=4, query="fastal.fasta", outfmt=5,
out="outl.xml", max target segs=1)

blast cline()


http://plants.ensembl.org/biomart/martview/7b4abd04a0d0c38a22a7c261cda9abdf
http://plants.ensembl.org/biomart/martview/7b4abd04a0d0c38a22a7c261cda9abdf
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blast cline = NcbiblastnCommandline (db="maize__
v3_chromosomes_db", num alignments=1, num

threads=4, query="fastal.fasta", outfmt=5,
out="outZ2.xml", max target segs=1)

blast cline()
handlel = open("outl.xml", "rU")
from Bio.Blast import NCBIXML
blast recordl = NCBIXML.read(handlel)
handle2 = open("out2.xml", "ru")
from Bio.Blast import NCBIXML
blast record2 = NCBIXML.read(handle2)
x =[]
for alignmentl in blast recordl.alignments:
for hspl in alignmentl.hsps:
x.append (hspl.score)
y = []
for alignment2 in blast record2.alignments:
for hsp2 in alignment2.hsps:
y.append (hsp2.score)
if len(x) == 0 and len(y) ==

print "1ncRNA that doesn't have a hit in
sequenced chromosomes", record.id

elif len(x) == 0 and len(y) != 0:
intergenic.append (record)
elif len(x) != 0 and len(y) ==

print "1ncRNA that 1is somehow present in
genemodel but not in sequenced chromosomes",
record.id

else:
if len(x) != 0 and len(y) != 0:
if y[0] > x[0]:
intergenic.append(record)

handlel.close ()

handle2.close ()
print "intergenic 1ncRNAs:", len(intergenic)
for record in intergenic:

L.remove (record)
print "genic 1ncRNAs:", len (L)
output = open ("1ncRNA without smallRNA GENIC.fasta", "w")
SeqIO.write (L, output, "fasta")
output.close ()

output = open ("lncRNA_without_smallRNA_ INTERGENIC.
fasta", "w")

SeqIO.write (intergenic, output, "fasta")
output.close ()

inputl.close ()
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For this script, the FASTA file for IncRNAs without small
RNA sequences was used. The IncRNAs that contain small RNA
sequences can also be mapped within the genome using the same
script; just change the file names accordingly.

3.6 Sub-localization 1. Downloading gene model sequences for localization
of Genic IncRNAs Sequences within gene models are downloaded using Biomart
within Gene Models as described in Subheading 3.5, step 1. For this analysis, we

grab the sequences for: “Flank (Gene)”, “5" UTR”, “3" UTR”,
Unspliced (Transcript), and “Coding sequence”. The “Flank
(Gene)” option needs to be processed twice. Click on “Flank
(Gene)”, and then below check the box for “Upstream flank”
and enter 1500, and get results. Do this again for “Downstream
flank” (check box and enter 1500). Rename these files:
“maize_v3_upflank1500.fasta”, “maize_v3_downflank1500.
fasta”, “maize_v3_5UTR fasta”, “maize_v3_3UTR fasta”,
“maize_v3_unspliced_trans.fasta®, and “maize_v3_coding.
fasta”, respectively. The unspliced transcript and coding data-
bases are used in Subheading 3.6, step 3 below.

2. Sub-localization of genic IncR NAs within flanking regions and
UTRs
To run the following Python script to sub-localize IncRNAs
within the flanking regions and UTRs, you will need to create
BLAST databases of the FASTA files from Subheading 3.6,
step 1. As the full-length cDNAs used in this analysis are strand
specific, the script was written to classify the genic IncRNAs
based on their orientation within their respective gene model
(sense or antisense). The script determines IncRNA localiza-
tion based on an 80 % identity match between the IncRNA
sequence and the gene model region sequence. Again, this
stringency can be adjusted if desired. This script also creates a
text report file that lists the IncRNA 1D, its orientation, the
gene model ID, and the alignment scores. You can rerun the
script for each database and for each set of genic IncRNAs sep-
arately. The script below uses the set of genic IncRNAs without
small RNA sequences, and maps these to the upstream flanking
regions of maize gene models (see Note 14).
#!/usr/bin/env python
from Bio import SeqIO
fromBio.Blast.Applications import NcbiblastnCommandline
from Bio.Blast import NCBIXML

inputl = open("1lncRNA without smallRNA GENIC.fasta",
n rU" )

genic = list (SeqlIO.parse (inputl, "fasta"))

report = file ("genic 1lncRNAs without small RNA in upstream
flanking region.txt", 'w')

sense = []

antisense = []
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for record in genic:
sequence = open("fastal.fasta", "w")
SeqIO.write (record, sequence, "fasta")
sequence.close ()

blast cline = NcbiblastnCommandline (db="maize v3
upflank1500 db", num_alignments=1, num_threads=4,
query="fastal.fasta", outfmt=5, out="out.xml", max
target segs=1)

blast cline()
handle = open("out.xml"™, "rUu")
blast record = NCBIXML.read (handle)
for alignment in blast record.alignments:
for hsp in alignment.hsps:
if hsp.identities >= (len(record.seq)*0.8):
if hsp.sbjct start > hsp.sbjct end:
antisense.append (record)
print >> report, "antisense"
elif hsp.sbjct start < hsp.sbjct end:
sense.append (record)
print >> report, "sense"
print >> report, "lncRNA:", record.id

print >> report, "length (bp) : ",
len (record.seq)

print >> report, "gene model:", align-
ment.title

print >> report, "length(bp):", align-
ment.length

print >> report, "hsp.score:", hsp.score

print >> report, "hsp.identities:", hsp.
identities

print >> report, "--———---- "
handle.close()

print "number of 1ncRNAs in the upstream region in the
sense orientation:", len(sense)

print "number of 1ncRNAs in the upstream region in the
antisense orientation:", len(antisense)

output = open("genic_lncRNA_without_smRNA upflank
1500_sense.fasta", "w")

SeqlO.write (sense, output, "fasta")
output.close ()

output = open("genic_lncRNA_without_smRNA_upflank
1500_antisense.fasta", "w")

SeqIO.write (antisense, output, "fasta")
output.close ()

inputl.close ()

. Sub-localization of genic IncR NAs, exonsvs. introns
As intron sequences are not available for v3 gene model builds
for maize at this time, a script similar to the genic vs. intergenic
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localization one will be used to distinguish between intronic
and exonic IncRNAs. The script compares the highest align-
ment scores for the IncRNA to the unspliced transcript
sequence and the coding sequence. If the top hit of the IncRNA
to the unspliced transcript is greater than the top hit of the
IncRNA to a coding sequence, then at least part of the IncRNA
is transcribed from an intronic region. In the following script,
intronic IncRNAs were filtered as such if more than 50 % of the
sequence is complimentary to an intron. This step is in bold
text in the script, and can be adjusted if desired.
#!/usr/bin/env python

from Bio.Blast.Applications import Ncbiblastn
Commandline

from Bio import SeqIO

inputl = open ("lncRNA without_ smallRNA GENIC.fasta",
n rU" )

L = list(SeqIO.parse (inputl, "fasta"))

intronic = []

for record in L:
sequence = open("fastal.fasta", "w")
SeqIO.write (record, sequence, "fasta")
sequence.close ()

blast cline = NcbiblastnCommandline
(db="maize_v3 unspliced trans_db", num align-
ments=1, num_threads=4, query="fastal.fasta",
outfmt=5, out="outl.xml", max target seqgs=1)

blast cline()

blast cline = NcbiblastnCommandline (db="maize _
v3_coding _db", num alignments=1, num_threads=4,
query="fastal.fasta", outfmt=5, out="out2.xml",
max_ target seqgs=1)

blast cline()
handlel = open("outl.xml", "rU")
from Bio.Blast import NCBIXML
blast recordl = NCBIXML.read(handlel)
handle2 = open("out2.xml", "ru")
from Bio.Blast import NCBIXML
blast record2 = NCBIXML.read(handle2)
x =[]
for alignmentl in blast recordl.alignments:
for hspl in alignmentl.hsps:
x.append (hspl.score)
y = []
for alignment2 in blast record2.alignments:
for hsp2 in alignment2.hsps:
y.append (hsp2.score)
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if len(x) != 0 and len(y) == 0:
intronic.append (record)
elif len(x) != 0 and len(y) != O:
if x[0] > yl[0]:
if x[0] > (len(record.seq)*0.5):
intronic.append (record)
handlel.close ()
handle2.close ()
print "intronic 1ncRNAs:", len(intronic)
for record in intronic:
L.remove (record)
print "exonic 1lncRNAs:", len (L)

output =  open("lncRNA without smallRNA GENIC exonic.
fasta", HWH)

SeqIO.write (L, output, "fasta")
output.close ()

output = open ("1lncRNA_without_ smallRNA GENIC_intronic.
fasta", "W")

SeqlO.write (intronic, output, "fasta")
output.close ()

inputl.close ()

To further filter the intronic and exonic IncRNAs based on

strand specificity, the resulting FASTA files of this script can be run
through the script from Subheading 3.6, step 2 using the database
“maize_v3_unspliced_trans_db” and the appropriate file names.

4 Notes

1. These are just a few examples of the computational tools avail-

able. We recommend the recent Methods in Molecular Biology
book, “RNA  Sequence, Structure, and Function:
Computational and Bioinformatic Methods”, for an in-depth
view of what is currently available [11].

. The file containing cDNA sequences needs to be in FASTA

format. Several online tools exist to convert files to FASTA
from other formats. A simple script in Biopython to convert to
FASTA from GenBank follows. Replace the input and output
file names as needed.

#!/usr/bin/env python

from Bio import SeqIO

inputl = open("cDNAs in genbank format.gb", "rU")

cDNAs = SeqglO.parse (inputl, “genbank”)

output = open("cDNAs in fasta format.fasta", "w")
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10.

SeqIO.write (cDNAs, output, "fasta")
output.close ()

inputl.close ()

. A very efficient way to combine large FASTA files is to use cat

atthe command line. Ifyour two FASTA files are “shRNAshoot.
fasta” and “siRNAshoot.fasta” and you want to combine
them and rename the new file “smallRNA.fasta”; then pass
the following.

cat shRNAshoot.fasta siRNAshoot.fasta > smallRNA.fasta.

. To ease the overall understanding of the analysis, sys.argv was

not used to create command-line arguments for the Python
scripts. Instead, we felt that using boldface for the text in the
script which can/need be modified would enable the reader to
better follow the process (especially considering the scripts are
relatively short).

. When copying the script into a text editor to run on your

machine, be sure to retain the indentation.

. There is an “additional options” section on the Run CPC web-

page that includes a search against the UTRdb and RNAdDb, as
well as running the antisense strand of your submitted sequence
through the Coding Potential Calculator. The database sear-
ches greatly increase the time it takes to complete the run, and
are therefore not recommended for this analysis. If the cDNA
sequences you have are not strand specific, you may want to
include the antisense strand analysis, and only select sequences
that are predicted to be noncoding in the sense and antisense
direction.

. CPC has four classifications of coding potential based on the

output score: noncoding, noncoding (weak), coding (weak),
and coding. Noncoding transcripts have a score < -1.0; the
script here selects only those transcripts with this classification.
If you wish to lower the stringency, you can change the high-
lighted value of “1” in the script to “0”. This will include
sequences classified as: noncoding (weak).

. This analysis is specific for maize, but other databases of miR-

NAs exist for many other species, as well as databases for other
small ncRNAs (piwi, sno, etc.).

. Due to the attributes of the XML file generated for each

BLAST alignment and the length of the known miRNA
sequences (shorter than IncRNAs), the BLAST database must
consist of the IncRNA sequences.

Several small RNA databases exist, and next-generation
sequencing data of small RNAs can be produced or down-
loaded from the Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/gds/).
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The classification of sh vs si RNA in this study was based on the
likelihood of the genomic region surrounding the small RNA
sequence to form a short hairpin (ref). For simplicity, these were
grouped together as downstream analysis of potential IncRNAs
will likely classify small RNA precursors based on this feature.

Depending on the power of your processor, this script may
take a long time to run. Be sure to change the number of
threads used for BLAST within the script to reflect the number
of cores your processor has (“num_threads=4" is in bold text
within the script, and assumes you have a quad-core processor
to run each thread).

The Python script to distinguish between intergenic and genic
IncRNAs is based on a comparison of the alignment scores of
the IncRNA to complete genome sequences and gene model
sequences. Assembled genome sequences are required for an
alignment score of the IncRNA to this set to be comparable to
the score against the gene model sequences. The chromosomal
sequences are assembled. For the rare cases where the IncRNA
falls outside of the assembled chromosomal sequences and
therefore the gene model sequences as well, the script will print
the corresponding IncRNA ID for further analysis, if desired.

Depending on how stringent your alignment is, you may have
IncRNAs that localize to more than one region of a gene model.
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Chapter 21

Analyzing MiRNA-LncRNA Interactions

Maria D. Paraskevopoulou and Artemis G. Hatzigeorgiou

Abstract

Long noncoding RNAs (IncRNAs) are noncoding transcripts usually longer than 200 nts that have recently
emerged as one of the largest and significantly diverse RNA families. The biological role and functions of
IncRNAs are still mostly uncharacterized. Their target-mimetic, sponge/decoy function on microRNAs
was recently uncovered. miRNAs are a class of noncoding RNA species (~22 nts) that play a central role in
posttranscriptional regulation of protein coding genes by mRNA cleavage, direct translational repression
and/or mRNA destabilization. LncRNAs can act as miRNA sponges, reducing their regulatory effect on
mRNAs. This function introduces an extra layer of complexity in the miRNA-target interaction network.
This chapter focuses on the study of miRNA-IncRNA interactions with either in silico or experimentally
supported analyses. The proposed methodologies can be appropriately adapted in order to become the
backbone of advanced multistep functional miRNA analyses.

Key words microRNA, IncRNA, HITS-CLIP, PAR-CLIP, Sponge, In-silico predictions, Experimentally
supported, Interaction

Abbreviations

CLIP Crosslinking immunoprecipitation
miRNA  microRNA

IncRNA  Long noncoding RNA

MRE miRNA recognition element

1 Introduction

ncRNA families are being vigorously researched for their physiological
and pathological implications. Recent advances in next-generation
sequencing (NGS) technologies allowed large-scale transcriptome
studies [1] to unveil the number of noncoding transcripts and their
regulatory roles in the cell.

miRNAs are small noncoding RNAs (~22 nts) and are considered
central posttranscriptional gene regulators, acting through transcript
degradation and/or translation suppression in the case of mRNAs

Yi Feng and Lin Zhang (eds.), Long Non-Coding RNAs: Methods and Protocols, Methods in Molecular Biology, vol. 1402,
DOI 10.1007/978-1-4939-3378-5_21, © Springer Science+Business Media New York 2016
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[2]. Their number has increased in a super linear rate surpassing 2500
identified miRNAs for the human genome [3]. IncRNAs, noncoding
transcripts usually longer than 200 nucleotides, exhibit numerous
functions, many of which are under debate or remain to be uncovered
[4]. They are spatially classified into four main categories (sense, anti-
sense, intergenic, bidirectional) according to their loci of origin and
transcription orientation as compared to protein coding genes.

Many IncRNAs are polyadenylated, 5" capped and spliced. Their
low abundance is probably connected with the underestimation of
IncRNA transcript length and number of exons [5]. Their expres-
sion is characterized by high tissue, disease and developmental stage
specificity. Recent studies also describe conserved function of
IncRNAs despite their poor sequence conservation [6]. They per-
form different roles in all cell compartments, controlling gene
expression in cis and /or trans by participating in almost every known
level of regulation. IncRNAs promote chromatin modifications,
mediating gene silencing; can act as guide molecules and scaffolds
for proteins, contributing to the formation of cellular substructures;
while they are also shown to control protein synthesis, RNA matura-
tion and transport [7, 8].

Another important function of IncRNAs is that they may act as
endo-siRNAs or encode small non coding RNAs. Recent studies sug-
gest that IncRNAs could play a “sponge”/”decoy” role, competing
other genes for miRNA binding and therefore reduce the regulatory
effect of miRNAs on targeted mRNAs [9-11]. This recently pro-
posed posttranscriptional mechanism alters the components of
endogenous regulatory interaction networks: ncRNAs sharing MREs
with mRNAs can act as miRNA decoys and participate in the
elegantly described “competing endogenous RNA” [12] (ceRNA)
activity (Fig. 1).

2 Materials

The essential prerequisites to perform the described miRNA-
IncRNA-guided analyses are as follows: a Unix/Linux-based envi-
ronment, a free registered access to the DIANA tools webserver
(www.microrna.gr). The free to access online tools: DIANA-
LncBase [13] database, DIANA-miRPath webserver [14], and
UCSC Genome Browser (http://genome.ucsc.edu/) are utilized.

3 Methods

3.1 Identification
of IncRNAs that
Regulate miRNA
Transcription

LncRNAs (such as Meg3, Dleu2, H19, and Ftx) can function as
pri-miRNA host genes [11]. Genomic regions where miRNA tran-
scripts and IncRNAs overlap have dual/multiple functionality.
Different biological processes can either trigger IncRNA function


http://www.microrna.gr/
http://genome.ucsc.edu/

Analyzing MiRNA-LncRNA Interactions 273

) g pri-miRNA

T

]
1

wsejdojfo

Vs e — A
(= MRes ' 4
A/~ MRNA g, /
seudogene
pasudogens p 9 IncRNA

\_ AMw~ INncRNA

Fig. 1 Overview of the ceRNA activity in nucleus and cytoplasm. miRNAs loaded in the RISC complex post-
transcriptionally regulate protein coding genes through mRNA cleavage, direct translational repression and/or
mRNA destabilization in the cytoplasm. IncRNAs compete with mRNAs for miRNA binding by acting as “sponge”
molecules in both cell compartments

or promote the activation of the miRNA biogenesis pathway.
Several well-known polycistronic miRNA gene clusters, including
members of let-7 family, derive form intergenic regions that also
encode IncRNAs.

The characterization of pri-miRNA transcripts remains widely
unknown and is hindered by practical obstacles [15]. The rapid
cleavage of primary miRNA transcripts by Drosha enzyme in the
nucleus does not allow complete transcript annotation with con-
ventional approaches. microTSS [15] is a versatile computational
framework that enables tissue specific identification of miRNA
transcription start sites. Its current version requires RNA-Seq data-
sets in order to detect expressed regions upstream of miRNA pre-
cursors. The area around the 5’ of the RNA-Seq signal is scanned
for H3K4me3, Pol2, and DNase enrichment, corresponding to
putative regions for pri-miRNA transcription initiation. The candi-
date miRNA promoters are scored based on three distinct SVM
models, trained on deep sequencing data.

The annotation of intergenic pri-miRNA transcripts with
microTSS can enable the identification of overlapping IncRNAs,
the revision of IncRNA and pri-miRNA annotation that in many
cases is considered incomplete, the detection of common IncRNA-
miRNA promoter regions as well as further support IncRNA-
centered functional analyses. This machine learning approach
outperforms any other similar existing methodologies and can be
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3.2 Experimentally
Verified miBRNA—-
IncRNA Interactions

easily applied on any cell line /tissue of human or mouse species
utilizing RNA-Seq, Chip-Seq and DNase-Seq data. microTSS is
available for free download at www.microrna.gr,/microTSS.

LncRNAs have been shown to function as “sponges” coordinating
miRNA function. Most of these interactions take place in the cyto-
plasm, while there are also examples of miRNA targeting IncRNAs
in the nucleus. PTEN pseudogene competes its coding counter-
part for miRNA binding; CDR1as/ciRS-7 circular antisense tran-
script acts as a sponge by harboring multiple miRNA binding sites,
while it is also cleaved in the nucleus through a miRNA-AGO
mediated mechanism; linc-MD1, a muscle-specific IncRNA, func-
tions in the nucleus as a pri-miRNA host gene, while it also exports
in the cytoplasm acting in a “target mimetic” fashion for two miR-
NAs. An extended collection of functional direct miRNA-IncRNA
interactions are described in Table 1.

Several other IncRNA-miRNA indirect interactions have been
identified by low throughput expression experiments that quantify
miRNA effect on mRNA levels and vice versa [41, 42].

The complex network of miRNA-IncRNA-mRNA regulatory
machinery is difficult to be determined by exploring individual
pairs of interactions. To this end, CLIP-Seq (Crosslinking and
Immunoprecipitation) techniques, a family of high-throughput
Next Generation Sequencing methodologies, have been imple-
mented and applied on different cell lines and tissues [18, 25, 43].
They are able to chart cross-linked miRNA: AGO binding sites in
a transcriptome-wide scale and have revolutionized miRNA-gene
interactions research. CLIP-Seq experiments are cell-based cross-
linking protocols that identify binding sites of AGO RNA-binding
protein and miRNA-containing ribonucleoprotein complex
(miRNPs). HITS-CLIP (High-throughput sequencing of RNA
isolated by crosslinking immunoprecipitation) [44] is considered
as the first CLIP-Seq methodology. PAR-CLIP [45]
(Photoactivatable-Ribonucleoside-Enhanced  Crosslinking and
Immunoprecipitation), a slightly different technique, provides a
nucleotide resolution on the miRNA binding sites via the incorpo-
ration of T-to-C transition sites in the miRNDPs. Recently intro-
duced modified versions of HITS/PAR-CLIP methodologies,
such as CLASH (crosslinking, ligation, and sequencing of hybrids)
[46] experiment, also reveal a fraction of chimeric microRNA-tar-
get ligated pairs. Each of these techniques has its own merits and
disadvantages [43].

The number of publications that describe in miRNA-IncRNA
regulation is increasing. The collection of the related literature is
already considered as a demanding and time consuming practice.
The manual curation can be assisted by text-mining pipelines suc-
cessfully applied for the inquiry of miRNA-gene interactions [43].
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Fig. 2 Raw CLIP-seq data were initially processed for contaminant removal and reads were aligned against the
reference genome. Enriched regions in CLIP-Seq signal are formed from overlapping reads. Peaks were anno-
tated in transcript loci. A CLIP-peak-guided MRE search algorithm was utilized to compute interactions of

expressed miRNAs

3.3 DIANA-LncBase

DIANA-LncBase  (http://www.microrna.gr/LncBase/) [13]
provides a comprehensive collection of >5000 experimentally sup-
ported and >106 in silico predicted miRNA-IncRNA interactions.

DIANA-LncBase is the first extensive collection of experimen-
tally supported miRNA-IncRNA interactions. The interactions
were identified by analyzing published PAR-CLIP and HITS-
CLIP datasets with an in-house developed pipeline.

The analysis of CLIP-seq data is summarized in the following
steps (Fig. 2):

Preprocessing of deep sequencing data. Tools such as FASTQC (www.
bioinformatics.babraham.ac.uk /projects /fastqc), and cutadapt
(https: / /code.google.com/p/cutadapt/) [47] were utilized
for data quality control, contaminant detection and removal.

Alignment of reads. Alignment of CLIP-Seq reads against the ref-
erence genome was performed with GMAP/GSNAP [49],
accordingly parameterized in order to identify reads in splice
junctions.

Identification of CLIP-Seq enviched regions. Regions enriched in
CLIP-Seq reads were formed by overlapping reads. In PAR-
CLIP data, peaks were filtered to retain only regions with
adequate T-to-C (sense strand) or A-to-G (antisense strand)
incorporation in the same position (>5 % of the reads).
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3.4 miRNA-IncRNA
In Silico Predicted
Interactions

3.5 LncBase
Interface and Services:
Utilization

of the LncBase
Repository

3.5.1 LncBase Module
of Experimentally
Supported Interactions

Annotation of peaks. A comprehensive reference set of transcripts
including mRNAs, IncRNAs and pseudogenes was utilized for
the annotation of enriched CLIP-Seq regions.

Guided MRE identification. A CLIP-peak-guided MRE search
algorithm was utilized to compute interactions of expressed
miRNAs taking into consideration the binding type, binding
free energy, AU flanking content and MRE conservation.

Most of the miRNA target prediction algorithms function in
regions of mRNAs. miRNA-IncRNA interactions have not yet
been characterized with in silico computational approaches.

DIANA-LncBase provides an extensive collection of in silico
predicted miRNA-IncRNA targets. Predictions are provided for all
the available miRNAs in miRBase v18 versus an integrated set of
transcripts from different IncRNA resources. The interactions have
been generated utilizing an appropriately modified version of the
latest DIANA-microT [50] algorithm, applied in IncRNA spliced
transcripts. Important features of microT algorithm for MRE scor-
ing are the site accessibility (Sfold [51]), the binding free energy
(RNA-Hybrid [52]), the AU flanking Content and the binding
type. The miRNA binding site conservation feature has been
removed from microT scoring model due to the observed variation
of IncRNA sequence conservation. The algorithm combines indi-
vidual MRE scores in order to predict a cumulative miRNA-
IncRNA score.

LncBase consists of two modules for experimentally and computa-
tionally derived miRNA-IncRNA interactions respectively.

The database allows advanced queries of multiple miRNA and
IncRNA terms, specialized genomic locus search of predicted
MREzs, difterent filtering of the produced results, miRNA-IncRNA
interaction visualization in the UCSC browser as well as a seamless
interconnection with other DIANA tools. The interface is enhanced
with IncRNA expression information, miRNA /target links to
external databases, target conservation and miRNA related MeSH
(Medical Subject Headings) terms.

This module is utilized in order to explore experimentally sup-
ported interactions. The user can enter miRNA and IncRNA names
or identifiers separated by spaces. The results of a combined query
with multiple miRNAs (hsa-miR-424-5p, hsa-let-7b-5p, hsa-miR-
126-5p, hsa-miR-101-3p, hsa-miR-15b-5p, hsa-miR-34a-5p, hsa-
miR-29b-3p) and IncRNAs (MALAT1, XIST, GAS5) are displayed
in Figs. 3 and 4. miRNA-IncRNA displayed interactions include
pairs of the queried terms.

“miRNA details” section in LncBase enables miRNA-guided
analysis with other DIANA tools such as DIANA-microT-CDS
[50] and DIANA-miRPath [14]. miRNA hsa-miR-126-5p that
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Fig. 3 A combined query using the LncBase module of experimentally supported interactions. miRNA—IncRNA
displayed interactions include pairs of the queried terms. Further information, such as miRNA/gene details,
external databases links, description of method validation, and related publications, is presented by expanding
relevant result panels in each interaction. miRNA-IncRNA predicted interactions are escorted by microT
scores, which constitute active links to corresponding entries in LncBase target prediction module
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Fig. 4 The “miRNA details” section presents a weighted tag cloud with Medical Subject Headings (MeSH) terms
derived from MedLine publications. Active links to corresponding miRNA entries in miRBase and other microT
tools are also accessible in the miRNA expanded panel. miRNAs can be subjected to a pathway analysis or
search of their mRNA targets following the provided links
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Fig. 5 miRNA hsa-miR-126-5p that targets MALAT1 based on LncBase experimentally supported interactions
and in silico predictions is subjected to a pathway analysis using DIANA-miRPath. Optionally, the user can
upload more miRNAs and select to either include their validated or predicted mRNA targets in the functional
analysis. Several user-defined program options are provided, including: merging method selection, enrichment
calculation methodologies as well as parameterization of microT score and p-values of targeted pathways.
Sophisticated heatmap/cluster visualizations are available along with pathways merging methods selection.
Underlined pathway descriptions are active links to enriched KEGG representations

3.5.2 Querying
the LncBase Module
of Predicted Interactions

targets MALAT1 based on LncBase experimentally supported
interactions and in silico predictions is subjected to a pathway anal-
ysis with DIANA-miRPath, following the relevant link in LncBase
interface (Fig. 5).

Additional search options are available in the LncBase predicted
interactions module. Putative MREs on IncRNAs can be explored
for specific genomic loci. Moreover, displayed results can be filtered
based on IncRNA tissue expression data and microT interaction
scores. The utilization of diverse user selected microT thresholds
are highly recommended for fine-tuning prediction sensitivity and
precision levels of the provided results.

LncBase supported predictions for a specific miRNA-IncRNA
pair (hsa-miR-424-5p, XIST) and relevant visualization of MREs
in a UCSC graphic are shown on Figs. 6 and 7.
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Fig. 6 A combined query using LncBase computationally derived interactions module. miRNA/gene details are
provided by expanding the result panel and by selecting the information links. Each interaction is described by
a microT score, a color coded indication of experimental support and is escorted by description of the pre-
dicted MREs. Each MRE entry is enriched with additional information, such as the binding type, graphical
representation of the binding area, MRE location on the transcript, the prediction score, and the number of
species that the MRE was found to be conserved. Interactions can be further visualized and processed in the
UCSC genome browser
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Fig. 7 Visualization of IncRNA-miRNA interaction in UCSC genome browser graphic upon user selection in the
LncBase interface. MREs are shown along the annotated (un)spliced IncRNA transcript. Extra information
tracks regarding ChIP/DNase-Seq signal, sequence conservation, SNPs and repeat regions are also provided.
The graphical representation is an active link to the UCSC genome browser where the user is facilitated with
all the available browser options
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3.6 Interpretation
of miBNA-IncRNA
Interactions

IncRNA-miRNA interactions can be incorporated in miRNA
functional analyses and are considered essential to the understand-
ing of the ncRNA role in disease-, developmental stage-, and
tissue-specific mechanisms. LncBase in silico predicted/experi-
mentally supported data are freely available for further experimen-
tation with in-house developed algorithms and custom pipelines.
The precompiled data can be accessed from registered users in the
DIANA webserver.

Two distinct formats are provided for the files that contain in
silico and experimentally derived predictions.

miRNA-IncRNA experimentally supported entries in the down-
loaded file are described by a fixed number of comma separated fields.
Every line consists of miRNA MIMAT, miRNA name, gene identi-
fier, gene name as well as a positive indication of the experimental
low /high-throughput method that supports the interaction.

A sample of the adopted miRNA-IncRNA experimentally sup-
ported interactions file format:

miRNA mimat, miRNA-name(miRBase-version), gene Identifier,
gene Name, methodl, method2, method3,..., methodn

MIMAT0000066,hsa-let-7e-5p(18), ENSG00000247556,
RPI1-46M12.1\N\N,\N\N\N, POSITIVE\N,\N

MIMAT0000145, mmu-miR-133a-3p(18),linc-MD1,linc-MD1,
POSITIVEAN,\N\N,\N\N\N,\N

MIMAT0000724,hsa-miR-372(18),ENSG00000251164, HULC,P
OSITIVEANAN\NANANANAN

MIMAT0000732,hsa-miR-378a-3p(18),XLOC004784,CTD-
2653M23.2\N\N\N\N\N, POSITIVE\N\N

MIMATO0001341,hsa-miR-424-5p (18), XLOC008185, XIST\N,\
NAN\N\N,POSITIVEAN\N

On the other hand, the downloaded miRNA-IncRNA interac-
tions from the predicted IncBase module support details concerning
the genomic location of the predicted MREs. Each interaction record
is again a list of comma separated fields: Transcript Identifier, Gene
Identifier followed by Gene Name, mature miRNA name, and microT
interaction score, while the subsequent lines mark miRNA binding
sites (MREs) within this IncRNA. MRE associated lines provide loca-
tion (chromosome: coordinates) and the score information for the
specific binding sites. The genomic coordinates of an MRE located in
a splice junction are reported as chromosome:MRE start;MRE
start2- MRE_stop; MRE_stop2 as shown in the following example.

The adopted miRNA-IncRNA predicted interactions file nota-
tion is as follows:

Transcriptld,Geneld(name),Mirna-Name(miRBase-version),
miTG-score

ENST00000554595, ENSG00000258827(RP11-537P22.2),
hsa-miR-98(18),0.488



3.7 LncBase
Predictions into BED
Format

3.8 Conservation
of miBNA-IncRNA
Interactions
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14:37567326-37567354,0.00992228797303395

ENST00000423737,ENSG00000224271(RP11-191 194.1),
bsa-let-7¢(18),0.531

22:48134313;48250660-48134325;48250675,
0.00255419691016231

22:482510061-48251089,0.00502701330001512
22:48251074-48251102,0.00516245778717435

ENST00000426635,ENSG00000233237(LINC00472),
hsa-let-7¢(18),0.503

6:72130402-72130430,0.00430991581985486

Different ways of preprocessing and filtering miRNA-IncRNA
interaction files can be applied.

An example of how to filter the predicted interactions file
“IncPredicted_data.csv” is presented below. Interactions are ini-
tially filtered by specific miRNA /gene identifiers listed in the file:
“ids_to_filter.txt”. Remaining entries are subsequently checked
(2nd filtering step) in order to report interactions with a microT
score >0.7. The following command should be used in a terminal
of'a Linux-like operating system.

grep —f'ids_to_filter.txt IncPredicted_data.csvlawk —F <> “{if
($4>0.7) print}’>results.txt

The command will create a file named “results.txt” containing
the refined interactions.

It is required that the downloaded data will be accordingly refor-
matted in order to be seamlessly included into multistep analyses.

BED format (http://genome.ucsc.edu/FAQ/FAQformat.html)
is an efficient way to represent data described by genomic locations
and is considered as a widely accepted input format for many bio-
informatics tools and databases.

Registered users in DIANA tools server can change the nota-
tion of LncBase in silico predicted interactions into a BED format,
by utilizing the appropriate perl script available in their download
arca. MREs in BED format can be subsequently color coded
according to BED specifications and displayed as a custom track in
a UCSC genome browser. The file can be also further processed
with BEDtools (http://bedtools.readthedocs.org/en/latest/) in
order to identify annotated regions, of certain regulation and func-
tion, overlapping miRNA binding sites on IncRNA.

The computationally predicted MREs in BED format can be
examined for their conservation in the UCSC Genome Browser
website following the next steps:

1. Open a UCSC Table browser (http://genome.ucsc.edu/cgi-
bin/hgTables) and perform a species selection by specifying
clade, genome, and assembly.


http://genome.ucsc.edu/FAQ/FAQformat.html
http://bedtools.readthedocs.org/en/latest/
http://genome.ucsc.edu/cgi-bin/hgTables
http://genome.ucsc.edu/cgi-bin/hgTables
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2.

Select Comparative Genomic group and a relevant conservation
table (e.g., phastCons or phyloP scores [53]).

. In the “region” panel of UCSC table, select “define region” in

order to upload the MREs BED file.

. A wiggle file (http://genome.ucsc.edu/goldenpath/help /wig-

gle.html) with per base conservation is returned as an output.

4 Notes

. DIANA tools webserver provides an extensive documentation

of tool /database filtering options, functionalities, and detailed
description of the allowed queried terms.

IncRNA/miRNA identifiers differ in-between databases and
therefore the adopted naming nomenclature should be checked
thoroughly to avoid inconsistencies in the results. At the
moment, LncBase provides IncRNA-miRNA interactions for
miRNAs included in miRBase v18, and IncRNAs retrieved from
Cabili et al. [5], NONCODEv3 [54], and Ensembl v65 [55].

The genome assemblies utilized for in silico predictions in
LncBase v1.0 are mm9 and hgl9 for mouse and human species,
respectively.

In silico predicted miRNA-IncRNA interactions are assigned in
human and mouse species following “hsa” and “mmu” prefixes
utilized in miRNA names.

The in silico predicted LncBase interactions cannot be easily
processed and viewed with common file editors due to the large
file size (>1 GB). The results file size can be reduced after
appropriate filtering of the provided interactions.

microT threshold utilization filters predicted interactions with
lower assigned scores. Sensitivity levels are increased with the
use of low threshold values, while precision decreases. A recom-
mended loose threshold is 0.7 corresponding in 28.3 % sensitiv-
ity and 50.8 % precision. On the other hand 0.9 is considered a
more stringent microT threshold.
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Chapter 22

Long Noncoding RNAs: An Overview

Dongmei Zhang, Minmin Xiong, Congjian Xu, Peng Xiang,
and Xiaomin Zhong

Abstract

Recently an explosion in the discovery of long noncoding RNAs (IncRNAs) was obtained by high throughput
sequencing. Genome-wide transcriptome analyses, in conjugation with research for epigenetic modifications
of chromatins, identified a novel type of non-protein-coding transcripts longer than 200 nucleotides named
IncRNAs. They are gradually emerging as functional and critical participants in many physiological processes.
Here we give an overview of the characteristics, biological functions, and working mechanism for this new
class of noncoding factors.

Key words Long noncoding RNAs, Epigenetic, Stem cell, Cancer

1 Introduction

The discovery of a large number of long noncoding RNAs
(IncRNAs) characterized so far was ascribed to the technology of
high throughput sequencing, which has enabled global analyses of
transcriptome and epigenetic modifications of chromatins. Early
studies identified that the vast majority of human genome gives rise
to a huge number of transcripts without protein-coding potential
[1, 2], among which IncRNA is a class arbitrarily defined as tran-
scripts longer than 200 nucleotides lacking a canonical open read-
ing frame (ORF) [ 3-8]. The biological functions of these IncRNAs
were poorly investigated. They were believed to be either gene
trash or transcriptional noise. However, subsequent functional
studies indicated that IncRNAs are not by-products of gene tran-
scription. On the contrary, more and more evidence showed that
they are independent and active participants in multiple important
biological processes, such as cell proliferation, differentiation,
migration, and apoptosis [6—-12]. Advanced studies implied that
the working mechanisms of IncRNA mostly converge on their abil-
ity of regulating gene expression at almost every level, from
epigenetic modifications of chromatins, transcriptional control,
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mRNA stability, to translational control [13-19]. Recently, rapid
progresses in IncRNA research have inspired overwhelming enthu-
siasm for this field. Here we overview the characteristics, biological
functions, and working mechanism of these noncoding factors for
a better understanding of IncRNAs.

2 The Characteristics of LncRNAs

Most IncRNAs were first discovered and characterized by large-
scale sequencing of cDNA libraries, and identifying transcriptional
signature from RNA pol II binding and epigenetic modifications
of chromatin [3, 14]. Their full-length sequences were further
confirmed by genome-wide tiling arrays and transcriptome
sequencing data. As a result, IncRNA gene loci were found to be
located in various genomic contexts. LncRNA genes can reside in
genomic regions deprived of any known genes (e.g., HOTAIR,
H19) [20, 21], or introns of coding genes (e.g., COLDAIR
located in the first intron of the flowering repressor locus FLC)
[22]. LncRNAs are also transcribed as antisense transcripts of
known genes, most possibly near the promoter or the 3’ end
regions (e.g., XIST/TSIX, KCNQI1/KCNQI1OT1) [23, 24].
Meanwhile, the machinery of transcriptional initiation produces
many species of noncoding RNAs with unknown functions in both
sense and antisense directions. They are called divergent tran-
scripts, and promoter-associated or enhancer-associated RNAs
[11, 25, 26]. The transcription of IncRNAs is mostly RNA pol
II-dependent. LncRINA transcripts usually have a 5" terminal meth-
ylguanosine cap and are polyadenylated. They are often spliced,
although with fewer exons than coding genes. There were also
evidences showing some IncRNAs lacking 3’ poly(A) tails, which
are possibly generated from RNA pol III promoters [27, 28]. In
addition, the splicing of nucleolar RNAs gives rise to a subset of
IncRNAs deficient of 5’ caps and 3’ poly(A) tails [29]. In summary,
there are few unique features in IncRNA structure that can help
differentiate them from other mRNA molecules due to their com-
mon ways of biogenesis. Considering the absence of an OREF,
IncRNAs probably perform their specific biological functions by
forming secondary and tertiary structures of RNA molecules.

3 Physiological Functions of LncRNAs

The noncoding properties of IncRNAs developed many interests in
their real physiological functions. With the effort to elucidate the
biological roles of IncRNAs, researchers have found that IncRNAs
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are widely involved in developmental processes, differentiation, and
reprogramming of stem cells, as well as a variety of human diseases.

Although only a small number of IncRNAs have been well studied
for their biological functions, many IncRNAs were reported to be
involved in multiple aspects of developmental process, including X
chromosome inactivation (XCI), stem cell pluripotency, and
somatic cell reprogramming, as well as cell lineage specification.

X chromosome inactivation is an important event to accomplish
gene dosage compensation in female embryos with a redundant X
chromosome. So far as we know, XIST /TSIX is a sense—antisense
pair of IncRNAs responsible for controlling XCI during embryo
development. XIST is highly expressed from the inactivated X (Xi)
chromosome, but not from activated X (Xa). It coats the whole Xi
and acts as a scaffold to recruit silencing complexes, such as PRC2,
to inactivate gene expression from the Xi [30-32]. Meanwhile,
TSIX is only expressed from the Xa in an antisense direction from
a promoter downstream of XIST. TSIX downregulates XIST
expression by a number of mechanisms [32-35]. Hence XIST and
TSIX manifest a reciprocal expression pattern. The interaction
between XIST and TSIX leads to the stable maintenance of Xi and
Xa for a long term.

The ability of maintaining pluripotent status while keeping differ-
entiation potential is critical for the self-renewal of embryonic stem
(ES) cells and induced pluripotent stem (iPS) cells, i.e., repro-
grammed somatic cells. The pluripotent state was well known to be
maintained or obtained through reprogramming technology by
protein-coding stem cell factors, such as OCT-4, SOX2, and
NANOG. As a novel class of gene expression regulators, IncRNAs
were reported to be involved in the network controlling stem cell
pluripotency and reprogramming.

Lipovich et al. found OCT-4 and NANOG directly regulated
the expression of several conserved IncRNAs associated with pluri-
potency [36]. Using a customized IncRNA microarray, Stanton
and colleagues identified IncRNAs specifically involved in human
ES cells pluripotency and neurogenesis [ 37]. These IncRNAs phys-
ically interacted with SOX2/ PRC2 in hES cells, and with REST/
SUZ12 during neurogenesis, implicating a suppressive role in tar-
get gene expression associated with pluripotency and neurogenesis.
Furthermore, a large scale loss-of-function study on most IncRNAs
expressed in mouse ES cells integrated them into the well-charac-
terized circuitry controlling ES cell pluripotent state. Lander and
colleagues found dozens of IncRNAs were regulated by key tran-
scription factors in ES cells, and responsible for maintaining the
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3.1.3 Lineage
Specification

3.2 Functions
in Human Diseases

undifferentiated state by affecting gene expression together with
chromatin regulatory proteins [10].

Similarly, in the process of somatic cell reprogramming, Rinn
et al. defined IncRNAs whose expression was elevated in iPS cells,
and whose transcription was under direct control of stem cells fac-
tors. One such IncRNA (lincRNA-RoR) was demonstrated to
modulate reprogramming process [38]. Recently, the dynamic
change in IncRNA types and expression levels during somatic
reprogramming process was further revealed by single cell tran-
scriptome analysis. Hundreds of IncRNAs were activated to repress
lineage-specific genes and regulate metabolic gene expression [39].
These evidences implied the critical roles of IncRNAs in de novo
establishment of pluripotency.

To illuminate the role of IncRNAs in early embryo development,
Li et al. reported IncRNA expression profiles specific for each stage
of mouse embryo cleavage based on the comprehensive analysis of
single cell RNA-seq data [40]. Their results indicated that IncRNA
might serve as a novel type of developmental regulators and stage-
specific markers for early development studies, similar to protein-
coding genes. Meanwhile, in later developmental stages such as
lineage commitment of progenitor cells in adult tissues, the func-
tions of IncRNAs were more widely explored. A number of IncRNA
genes are encoded within the HOX gene clusters, which determine
the anterior—posterior patterning in bilateral metazoans, for exam-
ple HOTAIR from HOXC cluster, and HOTTIP and Mistral from
HOXA cluster. They were demonstrated to regulate gene expres-
sion of either the host or a distant HOX gene [20, 41, 42]. In
epidermis, the IncRNAs ANCR and TINCR played an opposite
role in committing the undifferentiated or differentiated state to
progenitor cells [43, 44]. During adipocyte development, numer-
ous IncRNAs were transcriptionally activated by key transcription
factors for adipogenesis, and were required to various degrees for
proper differentiation of adipocytes [45]. In the immune system,
the IncRNA Inc-DC directly bound to and activated STAT3 to
promote dendritic cell differentiation [46]. In addition, IncRNAs
were also reported to be associated with spermatogenesis and
mammary stem cell expansion [47, 48], etc.

Association with the initiation and progression of human diseases,
especially cancers, is an important part of IncRNA functions.
HOTAIR was reported to promote metastasis of cancers, probably
dependent on PRC2-mediated epigenetic modification on target
genes [11]. The expression level of HOTAIR was later found to be
upregulated and correlated with poor prognosis of multiple types
of cancers [9, 49, 50]. ANRIL is a IncRNA increased in prostate
cancer and interacts with both CBX7/PRCI [51] and SUZ12/
PRC2 [52] to repress the transcription of the tumor suppressor
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INK4A /INK4B. lincRNA-p21, a IncRNA encoded by the genomic
region adjacent to p21 gene, is upregulated by p53 upon DNA
damage. By associating with hnRNP-K| lincRNA-p21 mediates
the suppressor function of p53 on target gene expression and mod-
ulates p53-dependent apoptosis [ 12]. A recently identified IncRNA
FALI manifests amplification in gene copy number and increase in
transcript level in multiple types of cancers. FALL serves as an
oncogene by interacting with BMI1/PRC1 to suppress p2l
expression and enhance the growth rate of cancer cells [53]. In
addition, more and more IncRNAs were found to be associated
with tumorigenesis, such as MALAT-1 [54], PCAT-1 [55], and

PANDA [9].
3.3 LncRNAs Genes that are expressed reciprocally and monoallelically, based
and Imprinting on their parental origins, are called imprinting genes. LncRNAs

are also involved in genomic imprinting. Some imprinted gene
loci encode reciprocally expressed IncRNA genes and protein-
coding genes, e.g., H19, the first identified IncRNA from mam-
malian cells, imprinted with IGF2 gene [56]. Other examples
include KCNQ1/KCNQI1OT1 [24] and AIR/IGE2R [57].
Some of these IncRNAs play a major role in silencing not only the
respective imprinted genes, but also flanking protein-coding
genes. They may function as either the antisense transcript for
silencing the imprinted counterpart, or the scaffold for the recruit-
ment of G9a and PRC2 complexes to suppress the neighboring
gene expression [58].

4 Mechanism for IncRNA Function

Since IncRNAs are involved in various physiological processes, it
has elicited vast interest in exploring the mechanism of their func-
tions. In most cases, IncRNAs accomplish their biological roles by
participating in every stage of gene expression regulation, i.e.,
from epigenetic modifications of chromatins, transcriptional con-
trol, to posttranscriptional control.

To modulate gene expression at epigenetic level, IncRNA tran-
scripts usually act as scaffolds to recruit epigenetic modification
factors to chromatin regions under regulation. LncRNA HOTAIR
displays affinity to both protein and DNA, which enables it to
guide silencing complexes PRC2 and LSD1/CoREST/REST to
DNA regions for H3K27 methylation and H3K4 demethylation
[16]. Both of these epigenetic modifications are repressive markers
for the expression of a large number of HOTAIR target genes
spread across the genome, such as HOXD cluster genes. Similarly,
ANRIL binds SUZ12/PRC2 and CBX7/PRCIl to suppress
CDKN2A and CDKN2B expression [51, 52]. KCNQIOT1
recruits both PRC2 and G9a to promote H3K4 trimethylation and
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H3K9 methylation at KCNQI imprinting locus to repress flanking
target genes [58].

At transcriptional level, IncRNAs play their roles in either pro-
moting or repressing gene expression through multiple mecha-
nisms. A specific subtype of IncRNA has been implicated in
upregulating gene expression by serving as transcriptional enhanc-
ers, termed enhancer RNA (eRNA) [13, 17]. In addition, IncRNAs
can act directly on transcription factors to modulate gene expres-
sion. The noncoding repressor of NFAT, IncRNA NRON, inhibits
nucleocytoplasmic shuttling of the transcription factor NFAT to
repress downstream gene transcription [19]. Sometimes IncRNAs
act as decoys for transcription factors or competes with transcrip-
tion factors for DNA binding sites, ¢.g., IncRNA PANDA seques-
ters NF-YA protein away from its proapoptotic target genes [9],
and LncRNA GASS5 (growth arrest specific 5) competes with glu-
cocorticoid receptor (GR) for binding sites of target DNA
sequences [ 59]. Intriguingly, IncRNAs also activate or repress gene
expression by directly regulating the organization of nuclear com-
partment, such as MALAT1 and TUGI [60].

Besides the roles in epigenetic modification and transcriptional
control, IncRNAs also demonstrated functions in posttranscrip-
tional control, including mRNA processing, mRNA stability, and
translational efficiency. One example for controlling mRNA pro-
cessing is that MALATT associates with mRNA alternative splicing
through interactions with Ser/Arg splicing factors. By modulating
the nuclear localization and levels of phosphorylated Ser/ Arg pro-
teins, MALAT1 directly affects the alternative splicing pattern of
target gene pre-mRNAs [61]. Just like protein-coding genes, some
IncRNAs and transcripts from pseudogenes harbor microRNA
(miRNA) binding sites in their sequences. They function as miRNA
sponges to sequester miRNAs away from target mRNAs [18, 62,
63], thus stabilizing the mRNA molecules. LncRNAs even exert
their functions in regulating translation. Together with the general
translation repressor Rck, lincRNA-p21 associates with and
represses the translation of f-catenin and JUNB mRNAs [15]. It
was also reported that a translational regulatory IncRNA (treRNA)
downregulates E-Cadherin expression by inhibiting the translation
of its mRNA [64].
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